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INTRODUCTION 

As scPence and technology advance, an  extrq.0rdi.nar.y q u a n t i t y  of 

n a t u r a l  and s y n t h e t i c  chemicals i s  in t roduced  cont inuous ly  i n t o  our  

environment. Through t h e  convent iona l  animal  t e s t s ,  some of t h e s e  

i environmental  chemicals have been found t o  be  e i t h e r  h igh ly  t o x i c ,  

1 mutagenic,  ca rc inogen ic ,  o r  t e r a t o g e n i c .  Epidemiological  s t u d i e s  have  

shown t h a t  among t h e s e  h a r n f u l  chemicals ,  a few a l s o  e x h i b i t  such 
I 

d e t r i m e n t a l  e f f e c t s  i n  t h e  human popula t ion .  Because of t h e  h i g h  

c o s t  and long  d u r a t i o n  r equ i r ed  f o r  t h e  animal  experimentso, such 

I t e s t s  have been confined t o  only  a  ve ry  sma l l  f r a c t i o n  of t h e s e  

e n v i r o ~ m e n t a l  agen t s .  Thus, t h e  b i o l o g i c a l  e f f e c t s  of t h e  g r e a t  

m a j o r i t y  of t h e s e  chemicals, inc lud ing  i n g r e d i e n t s  of ou r  d a i l y  foods  

and drugs,  remain e i t h e r  incompletely t e s t e d  o r  unknown, 

During t h e  p a s t  few y e a r s ,  evidence has.  accumulated t h a t  a  h igh  

percentage  (80-90%) of human cancer  i s  l i n k e d  t o  exposure t o  i n d u s t r i a l  

and environmental r.hemicals i d e n t i f i a b l e  a s  carcinogens ( 2 3 ,  44) .  

S ince  t h e  expense of animal t e s t s  prec lude  t h e i r  r o u t i n e  u s e  t o  

i d e n t i f y  environmental ca rc inogens ,  many shor t - te rm as says  have  been 

'developed a s  i n i t i a l  carcinogen sc reen ing  t e s t s .  S t u d i e s  of  mutagenesis  

and DNA-repair i n  microorganisms, e s p e c i a l l y  Salmonella typhimurium 

and Escher ich ia  c o l i ,  have e s t e b l i s h e d  t h a t  approximately 90% of , . ' 

chemical  carcinogens cause  mutat ion induc t ion  o r  DNA damage i n  t h e s e  



b a c t e r i a  (2., 3, 26, 27, 38, 39, 42, 45, 46) .  . Such f i n d i n g s  imply t h a t  
. . 

t h e  mic rob ia l  tests a r e  u s e f u l  t o  i d e n t i f y  n o t  only p o t e n t i a l  mutagens 
. . 

. . 

b u t  a l s o  carcinogens i n  t h e  environment. . . 

I n  view of t h e  i n t r i n s i c  l i i i t a t i o n  of t hd  mic rob ia l  a s say  t o  respond 

. t o  c e r t a i n  c i a s s e s  of c h e k c a l s ,  . . such as t h e  apparent  f a i l u r e  of t h e  

Salmonel la  a s say  t o  demonstrate  t h a t  carc inogenic  halogenated hydrocarbons 

and m e t a l l i c  compounds a r e  mutagenic (27), it  appears  t h a t  no s i n g l e  t e s t  

system w i l l  g i v e  100% c o r r e l a t i o n  between mutagenic i ty  and ca rc inogen ic i ty .  

The use  of a b a t t e r y  of tests r a t h e r  than  any s i n g l e  t e s t  i n  i s o l a t i o n  

has  t hus  been proposed t o  reduce t h e  p r o b a b i l i t y  of f a l s e  n e g a t i v e  

(k.g.., k n o m  czrsinog+ns a r e  no t  zu t agen ic )  and ' f a l s e  p o s i t i v e s  (e.g., 

known non-carcinogens a r e  mutagenic) ( 4 ,  37).  

It has  been recognized t h a t  s t u d i e s  of mutagenesis i n ,  pr6karyotes  : 

may no t  r e v e a l  some fundamental, mechanisms of mutagenesis  i n  ~ a m m a l ~ ,  

because r o ~ m a l s  d i f f e r  from prokaryotes  i n  t h e i r  l e v e l  of o r g a n i z a t i o n  

and r e p a i r  o f  DNA, mechanisms of metabl i sm of chrioicals ,  and o t h e r  

. . r e l a t e d  func t ions .  Some b a c t e r i a l  mutagens such a s  c a f f e i n e  and . . 

hydroxyanine do n o t  appear  t o  b e  mutagenic i n  mammalian c e l l s ,  w h i l e  , , 

. agen t s  such a s  n i c k e l  and bery l l ium compounds a r e  mutagenic i n  mammalian 

c e l l s  b u t  no t  i n  t h e  Salmonella system (cduch, D. B,, J; R.' Sari 

Sebas t i zn ,  and : A .  W. Bsie ,  unpublished,  27)  I n  a d d i t i o n ,  i t  is wel l  

knoim t h a t  chromosomal abnormali ty  i s  a major cause of i n h e r i t a b l e  



human d i s e a s e s ,  and is  o f t e n  a s s o c i a t e d  wi th  t h e  p roces s  .of malignancy. 

The g r e a t  m a j o r i t y  of chemical carcinogens are known t o  induce  

chromosomal a b e r r a t i o n s  (1,  24),  o r  sister chromatzd exchange (1) .  

D i e t h y l s t i l b e s t r o l ,  a  s y n t h e t i c  hormone a s s o c i a t e d  w i t h  human cancer  

i n  women, causes  chromosomal a b e r r a t i o n s  i n . c u l t u r e d  mammalian c e l l s  

(24),  b u t  n o t  mutat ion-induct ion i n  Salmpnella (27) .  c l e a r l y ,  . . 

mammalian c e l l  systems o f f e r  a d d i t i o n a l  advantages f o r  s tudy ing  g e n e t i c  
. .  , . . 

t o x i c i t y  a t  t h e  chromosome and chroinatid l e v e l ,  which i s  n o t  a v a i l a b l e  

i n  b a c t e r i a l  assays .  

S ince  t h e  obse rva t ion  t h a t  t r ea tmen t  of  mammalian soma t i c  c e l l s  

1 w i t h  convent iona l  mutegens such a s  e t h y l  methanesul fona te  (EMS) and 

N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) cause an  i n c r e a s e  i n  t h e  

number of  c e l l  v a r i a n t s  t h a t  d i f f e r  from p a r e n t a l  c e l l s  i n  e i t h e r  

n u t r i t i o n a l  requirement (5 ,  3 6 )  o r  drug s e n s i t i v i t y  ( 5 ) ,  t h e r e  h a s  

been much i n t e r e s t  i n  u t i l i z i n g  a  q u a n t i t a t i v e  mammalian c e l l  muta t ion  

s y s t e n  f o r  studyitlg mechanisms under ly ing  t h e  process  o f  mammalian 

mutat ion and a d d i t i o n a l l y ,  f o r  a s s e s s i n g  t h e  g e n e t i c  haza rd  of  environ- 

mental  agen t s  t o  t h e  human popu la t ion ,  .Seve ra l  mammalian c e l l  muta t ion  

syste.ms, e s p e c i a l l y  those  u t i l i z i n g  r e s i s t a n c e  t o  p u r i n e  analogues such 

a s  8-azaguanine (AG) and 6-thioguanipe (TG) a s  a  marker ( 6 ) ,  

hzve been developed f o r  such purposes.  The s e l e c t i o n  f o r  muta t ion  . . 

i nduc t ion  t o  pur ine  analogue r e s i s t a n c e  is based on t h e  f a c t  t h a t  t h e  



wild-type c e l l s  con ta in ing  hypoxanthine-guanine phosphoribosyl t rans-  

f  e r a s e  (HGPRT) a c t i v i t y  a r e  capable  of  conver t ing  t h e  analogue t o  

, t o x i c  me tabo l i t e s ,  l ead ing  t o  c e l l  dea th ;  t h e  presumptive mutants ,  

. . 
by v i r t u e  of t h e  l o s s  of HGPRT a c t i v i t y ,  a r e  i ncapab le  of ' c a t a l y z i n g  

t h i s  de t r imenta l 'metabol i sm and, hence,  escape  t h e  l e t h a l  e . f f ec t  of 

t h e  pu r ine  analogue ( . ~ a b l k  1 ) .  . . T-1 

"Ihr near-diploid Chinese hamster ovary '(CHO). c e l l  l i n e  h a s  .been . - , . 

chosen f o r  ou r  s tudy  because a mutat ion a s say ,  r e f e r r e d  t o  a s  CHO/ 
. . 

HGPRT system, has been w e l l  def ined  (7-10, 16-22, 29-33). W e  have 
: D . .  . 

used CHO c e l l s  because ' these  a r e  perhaps t h e  b e s t  c h a r a c t e r i z e d  

mamal i an  c e l l s  g e n e t i c a l l y  (35, 4 0 ) .  They e x h i b i t  h igh  c lon ing  

e f f i c i e n c y  , achieving  n e a r l y  100% under normal growth c o n d i t i o n s ,  and 

a r e  capable  of growing i n  a  r e l a t i v e l y  well-defined medium on a  g l a s s  

o r  p l a s t i c  subs t ra tum o r  i n  suspens ion  wi th  a  popu la t ion  doubling 

time of 12-13 h. I n  a d d i t i o n ,  - t h e  c e l l s  have a s t a b l e ,  e a s i l y  
. . 

r ecogn izab le  karyotype of 20 o r  2 1  chromosomes (depend'ing on t h e  sub- 

c lone)  (.11), and a r e  s u i t a b l e  f o r ' s t u d y i n g  mutagen- o r  carcinogen-induced 

chromosome and chromatid a b e r r a t i o n s  (1) and s i s t e r  chromatid exchanges 

(1 ,  24) (Table 2.). 



METHODS AND MATERIALS 

cel l  Cu l tu re  

A l l  s t u d i e s  t o  b e  descr ibed  have employed a  subc lone  of CHO-K1 

c e l l s  ( 2 5 ) ,  des igna ted  a s  CHO-Ki-BH4(16). It was i s o l a t e d  fd l lowing  

s e l e c t i o n .  i n  F12 medium con ta in ing  aminopter in  (10 pM) (16) .  C e l l s  a r e  

r o u t i n e l y  c u l t u r e d  i n  Ham's F12 medium ( P a c i f i c  B i o l o g i c a l  Co.) con- 

0 
t a i n i n g  5% hea t - inac t iva t ed  (56 C,  30 min),  e x t e n s i v e l y  d i a lyzed  f e t a l  

c a l f  serum ( P a c i f i c  B io log ica l  Co.) (medium F12FCM5) i n  p l a s t i c  t i s s u e  

c u l t u r e  d i s h e s  (Falcon o r  Corning Glass  Works) under s t a n d a r d  cond i t i ons  
. . 

of  5% C02 i n  a i r  a t  3 7 ' ~  i n  a  100X humidif ied incubator .  These c e l l s  

grow i n  aminopterin.  con ta in ing  medius a s  w e l l  a s  i n  r e g u l a r  medium wi th  
Y 

5  o r  10% d ia lyzed  f e t a l  c a l f  serum wi th  a p o p u l a t i o n  doubling t ime of 

12-13 h .  C e l l s  a r e  removed w i t h  0.05% t r y p s i n  f o r  s u b c u l t u r e  and t h e  

number de te rmined .wi th  a  Coul te r  counter  (model B', Cou l t e r  E l e c t r o n i c s ) .  

. Treatment !Jith Chemicals 

IJe have s t anda rd ized  t rea tment  procedures  which a r e  found t o  be 

s u i t a b l e  f o r  va r ious  chemicals (16, 29)'. B r i e f l y ,  CHO c e l l s  a r e  p l a t e d  

a t  5  x 10' ce l l s125  cm2 b o t t l e  i n  medium F12FCM5. A f t e r  a  16- t o  24-h 

growth p e r i o d  ( c e l l  number = z 1.0-1.5 x l o 6  ~ e l l s / ~ l a t e ) ,  t h e  c e l l s  a r e  

t hen  washed once wi th  s a l i n e  G ,  and s u f f i c i e n t  serum-free F12 medium 

added t o  b r i n g  t h e  f i n a l  volume t o  5  m l  a f t e r  t h e  a d d i t i o n  of va r ious  



amounts of microsome p r e p a r a t i o n  (up t o  1 ml) and 50 p1 of chemical ,  

u s u a l l y  d i s so lved  i n  dimethyls .ulfoxide.  Chemical and/or  microsomes 

a r e  omi t ted  from some p l a t e s  t o  provide  c o n t r o l s .  The microsomal 

. . 
p r e p a r a t i o n  h a s  been prepared from Aroclor  1254-induced male Sprague- 

Dawley r a t  l i v e r s  i n  t h i s  l a b o r a t o r y  according t o  t h e  method of Ames 

e t  a l :  (3) and t h e  microsome mix f o r  b io t r ans fo rma t ion  con ta ins  (per  ml) 

33 pmoles K C 1 ,  8 pmoles MgC12, 4  pmoles NADP, 5 pmoles Ilucose-6-phosphate, 

100 pmoles phosphate b u f f e r  (pH 7.4) ,  and 0.2 m l  microsome f r a c t i o n .  

C e l l s  a r e  t hen  incubated  f o r  5  h ,  and washed t h r e e  t imes wi th  s a l i n e  G 

b e f o r e  5 m l  of F12FCt5 a r e  added. Following overn ight  i ncuba t ion ,  

c e l l s  a r e  t r y p s i o i z e d  and p l a t e d  f o r  c y t o t o x i c i t y  and s p e c i f i c  gene 

mutagenesis t o  b e  descr ibed  below. Treatment w i t h  p h y s i c a l  agen t s  have 

been descr ibed  i n  d e t a i l  e lsewhere (17, 19, 29, 30) .  . .  . 

Cyto tox ic i ty  
. . 

. The e f f e c t  o f .  chemical on t h e -  c e l l u l a r  c lon ing  e f f i c i e n c y  is . ,  

dete-.ned. using' t h e  t r e a t e d  c e l l s  descr ibed  above. For an expected 

c lon ing  e f f i c i e n c y  h igher '  than  50%, 200 wel l -d ispersed  s i n g l e  c e l l s  

a r e  p l a t e d ,  and, f o r  an expected s u r v i v a l  lower than t h i s ,  t h e  number 

of c e l l s  p l a t e d  a r e  ad jus t ed  accord ingly  t.o y i e l d  100-200 surv iv ing .  

c o l o n i e s  a f t e r  s t anda rd  incubat ion  i n  medium ~ 1 2 ~ C i G , . f o r  7 days. A t  

t h e  en2 of t he .  i ncuba t ion  pe r iod ,  t h e  plate 's  a r e  f i x e d  wi th .  3.7% 
. . 



- 
formal in ,  s t a i n e d  w i t h  a. d i l u t e  c r y s t a l  v i i l e t  s o l u t i o n  and t h e  co lonies .  

enumerated. A c l u s t e r  of more than  50 c e l l s  growing w i t h i n  a  confined 

a r e a  is considered a s  a colony. Cont ro l  c e l l s ,  which do n o t  r e c e i v e  

t r ea tmen t  w i t h  mutagen, u s u a l l y  , g ive  80% o r  h ighe r  p l a t i n g  e f f i c i e n c y  

under t h i s  cond i t i on .  The s o l v e n t  and microsome mix e i t h e r  s i n g l y  o r  
I 

i n  combination does n o t  a f f e c t  t h e  c e l l u l a r  c lon ing  e f f i c i e n c y .  The 
. . 

e f f e c t  of carcinogen on t h e  c lon ing  e f f i c i e n c y  is expressed a s  percent  

. ' , s u r v i v a l  r e l a t i v e  t o  t h e  un t r ea t ed  c o n t r o l s .  . . 

S p e c i f i c  Gene Mutagenesis 

The CHO/HGPRT system has been def ined  i n  terms of medium, TG 
I 

concen t r a t ion ,  op t imal  c e l l  d e n s i t y  f o r  s e l e c t i o n  (and, hence, recovery 

of t h e  presumptive mutants ) ,  and express ion  t ime f o r  t h e  mutant phenotype 

(16, 29) . .' For t h e  de te rmina t ion  of mutat ion-induct ion,  t h e  t r e a t e d  
. . 

c e l l s  a r e  allowed t o  express  t h e  "mutant phenotype" i n  F12 niedium f o r  

7-9 days ,  a t , w h i c h  time mutat ion induc t ion  reaches  a maximum which is  

maintained t h e r e a f t e r  ( a s  long as 35 days examined) f o r  s e v e r a l  agents  

(EMS, PmNG, ICR-191, X-ray, and UV) i r r e s p e c t i v e  of  concen t r a t ion  o r  

' . i n t e n s i t y  of t h e  mutagen (29-32). Routine s u b c u l t u r e  i s  performed a t  

2-day i n t e r v a l s  dur ing  t h e  express ion  pe r iod ,  and a t ' t h e  end of t h i s  

t ime t h e  c e l l s  a r e  p l a t e d  f o r  s e l e c t i o n  i n  hypoxanthine-free F12FC145 

con ta in ing  1 .7  ~ g / m l  (10 PN) of TG a t  a  dens i ty  of 2.0 x l o 5  c e l l s /  



100-mm p l a s t i c  d i s h e s  (Coming o r  Falcon) ,  which pe rmi t s  100% mutant 

recovery i n  r e c o n s t r u c t i o n  experiments (29).  W e  f i n d  t h e  u s e  of 

d i a lyzed  serum p a r t i c u l a r l y  impor tan t ,  presumably due t o  p o t e n t i a l  

compet i t ion  between hypoxanthine and TG f o r  t r a n s p o r t  i n t o  t h e  c e l l s  
. . 

I and f o r  c a t a l y s i s  by HGPRT (29) .  A f t e r  7 t o  8 .days. i n  t h e  s e l e c t i v e  

medtum, t h e  drug- . res i s tan t  co lon ie s  develop; they a r e  t h e n  f i x e d ,  

s t a i n e d ,  and counted. Such a  p r o t o c o l  permi ts  the.  maximum y i e l d  of 
. .  . 

TG r e s i s t a n t  v a r i a n t s  s e l e c t e d  of which >98% have h i g h l y  reduced HGPRT - 

a c t i v i t y  by va r ious  p h y s i c a l  and chemical agen t s  (7-10, 16-22, 29-33). 

Mutation frequency i s  c a l c u l a t e d  based on t h e  number of d rug - re s i s t an t  

c o l o n i e s  pe r  s u r v i v o r  a t  t h e  end of t h e  express ion  pe r iod .  
. . 

RESULTS 

C h a r a c t e r i s t i c s  of t h e  CHO/HGPRT System: Evidence of t h e  Genet ic  Bas i s  

I of  Mutation a t  a  S p e c i f i c  Locus. 

I 
I Conclusive, d i r e c t  proof of t h e  g e n e t i c  o r i g i n  of muta t ions  i n  
I 

somatic  c e l l s  should t h e o r e t i c a l l y  r e l y  on demonstrat ion t h a t  t h e  

a f f e c t e d  h e r e d i t a r y  a l t e r a t i o n  has  r e s u l t e d  in .  a modif ied n u c l e o t i d e  

sequence of  t h e  s p e c i f i c  gene, caus ing  modified coding p r o p e r t i e s  which 

r e s u l t  i n  t h e  product ion  o f  a l t e r e d  p r o t e i n  w i t h  changes i n  t h e  amino 

a c i d  sequence. I n . t h e  absence of such p roo f ,  one must r e l y  on i n d i r e c t  . . 

c - r i t e r i a  which a r e  c o n s i s t e n t  w i t h  t h e  concept t h a t  t h e  observed phenotypic  



v a r i a t i o n s  a r e .  g e n e t i c  i n  na tu re .  Such c r i t e r i a  i n c l u d e  s t a b i l i t y  of  

a l t e r e d  phenotype, mutagen-induced i n c r e a s e  of  occurrence  of s t a b l e  

v a r i a n t s ,  biochemical  and phys io log ica l  i d e n t i f i c a t i o n  of t h e  v a r i a n t  

pheno.type, chrom~somal  l o c a l i z a t i o n  o f  t h e  a f f  ec t ed  gene, e t c .  (6,  35, 

40, 43) .  

Over t h e . p a s t  4 y e a r s ,  we have used t h e  a s say  p r o t o c o l  desc r ibed  : 

(I 6 ,  29) and have found i n  approximately 400. experiments  t h a t  t h e  

6 spontaneous mutat ion frequency l i e s  i n  t h e  range  of 1-5 x 10  mutant/ 

c e i l .  Various phys i ca l  and chemical agents  a r e  capable  of inducing  TG 
. . . . 

r e s i s t a n c e .  Among a l l  chemical 'mutagens examined, mutat ion induc t ion  

occurs  as a l i n e a r  func t ion  of t h e  concen t r a t ion  (7-10, 16-22/29-33). 

For: example, mutat ion frequency . increases  approximately l i n e a r l y  w i th  

EMS conceo t r a t fon  i n  t h i s  near -d ip lo id  c e l l  l i n e ,  conforming t o  t h e  

. . e x p e c t a r i o ~  t h a t  muta t ion  induc t ion  occurs  i n  t h e  .gene l o c a l i z e d  a t  t h e  

f u n c t i o n a l l y  rnonosomic X chromosome. . However, i n  t h e  t e t r a p l o i d  dHO 

c e l l s ,  EMS does not  induce  an apprec i ab le  number of muta t ions ,  even a t  

very  h igh  concen t r a t ions ,  as p r e d i c t e d  t h e o r e t i c a l l y  (18) .  

lu'e have been unable  t o  d e t e c t  any spontaneous r e v e r s i o n  w i t h  1 3  

 r resistant mutants ,  a l l  of which con ta in  low, y e t  d e t e c t a b l e ,  HGPRT 

a c t i v i t y .  Over 98% of t h e  presumptive mutants i s o l a t e d  e i t h e r  from 
. . ,  . 

spontaneous mutat ion o r  a s  a r e s u l t  of mutat ion induc t ion  a r e  s e n s i t i v e  

t o  aminopter in,  i nco rpora t e  hypoxanthine a t  reduced r a t e s ,  and have less 

. , than  5% HGPRT a c t i v i t y  (29) .  S tudies .  i n  p r o g r e s s ' h a v e  a l s o  shown t h a t  



. ' mutants con ta in ing  tempera ture-sens i t ive  HGPRT a c t i v i t y  can b e  s e l e c t e d ,  

sugges t ing  t h a t  mutat ion r e s i d e s  i n  t h e  HGPRT s t r u c t u r a l  gene (J. P. 
. . 

O'Nei l l  and.A. W. Hsie,  unpublished obse rva t ions ) .  

The CHO/HGPRT system appears  t o  f u l f i l l  t h e  c r i t e r i a  for .  a  s p e c i f i c  

gene locus  muta t iona l  a s say  (Table 3) and should  be va luab le  i n  s tudy ing  T- 3 

mechanisms of mammalian c e l l  mutagenesis  and a s  a  system t o  determine t h e  

mutagen ic i ty  of  v a r i o u s  p h y s i c a l  and chemical agen t s .  

Mutagenici ty  of 70 I n d i v i d u a l  Energy Technology-Related Environmental 

Agents . 

$. 
Po lycyc l i c  hydrocarbons ( t o t a l  o f  27): On2 of t h e  most ub igu i tous  

. . environmental  o rgan ic  po l l . u t an t s  i n  our  environment i s . p o l y c y c l i c  

hydrocarbons &any of which a r e  carc inogenic .  Coal- and s y n t h e t i c  fue l -  

r e l a t e d  energy technologies  and gasol ine-driven automatives o f t e n  

genera ted  h igh  l e v e l  of. po lycyc l i c  hydrocarbons which a r e  d e t e c t a b l e  i n  

urban air and water .  .We have s t u d i e d  ' t he  mutagenic i ty  o f  b.enzo(a)pyrene 

[ B ( ~ ) P ]  and i t s  19  me tabo l i t e s ,  i nc lud ing  11 phenols ,  3  epoxides,  3 d i o l s ,  

and 2 d io lepoxides .  For comparison, benzo ( e )  pyrene [ ~ ( e )  PI and pyrene 

were added t o  t h i s  s tudy .  Also included were benz(a)anthracene  (BA) 

and 4 r e l a t e d  compounds, 7 , l2-dimethyl B4, an thracene ,  and 2 phenolic  
' .  . 

1 d e r i v a t i v e s  of  BA. The carc inogenic  po lycyc l i c  hydrocarbons [ B ( ~ ) P ,  



BA, and 7,12-dimethyl BA] r e q u i r e  metabol ic  ac t iva t ' i on  t o  b e  mutagenic. 

Weak carcinogen B(e)P is  less mutagenic than .B(a)P .  The noncarcinogenic 
. . 

p o l y c y c l i c  hydrocarbons pyrene and an thracene  a r e  nonmutagenic even wi th  

nietabol ic  a c t i v a t i o n .  , B ( a )  P-4,s-epoxide and B ( a )  P-7,8-diol, 9-10- 

epoxide(Syn) a r e  mutagenic. S ince  CHO c e l l s  cannot a c t i v a t e  procarcinogens 
. . 

such a s  B(a)P, t h e s e  ce l ls  appear  t o  be. most u s e f u l  i n  s c reen ing  f o r  t h e  

mutagenic i ty  of me tabo l i t e s  such a s  t hose  of  B(-a)P (Hsie ,  A. N. ,  and 

P. A. Brimer, unpublished) .  Because of t h e  1.i.mi.ted a v a i l a b i l i t y  o f .  

B(a)P d e r i v a t i v e s ,  some of t h e  experiments remain t o  b e  pursued i n  d e t a i l .  

M e t a l l i c  compounds ( t o t a l  of 1 5 ) .  The ca rc inogen ic  and mutagenk  . 

p o t e n t i a l  of  c e r t a i n  t o x i c  m e t a l l i c  compounds has become an  environmental  
k 

concern e s p e c i a l l y  wi th  t h e  i n c r e a s i n g  l a r g e  s c a l e  c o a l  mining and coal-  

f i r i n g  power p l a n t s .  we  found t h a t  MnC12 .4B20, FeSO . 7H20 and CoC.12 .6H20 4 

a r e  mutagenic,  N i C l  2 .6H 2 0 ,  BeS04 .4H20 and CdC12 a r e  weakiy mutagenic. C i s  

~ t ( l W ~ ) ~ C l ~ ,  an an t i tumor  agen t ,  i s  a l s o  mutagenic.  Determinat ion of meta l  

mutagenic i ty  is appa ren t ly  complicated by t h e  i o n i c  composition of t h e  

medium. For example, we found t h a t  t h e  mutagenicf ty a n d ' c y t o t o x i c i t y  ' - 

of MnCl were abol i shed  by t h e  excess  of MgC12. The unusual  environment 2. 

r equ i r ed  f o r  demonstrat ion of mutagenic i ty  of E h C 1  makes assessment 
2 

of i t s  b i o l o g i c a l  hazard  d i f f i c u l t .  This  t oo  may account  i n  p a r t  f o r  
. . 

vary ing  r e s i l l t s  ob ta ined  i n  s tudy ing  t h e  mutagenic i ty  o f  AgNO CaC12. 3 ' 
Pb (CH3C00) 2. 3H20, RbC1, H2Se03, Tic1  and ZnS04. 7H20 (10; Couch, D. B. , 

4 

J. R. San Sebas t i an ,  N. L. Forbes and A. W. Hsie ,  unpubl i shedJ .  



- 

Nitrosamines and' related compounds, (. f btal . 

of 16) : Nitrosamines are potent carcinogens for various animal ' 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 react with atmospheric water to form 

nitrosamines. Nitrosamines can also be formed in human stomach by a 

reacti-on between a'common meat preservative,sodium nitrite, and various 

/ 
secondary and tertiary amines,many of which.are often used as counter or 

. . 
prescript.ion drugs. 

All nitrosarnines require metabo1i.c activation to be both cytotoxic 

and nutagenic. In addition to investigating the two common aliphatic 

nitr~~anines, dimethylni trosamine (DPfN) and die thylnitrosamine (DEN) , 

we have also studied the mutagenici.ty of 11 cyclic nitrosamines including 

3 nitrosopiperidines, 3 nitra~op~rrolidines, 3 nitrosopiperazines, 

2 nitrosomorpholines. Also included are the nitrosamine-related chemicals 

. . 
dimethylamine, formaldehyde and sodium nitrite. We have found that all 

9 carcinogenic nitrosamines .(DMN, DEN, 2-methyl-1-nitro~opi~eridine, 

3,4-dichloro-1-nitrosopiperidine, nitrosopyrolidine, 3,4-dichloro- 

nitrosopyrrolidine, 1,4-dinitrosopiperazine, 1,5-dinitrosohomopiperazine, 

nitrosonorpholine) are mutagenic and all 4 noncarcinogenic nitrosamines 

(2,5-dlmethylnitrosopiperidine, 2,5-dim~thylni~rosopyrrolidine, l-nitro- 

sopiperazine and nitrosophenmetrazine) are not mutagenic. Formaldehyde 



. .. 
and sodium n i t r i t e  a r e  not  mutagenic and dimethylamine is mutagenic a t  

h igh  concen t r a t ions .  (San Sebas t i an ,  'J, R. ,  D .  B.. Couch, arid.. A. W. . H s i e ,  

unpublished) .  ~ a r 2 a b l . e  ca rc inogen ic i ty  d a t a  on the. l a t t e r  3. chemicals . ' 

e x i s t e d  i n  t h e  l i t e r a t u r e .  

Quinol ine compounds ( t o t a l  o f  5 ) ;  One c l a s s  of  p o t e n t i a l  environ- 

mental  contaminants from fossi .1-fuel  energy i s  he terocycl ic ' compounds  

such a s  qu ino l ines .  Quinol ine,  a  known carcinogen7'  is mutagenic w i t h  . . 

metabol ic  a c t i v a t i o n .  Another carc inogen ,  4-nitroquinoline-1-oxide, 

is h i g h l y  mutagenic; i t s  mutagenici ty  decreases  when assayed i n  t h e  

presence  of t h e  , a c t i v a t i o n  system. The c a r c i n o g e n i c i t y  of 8-hydroxy-, 

8-amino-, 8-ni t ro-quinol ine a r e  not  known, b u t  they  e x h i b i t  v a r i a b l y  

weak mutageriicity i n  p re l imina ry  experiments  (San Sebas t i an ,  J. R. and 

A.- N. Hsie,  unpublished);.  

Phys i ca l  agen t s  ( t o t a l  of 7 ) .  The mutagenici ty  of bo th  i o n i z i n g  

r ad ia t ion  such a s  X-ray and n o n i o n i z i n g ,  p h y s i c a l - a g e n t s  such  a s , W  

l i g h t  has,  been demonstrated. F luo rescen t  white-,  black-,  and blue- 

l i g h t s  a r e  s l i g h t l y  c y t o t o x i c  and mutagenic.  Sunlamp l i g h t  is h i g h l y  

cy to ' tox ic  and mutagenic, e x h i b i t i n g  t h e  b i o l o g i c a l  e f f e c t s  . w i t h  1 5  

s e c  of exposure under condi t ions  recommended by t h e  manufacturer  f o r  

human use .  Cytotoxic  and mutagenic e f f e c t s  a r e  observed a f t e r  5 min 

of  s u z l i g h t  exposure; responses vary w i t h  hour ly  and d a i l y  v a r i a t i o n s  

i n  s o l a r  r a d i a t i o n .  I n  view of man's cons tan t  exposure t o  v a r i o u s  



l i g h t  sou rces ,  demonstrat ion of t h e i r  g e n e t i c  t o x i c i t y  sugges t s  t h a t  

d a i l y  exposure t o  t h e s e  l i g h t  sou rces ,  e s p e c i a l l y  s u n l i g h t ,  should 

be  minimized (17, 19 ,  30) . The demonstrat ion t h a t  t h e  CHO/HGPRT 

system is capable  of quan t i fy ing  t h e  c y t o t o x i c  and mutagenic e f f e c t  

of  s u n l i g h t  recommends i t  a s  a  model mamal i an  c e l l  system f o r  s t u d i e s  

o f  t h e  g e n e t i c  tox ico logy o f ' s u n l i g h t  per  se and of t h e  i n t e r a c t i v e  

I e f f e c t s  between s u n l i g h t  and o t h e r  p h y s i c a l  and chemical agents ,  

I l e a d i n g  u l t i m a t e l y  t o  a  b e t t e r  unders tanding  of t h e  e f f e c t s  of 
I 

s u n l i g h t  .on humans and t h e  environment. 

Mutageatci ty  of 39 Other Chemicals. 

Di rec t -ac t ing  a l k y l a t i n g  agents  and r e l a t e d  compounds ( t o t a l  of 1 1 ) .  

Inc luded  a r e ,  10 a l k y l a t i n g  agen t s  : 2 a l k y l s u l f  a t e s  [dimethysulf a t e  (DMS) , 

d i e t h y l s u l . f a t e  (DES)], 3  a l k y l  a lkanesu l fona te s  [methyl methanesulfonate  

(MMS) , EMS, and i sop ropy l  methanesulfonate  (iPMS) I ,  2 n i f rosamidines  

[MNKG and N-ethyl-N'-nitrosoguanidine (ENNGJ j, 3 n i t ro samides .  [N-methyl- 

N-nitrosourea (FINU), N-ethyl-N-nitrosourea (ENU), and N-butyl-N-nitroso- 

urea  (BNU) ] and a  s t r u c t u r a l  analogue of MNNG, N-methyl-N'-nitroguanidine 

(.m-G). Among t h e  a l k y l s u l f a t e s  and a lkanesu l fona te s ,  c y t o t o x i c i t y  was 

found t o  decrease  wi th  t h e  s i z e  of t h e  a l k y l  group: DMS>DES; MMS>EMS>~PMS. . 
The mutagenic i ty  based on mutants induced p e r  u n i t  mutagen concen t r a t ion  

i s  D\E>DES; NMS>EMS>iPMS. However, when comparisons were made a t  10% 

s u r v i v a l ,  mutagenic potency was: DES>DMS; EMS>iPMS>EMS. Among the  n i t ro so -  

compounds, t h e  o r d e r  of t h e  mutagenic i ty  based on 10% s u r v i v a l  i s  



MNNG>ENNG>MNU>ENU>BNU. This  is  t h e  same o r d e r  of  potency as observed 

f o r  mutat ion induc t ion  p e r  u n i t  mutagen concen t r a t ion .  MNG i s  no t  

mutagenic (7-9; Couch, D. B . ,  J. R. San Sebas t i an .  and A. W. H s i e ,  

unpublished) . 
Hete rocyc l i c  n i t r o g e n  mustards - I C R  compounds. ( t o t a l  of 10)  : A 

s e r i e s  of h e t e r o c y c l i c  n i t r o a e n  half-mustards,  t h e  ICR-compounds, has  

been developed a t  t h e  I n s t i t u t e  f o r  Cancer Research a s  an t i tumor  agents .  

Apparent ly,  t h e  b i o l o g i c a l a c t i v i t i e s ,  of t h e s e  c.ompc&nds a r e  a s s o c i a t e d  

w i t h  t h e i r  a b i l i t y  t o  i n t e r c a l a t e  and cova len t ly  b ind  n u c l e i c  a c i d .  

Ten ICR-conpounds (ICR-191, -170, -292, -372, -340, -191-OH, -170-OH, 

-292-OH, -372-OH, and -340-OH) have been s t u d i e d .  The 2-chloroethyl  

s i d e  cha in  of t h e  f i r s t  5 compounds (e .g . ,  ICR-191, e t c . )  has  been 

r ep laced  by a  hydroxy group i n  t h e  l a t t e r  5 ( e - g . ,  ICR-191-OH;,etc.). .. . 
. . 

The 10 compounds d i f f e r  i n  t h e  h e t e r o c y c l i c  nuc leus  (methoxy a c r i d i n e  

f o r  ICR-191 and -170, b e n z ( a ) a c r i d i n e  f o r  -292, and a z a a c r i d i n e  f o r  

-372 and -340) and t h e  a l k y l a t i n g  s i d e  cha in  ( t h e  same secondary amine 

f o r  ICR-191 and -372, and same t e r t i a r y  amine f o r  -170, -292 .and -340). 

Those. w i t h  2-chlo roethyl s i d e  cha ins  a r e  h igh ly ,  mutagenic ,. w i t h  t h e  

t e r t i a r y  amines 3 t o  5 t imes more mutagenic than  t h e  secondary amines. 

The 4 hydroxy d e r i v a t i v e s  a r e  no t  mutagenic,  b u t  remain h i g h l y  t o x i c ,  

i n d i c a t i n g  t h a t  a l though the 2-chloroethyl  group (n i t rogen  h a l f -  

mustard). is  needed f o r  mutagenic i ty ,  i t s  replacement w i t h  hydroxy 

group does n o t  a l t e r  c y t o t o x i c i t y .  Cy to tox ic i ty  and mutagen ic i ty ,  o f  



i . . 

ICR-compounds appear  t o  b e  d i s s o c i a b l e  (32, 33; Fuscoe, J. C:, J. P. 
! 

O'Nei l l  and A. W .  H s i e ,  unpublished) .  

Aromatic amines ( t o t a l  of 5 ) :  Many aromat ic  amines a r e  

human carcinogens.  W e  have shown t h a t  t h e  carcinogens 

2-acetylaminofluorene and i t s  N-hydroxy- and N-acetoxyl-derivat ives  

a r e  mutagenic w h i l e  f l uo rene ,  . a  noncarcinogenic'analogue, is no t  

mutagenic.  1-hydroxy-2-acetylaminofluorene appears  t o  be mutagenic a t  

a very  h igh  concen t r a t ion  i n  one pre l iminary  experiment (Hsie,  A, W . ,  . 

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

Pliscellaneous compounds ( t o t a l  o f  1 3 ) .  Three commonly used o rgan ic  

s o l v e n t s  (acetone,  d imethylsu l foxide ,  and e thano l )  a r e  noncarcinogenic 

and do no t  appear t o  be mutagenic.  A l l  f ou r  metabol ic  i n h i b i t o r s  

( cy tos ine  a rab inos ide ,  hydroxyurea, c a f f e i n e ,  and cycloheximide) a r e  

nonmutagenic i n  a  p re l imina ry  s tudy  wi thout  coupl'ing w i t h  t h e  metabol ic  

a c t i v a t i o n  system. . Hydrazine and hycanthone appear t o  b e  d i r e c t - a c t i n g  

mutagens. - N ~ ,  - o2 ' -d ibutyry l  adenosine 3 '  :5 '-phosphate, an analogue of 

adenosine 3' :5 '-phosphate,  an important  e f f e c t o r  of growth and 

d i f f e r e n t i a t i o n  i n  many b i o l o g i c a l  systems,  is n o t  mutagenic. The 
. . 

p e s t i c i d e s  captan  and f o l p e t  a r e  mutagenic.. The mutagenic i ty  of an  

a r t i f i c i a l  sweetener ,  s accha r in ,  appears  t o  be v a r i a b l e ;  i ts  de termina t ion  

is complicated by t h e  requirement of h igh  concen t r a t ions  t o  y i e l d  any 

b i o l o i i c a l  e f f e c t  (J. P. O'Nei l l  and A. W- Hsie,  anpubl i shed) .  



. . 
C o r r e l a t i o n  of Mutagenici ty  i n  t h e  CHO/HGPRT AssayWi thRepor t ed  Carcino- 

. . 

I g e n i c i t y  i n  Animal Tes t s .  

Among a t o t a l  of 109 chemical and p h y s i c a l  agen t s  s t u d i e d ,  a t  
. . 

d i f f e r e n t s t a g e s  of  completion, 56 have been r epor t ed  t o  be  e i t h e r  

ca rc inogen ic  o r  noncarcinogenic i n  animal s t u d i e s .  ~ u t a ~ e n i c i t ~  i n  t h e  

. . CHO/HGPRT a s say  of 54 of t h e s e  agen t s  c o r r e l a t e d  b e l l  w i th  documented 

animal  ca rc inogen ic i ty .  The concurrence ( i . e .  known carc inogens  a r e  

mutagenic and noncaicinogens a r e  nonolutagenic i n  CHO/HGPRT as says )  of 

l 
each c l a s s  of agents  is:  d i r e c t - a c t i n g  a l k y l a t i n g  agen t s  and r e l a t i v e s ,  

11/11 (100%); I C R  compounds, 5 /6  (83.33%); m e t a l l i c  compounds, 414 

(100%); po lycyc l i c  hydrocarbons, 6/6 (100%); a romat ic  amines, 414 
0 

(100%); miscel laneous chemicals ,  5 /5  (100%); and phys i ca l  agen t s ,  

3 /3  (100%) (Table 4 ) .  The e x i s t e n c e  of a  h igh  c o r r e l a t i o n  [54/56 (96.43%)] T-4 

between mutagenici ty  and c a r c i n o g e n i c i t y  speaks favorably  f o r  t h e  

u t i l i t y  of t h i s  assay  i n  prescreening  t h e  c a r c i n o g e n i c i t y  of chemical 

and p h y s i c a l  agents .  However, t h i s  r e s u l t  should b e  viewed w i t h  cau t ion  

s i n c e ,  s o  f a r ,  o n l y ' l i m i t e d  c l a s s e s  of chemicals  have been t e s t e d  and 

some of t h e  pre l iminary  r e s u l t s  remained t o  b e  coilfirmed.. 

A p o s s i b l e  f a l s e  n e g a t i v e  was formaldehyde, which h a s  been shown t o  

be e i t h e r  carc inogenic  o r  noncarcinogenic depending on the.rneans of 

exposure t o  t h z  t e s t  animal .  Apparently,  a  f a l s e  p o s i t i v e  was ICR-191, 

a  po ten t  b a c t e r i a l  mutagen, which has been shown t o  be  noncarcinogenic 

i n  a  r e c e n t  s tudy .  



A S t u d y  of INS Expqsure D o s e : . D i f f e r e n t i a l  Ef fec ts  on C e l l u l a r  L e t h a l i t y  

and Mutagenesis. 

E a r l i e r ,  w e  have found t h a t  EMS-induced muta t ion  f requency  t o  

TG r e s i s t a n c e '  is a l i n e a r  func t ion  over  a l a r g e  r ange  o f  mutagen con- . 
' 

c e n t r a t i o n s  (0.013 -0.8 mg/ml) i nc lud ing  both t h e  shou lde r  r e g i o n  (0-0.1 
. . 

mg/ml) and. t h e  exponen t i a l l y  k i l l i n g  p o r t i o n  (0.1-0.8 mg/ml) when c e l l s  

were t r e a t e d  f i r  a  f i x e d  per iod  of 16 h .  To i n v e s t ' i g a t e  whether EMS- 

induced mutagenesis  can b e  q u a n t i f i e d  f u r t h e r ,  c e l l s  were t r e a t e d  w i t h  

s e v e r a l  concen t r a t ions  of EMS f o r  i n t e r v a l s  of  2-24 h .  Mutat ion 

induc t ion  i n c r e a s e s  l i n e a r l y  wich EMS concen t r a t ions  of 0.05-0.4 mg/ml 

f o r  i ncuba t ion  times o f  up t o  12-14 h.  However, c e l l  s u r v i v a l  decreased 
. . 

exponen t i a l l y  w i th  t ime .over  t h e  e n t i r e  24 h pe r iod .  This . d i f f e r e n c e  

i n  t h e  t ime cour se  of c e l l u l a r  l e t h a l i t y  v s  mutagenic i ty  might be  due 

t o  t h e  formation of t o x i c ,  nonmutagenic breakdown p roduc t s  i n  the'medium 

w i t h  longe r  i ncuba t ion  t imes,  o r  migh.t r e f l e c t  a  d i f f e r e n c e  i n  t h e  mode 

of  a c t i o n  nf EMS i n  t h e s e  two b i o l o g i c a l  e f f e c t s .  F u r t h e r  s t u d i e s . u s i n g  

vary ing  concen t r a t ions  (0.05-3.2 mg/ml) of EMS f o r  2-12 h r  showed t h a t  

t h e  man i f e s t a t ion  of  c e l l u l a r  l e t h a l i t y  and mutagenesis  occu r s  a s  a 

func t ion  of EMS exposure dose i n  t h a t  t h e  b i o l o g i c a l  e f f e c t  i s  t h e  same 

f o r  d i ' f fe ren t  combinations of concen t r a t ion  m u l t i p l i e d  by d u r a t i o n  o f  

t rea tment  which y i e l d  t h e  same product .  From t h e s e  s t u d i e s  t h e  mutagenic 

-1 h) -1 p o t e n t i a l  of EMS can be descr ibed  a s  310 x mutants  ( c e l l  mg m l  



Thus, t h e  CHO'/HGPRT appears  t o  be s u i t a b l e  f o r  dosimetry s t u d i e s  which ' 

a r e  e s s e n t i a l  f o r  o u r  understanding of t h e  molecular  mechanisms 

involved i n  mammalian mutagenesis (31). 

Screening f o r  t h e  Mutagenici ty  of F rac t iona ted  S y n t h e t i c  Fuel .  . ' .  

I n  a d d i t i o n  t o  s tudying  t h e  mutagenic i ty  of i n d i v i d u a l  envi ronmenta l  

agen t s  such as. polycycl i .c  hydrocarbons, qu ino l ines ,  n i t rosamines , '  

metall$.c compounds : e c c  .. , we have found t h a t  t h e  CHO/HGPRT as say  can  

d e t e c t  t h e  c y t o t o x i c i t y  and mutagenic i ty  of a  c rude  organic  mixture ,  i n  

- t h i s  case ,  t h e  s u b f r a c t i o n s  of c rude  s y n t h e t i c  o i l  ( f r a c t i o n e d  by M. R. 

Guer%* of ' h a , l y t i c a l  chemistry ~ i . v i s l i o n ,  ORNL) s u p p l i e d  by P i t t s b u r g h  
k 

Energy Research c e n t e r .  The ace tone  e f f l u e n t  (which con ta ins  t e n t a t i v e l y  

i d e n t i f i a b l e  h e t e r ~ c ~ c l i c ' n i t r o ~ e n  compounds) der ived  from t h e  b a s i c  

f r a c t i q n  i:s most mutagenic i n  t h e  presence  of  metabol ic  a c t i v a t i o n  

system ([Table 5 )  (Hsie , .A.  IJ., W. N. C .  Sun and P. A. Brimer, unpublished) .  T-5 

E a r l i e r ,  i t  appeared t h a t  t h e  extreme. t o x i c i t y  of t h e  un f rac t iona ted  

c rude  f u e l  prevents  meaningful mutagenic i ty  s t u d i e s  i n  t h e  CHO/HGPRT 

system (Hsie, A. U., and P t  A .  Brimer , unpublished) .   he chemistry (14) ,  . ' 

mutagenici. ty i n  mic rob ia l  s y s  terns (12) and environmental t e s t i n g  (13) 

of t h e  Synfuel  a r e  presented  elsewhere i n  t h i s  Symposium. 
. . 



Pre l iminary  Development and Va l ida t ion  o f . t h e '  CHO Genet ic  Tox ic i ty  Assay 

f o r  t h e  S inul taneous  Determinat ion of Cy ' to toxic i~ ty ,  ~ u t a g e n i c i t ~ ,  . . 

Chromosome Aberra t ions  and Sister-Chromatid.Exchanges,. . 
. 

We have  s o  f a r  shown t h a t  CHO c e l l s  a r e  u s e f u l  t o  s tudy  t h e  cyto- I 
I 

t o x i c i t y  and mutagenici ty  of va r ious  i n d i v i d u a l  p h y s i c a l  and chemical 
I 
I 

1 
agen t s  a s  w e l l  as crude  orgarlic mixlure.  The CIXO c c l l o  and o t h e r  

I 
hamster c e l l s  i n  c u l t u r e  were a l s o  found t o  s u i t a b l e  f o r  s tudy ing  . 

. 
I 

carcinogen-induced chrarnosome and chromatid a b e r r a t i o n s  (1, 1 5 ,  24, 28) * 

i 
. :  

and s i s t e r  chromatid exchange (1, 3 4 ,  41).  I n  ou r  pre l iminary  s t u d i e s , .  

we. haye found t h a t  t h e s e  assays  a r e  u s e f b l  i n  e v a l u a t i n g  t h e  cy togene t i c  

e f f e c t s  of benio  (a) pyrene and dimethylni t rosamine us ing  CHO c e l l s  coupled 
W .  

w i t h  t h e  s t anda rd  microsome p r e p a r a t i o n  descr ibed  e a r l i e r  (San Sebas t i an ,  

J. R. and A .  V, Hs ie ,  unpublished) .  Therefore ,  unde r .p rope r  experimental  

des ign ,  i r . a p p e a r s  f e a s i b l e  t o  determine s imul taneous ly  carcinogen- 

induced c y t o t o x i c i t y ,  mutagenic i ty ,  ' chromosome a b e r r a t i o n  and t h e  s i s t e r  
. . 

chromatid exchange i n  t h e  same chemica l - t rea ted  CHO c e l l s .  

The succes s£u l  development and v a l i d a t i o n  of t h e  mul t ip l ex  CHO 

c e l l  g e n e t i c  t o x i c i t y  system w i l l  be  ex t remely  v a l u a b l e  from both  t h e  

. . s c i e n t i f i c  and economical p o i n t s  of view i n  g e n e t i c  tox ico logy,  because 

. th i . s  s y s t e h  w i l l  a . l l o w  t h e  s imultaneous de termina t ion  of 4  d i s t i n c t  

b i o l o g i c a l  e f f e c t s :  c y t o t o x i c i t y  o r  c lon ing  e f f i c i e n c y  measures t h e  

r ep roduc t ive  capac i ty  of a  s i n g l e  c e l l  t o  develop i n t o , a  colony; 



s i n g l e  gene mutagenesis  involves  changes i n  t h e  n u c l e o t i d e  sequence 

of  DNA of  a s p e c i f i c  gene r e s u l t i n g  i n  t h e  a c q u i s i t i o n  of  a novel  o r  

a l t e r e d  phenotype; chromosome a b e r r a t i o n s  i n v o l v e  ~ c r o s c o p i c a l l y  

i d e n t i f i a b l e  changes' . in  the.  number and/or  s t r u c t u r e  of t h e  chromosome; 
. . .  

and s r s t e r  chromatid exchange measures t h e  e x t e n t  of  double-s trand 

exchange i n  t h e  DNA duplex .  a f t e r  breaks  and r e j o i n i n g  of s u b u n i t s  

of  chromatids each of  which c o n s i s t s  o f  one DNA .duplex. 

SUMMARY AND CDNCLUS IONS 

Condit ions necessary  f o r  quan t i fy ing  mutat ion-induct ion t o  

6-thioguanine. r e s i s t a n c e ,  which- s e l e c t s  f o r  >98% mutants d e f i c i e n t  i n  

t h e  a c t i v i t y  of hypoxanthine-guanine phosphoribosyl  t r a n s f e r a s e  (HGPRT) 

i n  a nea r -d ip lo id 'Ch inese  hamster ovary (CHO) c e l l  l i n e ,  r e f e r r e d  t o  

a s  CHO/HGPRT system, have been def ined .  Employing t h i s  muta t ion  a s say ,  

we have determined t h e  mutagenici ty  of d i v e r s i f i e d  agen t s  i nc lud ing  

11 direc t -ac t i .ng  a l k y l a t i n g  agen t s ,  16 n i t rosamines ,  10 h e t e r o c y c l i c  

n i t r o g e n  mustards,  15 m e t a l l i c  compounds, 5 q u i n o l i n e s ,  5 a romat ic  

amines, 27 po lycyc l i c  hydrocarbons, 1 3  miscell.aneous chemicals ,  7 

i o n i z i n g  and, non-ionizing phys i ca l  agents .  The d i r e c t - a c t i n g  carc inogen  

. . N-methyl-N'-nitro-N-nitrosoguanidine is mutagenic wh i l e  i ts  non- 

carc inogenic  analogue N-methyl-N'-nitro-N-nitroguanidine is n o t . '  

Coupled with t h e  r a t  l i v e r  S - a c t i v a t i o n  system, procarcinogens such  
9 



a s  n i t r o s o p y r r o l i d i n e ,  benzo (a )pyrene ,  and 2-acetylaminofluqrene a r e  

mutagenic wh i l e  t h e i r  analogues 2,5-dimethylnitrosopyrrolidine, pyrene 

and f l u o r e n e  a r e  no t .  The mutagenic i ty  of t h e  56 agen t s  documented 

t o  be e i t h e r  carc inogenic  o r  non-carcinogenic c o r r e l a t e d  w e l l  [54/56 

(96.43%)] w i t h  t h e  r epo r t ed  animal  ca rc inogen ic i ty .  . A ' p o s s i b l e  f a l s e .  

negat ' ivc was formaldehyde and a false pos i t ive .  was ICR-191., Pre- 

l imina ry  s t u d i e s  show t h a t  t h e  ace tone  e f f l u e n t  ( t e n t a t i v e l y  i d e n t i f i a b l e  

as h e t e r o c y c l i c  n i t r o g e n  compounds) de r ived  from t h e  b a s i c  f r a c t i o n  of ' .  
. . . . . .  . 

a s y n t h e t i c  c rude  o i l  i s  t h e  most mutagenic f r a c t i o n .  The a s s a y ,  t hus ,  

appears  t o  be a p p l i c a b l e  f o r  monitor ing the,  g e n e t i c  t o x i c i t y  of crude 

o rgan ic  mixtures  i n  a d d i t i d n  . to  d i v e r s e  i n d i v i d u a l  chemical and phys i ca l  

agen t s .  The q u a n t i t a t i v e  n a t u r e  of t h e  a s say  enables  a  s tudy  of .  EMS 

exposure dose:  t h e  mutagenic p o t e n t i a l  0.f EMS can b e  desc r ibed  a s  

310 x -mutants ( .cell  mg m l - I  h ) ~ l  It is a l s o  f e a s i b l e  t o  expand t h e  
. . 

CHO/HCPRT system f o r  quan t i fy ing  c y t o t o x i c i t y  and mutagenic i ty  . t o  

d e t e m i n a t i o n  of chromosomal a b e r r a t i o n s  and sister chromatid exchanges 

i n  c e l l s  t r e a t e d  under i d e n t i c a l  cond i t i ons  which a l lows  a  s imultaneous 

, . . . s tudy  o f .  t.b,.ese f o u r .  d i s t i n c t i v e  b i o l o g i c a l  , 'ef  f e c t s  . 
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i . . .  Table 1 -- . . i 

C,HO/HGPRT Mutat ion ~ s s a ~ ~  - . . 

(1) Enzyme system: 

IMP , H Y 

HGPRT 
G tb GMP 

'(or TG, AG) . '  ( o r  TG, AG)MP 

(2) Mutat ion induc t ion  and s e l e c t i o n  f o r  v a r i a n t s  and r e v e r t a n t s :  

muratlon 
( a )  w i l d  type  (induced by p h y s i c a l  v a r i a n t  c e l l  

. ~ -  

o r  chemical agen t s )  
+ 

HGPRT HGPRT- 

S 
phen.otype TG , T G ~ ,  

aminopter in p o s i t i v e  h i n o p t e r i n  n e g a t i v e  

I (b)  Var i an t  s e l e c t i o n  i s  based on r e s i s t a n c e  t o  TG 

( c )  S e l e c t i o n  of r e v e r t a n t s  i s  based on growth i n  presence  of aminopter in.  

(3)  C h a r a c t e r i z a t i o n  of TG' v a r i a n t s :  . ' .  

3 ., 3 - -  ( a )  D i rec t  enzyme as say  f o r  conversion of [ BJ hypoxanthine t o  [ HIIMP. 
i 

3 
( b )  C e l l u l a r  i ncp rpora t ion  of [ Hlhypoxanthine i n t o  c e l l u l a r  . 

macromolecules a s  revea led  by e i t h e r  d i r e c t  r a d i o a c t i v i t y  
. .  measurements o r  au toradiographic  de te rmina t ion .  

( c )  S e n s i t i v i t y  of c l o n a l  growth t o  aminopter in (10 @I) i n  medium 
F12FCPfi which con ta ins  hypoxanthine (30 @), g l y c i n e  (100 c ) ,  
and thymidine ( 3  vM). - 

a 
Table 2 of r e f .  21. 



TABLE 2 

CHARACTERISTGCS OF CHO CELLS 

(1)  Exh ib i t  a . s t a b l e  karyotype over  20 yea r s  w i th  a nodal  chromosome 
number of  20 which h a s  a  d i s t i n c t l y  recognizable  morphology. 

(2) Have a colony-forming capac i ty  of  n e a r l y  100% i n -  a . d e f i n e d  growth 
medium. . .  . 

(3) Grow w e l l  i n  e i t h e r  mnn.nl.ayer or suspension w i t h  a r e l a t i v e l y  s h o r t  
popu la t ton  doubling t ime ' o f  12-14 h. 

' . . (4) Are g e n e t i c a l l y  and biochemical ly w e l l  c h a r a c t e r i z e d ,  w i t h  many 
g e n e t t c  markers a v a i l a b l e ,  i nc lud ing  auxotrophy, . drug  r e s i s t a n c e ,  
temperature s e n s i t i v i t y ,  e t c .  

(5) Respond w e l l  t o  va r ious  synchroniza t ion  methods, i nc lud ing  t h e  
m i t o t i c  detachment procedure which f a c i l i t a t e s  c e l l  c y c l e  s tudy.  

. . . . 

(6) Are u s e f u l  i n . s o m a t i c  c e l l  h y b r i d i z a t i o n  experiments  because they ' ' 

r e a d i l y  hybr id i ze  w i t h  d i f f e r e n t  c e l l  types ,  i nc lud ing  human c e l l s ;  
when t h e  CHO-human c e l l  hybr id  i s  fo rmed . the re  is  subsequent  r a p i d ,  
p r e f e r e n t i a l  1os.s of human chromosome, which f a c i l i t a t e s  t h e  
assignment of marker genes t o  s p e c i f i c  chromosomes o r  l i nkage  groups 
i n  t h e  human karyotype.  

(7) Q u a n t i t a t i v e l y  respond t o  v a r i o u s  phys i ca l  and chemical  mutagens and 
carcinogeils w i t h  h igh  s e n s i t i v i t y .  

(8) Adapt t o  mutat ion induc t ion  e i t h e r  through coupl ing  with a microsome 
dc t i v a t  ion  s y s  tem o r  through h o s t  (mouse) mediat ion.  

(9) Are capable  of monitor ing induced mutat ion t o  m u l t i p l e  gene markers,  
chromosome a b e r r a t i o n ,  and s i s t e r  chromatid exchange i n  t h e  same 
mutagen-treated c e l i  c u l t u r e .  



TABLE 3 

CHOIHGPRT Mutat ion Assay: Genet ic  Bas i s  of Muta t ion  a t  

HGPRT Locus i n  TG-Resistance s e l e c t i o n a  

- 6 
( 1 )  Spontaneous muta t ion  frequency a t  1-5 x 10  m u t a n t l c e l l .  . , 

(2) Mutat ion i n d u c t i o n  by p h y s i c a l  and chemical a g e n t s  w i t h  l i n e a r  
dose-response r e l a t i o n s h i p .  

(3) Frequency of sponCaoeous r e v e r s i o n  l e s s  than  lo-' r e v e r s i o n / c e l l .  

( 4 )  F a i l u r e  t o  induce muta t ion  i n  n e a r - t e t r a p l o i d  c e l l  l i n e s .  

( 5 )  Al te red  HGPRT a c t i v i t y  i n  mutants .  

(a) 1170/1189 (98.4%) mutant co lon ie s  a r e  aminopter in  nega t ive .  

(b) 1211122 (99.2%) mutant co lon ie s  show reduced hypoxanthine 
i n c o r p o r a t i o n  by autoradiography s t u d i e s .  

( c )  81/83 (97.6%) i s o l a t e d  mutant c lones  show reduced HGPRT 
enzyme a c t i v i t y .  

. . .a 
. ' Table 3 . of Ref. (29) .  



TABLE b 
.i 

. . T o t a l  number Fa 1s e F a l s e  
d e 

Agent s t u d i e d  Concurrence negat ivesf  p o s i t i v e s  
g . .  

Energy Technology r e l a t e d  I 
616 (100%) 0 0 - '  Polycpc l i c  hydrocarbons 2 7 

1 5  4/,& (100%). 0 M e t a l l i c  compounds 0 

N i t r o s a n i ~ e s  and r e l a t i v e s  16  14/15 (93.33%) 1 /15  (6.67%) 0 

Phys ica l  agen t s  
. . I S u b t o t a l  7 0 29/30 (96.67%) 1 /30  (3.33%) 0 

Other .Chemicals 

Direc t -ac t ing  a l k y l a t i n g  11 11/11 (100%) 0 0 
agen t s  and r e l a t i v e s  

10 I C R  compounds 

Aromatic amines 5 414 (100%) 0 0 

0 0 . '  Miscellaneous chemixals 1 3  515 (100%) . . 

I 
i sub t o t a l  39. 25/26 (96.15%) o 1/26 (3.85%) 

A l l  agents  
I 

I 



Table 4 - continued 
. . 

Agents studied are found to be either mutagenic (regardless of a 
11 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. 

b~gents 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." ~arcinogenicit~ of many com- 
pounds is not yet available. The search for such data is admittedly 
neither exhaustive nor updated. 

C In part from Table VIII of ref. 21. 

d ~ h e  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. 

e 
Known carcinogens are mutagenic and noncarcinogens'are nonmutagenic 

inCHO/HGPRT assays, i.e., MNNG, ICR-292, Ni, benzo(a)pyrene, hycanthone, 
W, etc. 

f . . 

Known carcinogens are nonmutagenic . in , CHO/HGPRT assays, e.g. 
formalde5yde. 

known noncarcinogens are mutagenic in CHO/HGPRT assays, e. g. ICR-191. 



TABLE 5 . . 

a 
CYTOTOXICITY AND MUTAGENICITY OF SUBFRACTIONS OF SYNFUEL A BASIC FRACTIONS -. 

b R e l a t i v e  c loning  Observed muta t ion  frequency 
Subf rac t ion  Concent ra t ion  e f  f 2ciency ' (%) (TG mutants / lo6  c e l l s )  

(pglrnl) -S9 . . .  +S9 -S9 +s9 

Benzene 

Acetone 

Cont ro ls  
EhlS 200 
B(a)P 8 
Solvent  

a Unpublished d a t a  of Hsie,  A. W. and P.  A .  B r i m e r .  
b 

See r e f .  14 f o r  d e t a i l s  about  t h e  chemical s e p a r a t i o n  of Synfue l  A. 






