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Both ep idemiologica l  r e t r o s p e c t i v e  surveys  and s t u d i e s  w i th  experimental  

an imals  provide  evidence t h a t  some chemicals i n  our  environment a r e  r e spons ib l e  

f o r  a s i g n i f i c a n t  p ropor t ion  of  human cancers  (Higginson, 1972).  

I n  view of t h e  complexity i n  s tudy ing  chemical ca rc inogenes i s  i n  whole 

an imals ,  i t  i s  u s e f u l  t o  use s imple  mammalian c e l l  c u l t u r e s  f o r  such s t u d i e s .  

C e l l  c u l t u r e  systems may a l s o  be u s e f u l  f o r  t h e  i d e n t i f i c a t i o n  of p o t e n t i a l l y  

- 
hazardous chemicals,  s i n c e  one must presume t h a t  t h e r e  a r e  many environmental 

chemicals  whose p o t e n t i a l  ca rc inogen ic  hazard has  n o t  y e t  been -es t ab l i shed .  

Malignant t ransformat ion  of c e l l s  i n  c u l t u r e  by chemical carcinogens 

has  been achieved i n  normal c e l l s  and permanent c e l l  l i n e s  (Berwald and Sachs, 

1965; Heide lberger ,  1973),  Using t h e s e  i n  v i t r o  systems,  i t  was a l s o  

e s t a b l i s h e d  t h a t  t ransformed c e l l s  a r e  induced r a t h e r  than s e l e c t e d  by t h e  

carc inogens  (Huberman .and Sachs , 1966, 1968; 14ondal. and Be ide lbe rge r ,  1970) . 
These r e s u l t s  and t h e  obse rva t ions  t h a t  carcinogens b ind  t o  c e l l u l a r  macro- 

m o l e c u l e s , ' i n c l u d i n g  DNA i n  t ransformable  c e l l s  (Brookes and Lawley, 1967; 

Kuroki and Heide lberger ,  1971; Huberman and Sachs, 2977), sugges t  t h a t  t h e  

' h e r i t a b l e  phenotypic  changes obta ined  du r ing  chemical ly induced i n ' v i t r o  -- 
c e l l  t r ans fo rma t ion  may r e s u l t  from somat ic  c e l l  mutat ions.  Based on t h e s e  

and o t h e r  s t u d i e s ,  i t  was  p o s s i b l e ,  by de termining  mutagenic a c t i v i t y ,  t o  

d e v i s e  s imple  -- i n  vitrcr s y s t e m s  f o r  t h e  i d e n t i f i c a t i o n ' o f  p o t e n t i a l  chemical  
\ 

carcinogens.  Recent ly,  Ames and h i s  a s s o c i a t e s  have developed a s imple assay  

f o r  t e s t i n g  mutagenic i ty  by chemical carcinogens us ing  t h e i r  Salmonel la  

typhimurium as t a r g e t  organisms f o r  mutagenesis and l i v e r  homogenates f o r  

carcinogen a c t i v a t i o n .  Based on a c o n s i s t e n t  f i n d i n g  t h a t  t h e  ma jo r i t y  of 

.. . t h e  t e s t e d  carcinogens were mutagenic,  h e s  has  proposed t h a t  t h . e . a s ~ a . ~  be 

used a s  a s c reen  f o r  p o t e n t i a l l y  hazardous compounds (Ames, e t  a l . ,  1973; 



McCann, e t  a l . ,  1975).  However, l i v e r  s u b c c l l u l a ~ :  I r a c t i o n s .  r e a d i l y  a c t i v a t e  
-. - 

a wide spectrum of compounds i n t o  po ten t  mutagens inc lud ing  t h o s e  which a r e  

n o t  n e c e s s a r i l y  carc inogenic  f o r  t he  l i v e r .  I n  a d d i t i o n ,  s u b c e l l u l a r  

p r e p a r a t i o n s  d i f f e r  from i n t a c t  c e l l s  i n  t h e  p r o f i I e  of t h e  m e t a b o l i t e s  and 

DNA adducts  formed a f t e r  metabolism of  v a r i o u s  p o t e n t  carc inogens  such as 

- a f l a t o x i n  B benzo(a)pyrene and 7,12-dimethylbenz.(a) an th racene  (Newbold, 
1 = 

e t  a 1  = 1977; S e l k i r k ,  1977; Decad, e t  a l . ,  ,1977;  Bigger,  e t  al. ,  1978).  

-To circumvent t h e s e  d i f f i c u l t i e s ,  wezhave devised  a. system of saamal ian  c e l l -  

mediated mutagenesis (Hubernan, 1975, 1976, 1977.; IIiuberman .and Sachs, 

1974, 1976; Langenbach, e t  a l . ,  1978a, 1978b). In t h i s  a s say ,  Chinese 

hamster  V79 o r  Chinese hamster ovary (CHO) c e l l s ,  which do n o t  e x h i b i t  mixed 

f u n c t i o n  oxidase  a c t i v i t i e s  and t h e r e f o r e  do n o t  a c t i v a t e  many chemical  . . 

carc inogens ,  are c o c u l t i v a t e d  w i t h  l e t h a l l y  i r r a d i a t e d  c e l l s  t h a t  c o n t a i n  

t h e  enzymes r equ i r ed  f o r  metabol ic  a c t i v a t i o n .  

During c o c u l t i v a t i o n ,  t h e  r e a c t i v e  metabolites a r e ' a p p a r e n t l y  t r a n s f e r r e d  

from t h e  metabol iz ing  c e l l  t o  t h e  c e l l s  used f o r  t e s t i n g  mutagenesis ,  where 

they  induce  mutat ion.  Using t h i s  cel l -mediated l u ~ t a ~ e n e s i s s y s ' t e n i ,  i t  w a s  

p o s s i b l e  t o  demonstrate  a r e l a t i o n s h i p  between. c a r c i n o g e n i c i t y  and 

mutagenic i ty  by p o l y c y c l i c  hydrocarbons, n i r rosamines  and a f l a t o x i n s  

(Huberman and Sachs, 1976; Langenbach, e t  a l . ,  1978a).., and t o  show t h a t  

metabol ic  a c t i v a t i o n  of carcinogens t o  mutagens 2s: cell specific (Langenbach, 
.*.' 

e t  a 1  1978b). * 9 

C'ell mediated'  mutagenesPs by ' chemical .  carcinooens 

To determine t h e  r e l a t i o n s h i p  between mutagenesis  and ca rc inogenes i s ,  

a s e r 5 e s  o f . 1 1  p o l y c y c l i c  hydrocarbons.with d i f f e r e n t  degrees  of  c a r c i n o g e n i c i t y .  



were t e s t e d  i n  t h e  cel l -mediated mutagenesis a s say  f o r  t h e  induc t ion  of 

ouaba in - r e s i s t an t  mutants (Table 1 ) .  Af te r  c o c u l t i v a t i o n  of t h e  Chinese 

hamster V79 c e l l s  w i t h  golden hamster embryonic c e l l s ,  which a r e  capable  of  

a c t i v a t i n g  p o l y c y c l i c  a romat ic  hydrocarbons, f o u r  ca rc inogen ic  hydrocarbons 

[7,12-dimethylbenz (a) an thracene ,  benzo (a) pyrene (BP) , 3-me thylcholanthrene ,  

- 
and 7-nethylbenz(a)anthracene] induced ouaba in - r e s i s t an t  mutants ,  whereas 

f i v e  noncarcinogenic hydrocarbons [benzo(e)pyrene,  benz(a)anthracene ,  

phenanthrene , .pyrene ,  and chrysene]  were no t  nu tagen ic  (Table 1 ) .  

Dibenz (a ,  c) an thracene  and dibenz (a ,  h) anthradene,  which have been r epor t ed  

a s  noncarc inogenic  i n  golden hamsters ( l m C ,  1973; Na t iona l  I n s t i t u t e s  of 

Heal th ,  1973),  showed a weak nu tagen ic  e f f e c t .  In  t h e  presence of aminophylline, 

which enhances 'po lycy .c l ic .  hydrocarbon metabolism (Hubeman and Sachs, 1976, 

1977; Huberman e t  a l . ,  19.74; Yamasaki, 1975), ' t he re  w a s  a two- t o  f o u r f o l d  

i n c r e a s e  i n  mutagenic i ty  w i th  BP and 3-methylcholanthrene. Dibenz(a,c)anthracene, .  

which showed a low degree  o f ' m u t a g e n i c i t y  wi thout  animophyll ine,  showed a 

less than  twofold i n c r e a s e  of mutagenic i ty  w i t h  aminopl~yl l ine .  Dibenz(a,h)an- 

thracene ,  which was s i m i l a r  ' to  dibenz (a ,  c)  an th raceae  wi thou t  aminophyll ine , 

showed a t en fo ld  i n c r e a s e  i n  mutagenic i ty  with amLnophylline ( T a b l e . 2 ) .  

These r e s u l t s  i n d i c a t e  t h a t ' t h e r e  is  a r e l a t i o n s h i p  between nu tagenes i s  and 

t h e  degree  of c a r c i n o g e n i c i t y  of p o l y c y c l i c  hydrocarbons . a f t e r  enhancement 

o f .  t h e i r  metabolism by aminophylline. 

However, t h e  above cu l tu red  golden hamster  embryonic c e l l s  

were incapab le  of a c t i v a t i n g  many c l a s s e s  of chemical carc inogens ,  

i nc lud ing  most l i v e r  carcinogens.  Therefore ,  t o  expand the  uses  of t h e  

cel l -mediated mutagenesis syste.m and a l low s tudy  of  l i v e r  carc inogens ,  



we devcloped a system f o r  c o c u l t i v a t i n g  primary l i v e r  c e l l s  and V79 c e l l s .  

In. t h i s  .system, two c l a s s e s  of l i v e r  carcinogens,  t h e  n i t rosamines  (Table 3) 

and a f l a t o x i n s  (Table 4 ) ,  were metabol ized by t h e  l i v e r  c e l l s  t o  i n t e rmed ia t e s  

t h a t . w e r e  mutagenic t o  t h e  V79 c e l l s .  The f a c t , t h a t  t h e  carc inogenic  

n i t ro samines  and t h e  a f l a t o x i n s  were mutagenic i n  t h e  presence  of l i v e r  

c e l l s  b u t  no t  i n  t h e i r  absence sugges t s  t h a t  t h e  r e a c t i v e  in t e rmed ia t e ( s )  - 
of  t h e s e  two c l a s s e s  of carcinogens a r e  s t a b l e  enough t o  b e . t r a n s f e r r e d  

from t h e  l i v e r  c e l l s  t o  t h e  V79 c e l l s .  

To determine whether a ce l l - t ype  s p e c i f i c i t y  i n  c h e ~ c a l  carc inogenes is  

can b e  i n v e s t i g a t e d  by way o f  t h e  c e l l  mediated assay ,  we have c o c u l t i v a t e d  

V79 c e l l s  w i t h  rat  f i b r o b l a s t s  which a r e  capable  of metabol iz ing"  po lycyc l i c  

a romat ic  hydrocarbons ( : f ibroblast-mediated assay)  and w i t h . r a t . l i v e r  cells 

wilich' metabol ize  l i v e r  carcinogens (hepatocyte-mediated assay)  i n  t h e  

presence  of t h e  carcinogens benzo(a)pyrene (BP) and a f l a t o x i n  B1 (A??). 

Our r e s u l t s  i n d i c a t e  mutagenic a c t i v i t y  of BP i n  t h e  f ibroLlast-mediated 

a s say  b u t  n o t  i n  t h e  hepatocyte-mediated a s say  and t h e  i n v e r s e  s i t u a t i o n  

w i t h  AF (Langenbach e t  a l . ,  1978b). . More s p e c i f i c a l l y ,  BP i n  t h e  f i b r o b l a s t -  

mediated a s say  caused 17-, 34-, and 55-fold h ighe r  mutat ion f r equenc ie s  

than t h e  c o n t r o l  a t  0.3,. 1 .0  and 3.0 pg ul-'; r e s p e c t i v e l y .  While  i n  t h e  
' ' 

hepatocyte-rrediated a s say  no s i g n i f i c a n t  i n c r e a s e  was, observed i n  t h e  

- 1 muta t ion  f r equenc ie s  a t  BP doses  up t o  3 pg m l  . Treatment of t h e  V79 
.,.' 

c e l l s  w i t h  AF a t  0.3, 1 .0 o r  3.0 pg ml-I i n  t h e  hepatocyte-mediatedassay 

r e s u l t e d  i n  lo-,  20- and 40-fold h ighe r  mutat ion f r equenc ie s  than  t h e  

c o n t r o l .  I n  t h e  f ibroblas t -media ted  assay ,  AF caused only a t ~ o f o l d  

-1 
i n c r e a s e  a t  a dose a s  h igh  a s  3 pg m l  These r e s u l t s  i n d i c a t e  t h a t  by 



1 employing a p p r o p r i a t e  c e l l  c u l t u r e  systems, we can show t h a t  chemical 

I 
I c a r d n o g e n s  can be metabol ized i n t o  mutagens f o r  mammalian c e l l s .  I n  

a d d i t i o n ,  bo th  t h e  degree  o f  mutagenesis and ce l l - t ype  s p e c i f i c i t y  i n  such 

c e l l  systems can be r e l a t e d  t o  t h e  carc inogenic  potency and organ s p e c i f i c i t y  

of t h e  t e s t e d  chemicals.  

Res to ra t ion  of a "normal" f u n c t i o n a l  s t a t e  i n  c u l t u r e d  human leukemia and 

melanoma c e l l s  a f t e r  t rea tment  w i th  tumor-promoting agen t s  

Our previous  s t u d i e s  and those  of o t h e r s  a r e  i n  agreement w i th  t h e  

n o t i o n  t h a t  somatic  muta t ion  may be  t h e  s t e p  which i n i t i a t e s  carc inogenes is .  

However, ou r  p r e s e n t ' s t a t e  of knowledge i n d i c a t e s ' t h a t  cancer  i s  a mul t i - s tage  

p roces s  t h a t  may r e q u i r e  a s t e p ( s )  beyond t h e  i n i t i a 1 , m u t a t i o n a l  event .  

Thus, i t  i s  p o s s i b l e  t h a t  nany e n v i r o n n ~ n t a l .  'tumor-causing agen t s  may a c t  

a t  t h e  l a t e r  s t a g e s  of t h e  carc inogenic  process  i n  a mechanism r e l a t e d  

t o  tumor promotion. A tumor .promoter  is ,  an  agent  t h a t  is  : e f f ec t ive  on ly  ,, , .. . : 
. ... . . . . .  .. . 

. . . . . 

when adminis te red  f r e q u e n t l y  a f t e r  an  i n i t i a l  t rea tment  w i th  a low dose 0 f . a  

car cinogen-mutagen and n o t  when t h e  sequence i s  reversed .  .Since c e r t a i n  

i n i t i a t i n g  agents  are presumably ubiqui tous  i n  t h e  environment,  t h e  r a t e -  

l i m i t i n g  de terminants  i n  cancer .  causa t ion  i n  humans may.be exposu.re t o  such 

tumor promoters.  
, 

Phorbol-12-myris ta te-13-acetate  (Pi.fA). and. o t h e r  . r e l a t e d  phorbdE d i e s t e r s ,  

which are tumor promoters i n  t h e  mouse, were found t o  i n h i b i t  c e l l  

d i f f e r e n t i a t i o n  i n  a s e r i e s  o f .  murine c e l l s  i n  v i t r o  (Cohen e t  a l . ,  1977; -- 
Diamond e t  a l . ,  1977; I s h i i  e t  a 1  1978; Mufson e t  a l . ,  1978; Yamasaki ' ' 

e t  a l . ,  1977).  These experiments  sugges t  t h a t  tumor promoters may be gene 

modulators  which can i n h i b i t  normal d i f f e r e n t i a t i o n ,  thus  a l lowing  the  



1 expres s ion  of t h e  tumorigenic  phenotype of t h e  i n i t i a t e d  c e l l s .  It was, 

i t h e r e f o r e ,  of i n t e r e s t  t o  determine whether such agen t s  would a f f e c t  c e l l  

d i f f e r e n t i a t i o n  i n  human c e l l s  i n  a manner s i m i l a r  t o  t h e  .mouse c e l l s .  

Our i n  v i t r o  s t u d i e s  w i t h  some myeloid human leukemia and melanoma 
7- 

cells i n d i c a t e d  t h a t  tumor-promoting agen t s ,  such as t h e  pho ibo l  d i e s t e r s ,  

- induce r a t h e r  than i n h i b i t  t e rmina l  d i f f e r e n t i a t i o n  (Huberman and Callaham, 

1979; Huberman e t  a l . ,  1979).  Te rn ina l  d i f f e r e n t i a t i o n  i n  t h e  human leukemic 

c e l l s  was expressed by an i n h i b i t i o n  of c e l l  growth and by t h e  conversion ... 

of myeloblas t s  and promyelocytes,  which a r e  c h a r a c t e r i s t i c  t o  leukemia c e l l s  ,. 

i n t o  myelocytes and metamyelocytes a s  w e l l ' a s  banded and segmented c e l l s  . 

c h a r a c t e r i s t i c  of d i f f e r e n t i a t i n g  normal wh i t e  blood c e l l s .  In the  p'rocess 
I 

of  t h e  conversion of t h e  myeloid Leukemic c e l l s  i n t o  mature m y e l o i d . c e l l s b  

t h e y  a c q u i r e  t h e i r  normal d i f f e r e n t i a t i n g  p rope r t i e s . ,  such a s  an a b i l t t y  t o  

phagocyt ize microorganisms inc lud ing  y e a s t  and to r e l e a s e  Sysozyme, an 

emzyme capable  of  l y s i n g  b a c t e r i a l  c e l l  w a l l s .  

I n  t h e  melanoma c e l l s ,  a s  i n  t h e  leukemic c e l l s ,  t he se  agen t s  i n h i b i t  

c e l l  growth, s t i m u l a t e  melanin s y n t h e s i s  and induce t h e  formation o f  

d e n d r i t e - l i k e  s t r u c t u r e s  c h a r a c t e r i s t i c  of normal melanocytes . Termin.af 

c e l l  d i f f e r e n t i a t i o n  i n  t he  human leukemia and melanoma cel ls  cou ld  be . 
-11 

d e t e c t e d  a t  concen t r a t ions  of  PMA as low a s  10  t o  , ~ O - ' ~ N .  Phorbol  

d i e s t e r - l i k e  compounds may t h e r e f o r e  o f f e r  a means by which some human tulaors 
r.' 

may be  c o n t r o l l e d  by conver t ing  them i n t o  normally d i f f e r e n t i a t i n g  c e l l s .  

However, s t u d i e s  on t h e  s u s c e p t i b i l i t y  of a  v a r i e t y  of d i f f e r e n t  normal and 

malignant  human t i s s u e s  t o  t h e  growth i n h i b i t o r y  e f f e c t  of t h e s e  types  of 

compounds have t o  be  performed be fo re  such an approach can be considered.  



I n  t h e  p re sen t  experiments  u s ing  human c e l l s ,  tumor-promoting phorbol  

e s t e r s  induced t e r m i n a l  d i f f e r e n t i a t i o n  whi le  i n  o t h e r  s t u d i e s ,  i n  which 

av ian  and murine c e l l s  were employed, they i n h i b i t e d  d i f f e r e n t i a t i o n .  These 

r e s u l t s  imply t h a t  human c e l l s  may respond d i f f e r e n t l y . f r o m  mouse and 

chicken c e l i s  t o  t h e  b i o l o g i c a l ~ e f f e c t s  of phorbol  d i e s t e r s .  I n  view of 

- 
t h i s ,  e x t r a p o l a t i o n  of  d a t a  from mouse t o  h-non t h e  e f f e c t  of chemicals ,  

such as t h e  Cumor-promoting phorbol  d i e s t e r s ,  should be  made w i t h  g r e a t  

cau t ion .  



TABLE 1. Induct ion  of Ouabain-Resistant Mutants i n  t h e  Cell-Mediated Assay 

a by D i f f e r e n t  Carcinogenic Hydrocarbons 

No. of 

concen t r a t ion  of ouabain- res i s  t a n t  

" Hydrocarbon 

hydrocarbon 
( P ~ I ~ J )  

mutants  pe r  10 6 

s u r v i v o r s  

Cont ro l  

Benzo (e jpyrene  

Phenanthrene 

Py r ene  

Benz ( a )  anthracenk 1 

Chrysene 1 

Dibenz ( a ,  c ran thracene  1 3 

1 Dibenz (a, h)  an thracene  4 

7-Eie thylbenz (a) an thracene  1 2 4 

3-Me thy lcho lan th rene  1 

Benzo ( a )  pyrene . 1  12 1 

a , 
The d a t a  a r e  based on r e s u l t s  from Huberman (1976). and f r o m  Huberman and 
Sachs (i976). 



I by Carcinogenic Po lycyc l i c  ~ ~ d r o c a r b o n s  a f t e r  Treatment w i th  (+) 

- o r  w i thou t  (-) ~ m i n o ~ h ~ l l i n e ~  

No. of ouaba in - r e s i s t&t  mutants p e r  
. . 

6 
10 s u r v i v o r s  

Cont ro l  1 n 

Pyrene 1 1 

I Phenan t h r e n e  

I Dibenz ( a ,  c )  an thracene  3 5 

I Dibenz (a ,h)  an thracene  4 4 6 

I 3-Me thy lcho lan th rene  10 8 413 

Benzo ( a )  pyrene 12 1 2 14  

-.- 
a .  C e l l s  were t r e a t e d  w i t h  1 ug/ml of t h e  po lycgc l i c  hydrocarbons and 0 . 1  mM 

aminophyll ine.  .Data  a r e  based on r e s u l t s  .from Huberman and Sachs (1976). 



TABLE 3.  Induct ion  of ouaba in - r e s i s t an t  mutants by n i t rosa tn ines  

Ouabain- 

Cloning r e s i s t a n t  

Concentrat ion e f f i c i e n c y  mutants110 6 

Treatment* (m3f) (% > s u r v i v o r s  

Con t ro l  88 1 

*The number of V79 c e l l s / ~ - f l a s k  w a s  0.6 X l o 6  when l o 7  l i v e r  c e l l s  
were  seeded.  The c e l l s  were t r e a t e d " f o r  2 days w i t h  t h e  chemicals,  
a t  which time they were . t r y p s i n i z e d .  and reseeded t o  determine 
c lon ing  e f f i c i e n c y  and mutat ion frequency . A t  . t h i s  t ime t h e  . V79 
c e l l .  number/T-flask ranged from 1 . 2  X lo6 t o  3 . 3  X lo6.  Data a r e  
from Langenbach e t  a l .  ;. 1978a. 

C 



TABLE 4 .  Induc t ion  of ouaba in - r e s i s t an t  mutants by a f l a t o x i n s  

Ouabain- - 
Cloning resis tan , t  

Concentrat ion e f f i c i e n c y  mutants / lo6  

Treatment* (PM) , (2) . . s u r v i v o r s  . ' 

Contro l  8 2 1 

Af l a t o x i n  B 1 

A£ l a t o x i n  G2 

*See legend i n .  Table 1. 
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