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INTﬁODUCTION

As science and technology advance, an extraordinary quantity of
natural and s&ntbetic chemicals is introduced continuously into our
environment. Thfough the conventional animal tésts, some of theseA
environmental chemicals have been found to beAeither highly toxic,
mutagenic, carcinogenic, orlferatoggnic. Epidemidlogiéal'étudieé have
shown that among>these hafﬁful éhemigals, a fé& also‘ekhibit such
deirimeﬁtal effecﬁs in the human population. Because of tﬁe high
cost and long duration required for fhe animal exéerimenté, such -
tests have been confined to only a very.small fractionAof‘these
environmental agents. Thus, the bioloéiéal effects of the great
-majority of these chemiéals, including ingredients of our déily foods
and drugs, remain either incompletély tested or unknoﬁn.

During the past few years, evidence haS‘accumulated‘that a.highA
percentage (80—90%) ofvhuman cancer is linked to expoéure to industriél‘
anq environmental chemicals identifiablevas carcinogens (23, 44).
xSince.theAexpense oannimal tests preclude-their'routine use to |
i&entif& environmental carcinogens, many short-term assays have been

‘developed as initial carcinogen screening tests. Studies of mutagenesis

and DNA-repair in microorganisms, eépecially Salmonella tthimurium

and Escherichia coli, have established that appfoximately 90% of

chemical carcinogens cause mutation induction or DNA damage in these




baCteﬁia (2, 3, 26, 27, 38, 39,'42; 45, 46). - Such findings impli'that
"the microbial fests afe useful to identify not only potentiallmufégens
but also carcinégens in.the enviroﬁmeﬁt.

1In view of the iﬁtfinsic‘limitatioh of the miqrobial assay to réspond
to certain classes of éhemica1$, such as the appérent failﬁre §f ;hef
Salmonella,éssay to demonstfaﬁe ﬁhat carcinogenic halogenéted hydrocarboné
and metallic compoﬁn&é afebmutagenic 27, it éppears that no éingig.teS§
system will give.lOOZ correlation bet&een mutagéniéity and cércinogenicity.
Théluse of a batfery of tests rather than any singlé tést in isoiation
has thus been proposéd.to reduce the’probabiliti.bf false négatiﬁe
(e.g., known caréinogens‘are not'mutégenic) and:false positiveé (é.g.,
known goﬁ—carciﬁogéns are mutagenic) (4, 37). o

It bas been recognized that studies of'mutégepesis iﬁAprokafyotes
may not reveal some fundémental,mecﬁaniéms of’mutagenésié in méﬁmals,
because mammals differ fromvprokaryotes in their level of organizatiqn'
énd repairiof’DNA,'mechénisms'of metéblism of chemigals,.aqd.othe:
related functions. vSome bacterial mutagens éu;h’és Caffeine énd»
hydroxyamine do not appear to be mutagenic in mammalian celis; wﬁile
agents sﬁch as nickelAand'beryllium compounds_ére ﬁutagénic in mémmalian
célls but not in'the Salmonellé'systém (Couch, D. B., J. R{ Saﬁ
éébastian, and:A.ZW. Esie, ﬁnpublished, 27). In additiéﬁ, iﬁvis wel;'

‘known that chromosomal abnormality is a major cause of inheritable



human dieeases, and ie often associated with the process of malignancy;
- The great majority of chemical carcinogens are kpown to induce
chromosomai aberratibns (l, 24),'or sister chromafid exchange (1).
Diethylstilbestrol, a synthetic hormone associated with human cancerA
in women, causes chromosoﬁal aberrations in»cultufed mammalian cells
(24), bet not mufation;inducﬁioﬁ in Salmonella (27). .Clea?l§,
mammalian cell systems offer eddieionai advanteges for stﬁdying'genepic
toxicity at the chromosomeAand ehromatid.level, which'isfnot-availaﬁle
in bacterial assays.

Since the ebservation that treatment of ﬁammalian somatic cells
ﬁith conventionel mutagens such as_ethyl methanesulfonate (EﬁS) and
N-methyl-N'"-nitro-N-nitrosoguanidine (MNNG) cause an increase inlthe
number of cell variants that differ from parental cells in either
nutritionai requirement (5, 36) or drug sensitiviey (5), there has
been‘much.interest in utilizing a quantieative-memmaiian cell mﬁtation‘
syseem for studying mechanisms underlying the process of mammalian
mutation and additionally, for eesessing the genetic‘hazard of environ-
Vmental agents to the heman population;AAéeveral mammalian cell mutation
systems, especially those utilizing resistance to pﬁrine analogues sﬁeh
"as 8—azaguanine (AG) and 6—tﬁioguaﬁine (TG) as a genetie marker (6),
have been developed for such purposes. The ;election for mutation

induction to purine analogue resistance is based on the fact that the .



wild—type gells containing hypoxanthiﬁe—guanine phbsphdribosjl trans-
ferase (HGPRT) activity are capable of comverting the analogue to
toxic metabolites, leading to cell death; the presumptivé mutants,

b& virtue of the lossAof ﬁGPRT activity, are incapable of'catalyziﬁé
this detrimental'metébolism gnd, hence, éscape the'lethal effect of
thebpurine aﬁalogue (Table 1).

The near-~diploid éhinese hamster ovary‘(CHO) cell line hasibéen
chosen for our_stuay because a mutation assay,'feférred to as CHC/
HGPRT system, has been well defined (7-10, 16—22, 29—33). ﬁe have
used CHO cells gecause‘thésé age perhaps the best»characterized
mammalian cellé genetically (35, 40). They exhibit high clohiﬁg
efficiency, acﬁieving nearly 100% under normai'growth conditions, and
are capable of growing in a relatively wellédefined medium on é glass
or plastic.substratum or in suspension with a population doubiing
time of 12413 h. In éddition,-the cells have a stable,'easily
recognizable kéryotype of 20 or 21‘chromosomeé (depénding on the sub-
clone) (11), and are sﬁitable for studying muﬁagen; or carcinogen—induced

chromosome and chromatid aberrations (1) and sister chromatid exchanges

(1, 24) (Table 2).




METHODS AND MATERIALS

Cell Culture -

All studies to be described havé employed a subcléne.éfFCHO—Kl
cells'(25), designated as CHO~K1—BH4(16).' It was isolated fdllowing
selection in F12 mediﬁm confainiﬁg aminopterin (ld uM) (16). Cells are
routinely cultured in Ham's F12 medium (Pacific ﬁioldgicél éd.) con-
taining 5% héat—inaétivated (56°C, 30 min), ektenéively dialyzed fetal
éalf serum (Pacific Biologicél Co.) (medium F12FCM5) in plastic tissue
culture dishes (Falcon or Corning Glass Works) under‘étandard éonditions
of SZACCZ in air ét 37°%¢ in a 1007 humidified incubator. These cellé
grow in aminopterin containing medium as well as in regular medium with
5 ér 107 dialyzedlfetal calf éerum with a population doubling time of

12-13 h. Cells are removed with 0.05% trypsin for subculture and the

number determined with a Coulter counter (model B, Coulter Electronics).

- Treatment With Chemicals

We have standardizedAtreatmeﬁt procédures»whiéh ére féund to be
suitable for various chemicals‘(l6,.29)} Briefly, CHO cells are pl;ted
at 5 x 107 cells/25 cn? bottle in medium FI2FCMS. After a 16- to 24-h-
growth period-(cell nqmber =n 1.0-1.5 x 106 cells/pléte), the cells are
then washed once with saline G, and sufficient éeruﬁ—freé F12'mediﬁm

added to bring the final volume to 5 ml after the addition of various




amounts of microsome preparation (up to 1 ml) and SO ul of chémical,
usually dissolved in dimethylsulfoxide. Chemicai and/or migrééomes

are omitted ffom some plates to provide controls. The micro;omal-
preparation has been prepared froﬁ Aroclor 1254—induced male Sprague-
Dawley rat livers in this labpratory according to the method of Ames

et al. (3) and fhe miérosbme_ﬁix for biotrénsformatiqn contains (per ml)
33 uﬁoles KC1, 8 umoles MgCl,,
100 umolgs phosphate buffer (pH 7.4); and 0.2 ml microsome fraction.

4 ymoles NADP, 5 umoles glucoée—6—phosphate,

Cells are tﬁen incubated for 5 h, and washed three times with saline G
before 5 ml of F12FCM5 are added. Following overniéht incubation,
‘cells are‘trypsinized and plated‘for cytotoﬁicity and specific gene
mutagenesis to be deséribed below. Tfeatment with physical agents have

been described in detail elsewhere (17, 19, 29, 30).

Cytotoxicity

The effect of chemical on the:cellular cloniﬁg'efficiency is
determinedAusingAfhe tréated éells described above. For an expeéted
c10ning‘effiqiency higher than 50%, 200 well—disperseé single éells
are plated; and, for am eipected survival lower than this, the number
of cells plated are adjusted accordinglyAto &ield 100-200 survi&ing
colonies after standard incubation in medium.FlZFCﬁj:for 7 days. At

the end of the incubation period, the plates are fixed with 3.7%




fqrmalin, stained with a.diluﬁe crystai violet solution and the colonies
- enumerated. A cluster of ﬁore than 50 cellé growing withih a éohfined
area is considered as é colony. Control cells, which do'not'recéive
tréatmen£ with mutagen, usually give 80% or higher plating efficiency
under‘this conditioﬁ; The solvent and micrésomemmix eithér éingl§ or -
in combin;tion does not affect the cellular cloning éfficiéﬁcy., The

effect of carcinogen on the‘cloning efficiency is expreésed as percent

survival relative to the untreated controls.

Specific Gene Mutagenesis

The CHO/HGPRT sysfem has been defined in terms of ﬁedium, TG .
coﬁcentration, optimal cell density for selectioﬁ (and; hence, recovery
of'the pfesumptive mutants), and expreséion time for the mutant phenotype

4(16; 29).  TFor the determination of mutation—inductién, the treated
cells are éllowéd to express the hmutant phenotype" in F12 médium forb
7-9 days, at which time mutation induction reaéhes a maximum which is
maintained thereafter (as loﬁg as 35 days examined) for sevéral agenté
(EMS, MNNG, ICR-191, X-ray, and UV) irrespective of concentration or

-intensity of the mutagen (29-32). Routine subculture is ?erformea at

-2—day.intervals during the expressioﬁ period, and at the end-of thié

time the cells are plated for seiection in hypoxanthiﬁE—frée F12FCM5

containiﬁg 1.7 pug/ml (10 uM) of TG af a density of 2.0 x 105 cells/




100-mm plastic dishes (Corniﬁg or Falcon), which permits IOOZ-mutant
recovery in reconstruction experiments (29). We find tﬁe use qf
dialyzed serum particuiarly impoftant, presumably dué to potential
competition between hypoxanthine énd TG for transport into the cells
and for catalysis by HGPRT (29)! After 7 to 8vdéys,in the selective
medium, the drugrresistant colonies develop; they-are then fixed,
stained, and coun#ed. Such a pf&tocol'permits thé,maximum yield of

.TG resistant variants selected.of which >98% have highly reduced HGPRT
activity by various physical and chemical égents (7710; 16-22, 29;33);
Mutation frequency is calculated based-on the numbef of dfug—resistant

colonies per survivor at the end of the expression period.

RESULTS

_ Characteristiés of thé CHO/HGPRT System: Evidence of the Genetic Basis

of Mutation at a Specific Locus.

Conclusive, direct proof of the genetic‘origin of mutations in
b‘somatic cells should theoreticallyArely on demonstration that the
affected hereditary élteration has resuited in a modified nucleotide
sequence of fhe specific gene, causing modified coding profertieé‘which
resultlin<;he production of altered protein with chénges in the aﬁino
acid sequence. In_the absence'of such proof, one must rely on indirect

criteria which are consistent with the concept that the observed phenotypic
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variations are genetic in nature. Such criteria ihclude stability of
altered phenotype, mutggen—induced increase of occurrence of stable
variants, biochemical and physiological identification of the wvariant
phenotype, chromosomal locali;atiqn of the affected gene, etc. (é, 35,
40, 43). | | | |

| Over the. past 4 years, we have used the assay protocol described
(16, 29) and-have found in approximately 400.experiments that the
spontaneéus mutation frequéncy lies in the range of i—5_x.106 mﬁtant/
cell. Various physical and chemical égents_are capable of indpcing TG
resistance. Among all chemical'mutagéns examined, mutation iﬁauction
occurs as a linear funétion of the concentration (7*10,.16422?'29—33),
For example; mutation frequency increases approximately lineafiy with
EMS concentration in fhis near-diploid cell line, conforming to the
~expéctatioh that mutation induction oécurs.in the ‘gene localized at the
functionally ménosomic X chromosome. - However, in the tefraploid CHO
cells, EMS does not induce an appreciable number of mutations, even at
véry high concentrations, as predicted theoretically (18).

We have been unable to detect any épontaneous rgvefsion ﬁith.l3
TG-resistant mutants, all of which contain low, yet aetectable, HGPRT
activity. Over 98% of the preéumptivé mutants isqlated eithef from
spontaneous mutétion or as a resﬂlt of mutation indﬁction are sensitive
to aminopterin, incorﬁorate hypoxanthine at reduced rates, and have less

than 5% HGPRT activity (29). Studies in progress have also shown that
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mutants containing temperature—sensitive HGPRTlactivity'can be selected,
suggesting that mutation resides in thé.HGPRT_structural gene (J. P.
0'Neill and A. W. Hsie, unqulished.ébéervations).

.The CHO/HGPRT éystem appears to fulfill.the criteria for a specific
gene locus mutational aésay (Table-3) and shouid be valuablgAin studyiﬁg
mechanisms of'mammaiian cell mutageqésis and as a system té determine the

mutagenicity of various physical and chemical agents.

Mutagenicity of 70 Individual Energy Technology-Related Environmental

Agents.

Polycyclic hydrocarbons (total of 27): Ona of the most ubiguitous

en&irdnmental organic pollgtants in our environmeﬁt is‘poiycyclic
hydrocarbons many of which are carcinogenic. Coal- and synthetic fuel-
related eﬂergy technologies and gasoliﬁe;driven automeatives often‘
generéted high level of‘polycyclic hydrocarbons which are detectéblé in

urban air and water. We have studied the mutagenicity of benzo(a)pyrene

[B(a)P] and its 19 metabolites, including 11 phenols, 3 epoxides, 3 diols,

and 2 diolepoxides. For comparison, benzo(e)pyrene [B(e)P] and pyrene

were added to this study. Also included were benz(a)anthracene (BA)

and 4 related compounds, 7,12—dimethyi BA, anthracene, and 2 phenolic

derivatives of BA. The carcinogenic polycyclic hydrocarbdﬁs [B(a)P,
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BA, and 7,12-dimethyl BA] require metabolic activation t§ be mutagenic.
Weak carcinogen B(e)P is less mutagenic than.B(a)P. The noncércinogenic
polycyclic hydrocarbons pyreﬁé‘and anthracene are nonmutagenic even with
 metabolic activation. B(a)P-4,5-epoxide and B(a)P-7,8-diol,9-10-
epoxide(éyn) afe.mutagenic. Since CHO cells cannot ac£ivatg.procarcinogen34
such as B(a)P, these celis éppear to bé'mqst useful:iﬁ screéning for the
,umutagenicity of metaboliteé such as those.of B(a)P (Hsie, A. W.,.énd

P..A. Brimer; unpublished). Because éf the limited qvailabiiity of

B(é)P derivativés, some of the experiﬁents remain to Be pursued in detail.

Metallic compounds (total of 15). The carcinogenic and mutagenic

potential of certain toxic metallic compounds has become an environmental
concern especially with the increasing large scale coal mining and coal-

firing power plants. We found that MnClz.aHZO, FeSO .7H20 and CoC12.6H20 -

4
are mutagenic, NiC12.6H20, BeSO4.4H20 and.CdCl2 are weakly mutagenic. Cis

Pt(NH3)7C12, an antitumor-agent, is also mutagenic. Determination of metal

mutagenicity 1is apparently complicated by the ionic composition of the
medium. For example, we found that the mutagenicity and cytotoxicity

of MnCl, were abolished by the excess of MgCl The unusual environment

2 2°

‘required for demonstration of mutagenicity of MnCl2 makes assessment

of its biological hazard difficult. This too may account in part for

varying results obtained in studying the mutagenicity of'AgNOS, CaClz,

Pb(CH3C00)2.3H20, Rb(C1, steO TiCl, and ZnSO .7H20 (10; Couch, D.'B.,

3 4 4
J. R. San Sebastian, N. L. Forbes and A. W. Hsie, unpublished). .
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Nitrésaminés and'relatedA;ompounds ( -ﬁbtal

of 16): Nitrosamines are potént carcinogens for various anima1 species.
They are of environmental concern because it is known that oxides of
nitrogen produced at high temperature in the internal combustion engines
and coal-fired power plants can :éact with atmbépheric watef fo form
nitrosamiheé._ Nitfosamines cﬁn also be'formed in human stomach by‘a'
reaction between.a'gomﬁon ﬁeat presefvative,sodiuﬁ nitrite,-ana>various
secondary and tertiary aéines,mény of which -are often used as counter or
prescription dfugs.

. All nitrosamines require metabolié activation to be both cytotoxic’

and mutagenic. In addition to investigating the two common aliphatic

‘nitﬁosamines, dimethylnitrosamine (DMN) and diethylnitrosamine (DEN),

we have also studied the mutagenicity of 11 cyclic nitrosamines including

3 nitrosopiperidines, 3 nitrosopyrrolidines, 3 nitrosopiperazines,

"2 nitrosomorpholines. Also included are the nitrosamine-related chemicals

<dimethyigmine, formaldehyde and sodium nitrite. We have found that all
9 carcinogenié nit;dsamines (DMN, DEN, 2—methyl;l;nitrqsopiperidiné,
3,4—dichloro—1—nitrosopiperidine, nitrosopyrolidine, 3,4-dichloro-
nitrosopyrrolidine, 1,4—dinitrosopiperazine, l,54dinitrosohomopiperazine,
nitrosomqrphpline)Aare mutagenic and all 4 noncarcinogenic.ﬁitrosamines
(2,5—dimetﬁylnitrosopiéeridihe, 2,S—dimeﬁhyinitroSopyrrolidine, l—ﬁitfo—

sopiperazine and nitrosophenmetrazine) are not mutagenic, Formaldehyde

14




and sodium nitrite-are not mutagenic and diméthylamine is mutagenic at
high con;éntfationS. (San Sebastian,'Jt R., D. B. Couch, and. A. ﬁ.‘Hsie,
unpublished);' Variable carcinogenicity data on the latter 3,9hgmical%.
eiisted‘in_the literature.

Quinoline compounds (total of 5). One class of potential environ-

mental contaminants from fossil-fuel energy is heterocyclictéompounds
such as quinolines. Quinoline, a known carcinogen, isAmﬁfageﬁic'witﬁ'
metabolic_activation. Another carcinogen, 4—nitroduinoline—l—oxide,

is highly mutagenic; its mutagenicity decreases when assayed in the
presence of the activation system. The carciﬁogenicity of 8—hydfoxy—,.
8—amino—,v8-nitro—quinoline are not known, but they exﬁibit vériably
weak mutagenicity in preliminary experiments (San Sebastién, J. R. and

A- W. Hsie, unpublished).

Physical agents (total of 7). The mutagenicity of both ionizing
radiation such as X;ray and nonionizing_Aphysicallagents such as UV
light hés'been demonstratedf Fluorescent white-, black-, and blue-
lights are slightly cytotoxic and mutagenic. ‘Sunlamp light is highly

cytotoxic and mutagenic,'exhibiting the biological effec@siwith 15

sec of ‘exposure under cénditions recommended b& the manufacturer for
human use. Cytotoxic énd mutagenic effects are observed éfter 5 min.
of sunlight exposufe; responses vary with hourly and dgily variatidns'

‘in solar radiation. In view of man's constant exposure to various

15




iight sources, démonstration of their genetic toxicity suggeéfs thaf
daily exposure to these light sourceé, especially sunlight, should

be minimized (17, 19, 30). The demonstration that the CHO/HGPRT
system is capable of quantifying the cytotoxic and mutagenic_effect

of sunlight recommends it as a_modei mammalian cell system for studies
of the genetic‘toxicology of’sunligﬁt per se and of the interaétive
effects between sunlight and other physicai and chemical agents, -

leading ultimately to a better undersfanding of the effects of -

sunlight .on humans and the environment.

: Mutageniéity of 39 Other Chemicals.

Direét—actingvaikylating agents and related compounds (total of 11).

Included are 10 alkylating agents: 2 alkylsulfates [dimethysulfate (DMS),
diethylsulfate (DES)], 3 alkyl alkanesulfonates [methyl methanesuifonate
(MMS), EMS, and isopropyl-meghanesulfonate (iPMS) }, 2 nitrosamidines

[MNNG and N—ethyl—N'—nitrosoguanidine (ENNG)]; 3’nitroéamides»[N—methyl—
N-nitrosourea (MNﬁ), N—ethyl—N—nitrosoﬁrea (ENU), and‘N—butyl—N—nitrosé—
urea (BNU)] and a s;rucfural analogue of MNNC, meethyl—N'-nifroguaniéine
(MNG). Among the alkylsulfates and alkanesulfoﬁates, cytotoxicity was
found to decrease with the size of the alkyl group: DMS>DE5; MMS>EMS$iPMS.

The mutagenicity based on mutants induced per unit mutagen concentration

is DMS>DES; MMS>EMS>iPMS. However; when comparisons were made at_lOZ

-survival, mutagenic potency was: DES>DMS; EMS>iPMS>MMS. Among the nitroso-

compounds, the order of the mutagenicity based on 10%Z survival is

16 .




MNNG>ENNG>MNU>ENU>BNU.' This is the same ordef of potency as observed
for mutation induction per unit mutagen concentration. MNG is not -
mutagenic (7-9; Couch, D. B., J. R. San Sebastian:énd A. W. Hsie, -
-unpublished).

Heterocyclic nitrogen mustards - ICR compounds (total of 10): A

series of hgteroeyclic nitrogen half-mustards, the ICR—compounds, has
~been.developed at_the Institute for Caﬁcer Rgséarch-as antitumor agents.
Appérently, tﬁe bioiogicél‘activities of these‘cémpéunds}#re.associated
with their.ability to intercalate and covalently bindlnucleig écid.

Ten ICR4épmpounds (ICR-191, -170, -292, -372, —340{.—191—0ﬁ,A—170-0H?
'—292—OH, -372-0H, and ;340—0H) have been studied. The 2-chloroethyl |
side chéin of thé first 5 compoundé (e.g., ICR-191, etc.) hés been
fepl&ced by a hydroxylgroup in thé latter 5 (e.g., ICer?leH,”etc.).
The 10 compounds differ in the heterocyclic nucleus (methoxy aqridine
for ICR-191 énd -170, Benz(a)acridine for —292? and azaacridine for
-372 ah& ~340) and the alkylating side chain (the same secondary amiﬁe
for ICR-191 and =372, and same tertiary aminé fdr -170, —292iand -340).
Those with é-chioroethyl side chains are highly'mutagenic,AWith the
tertiary amines 3-to 5 times more mutagenic than ﬁhe-seéondary amines.
The 4 hydroxy>derivatives are not mutagenic,vbut remain highly toxic,
indicatiag that élthéugh the 2-cﬁloroethyl group {nitrogen half— )
‘mustard) is needed for mutagenicity, its replécement with hydroxy

group does not alter cytotoxicity. Cytotoxiéity and mutagenicity of

17



ICR-compounds appear to be dissdciable (32, 33; Fuscoe, J. C., J. P.
0'Neill and A. W. Hsie, unpublished).

Aromatic amines (total of 5): Many aromatic amines are

human carcinogens. We have shown that ﬁhe carcinogens
2—ace£y1aminofluoréne and its N-hydroxy- and N-acetoxyl-derivatives
are mutagenic while_fluorene,:a qoncarcinogenic'analbgue, islnof
mutagenic. 1l-hydroxy-2-acetylaminofluorene appears to be mutagenic at
a very high cbncentration in one preliminary éxperiment (Hsie, A, W.,
W. N. C. Sun and P. A. Brimer, unpublished). |

‘Miscellaneous compounds (total of 13). Three commonly used organiéb,

solvents (acetone, dimethylsulfoxide, and ethanol) are noncarcinogenic

and do not appear to be mutagenic. All four metabolic inhibitors

(cytosine arabinoside, hydroxyurea, caffeine, and cycloheximide) are

nonmutagenic in a preliminary study without coupling with the metaboiic
activation éyétem.~ Hydrazine aﬁd hycanthQﬁe apﬁeaf to bg direct;acﬁing
mutagens. Eﬁ, 9?'—dibutyryl adenésine 3':5';§hosphate, an analogue of
adenosine 3':5'-phosphate, an important effector of gfowth aﬁd.
differentiation in many biological systems; is not mutagenic. The
pesticides éaptan and folpet are mutagenic. The mutagenicity of an
artificial sweetener, saccharin, appears to be variable; its determination

is complicated by the requirement of high concentrations to yield any

biological effect (J. P. 0'Neill and A. W. Hsie, unpublished).
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- Correlation of Mutagenicity in the CHO/HGPRT Assay With Reported Carcinc—

genicity in Animal Tcsts.

Among a tocalef 109 chemical and physicai‘agents:studied; at
different‘stcges of completion, 56 have been reported tc bc either
carcinogenic or ncncarcinogenic in animal studies. Mutagenicity.in the
CHO/HGPRT assay of 5¢f0f thesé'agentslcorreiated'wcll Qith documeﬁted
animal carcinogenicity. The concurrence (i.e. #nown carcincgens are
mutagenjc and noncarcincgens are nonmutagenic in CHO/HGPRT‘assays) of

each class of agents is: direct-acting alkylating agents and'relatives,

11/11 (100%); ICR compdcnds, 5/6 (83.33%); metallic compounds, 4/4

(100%) ; folycfclic”ﬁydrqcarbons, 6/6 (100%); aromatic aminec, 414

(100%) ; misccllaneous chemicals, 5/5 (100%); and physical agents,’

3/3 (100%) (Table 4); The existence of a ﬁigh correlationA[54/56 (96.43%)] T—4‘
bétween_mufagenicity and carcinogenicicy speaks favorably for the

' utilicy of this assay in préscreening the carcinogenicity of chemical

and physical agents. However, this result should be viewed with caution

since,.so far, only limited classes of chemicals have been»tested and

come of the preliminary results reﬁcined to be confifmed,

A possible falsevnegacive was formaldehyde, which hés been sho@n to
be either carcinogenic or noncarciﬁogénic depending onAthe‘means of
exbosure to theAtest animal; Apparently, a faléebpositiye.was ICR—lQi,
a potent bacterial mutagen, which has been shown to bevnoncarcinogenic

in a recent study.
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A Study of EMS Exposure Dose:iDifferential EffECts on Cellular Lethality

and Mutagenesis.

Earlier, we have found that EMS—induced mutation frequency to
TG resistancé is a linear fuhctionlover a lafgé range of mutagen com- .
centrétions (0.013—0.8'ﬁg/m1) including both the shouldef region (0-0.1
mg/ml)'and:the exponéntially killing poftion (0.1-0.8 mg/ml) when cells
were treated fdr a fixed period of 16 h. To investiga;e whether EMS-
induced mﬁtagenesis can be quantified further, cells were treated wifh
several concentrations of EMS for intervals of 2-24 h. Mutation
induction increases linearly with EMS coﬁcentrations‘of 0.05—0.4'mg/mi
for incubationstimes of up to 12—14 h. Ho@ever;'éeil survival decreased
exponentially with time  over the entife 24 h period; fﬁis-difference
in the time course of c¢ellular lethality vs mutagénicity might bevdue '
to the formation of toxic, nonmutagenic breakdown broducts in thé'médium
with longer incubation timés, or might reflecﬁ.a diffgfence in the mode
of action nf EMS iﬁ these two biological effects. Further studies,using
varying coﬁéentrations (0.05-3.2 ﬁg/ml) of EMS for 2-12 ﬁr showed thacA
the manifestation of cellular lethality and mutagenesis occurs as a
function of EMS exposure dose in that the biological effect is thé 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_6 mutants (cell mg ml—'l h)
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Thus, the CHO/HGPRT appears to be suitable for dosimetry studies which
are essential for our understanding of the molecular mechanisms

involved in mammalian mutagenesis (31).

Screening for thé Mutagenicity of fractionatedg§yntheticvFuél.

In addiFion ;o'studyiﬁg the mutagenicity of individual'environmental
agents such as pqudyclic hydrocarbons, quinolines, nitrosaminés,
metallic compounds:etc,,, we have found that the CHO/ﬁGPRT assay'can
AAdetec; the cytotoxicity and mutagenicity of a crude ofganic mixture, in
this case, the subffactions of érude sYnthetic oil (fractionea By M. R.“
quriﬁ of Analytical Cheﬁistry Division, ORNL) subpiied by Pittsburgh:
Energy Research Center. The acetone effluent (which cantains tentatively.'v
ideﬁtifiable heterocyclic‘nitrogenAcompounds) dérived from the basic
fraction is most mutagenic in the presence of métabolic activation -
system (Table 5) (Hsie, A. W., W. N. C. Sun and P. A. Brimer, unpublishevd).' -5
Earlier, it appeared that ﬁhe extfeme-toxicity of the unfréctionated
crude fuel prevents meaningful mutagenicity studies in thé CHO/HGPRT
'syétem (Hsie, A.-W,, and f,.A. Brimer, unpublished){'.The chemistry (14),
mutagenicity in microbial-systems (12) and environmental testing (13)_

of the Synfuel are preéeﬁted elsewhere in this Symposium.

21



Preliminary Development and Validation of the CHO Genetic Toxicity Assay

for the Simultaneous Determination of Cytotoxicity, Mutagenicity,

- Chromosome Aberrations and Sister-Chromatid Exchanges.

We have so far shown that CHO cells are useful to study the cyto-
'toxicity énd mut#genicity of various individual phyéical and cﬁemical
agents as weil as crude organic mixture. The CIO cclls dnd other
hamster cells in culture:were also found to suitable féf studying
carcinoéep—induced dﬁroﬁoséme and chromafid abe:ra;ions (1, iS, 24, 28)
and sister chromatid exchange (l; 34, 41). In our pfeliminary studies,
we have found that these assays are usefhl in evaluating tﬁe cytogenetic
‘effectg of benzo(a)pyrene and dimethylnitrosamine usiné CHO cells coupled
with the standard microsome preparation descriEed earlier (Saﬁ Sebastian,
J. R. and A. W, Hsie, unpublished). Therefore, un&er'proper ekperimental
design, it‘éppears»féasible to determine simultaﬁeously cércinogen—
induced cytotoxicity, mutagenicity, chromosome abgrration and.the sister
chromatid exchange in the same chemical-treated CHQ.cells.

The successful development and validation'of the multiplex‘CHO
cell genetic toxicity system will be extrémely'valuable from both the
scientific and economical points of view in genetic toxicology, bécausé
‘fhis system will allbw the simultaneous determinafion of 4.distinct

biological effects: cytotoxicity or cloning efficiency measures the

reproductive capacity of a single cell to develop into a colony;
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i

single gene mutagenesis involves changes in the nucleotide sequence
of DNA of a specific gene resulting in the acquisition of a novel or

altered phenotype; chromosome aberrations involve microscopically:

identifiable changes in the number and/or structure of the chromosomej

and sister chromatid exchange measures the extent of double-strand
exchange in the DNA duplex.after breaks and rejoining of subunits

of chromatids each of which consists of one DNA .duplex,

SUMMARY AND CONCLUSIONS

Conditions necessary for quantifying mutation-induction to
6-thioguanine resistance, which selects for >98% mutants deficient in
the activity of hypokanthine—guaﬁine pﬁosphoribosyl trénsferase (HGPRT)
in a near—diploid'Chinese hamster ovary (CHO) cell line, referfed to
as CﬁO/HGPRT system, have been defined. Employing this mutatién assay,
we have determined the mutageniéity of diversifigd agents including
11 direct—acting alkylééing ageﬁts, 16 ﬁitrosamines, lO'heter6cyclic
nitrogen mustards, 15 métallic compounds, 5 duinolines,.S aromatic
émines, 27 polycyclic hydrocarbons, 13 miscellaneous chemicalé; 7
ioniziﬁg and non-ionizing physical agents. The direct-acting cafcihogen
N—methyl—N'—nitro—N—nitrosoguanidinelis mutagenic Wﬁile its non- |
carcinogenic analogue N—methyl—Nffnitro—N—nitroguanidine ié pot.'

- activation system, procarcinogens such

Coupled with the rat liver 89
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as nitrosopyfrolidine,.benzo(a)pyrene, and é—acetylaminofluqrenc are
ﬁutagenic,while their analcgués 2,S—dimethylnicrosopyrrolidine,.pyrene
and fluorene are nct. The mutagenicity of the 56 agents documented

to be eitherlccrcinogenic or non-carcinogenic corfelated well [54/56
(96.43%)] with the reported animal carcinogenicity. ‘A possible false
negative was formaldehyde and a false positive was ICR;l9l; Pre-
liminary studies show chat the acetone effluent (tentatively identifiable
as heterocyclic nitrqgen compounds).derived from the basic fraction of |
a éynthetic crcde oil is tﬂc moéc mctagenic fractioc; The cssay; thus,
appears co be applicable for monitoring'the‘genetic toxicity of crgde
organic mixtures in‘additidh‘to diverse individual chemical and.physicai
agents. The quantitative néture of the assay enables é study of EMS
cxpoSﬁre dose: the ﬁutagenic potential of EMS can be described as

310 x 10_6-mutants (ccll ﬁg ml'-l h).—l It is also feasible to expand the
CHO/HGPRT sysﬁem for quantifying cytotoxicity and mutagenicity-to
determinationvof chrcmosomal abefrations and éistef chromatid exchanges
in cells treated under identical conditions which allows a simpltaneous

- study of these four.distinctive biolqgicalfeffects.
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~ Table 1 -

CHO/HGPRT Mutation Assay

(1) Enzyme system:

H, o : - IMP,

o - HGPRT & GMP
(or TG, AG) -~ (or TG, AG)MP

(2) Mutation induction and selection for variants and revertaﬁts:
. N mutatlon _ . A
(a)  wild type (induced by physical variant cell .
o . or chemical agents) _
genotype HGPRT | HGPRT
phenotype TGs, R 'TGr,
aminopterin positive ' - aminopterin négative
(b) Variant selection is based on resistance to TG
(c) Selection of revertants is based on growth in presence of'aminopterin.
(3) Characterization of TG~ variants:
" (a) Direct enzyme assay for conversion of [3H] hypoxanthine to [3H]TMP.
A : : i
{(b) Cellular incorporation of [3H]hypoxanthine into cellular -
macromolecules as revealed by either direct rad10act1v1ty
measurements or autoradiographic determlnatlon.
(c) Sensitivity of clonal growth to aminopterin (10 M) in medium
F12FCM5 which contains hypoxanthlne (30 M), glycine (100 uM),
and thymidine (3 uM). :
a

Table 2 of ref. 21.
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TABLE 2

CHARACTERISTICS OF CHO CELLS

)

(2)

- (3

(4)

(5)

(6)

%)

(8)

- (9)

Exhibit a.stable karyotype over 20 years with a modal chromosome
number of 20 which has a distinctly recognizable morphology.

Have a colony-forming capac1ty of nearly 100% in a defined growth
medium.

Grow well in either mnnolayer or suspension with a relatively short
population doubling time of 12-14 h. '

Are genetically and biochemically well characterized, with many
genetic markers available, including auxotrophy, . drug reblstance,
temperature sensitivity, etc.

Respond well to various synchronization methods, including the
mitotic detachment procedure which facilitates cell cycle study.

Are useful in somatic cell hybridization experiments‘beéause they
readily hybridize with different cell types, including human cells;
when the CHO-human cell hybrid is formed there is subsequent rapid,

"preferential loss of human chromosome, which facilitates the

assignment of marker genes to specific chromosomes or linkage groups
in the human karyotype.

Quantitatively respond to various physical and chemical mutagens and
- carcinogens with high semsitivity. '

Adapt to mutation induction either through coupling with a microsome
activation system or through host (mouse) mediation.

Are capable of monitoring induced mutation to multiple gene mafkers,
chromosome aberration, and sister chromatid exchange in the same
mutagen—treated cell culture. -
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TABLE 3

CHO/HGPRT Mutation Assay: Genetic Basis of Mutation at

HGPRT Locus in TG-Resistance Selecﬁiona

(1)
(2)

(3)
(4)
(5)

Spontaneous mutation frequency at 1-5 x 10._6 mutant/cell.

Mutation induction by phy31ca1 and chemical agents with linear
dose-response relationship.

Frequency of‘SpontaneQus reversion less:thﬁn 10-.-7 reversion/cell.
Failure to induce mutation in near—ﬁétraplqid cell lines.

Altéred HGPRT activity in mutants. o

ta) 1170/1189 (98.4%) mutant colonies are aminopterin negative.

(b) 121/122 (99.2%) mutant colonies show reduced hypoxanthine
incorporation by autoradiography studies.

(c) 81/83 (97.6%) isolated mutant clones show reduced HGPRT .
: . enzyme act1v1ty .

a

Table 3 . of Ref. (29).
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TABLE 4

CORRELATION OF MUTAGENICITY> IN THE CHO/HGPRT ASSAY WITH REPORTED

CARCINOGENICITY® IN ANTMAL TESTS®
. Total number | ' : Faise" o False
Agentd . ' ’ studied ' 'Concurrencee negatives positives
Energy Teqhnology related A
Polycyclic hydrécarbons : 27 | . 6/6 (lOdZ) - 0 B ' 0 -~
MetalliCICOMpoﬁnds 15 - 414 (100%) _ VO ' 0
Nitx_;dsamines and relatives 16 14/15 (93.33%) 1/15 (6.67%) 0
Quinolines o 5 2/2 (00%) 0O 0
Physical agents _ ‘ 7 - 3/3 (100%) -0 ”'i 0
Subtotal o 70 29/30 (96.67%) 1/30 (3.33%) 0
: Other ¢hemicéls
Direct-acting alkylalting | 11 11/11 (100%) 0 0
agents and relatives
ICR compounds o 10 4 : 5/6.(83.33%)V 0 | o _1/6 (16.67%)
Aromatic amines : : 5 . 4/4 (iOOZ) | 0 ' 0
Miscellaneous chemicals : 13 ' " 5/5 (160%) N 0o j; 0
Subtotal 39 25/26 (96.15%) 0 1/26 (3.85%)
All agents - 109 54/56 (96.43%) i/56 (1.79%) 1/56 (1.7‘9_7,)4
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Table 4 - continued

aAgents studied are found to be either mutagenic ( regardless of
"mutagenic potency" ) or nonmutagenic. The mutagenicity is assayed
either directly or coupled with a metabolic activation system in vitro
or in vivo. In the Sg-coupled assay the microsome used was prepared
from Aroclor 1254-induced male Sprague-Dawley rat livers. The effects
of either other inducers or conditions of the activation system have not
been investigated extensively and are under study.

bAgents studied are denoted either as carcinogenic. or noncarcinogenic
or uncertain based primarily on published data from USPHS (44) and IARC
(23) regardless of "carcinogenic potency." Carcinogenicity of many com-
pounds is not yet available. The search for such data is admittedly
neither exhaustive nor updated.

cIn part from Table VIII of ref. 21.

. dThe data are compiled from all agents studied, excluding those whose
carcinogenicity is either unknown or uncertain. Thus, only 56 out of 109
agents studied are compiled in this table. ' :

eKnown carcinogens are mutagenic aand noncarcinogens are nonmutagenic
in CHO/HGPRT assays, i. e., MNNG, ICR-292, Ni, benzo(a)pyrene hycanthone,
UV, etc.

fKnown carcinogens are nonmutagenlc in CHO/HGPRT assays, e.g.
formaldehyde. ‘

gKnown noncarcinogens are mutagenic in CHO/HGPRT aSsays; e.g. ICR-191.
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" TABLE 5

- CYTOTOXICITY AND MUTAGENICITY OF SUBFRACTIONS OF SYNFUEL A BASIC FRACTIONS

el

Relative cloning Observed mutation frequericy

Subfractionb Concentration efficiency (%) (TG mutants/106 cells)
| (ng/ml) | -Sg  *54 84 . -5,
Benzene . 0.25 ' : 92 : A ' 4
_— 1 ' . 102 <1
2.5 : . 117 ‘ 1
10 109 91 ‘ <1 . 1
25 - 90 : ‘ 16
50 & 71 S 13
100 . <0.2 0.2 .- ’ 25
Isopropanol 0.25 .95 1
: - 1 : 94 1
2.5 . 103 S 6
10 108 ' 95 ' <1 ) 4
25 | 102 L 16
- 50 82 : 7
100 _ o <0.2 58 - 2
Acetone 0.25 ' 89 : 6
: 1. . 101 , 5
2.5 : 93. ' <1
5 100 . ' o 9
10 ) . 58 96 - 13 . 22
25 ‘ 22 56 6 46
50 . <0.3 : 4 ~ 15 49
1100 <0.2 <0.2 | C - : 135
Controls : . . . :
EMS . 200 . 219 -
Bla)P & | - - 557
Solvent ' 4 9

3 Unpublished data of Hsie, A. W. and P. A. Brimer.

See ref. 14 for details abqut'the chemical separation of Synfuel A.
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