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FOOTNOTE 

Abbrevations: TG, 6- thioguanine; TG', TG-res i s tan t  o r  TG-resistance; 

HGPRT, hypoxanthine-guanine phosphoribosyl transferase; CHO ce l l s ,  Chinese 

hamster ovary ce l l s ;  EMS, e thy l  methanesulfonate; MNNG, - N-methyl-N1-nitro-N- - - 
nitrosoguanidine; IPMS, isopropyt methanesulfonate; DES, d ie thy lsu l fa te ;  ENNG, 

N-ethyl-N1-ni tro-N-ni trosoguanidine; ~ ( a )  P, benzo(a)py rene; 4-NQO, 4-ni t ro -  - - - - - 
guino l ine  1-oxide; DMS, d imethylsul fate;  HMS, methyl methanesulfonate; 

MNU. - N-methyl-N-nitrosourea; - ENU, - N-ethyl-N-nitrosourea; - B N U ,  - N-butyl-N- - 

nitrosourea;  DMN, dimethylnitrosamine. . . 



Advances i n  c e l l  b io logy w i t h i n  the l a s t  two decades enable the use of 

mammalian c e l l s  i n  c u l t u r e  f o r  mutat ion research. A simple, sens i t i ve  and 

quan t i t a t i ve  mammal ian c e l l  speci f i:c locus mutat ional  assay wou'ld be . usefu l  . 

f o r  studying mechanisms of. mammalian mutation, and f o r  assessing the mutagenic 

poten ti a1 o f  envi ronmen t a l  agents t o  humans. 

Several mammalian c e l l  .mutat ion systems (.3)., espec ia l l y  th.ose u t i l i z i n g  

resistance t o  pur ine analogues -such as 8-azaguanine and 6- thioguanine (TG) 1 

as a genet ic marker, have been developed. The se lec t ion  f o r  mutat ion induct ion 

t o  pur ine analogue resistance i s  based on the f a c t  t ha t  the wi ld- type c e l l s  

contain ing hypoxanthine-guanine phosphori bosy l t ransferase (HGPRT) ac t  i v i  t y  

are capable o f  convert ing the analogue t o  t o x i c  metabol l t e s ,  leading t o  c e l l  

death; the presumptive mutants, by v i r t u e  o f  loss o f  HGPRT a c t i v i t y ,  are 

incapable o f  cata lyz ing t h i s  detr imental metabolism and, hence, escape the  

l e tha l  e f f e c t  o f  the  pur ine analogue. . . 

We have chosen t o  .use a near-d ip lo id  Ch.inese hamster ovary (.cHO) cell 

1 i.ne f o r  our mutagenes i s  .study because they .are perhaps the best  characterized 
cloni'ng e f f  ic i 'ency 

mammalian ce l  I s  gene t i ca l  ly .  . They e x h i b i t .  nea r l y :  100%Aunder normal growth 

condit ions, and are capable of growing i n  a r e l a t i v e l y  wel l -def ined medium 

w t th  a shor t  doubl ing time o f  12 t o .14  hr .  I n  add i t ion,  the c e l l s  

haye a stable,  eas l  l y  t-ecogni,zable karyotype o f .  20 o r  2 1  chromosomes (.depending 

on the s'ub.cIone). and are thus su i t ab le  f o r  s tud ies o f  mutagen- - . . . .. 

. .  . 
i.nduced~chromosome and chromatid aberrat ions, and s ister-chromat id exchange. 

Ka ryo t yp i : ~  . . s tab, i l  i : ty  &n.suces . the : - func t iona l l y  monosomic s t a t e  o f  the HGPRT 

gene l oca l i zed  i'n. the X chromosome o f  CHO ce l l s .  

Ln th is.  a r t i c l e ,  w e .  summarize the development o f  the CHOLHGPRT sys tern 

f o r  quant i fy ing mutation t o  TG resistance,evi.dence o f  t h k g e n e t i c  bas is  of 



of mutati'on 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 induct ion and DNA lesion, structure-activi ty 

(mutagenicity) of various classes of di rect-acting mutagens and promutagens, 
the use of this assay in mutagen screening, 

correlation between animal carcinogenicity with CHO m~tagenicit~,~and the 

amp1 i cat ion of th,e CHO/HGPRT assay to a Multiplex Genet i c ~oxi colbgy System. 

MATERIALS AND METH.ODS 

Cell Culture 

All '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 

medi,um (.K. C. Biological CO.) containing 5% heat-inactivated (56'~, 30 min), 

extenstvely dialyzed fetal calf serum (med7um F12FCM5) in plastic tissue 

culture dish.es (.~alcon or Corning Glass Worlts) under standard conditions of 

5% Co2 i:n ai,r at 37'~ i n  a 100% humidified incubator. The population 

doubling time 1s 12 to 14 hr. 

~reatment with Chemicals 

2 Cells are plated at 5 X lo5 cells/25 crn bottle in medium F12FCM5. 

6 After a 16- to 24-h.r.Qrowth period.(cell- number =%1.0 to 1.5-x 10 cells/ 

plate)., the cells are washed twice with saline G, and suff'icient serum-free 

F12 rnedi.um 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 ul of mutagen, 

usually dissolved .i,n dimethyl sulfoxide. ,Nutagens and/or. microsomes are 

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



prepared from 1 ivers  o f  Aroclor  1254-induced male Sprague-Dawley rats;  the 

microsome mix f o r  b iotransformat ion contai'ns (per ml) 30 pmoles KCl, 10 umoles 

MgC12, 10 pmoles CaC12, 4 pmoles NADP, 5 umoles glucose-6-phosphate, 50 pmoles 

phosphate bu f f e r  ( p ~ .  8.01.'; and 0.1 m l  microsome f r a c t i o n  (which contains 3 t o  

4 mg p ro te i n ) .  Ce l ls  are then incubated f o r  5 h r  and washed 3 t imes.wi  t h  

sa l  ine G before 5 m l  o f  F12FCM5 i s  added. A f t e r  they a re  incubated overnight, 

c e l l s  are dissociated w i t h  0.05% t ryps in ,  arid p la ted  f o r  c y t o t o x i c i t y  and 

spec i f i c  gene mutagenes i s  t o  be described below (10, 22). 

. . 

Cy to tox i c i t y  

i For an expected cloning. e f f i c i e n c y  h.igher than SO%, 200 we1 1 -dispersed 

s i n g l e  c e l l s  are plated,  and for  an expected surv iva l  lower .than .this, t h e .  

number o f  c e l I s  p la ted i s  adjusted accordingly t o  y i e l d  100 t o  200 surv iv ing  

i n  medium F12FCM5 fo r  7 days.. Control ce l  Is, which do no t  receive treatment 

w i t h  mutagen, usual ly  80%..or h igher p l a t i n g  e f f i c i ency .  Nei ther  the 

solvent-microsome mix nor these agents i nd i v i dua l l y  a f f e c t s  the c e l l u l a r  

c loning e f f i c iency .  The e f f e c t  o f  a mutagen on the c lon ing  e f f i c i e n c y  I s  

expressed as percent survi:val r e l a t i v e  t o  the untreated con t ro ls  (-10, 22). 

Speci f i c  Gene Mu tagenes is .  

For the  determi.nat ion o f  ..mutation induct.ion, the .  t rea ted  c e l l s  are  
. . 

al lowed t o  express the mutant phenotype i n  FT2 medium f o r  % t o  9 days, a t  

whi.ch t'ime mutat i.on induct  ion reaches a maximum. Routine subcul t u r e  i s  

performed a t  2-day in terva ls :  dur ing t he  expres.sion period, and. a t  the end of 

t h i s  t ime the c e l l s  are p la ted  fo r  se lec t ion.  i n  hypoxanthine-free F12FCM5 

contain ing 1.7 pg/ml ()O UM) o f  TG a t  a density o f  Z.0 x l o 5  cells/100-mm 

p l a s t i c  d ish  (20rning o r  Falcon),, wh.ich peri l l i ts 100% mutant recovery. 



Af te r  7 t o  8 days i n  the se lec t i ve  medium, the drug-res is tant  colonies develop; 

they a re  then f ixed,  stained, and counted. Mutation frequency i s  ca lcu la ted 

based on the number o f  drug-resistant  colonies per su rv ivo r  a t  the end o f  the 

express ion per iod (10, 221.. 

RESULTS AND D l  SCUSS.IOM 

Development o f  a Protocol f o r  Quant i f y i  ng Speci f i c Gene Mutagenes is. 

Various mutants . w i t h  phenotype(s) . d i f f e r e n t  from the  parental  mammal ian 

c e l l s  have been i so la ted  a f t e r  mutagen -treatment. Since the purpose of most 

studies was t o  obtai 'n a p a r t i c u l a r  type o f  phenotypic va r i an t  f o r  genetic, 

biocherni cal  , o r  molecular analysis, the procedure f o r  mutat ion ' induct ion 

genera l ly  does..not take i n t o  considerat ion o f  the quan t i t a t i ve  .aspects of 

the  mutagenesis. Due t o  the I n t r i n s i . ~  charac te r i s t i cs  o f  the CHO/HGPRT 

assay, fac to rs  required t o  quanti fy. mutagenes,is need. t o  be estab l  i shed 
. . 

i .ndi:vidually. :These include: 

Mutagen treatment and the phys io log ica l  s t a t e  of  celf growth: Except i n  

those experiments desi.gned fo r  ce l l - c yc l e  study,.we t r e a t  c e l l s  dur ing the 

exponential growth s t a t e  because some mutagens may ac t  p r e f e r e n t i a l l y  on the 

p r o l  i f e r a t i n g  ce l l s .  

Me.dium f o r  c e l l  growth and mutant select ion:. :The. growth:medium used 

should no t  a l low p re fe ren t i a l  growth of e i t h e r  w i l d  type o r  mutants. This i s  

es,peci.a 1 1 y c ruc i  a1 f o r  such mutants as T G ~ W ~  i ch requi r e  long phenotypl c 
. . . . 

express i'on . t h e  (Jo ,221. A s l  i.ght advantage o r  disadvantage . . f o r  mutant growth 

w i l l  grossly.  d i s t o r t  the observed mutation.frequency. During mutant se lec t ion  

wi.th TG, the s.el ec t  i v e  med.i.um .i.s devoid .of  hypoxan t h  ine  'because TG cornpe t i  t i ve l y  



. . 
i n h i b i t s  hypoxan th i ne t ranspor t  across ce l  l membrane (22) and the reverse i s 

l i k e l y  t rue.  

TG concentration: Optimum f G  concentrat ion should be used t o  se lec t  f o r  

phenotypic var iants  o f  mutat ional o r i g i n  which a re  ne i the r  leaky nor epigenet ic 

i n  nature (22). 

Cel l  densi ty f o r  select ion:  For f u l l  mutant recovery, the r a t i o  o f  mutants 

t o  wi ld- type c e l l s  should be such t h a t  the mutants w i l l  not  be a f fec ted  by the 

l e tha l  e f f e c t s  o f  the puri'ne analogue metabol i t e s  cross fed by the w i  Id-type 

ce l ls .  ( 2 2 ) .  

. . Phenotypi'c express.ion time: Since the se lec t ion  o f  .the mutants I s  based 

on the loss o f  the HGPRT ac t i : v i t y ,  a per iod o f  delay f o r  expresi ing the TG' 

phenotype i s  expected t o  a1 low completion o f  mutat ion f i x a t i o n  and d i  l u t i o n  o f  

the  p reex is t ing  enzyme and mRNA coded for  HGPRT. We have found t ha t  maximum 

s.table expression o f  the TG' phenotype. i s  reached 7 t o  9 days a f t e r  mutagenesis 

and remains constant thereaf ter  i r respec t i ve  o f .  the nature and dose of  the 

mutagen (9, 21-23, 27)., 

Characteri;stics o f  the CHO/H.GPRT System: Evidence o f  the Genetic Basis o f  

a t  a S ~ e c i f i c  Locus 

.. Since the s t a t e  o f  th.e a r t  o f  somatic c e l l  genetics remain short  o f  pro- 

v i d  ing a d l r e c t  proof th.at. the a1 tered  phenotype(^) observed has resu l ted i n  a 

modi f ied nuc leot ide sequence o f  the s p e c i f i c  gene, causing modi f ied coding 

proper t ies  which r e s u l t  i n  the production o f  a l t e red  p ro te i n  w i t h  changes 

i.n the ami.no aci;d sequence, we,'.thus, .re1 ied  on establ  i sh ing :  ind i ' rec t  c r i t e r i a  

which a re  cons i s t e n t  w.i th. th.e concept tha t  th.e observed' phenoty-pi c var iants .  

are genet ic .  i:n nature.  (3 ,  32, 36, 3 9 ) .  



Over the past 5 years, we have used t h i s  assay protocol  and,have found 

i n  over 500 experiments t ha t  the spontdneous mutation frequency 1 ies i n  the 

range o f  0 t o  10 x mutant /cel l .  A deta i led  f l u c t u a t i o n  analysis o f  

spontaneous mutation showed t h a t  the spontaneous mutant phenotype ar ises i n  

a random manner, as would be expected f o r  a mutational event. The mean values 

-8 
f o r  themuta t ion  r a t e  are 7.0 x 10-' C ~ ~ m e t h o d )  and 32.6 x 10 (.meanmethod) 

mueat ion/cel  l /generat i.on (261 . War Tous physical and cherni ca l  age" t s  are  

capable o f  inducing T G  resistance. I n  a1 1 chemical mutagens examined, 

mutation induct ion occurs as a 1 inear funct ion o f  the concentrat ion [4-7, 9 ,  

10, 13-17, 21-28, 38). For example, mutat ion frequency increases apppoximately' 

1 i near l y  with. e thy l  rnethanesul fonate (EMS) concentrat ion i n  . the  near-di p l o i d  

CHO c e l l  li.ne, conformi'ng t o  the expectat ion tha t  mutat ion induct ion occurs 

, i.n the gene loca l  i.zed a t  the funct iona l  l y  monosomi c X chromosome. ' However, 

i n  .the t e t r a p l o i d -  CHO ce l  ls:, EMS does not  induce .an appreciable number o f  

mutations, even a t  very hi.gh concentrations, as pred ic ted t h e o r e t i c a l l y  (.13), 

- a  We found a very low 0 1 0  1 spontaneous reversion w i t h  13 TG' mutants, 

a1 1 o f  wh:i.cb contain low, ye t  detectable,, H.GPRT a c t i v i t y .  More than 98% o f  

th-e pres:umptive mutants isola.ted ei. ther from spontaneous mutation o r  as a . . 

r e s u l t  o f  mutat ion i 'nduction are  sens i ti ve t o  ami.nopt&rin, incorporate hypoxanthine 

a t  reduced rates, and have less than 5% HGPRT a c t i v i t y  (13, 22). Studies i n  
a h igh propor t ion o f  TG' 

progress haye a 1 so sh.own that~mutan t s  contain ing temperature-sens i t i ve  HGPRT 

act  i.vi.ty suggesti'ng t h a t  mutat ion resides i n  the HGPRT 

s.tructura.1 gene (J. P. OtNei 1 1  and A. W. Hsie, unpubl ished observations). 

The CHO/HGPRT system appears t o  f u l  f i  1 l the c r i t e r i a  f o r  a speci f i e g e n e -  

locus mutat i:ona.l assay. 



i n te r re la t ionsh ips  o f  Mutagen-Mediated Ce l l u l a r  L e t h a l i t y  and Mutation Induct ion 

When EMS was employed as a mutagen, mutation induct ion occurred over the 

e n t i r e  su rv iva l  curve (!'EMS1' type) (10, 13, 21) inc lud ing a shoulder region, 

where there i s  no appreciable loss o f  c e l l  su rv iva l .  Apparently there i s  no 

threshold e f f e c t  o f  mutat ion induct ion w i t h  EMS. X rays (23), UV l i g h t  (ll), 

ICR-191 (24), isopropyl methanesulfonate (JPMS) (7). and d i e t h y l s u l f a t e  ( oEs ) ( .~ )  

a lso exh i b i t  "'EMS-type" curves. However, there are agents , t y p i  f 'ied by - N-me thy 1 - 

N8-n i tro-N-ni trosoguan id ine  (.MNNG) (6, 22) and N-ethyl -Nt-ni  t ro-N-n i  trosoguani d i  ne - - - - - 
(ENNG) ( 6 )  which. do no t  e x h i b i t  appreciable shoulder regions i n  the  su rv iva l  

curve, and f o r  which mutation induct ion always occurs.concornitantly w i t h  the 

loss. o f  ceI 1 survi.va1 ("MNNG. typent) . ' 

Most promutagenic agents are neith.er t o x i c  nor  mutagenic t o  the ce l  I s  i n  

the absence o f  S -mediated metabol i c ac t i va t ion .  With Sg , benzota) pyrene [B (a) P] 
9 

i s  mutagenic and cytotoxic,  d isp lay ing an "EMS-type" curve (P. A. Brirner, 3 -  P. 

08Nei 1 1, J. R. San Sebastian, and A.. W. Hs 'ie, unpubl ished) . The d i  rect-act ing 

mutagen 4-nttro-quino1i:ne-,l-oxi'de i s  h i gh l y  cy to tox i c  and mutagenic to the  

CHO ce l  l s p  and i t s  cy to tox i .c i  t y  and mutagenic i ty  decrease when i t  i s  t reated 

w.i:th. S CJ. R. San Seb.as.tian and A. W. Hsie, unpubl ished) . Thus, cy to tox i c i  t y  
. 9  

and mutageni:c?ty o f  chemical mutagens are separable. 

Quant Ttat ive  Analysis o f '  Chemical-I.nduced Cei. lu?ar. Lethal  i t y .  and Mutagenesis 

A study o f .  EMS exposure dose: . Ea r l  ier ,  we found t ha t  EMS- induced mutation 

frequency t o  TG' i n  c e l l s  t reated f o r  a f i x e d  per iod  o f  16 h r  i s  a l i n e a r  

f unct i.on, over a 1 arge. range o f  mutagen concent r a t  ions. . Further s fud i  es w i t h  

vary ing concentrat ions (b.05 t o  3.2 mg/ml) o f  EMS f o r  2 t o  12 h r  showed tha t  



the mani festat ion o f  c e l l u l a r  l e t h a l i t y  and mutagenesis occurs as a funct ion 

o f  EMS exposure dose; i.e., these two b i o l og i ca l  e f f e c t s  are the same f o r  

d i f f e r e n t  combinations o f  concentrat ion m u l t i p l i e d  by durat ion o f  treatment 

which y i e l d  the same product. .From these studies the mutagenic po ten t i a l  o f  

EMS can be described as 310 X mutant (ce l l  mg m l - I  h r ) - '  (21). Thus, 

the CHO/HGPRT system appears t o  be su i t ab le  f o r  dosimetry studies.  

Relat ionship between DNA a l k y l a t i o n  and mutation induct ion t o  TG' by 

N-methy 1 -N-n i t rosou rea (MNu) and N-ethy 1 -N-n i t rosourea (ENU) : We t rea ted  ce 1 1s 

w i t h  MNU o r  ENU, and found t ha t  both a l k y I a t i o n  and mutation induced by MNU 

and EWU increases. i i near l y  w i t h  increasing concentrat ions. A t  equlmolar 

concentrations, MNU has 15 times the DNA a t k y l a t i n g  a c t i v i t y  o f  ENU, but  on ly  

3 times the mutagenic a c t i v i t y .  .Thus, i n  terms o f  mutat ion induct ion per 
-.. . . . 

u n i t  a l ky l a t i on ,  e thy l a t i on  of DNA by ENU appears t o  r e s u l t  i n  a 5- fo ld  greater  

f r a c t i o n  of  mutagenic lesions than does methylat ion by MNU. E thy la t ion  

appears t o  r e s u l t  i n  a h igher propor t ion o f  mutagenic les ions than does 

methylat isn.  This. may r e f l e c t  e i t h e r  a higher.  frequency o f  n iscoding events 

such as - O-6-guanine a l k y l a t i o n  o r  an e f f e c t  o f  e thy fa t  ion per se (38). 

Mutagen l city.,  ey to toxk. i ' ty ,  and DNA-b ind ing  o f  ~ t . ( t  1 )  chloroammines : 

Me have s tud ied the rnutagenlcity o f  ~t( . t . l )chloroa&ines.  ~ a s e d  on the slope 

o f  the 1 [near close-.response curve, the  mutagenicit  i e s  [expressed as mutants/lO 
b 

c e l l s  per p~ - - of ~ t u  1,)-chlorbarnmine] are: c & - P ~ ( N H ~ J ~ c ~ ~ ~  47; t r a n s - ~ t  (NH 3 ) 2 C1 2' 

. . 
0.4; K ~ P ~ C ~ ~ ' ,  0.7; L P t  ( N . H ~ ~ ~ ] C I ~ ,  0.01. ~ ~ t o t b x i c i t i e s  . . f o l l o w  the  same 

1 95mp i e l a t i v e  order and are o f  s imi  l a r  magnitude. By use o f  rad ioac t i ve  . , 

we observed t ha t  a f t e r  incubation f o r  16 hr ,  - c i s - ~ t ( ~ ~  ) C1 binds l i n e a r l y  
3 2  2 

over a concentrat ion range o f  0.4 t o  1.7 ~ 2 ;  the  slope o f  the curve i s  - 
7.9 x l o - "  pmol P t  bound per nuc leot ide pe r  PM - o f  C ~ S - P ~ ( N H  ) CI added. - - 3 2  2 



Prel iminary r esu l t s  ind ica te  t h a t  trans-P~(.NH ) C 1  binds t o  DNA t o  a s i m i l a r  
3 2  2 

extent .  I t  appears t ha t  the chemical nature o f  the lesions produced i n  the 

DNA ra ther  than the number o f  molecules bound t o  DNA i s  responsible f o r  the 

d i f f e r e n t  b i o l og i ca l  potencies o f  these P t  compounds (19.). 

St ruc tu re -ac t i v i t y  re la t ionsh ip  o f  d i ' rec t -ac t ing chemical mutagens 

A1 k y l a t i n g  chemi ca I s  (.tota 1 of 11)  : The dose-response. re la t ionsh ips  o f  

c e l l  k i  1 1  ing and mutation induct ion o f  two a l ky l su l f a tes  [d imethy lsu l fa te  

(DMS). and DES] and three a l  k y l  a1 kanesul fonates [methyl methanesulfonate (MMS) , 

EMS, and i PMS] have been compared under i den t i ca l  experimental condit ions. 

Based on mutants induced per u n i t  mutagen concentrat ion, both the  c y t o t o x i c i t y  

and mutagenicity decreased w:ith the s i z e  o f  t h e  a l k y l  group: DMS > DES; 

MMS > EMS > iPMS C7). 

Si.mi 1 ar  comparat i ve  studies &ere extended t o  two n i  trosami dines (MNNG 

and ENNG) and three n i  trosamides [MNU, .ENU, and - M-butyl-N-ni - trosourea (BN.U) I. 

Th.e order o f  thei..r re lat i .ve mutagenic act i v i  t.y was. MMNG > ENNG > MNU > EN11 > ,BNU (6). 

A1 1 o f  these 10 a1 k y l a t  lng . . agents are .known. t o  be carcinogenic, and a re  . > 

mutagenic I n  our assay. N i t r osa t i on  appears t'o be essen t ia l  f o r  m6tagenic i ty  

o f  n i. t ros.oarn i, d i nes. ; . - I4-methy I-N - I-ni  troguani d ine (MNG) , a non- 

carcinogenic analogue o f  MNNG, i.s not  mutagenic even ' a t  concent ra t ions 50,000 
. . . .  . . . . . .. . . . . .  

h igher than Pts ni . t roso analogue, MNNG (P. R. San Sebastian and A. W. Hsle, 
. .  . 

. . 

unpuhl i.s.he.d.) - 
~e te rocyc . l ' i c  n i t rogen mus.tards (I CR compo~inds) (.total o f .  19) : -We have 

studied the c y t o t o x i c i t y  and muta.genici.ty o f  19 I C R  compounds ( I C R  449, 217, 

355., 292, 292-OH., 368)  . ~ h . i  r teen of these compounds are mutagenic. A t  ' 



equimolar concentrations, .the compounds with the tert iary-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 (fCR 449, 371, 191.,. and 

372) . A1 1 secondary-ami ne types show a "plateau" in thei r concentr7at i on- 

dependent mutagenesis curves at 3 to 4 pH. 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 3421 increases both 

m~tagenic~ty and cytotoxicity. The presence of two 2-chloroethyl groups on, 

the si.de chain (.~cR ,220). also results. in greatly increased cytotdxicity and 

mutagenicfty. When th.e 2-chloroeth.yl group of I,CR '340, 372, 292, 191, or 

170 i.s replaced by a 2-hydroxyethyl group (JCR 340-OH, 372-OH, 292-OH, 191-OH, 

170-OH), a mutagenically inactive compound results which remains toxic; 
. . 

this indicates that the 2-chloroethyl group is required for mutation induction 

.(9, 24, 25)- and suggests th.at cytotoxici ty i s  dissociable from mutagenicity. 

Replacement of the amlne 1 i.nkage with an ether l inkage (ICR 283) also yields 

a mutagenically inacti,we compound. 

Four. compounds found to be highly mutageni c .ct CR !70 ,. 340, 292 ,. and 342) , 

are carcinogenic, and the other tw.0 (-1 CR 191 and 191-.OH) are reported to 'be 

noncarcinogenic (3~,,31). I.CR 191 is a potent mutagen not only in our system 

hut also i:n several others (8, 20). Apparently, [CR 191 i s  a mutagenic non- 

carcinogen. pe'rh.aps its. lack of carcinogenicity can be explained by i t s  being 

inactivated in the animal since the addition of S greatly reduces the 
9 

mutageni.ci ty and cytotoxici.ty of thi.s compound ( 3 .  C. Fuscoe and A. GI. Hsie, 

unpub.1 i'shed observations)-. 



Metallic compounds (total of 19): As mentioned earlier, - C ~ S - P ~ ( N H  ) C 1  
3 2  2 

is mutagenic whereas trans-P~(NH ) C1 K2PtC14 and [ P ~ ( N H  ) ]c12 are not  3 2 2' 3 4 

mutagenic (19). The mutagenicities of the other 15 metallic compounds were 

determined, and the preliminary resul t shows that.  the carcinogenic metallic 

compounds N i  Cl 2, CoC1 2, BeS04, CdC1 2, FeS04, CaS04, AgN03, Pb(CH3COO)2. ZnS04, 

K2Cr207 and MnC1 are mu tageni c, whereas the noncarcinogenic metal 1 i c compounds 

RbCl, H2SeOg, TlC14 and MgC12 are not (5, D. 5. Couch, E.-L. Tan, N. L. Forbes, 
. . 

K. I?. Tindall, and A.  W. Hsie, unpublished), 

The results of these studies should be viewed w i t h  a caution because 

metal mutagenes.i.s is sensitively modified by the cel lular .  growth condition. 

For example, demonstratton of the mutagenicity of MnCI2appeared t o  depend on 

the relative concentration of MnC12 - vs MgC12 i n  the medium during treatment. 

GIith many metal s., a t  high concentrations which, caused severe growth i n h i  bition 
. . 

and/or' signi f-ican t eel l ul ar lethal i ty ,  metal mutagenicity was e i ther  n o t  

demonstrable o r  much lower t h a n  expected from the Tinear dose-response a t  

low dose-range. Thus., metal rnutagenesis appeared to require active DNA 

synthesis. Thi's i:s consi;s.tent. w . i t h  the nots'on that  metal-mediated enhancement. 

of DNA repl i.cative error  $a$ account fo r  one o f  the mechanism of mutation- 

Induction . by . 'metal 1 i'c compounds (37). Growth inhibition w i t h  inactive DNA 
. . 

synthesi:~ d u r i n g  treatment would, therefore, disfavor mutation induced by 
. . . . 

mutageni:c metal s. 
. - 

~ i ' i c e i  laneous, compoiir& ( to ta l  of 19)  : . Non-mutagenic +mpounds inc-1 uded: 
, ' 

. . . . . . .  

three commonly used sol vents, (acetone, dimethyl sulfoxide, and ethyl a1 coho1 ) , 

four metabol i c  i.nhibi:tors Ccytos ine arabi noside, hydroxyurea, caffeine, and 

cycl oheximide). , and N ~ ,  ~ ~ ' - d i . b u t ~ r ~ l  adenosine 3' :5 r-pho'sphate. The 

fol lowing 11 compounds are mutagerii.~: hydrazine, hycanthone, ethylene oxide, 



ethylene dibromi de , ethylene di chloride, ethylene chlorobromide, m i  tomycin C ,  

my1 eran, 5-bromodeoxyuridine, captan, and fol pet (E.-L. Tan, P. A. Brimer, 

J. P. O'Neill and A. W .  Hsie, unpublished observations). Some experiments 

a re  preliminary i n  nature and remained to  be confirmed. 

Structure-activity s tudies  of promutagenic chemicals 

The CHB/HGPRT assay can be coupled to  the host (.mouse)-mediated metabolic 

activation system (34) o r  the Sg microsomal activation system (23).  Me employed 

Sg prepared from Arocl or 1254-i nduced male Sprague-Dawley r a t  1 i vers , and 

B(aJP - and DMN t o  define conditions optimum f o r  Sg activation. Over an Sg . 

protein concentration range of 0.9 t o  1.5 mg/ml , the mutagenicity of a constant 

amount of DMN increases with increasing protein, while t h a t  of B(a)P increases 

a t  low protein concentrations, followed by a decrease. This may r e f l e c t  a 

change i n  the balance between activation and inactivation wl'th d i f fe rent  

compounds. In addi t ion,  DMN requi rep h i g h  concentrations of CaCl f o r  maximal 

mutagenic ac t iv i ty ,  whereas B(&)P does not. These r e su l t s  complicate the 
. . 

development of a singi e Sg protein mix which would be  useful. i n  routine 

mutagen screeni"g and i n  the quantf ficati-on of the mutagenic potenti a 1  pf 

compounds. ' fo r  cornparat.ive s tudies  (28). . . 

With this. 1 i.mi.tati on i n  mind, we have determined t h e  mutagenicity of . . .  

. various classes. of promutagens under conditions which, a re  near-optimal f o r  

quantifying the mutagenicity of both- DMN and B(a)P i n  which the  Sg-mix contains 

MgC1 and CaC1 a t  10 mPJ - each (-28). 
- .  . 

Polycycl i:c hydrocar'bons ( to t a l  of 27) :. We have .studied t h e  mutagenicity 

of B.(.a).P - and i ts  19 metabo1ite.s , benzo(p)pyrene CB@)P], pyrene, benz(a)anthracene, 



(BA) , and 4 re1 ated compounds. The carcinogenic po lycyc l  i c hydrocarbons 

~ ( a )  - P, BA, and 7,12-dimethyl-BA requi r e  metab01 i c  a c t i v a t i o n  t o  be mutagenic. 

The weak carcinogen B(e) - P i s  less mutagenic than B (a) - P. The non-carcinogenic 

po lycyc l  i c  hydrocarbons py-rene and anthracene are non-mutagenic even w i t h  

metabol i.c ac t i va t ion .  B(a)P-4,s-epoxide - and ~(a)P-7,8-c!iol,9-10-epoxide - 
are mutagenic (.A. W .  M.sle and B. A. Br.imer, unpublished). . 

N i  trosamines and re1 ated compounds ( t o t a l  o f  16) : N i  trosamines general l y  

requ i re  metabol ic a c t i v a t i o n  to -be  cy to tox i c  and/or mutagenic. A l l  n ine 

carcinogenic nitros.ami.nes (dlmethylni trosarnine, d lethyln i t rosamine,  2-methyl-1- 

n i t rosop iper id ine ,  3,4-dichloro-1-nitrosopiperidine, n i t r osopy r ro l i d i ne ,  . . 

3.4-dich,loronitrosopyrrolidine, I,&-dinit~osopiperarine,l,5-dikitrosbhomo- 

piperazi'ne, n i t  rosomorphol tne) are mutagenic, and a1 1 f o u r  non-carc inogeni c 

nttrosarnines (-2,s-dimethylni t r o ~ o ~ i p e r i d i n e ;  2,s-dimethylni t rosophrro l  id ine,  

1-n i t rosopi  perazine, n i t  rosophenmetrazi ne) are  non-mutagen i c. : Formaldehyde and 

s.odi.um n i t r i . t e  are non-mutagenic, and dimethylamine i s  mutagenic a t  h igh 

! concentrati:ons. (J. R. S,an Sebast Can and A, K. Hs ie, unpub 1 ishedl . . Var iable 

carci.nogenicl.ty data on the l a t t e r  th.ree ch.emicals. ex - i s t  i n  the 1 i ' terature.  

Quinol  ine compounds [ to ta l  o f .  5)- :. Quino? ine,. a known ..carcinogen, i s  

rnutagenlcwhen.metabolical1y~activated by.S Another carcinogen, 4-n i t ro-  9'. 
I 
I quino l  ine-l-oxide, i s  h i gh l y ,  rnutageni c; i t s  mwtagenici t y  decreases in  the presence 

o f  S:g. . The carcinogen I c i  t y  of 8-dihydroxy-, 8-amino-,, and 8-ni t roqu i  no1 i ne . . 
. . 

. i s .  po t  known, but thes.e compounds e x h i b i t  var iab ly .  weak m"tag&i c i t y .  i n  . , . 

p r e l  i.mi.nary experiments: (J .  R. ' S in SebastSan and A. W. Hs ie, unpubl ishedl.. 
. . 

Aromatic ami'nes. (-total o f  5)- : :' The carcinogens 2-acetvlami nof luorene and 

I t s  - N-hydroxy and - N-acetoxyl de r i va t i ves  are mutagenic, whereas f luorene, a 

man-carcinogenic analog, i s  non-mutagenic. . .I-hydroxy-2-acetylaminoflusrene 



appears to be mutagenic at a very high concentration in preliminary experiments 

(A. W. Hsie, W. N. C. Sun, and P. A. Brimer, unpublished). 

Mi scel laneous promutagens '(total of. 4.) : Three cherni cals which are 

mutagenic to. mice (natulan, cyclophosphamide, and triethylenemelamine) are 

mutagenic in our system (5. L. Tan and A. W. Hsie, unpublished data)'. The 

mutagenicity of the artificial sweetener saccharin appears to-be variable; its 

determination i s  difficult because high concentrations of the compound are 

needed to yi:eld any biological 'effect (J; P. O'Neill, J. R. San Sebastian, 

1 and A. W e  Hs ie, unpubl ishedj . . . 

1 Quantitative Analyses of Radiation-Induced Lethality and Mutagenesis (total 

of 7 agents 

Ultraviolet irradiation does not appear to be detrimental for clonal 

2 
growth up to 4 8  J/m ; it induces mutation effectively with increasing 

boundry 
2 

f 1 uence from 42 up to 426 J/m ( 1  1 3 . The ce 1.1 s at GI -S,,appears to be 

more sensittve to its mutagenic action (33). Fluorescent white, black and 

b.lue 1 i.gh.ts. are w.eak.1~ lethal and mutagenic. Sunlamp . 1 . ight is highly lethal 

and mutagenic; these biological effects are demonstrable within 15 sec o f  

exposure under cond 'it ions. recommended by the manufacturer for human use. 
. - .  

Lethal and mutagenic effects were obseived in cells after 4 rnin 0.f sunlight 

exposure (1.2). The mutagenicity of high doses 0f.X-irradiation is clearly 

demons.t.rable; th.e precise dose res$.onse rernai ns -to be 'establ i shed -after ' . . .  
. . 

factors . . affecti.,ng i:onizi,ng . .  rnutagenesis . are clarified (23) . . . 

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

in ~nimal Tests 

In a total of 132 chemical and physical agents stud;ed at different: stages 



o f  completion, 84 Rave been reported t o  be e i ther  carcinogen i c  o r  'non-carci nogeni c 

i n  animal studies. Mutagenic; t y  i n  the CHO/HGPRT assay o f  77 o f  these agents 

co r re la ted  w i t h  the documented carclnogeni c i  t y  i n  animals ( 1  8, 40). The 

existence o f  a h igh co r re l a t i on  [77/84 (92%)] between mutageni c i t y  and 

carc inogenic i ty  speaks favorably f o r  the u t i l i t y  o f  t h i s  assay i n  .prescreening 

the carc inogenic i ty  o f  chemical and physical  agents. Since so f a r  on ly  

l i m i t e d  classes of chemicals h.ave been tes ted and some o f  the  prel..iminary 

res.ults remain t o  be confirmed,. t h i s  co r re l a t i on  should be viewed as pre l iminary  

i n  nature. 

l n t e r a c t i  ve E f fec ts  Between Physical and Chemical .Agents 

2 
Rece.ntly, we have shown tha t  nea r -u l t r av i o l e t  l i g h t  up t o  300 J/m and 

8-methoxypsoralen up t o  20 pg/ml are n e i t h e r  cy to tox ic  nor  mutagenic , t o  the 

c e l l  s. However, the "dose"-,dependent cy to tox i  c i  ty and -mutagenicity o f  each 

agent when the o ther  i's kept a t  a constant l eve l  has been shown recent ly.  

Si.mi.larly, the mutagenictty o f  B. [~)P - in ' th .e  presence o f  nea r -u l t r av i o l e t  l i g h t  
. . . . 

can be demonstrated i,ndependent of S - ac t i va t i on  .[R. L.Schenley and A. W .  Hsie 
. . .  9 

unp"b.1 ished), as shcwn e a r l  i g r  by others in  experiments s i m i  l a r  t o  ours ( 1 ) .  

Appl i cat  ions t o  Screen i,ng f o r  Organic Mixtures and f o r  industrial Chemicals 

We have found tha t  a crude organic mix ture  der ived from a f rac t iona ted  

I ' iquPf ied coal s,ample . i s  mutagenic in.. t h i s  systemwhenassayed w i t h .S  (17). 
. . .9 

, 
E. I. Du Pont de. Nemours and Co. has found i t  use fu l  t o  screen. for  &-temicals 

such as yiny.1 ch1ori:de no t  on ly  i.n . t he  l i'quid form, ,but '  a1 so i n  .gaseous 

s ta te  .(?I-. 0th.er i .ns t i  tuti.ons, such .as A l  l i .ed chemical Corp., Dow Chemical Co., 

Carneige-Me1 lon tns t  i t u t e  of Research., and Chemical indust ry  Sinst i t u t e  o f  



Toxicology, have.set up CHO/HGPRT as. an i n teg ra l  p a r t  o f  t h e i r  t ox i co log i ca l  

research , deve 1 opmen t , and screen i ng programs. 

A Mu l t i p l ex  CHO Genetic Toxicology System: Simultaneous Determination o f  

Cy to tox ic i t y ,  Mutat ion Induction, Chromosome Aberrat ion, and Sister-Chromatid 

Exchange (SCE) i n Mamma 1 ian Cel l s 

'We have so f a r  shown tha t  CWO c e l l s .  a re  useful  f o r  studies o f  the cyto-  

t o x i c l  t y  and mutageni c i . ty  o f  various physical  an.d chemi cal  agents. CHO c e l l s  

were a lso  Pound t o  be su i t ab le  f o r  studies o f  carcinogen-induced chromosome 

and ch.romatid ab.errat ions and SCE!s. 

We have studied the in ter re la t ionsh i 'ps  among these f o u r  d i s t i n c t :  

b i o l og i ca l  e f f e c t s  by use of .carcinogenic/non-carcinogenic p a i r s  o f  chemicals. 

Thes.e i nc l  ude th.e di . rect-act  ing carcinogen MNNG and i t s  non-carcinogenic 

' analogue MNG, as we1 1 as the procarcinogens. . B(.a) . -  P and DMN and t h e i  r analogues, 

pyrene and dimethy l a h i  ne (.DMA)-, res,pectively. The carcinogens ' showed induct ion 

o f  mutatlon, chromosome ab-errations, and SCE's, wh i l e  .the non-carcinogenic 

agents showed l i t t l e  o r  no such a c t i v i t i e s .  Cy to tox ic i  t y  does no t  appear t o  
. .. . . . 

cor re la te .  w.ith mutagenicity f o r  any o f  t he  pa i rs .  On .an equimolar basis, 

pyrene has a tox i . c i t y  s i m i l a r  t o  t ha t  o f  ~ ( a ) ? ,  - DMA i s  less t o x i c  than DMN, 

and MNG has min imum .toxi:ci..ty. . The frequency .of SCE's can be, qu'anti f i ed over 

a lower concentrafi.on range than i s  necessary f o r  th.e determination o f  . . 

. . . . 

, ch,romosome aber ra.t i  ons and mutat ion induction, (34) . . , .  . . 
. . - .  

Th.e swccessful development and va l  i da t i bn  o f  the  mu1 t i p l e x  CHO t e l l  . . . 
. . . . .  .. . 

Genetic T o x i c i t y  System w i l l  he.val"able, because t h i s  system wi 11 a1 low the 

simultaneous determinat ion,  of four.  d i s t i n c t  b i o l o g i c a l  e f fec ts .  - . . Recently, we . 
. 

have found t h a t  CHO c e l l s  . i s  also. useful .  For determination 'of mutagen- 



induced m i  cronuclei  formation, the so-cal led micronucleus t e s t  (35) ; 

furthermore, endodupl i c a t i o n  o f  chromosome (J. 8. San Sebastian and A. GI. Hsie, 

unpubl i shed) and the HeLa DNA syn thes i s  i nh i b i t i  on t e s t  (29) can be adapted 

t o  CHO c e l l s  i n  a study (R. B. Painter, personal c6mmunication). 

Thus, i f  f u l  l y  developed and va l  i dated, the system can determine these 

add i t i ona l  end points o f  genet ic t o x i c i t y .  

SUMMARY AND CONCbUSlOM 

The CH.O/HGPRT system has been developed and def ined f o r  q u a n t i f y i n g .  

mutat ion induced by var ious physical  and chemical agents a t  the hypoxanthine- 

guanine phosphori bosyl t ransferase (HGPRT) locus i n  Chinese hamster ovary - 

. . . . .. . 

(CHO) c e l l s .  Vari,ous genetic, biochemical, and phys io log ica l  evidence 

supports the genet ic basis of  mutat ion induct ion i n  t h i s  system. 

I n  a l l  d i rec t -ac t ing  chemical mutagens studied, mutat ion induct ion 

increases 1 [nearly. as: a funct ion o f  the concentrat ion, w i t h  no apparent 

threshold. Some chemicals tnduce mutation a t  non-cytotoxic concentrat ions; 
. . 

others. induce mutation on ly  w i t h  a concomitant loss o f  e e l  1 surv iva l .  I n  one 

dosimetry study., th.e mutagenicity o f  e t h y l  methanesulfonate has been quan t i f i ed  

as. a functi.oo of  exposure concentrat i on .  x .treatment time. The sens i t i ve  and 

quant i tat i :v& nature o f  the sys tern enables studies of t h e  s t r uc tu re -ac t i v i  ty 

- (~utagen.i .ci . ty).  r e l a t i o n s h i p s - o f  various classes. o f  chemicals. inc lud ing . . 

. .  . . . 
. . . .  

' a l ' ky la t ing  . ' . agents, h.eterocyc1 i c  n i  trogen mustards; and plat inum compounds. 
. . .. . 

' 

~h .en  r a t  1 i ve r  S -.mediated metabol i c  ac t  i vat i:on i s  procarcinogens 9 .  . . . 
. . 

s,uch. a's benzo (a).pyrene, 2-acetylami,nof 1 uorene, and dimethy I n  i trosami ne are 

mutagenic, whereas t h e i r  n o n c a r ~ i n o ~ e n i  c s t r u c t u r a l  analogues pyrene, f 1 uorene, 

and dimethy lami ne are not .  Mutageni ci. t y  as determined i n  the assay. appears 



t o  co r re l a te  we l l  (.77/84=92%) w i t h  the reported carc inogenic i ty  i n  animals 

I o f  132 chemicals being examined. Quan t i f i ca t i on  o f  mutageni.ci t y  o f  pro- 

carcinogens' i s  complicated by the  d i f f e r e n t  optimum a c t i v a t i o n  condi t ions 

requi red f o r  d i  f fe ren t  compounds such as benzo(.a) pyrene and dimethyln i  trosami ne. 
. . 

The system has been shown t o  be useful  i n  determining t h e  i n t e r a c t i v e  

e f f e c t s  between physical and chemical agents, and i n  screening f o r  mutagenicity 

o f  a f rac t iona ted  organic mix ture  der ived from a l i q u i f i e d  coal sample, and 

o f  i n d u s t r i a l  chemicals such as v i n y l  ch l o r i de  i n  both  l i q u i d  and gaseous 

state.  FOP the system t o  be used successfu l ly  i n  rou t ine  screening, 

f u r t h e r  studies should be d i rec ted toward the development o f  a metabol ic 

a c t i v a t i o n  system su i t ab le  f o r  a broad spectrum o f  i n d u s t r i a l  and environmental 

chemicals, a sens i t i ve  and r e l i a b l e  s t a t i s t i c a l  method wel l -def ined I n  

considerat ion o f  s p e c i f i c  i n t r i n s i c  cha rac te r i s t i c s  o f  the  CHO/HGPRT protoco l  

t o  c l e a r l y  d i f f e r e n t i a t e  mutagenicity from non-mutagenicity, and an experimental 

design t o  determine compounds w i t h  low, ye t  detectable, mutagenicity, 

The system has been expanded f o r  determination o f  mutagen- induced 

chromosome aberrat  'ion, s is ter-chromat id exchange, and   micro nucleus formation 

I i n  add i t i on  t o  gene mutation and cy to tox i c i t y ;  i t  can a lso be used t o  study 

i nh ib  . . i t ion o f  DNA synthes i:s .- ~ e v e l o ~ m e n t  of  t h i s  Mu1 t i p l e x  CHO ~ e n e t . i c  
. . .  

: ~ o x i  co1ogy.  stem' shoul'd .a l  low ,s.i.mu1 taneous determi na t ion  o f  mu1 t i p l e ,  
. . ,. . . 

. . 

di.st i.nct b. iologi ca l  end pornts and s tud ies o f  i n t e r re l a t i onsh ips  among these 

. , .  . .  
e f f ec t s .  

. . 

- . .  
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