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The m a n n e r  in  which cel ls  die fol lowing toxic s t r e s s  or  t r a u m a  has  b e e n  

d iv ided  in to  two g e n e r a l  mechanisms:  f i r s t ,  n e c r o t i c  dea th  a s soc i a t ed  with 

s t r u c t u r a l  and  biochemical  d e g e n e r a t i o n  of cell i n t e g r i t y ;  a n d  second ,  a p o p t o s i s  

or  p r o g r a m m e d  dea th  which is  a s soc i a t ed  with e a r l y  e n d o n u c l e o l y t i c  

f r a g m e n t a t i o n  of dup lex  DNA p r e s u m a b l y  a c o n s e q u e n c e  of spec i f ic  g e n e  

e x p r e s s i o n  (see I,  2). The phys io log ica l  p r o c e s s  of p rog rammed  cell  su ic ide  is 

d i r e c t l y  a s soc ia t ed  with the  r e g u l a t i o n  of p ro l i f e r a t i on ,  d i f f e r e n t i a t i o n ,  cell 

a g i n g  in v i t ro)  a n d  ce l l -med ia ted  immuni ty  (3-5). 

Williams, Lit t le  and  Sh ip ley  (6) r e p o r t e d  t h a t  wide ly  d i f f e r i n g  modes of 

ce l lu la r  t r a u m a  could in i t i a t e  a spec i f ic  p a t t e r n  of DNA d e g r a d a t i o n  p r e c e d i n g  

cell  dea th .  I n i t i a t i o n  of apop to s i s  is  d e p e n d e n t  on  both  RNA a nd  p r o t e i n  

s y n t h e s i s  (7) s u p p o r t i n g  the  c o n c e p t  t h a t  cytotoxic  s t r e s s  i n i t i a t e s  a p r o c e s s  

of gene  e x p r e s s i o n  l e ad ing  to the  s y n t h e s i s  of p r o t e i n ( s )  r e s p o n s i b l e  for  

s u b s e q u e n t  genomic d e g r a d a t i o n .  These  s t r e s s  modal i t ies  i n c l u d e  chemical  

toxic i ty ,  phys io log ica l  s t r e s s  (i.e. hea t ,  osmotic s t r e s s )  a n d  r a d i a t i o n  (8-11). 

Our l a b o r a t o r y  has  p r o p o s e d  t h a t  tumor  p r o m o t e r s  s u c h  as  the  p h o r b o l  

e s t e r ,  TPA, a n d  the  indole  alkaloid,  DHTB, spec i f ica l ly  i n h i b i t e d  the  normal  

phys io log ica l  p r o c e s s  of apop to s i s  in  normal  cel ls  in  v i t r o  (12,13). We wish  to 

r e p o r t  da ta  t h a t  i n d i c a t e s  t h a t  t umor  p r o m o t e r s  i n h i b i t  p rog rammed  cell  

su ic ide  in  c u l t u r e s  of C3H-10T1/2 cel ls  fol lowing e i t h e r  a c u t e  s e r um removal ,  

*To whom reprint requests should be addressed. 

Abbreviations: TPA, 12-O-tetradecanoylphorbol-13-acetate; DHTB, 
dihydroteleocidin B; 3H-dThd, zII-thymidine; Gy; Gray. 
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e x p o s u r e  to i o n i z i n g  r a d i a t i o n ,  o r  i n c o r p o r a t i o n  of  h i g h  s p e c i f i c  a c t i v i t y  3H- 

dThd  in to  DNA. 

We p r e v i o u s l y  r e p o r t e d  t h a t  TPA, b u t  not  t he  4 (O) -me thy l  ana log ,  had  an  

a p p a r e n t  i n f l u e n c e  on ce]t s u r v i v a l  and  could  modu la te  G1 s u b s t a t e  t r a n s i t i o n s  

and  S p h a s e  e n t r y  k i n e t i c s  (17-21). I t  is  of  i n t e r e s t  to e x t e n d  t h e s e  s t u d i e s  

to o t h e r  t y p e s  of  s t r e s s - i n d u c e d  b r e a k d o w n  and to con f i rm  t h a t  t he  DNA 

f r a g m e n t a t i o n  and  s u b s e q u e n t  d e a t h  a r e  r e l a t e d  to p r o g r a m m e d  cel l  su i c ide ,  

The  two p r e l i m i n a r y  c r i t e r i a  u s e d  w e r e  DNA f r a g m e n t a t i o n  p a t t e r n s  c o n s i s t e n t  

wi th  s p e c i f i c - s i t e  d i r e c t e d  e n d o n u c l e o l y t i c  s t r a n d  b r e a k a g e  (12), and  

s e n s i t i v i t y  to i n h i b i t i o n  by  low c o n c e n t r a t i o n s  of  cyc lohex imide .  In  a d d i t i o n  to 

in i t i a t ion  of  DNA f r a g m e n t a t i o n  by  s e r u m  wi thd rawa l ,  r a d i a t i o n  e x p o s u r e  was  

u s e d  in o r d e r  to b e t t e r  d e f i n e  t he  c y t o t o x i c  s t r e s s .  Rad ia t ion  e x p o s u r e  was  

i n t r o d u c e d  e i t h e r  in t he  form of " so f t  be t a "  i r r a d i a t i o n  by  i n c o r p o r a t i o n  of  

h i g h  s p e c i f i c  a c t i v i t y  3H-dThd in to  DNA in e x p o n e n t i a l l y  p r o l i f e r a t i n g  c u l t u r e s ,  

or  d i r e c t  e x p o s u r e  to gamma r a d i a t i o n  u s i n g  a 137Cs i r r a d i a t o r .  

MATERIALS AND METHODS 

Cells: C u l t u r e s  of  C3H-10T1/2 (CLS) mouse  f i b r o b l a s t s  w e r e  ma in ta ined  as  
d e s c r i b e d  (14) u s i n g  Basal  E a g l e ' s  Medium (GIBCO) s u p p l e m e n t e d  wi th  10% 
h e a t - i n a c t i v a t e d  f e t a l  b o v i n e  s e r u m  (S te r i l e  Sys t ems ,  Logan ,  UT). Growth  
medium was r e n e w e d  e v e r y  3-4 days .  Con f luence  was r e a c h e d  a t  8-10 days ,  
and  p o s t c o n f l u e n t  ce l l s  w e r e  u s e d  fo r  t h e  e x p e r i m e n t s  (48-72 h o u r s  a f t e r  t h e  
t ime of c o n f l u e n c e ) .  E x p e r i m e n t s  w e r e  p e r f o r m e d  on d u p l i c a t e  c u l t u r e s  in  60 
mm d i a m e t e r  c u l t u r e  p l a t e s  (Falcon P las t i c s ) .  
Drugs :  DHTB was  a g i f t  of  T. S u g i m u r a  and  H. F u j i t a  (National  Cance r  R e s e a r c h  
I n s t i t u t e ,  Tokyo) .  TPA and ana logs  w e r e  o b t a i n e d  f rom Chemical  C a r c i n o g e n s ,  
Eden  P r a i r i e ,  MN. 3H-Thymid ine  (3H-dThd)  was p u r c h a s e d  f rom ICN. 
Cycloheximide  { r e a g e n t  g r a d e )  was o b t a i n e d  f rom Sigma Chemicals .  

DNA f r a g m e n t a t i o n  is  m e a s u r e d  as p r e v i o u s l y  d e s c r i b e d  by  Kan te r  and  
S c h w a r t z  (15,16) and  a f r a g m e n t a t i o n  i ndex  is c a l c u l a t e d  as  t h e  q u o t i e n t  of  t he  
r a d i o a c t i v i t y  e x t r a c t e d  f rom the  s ing l e  s t r a n d e d  DNA and  t h e  to ta l  amoun t  
e x t r a c t e d  f rom bo th  s i n g l e  and doub le  s t r a n d e d  DNA. 

RESULTS 

Se rum d e p r i v a t i o n :  Rep l i ca te  c u l t u r e s  of  e x p o n e n t i a l l y  p r o l i f e r a t i n g  10T1/2 

ce l l s  w e r e  t r a n s f e r r e d  to s e r u m - f r e e  medium at  T=O. The 24h c u m u l a t i v e  

i n c o r p o r a t i o n  of  3H-dThd was  t h e n  d e t e r m i n e d  fo r  t h r e e  s e q u e n t i a l  p e r i o d s  

f rom T=O to 24h, 24h to 48h, and  48h to 72h r e s p e c t i v e l y .  As s e e n  in Table  1, 

t h e  d e n s i t y  of  r a d i o l a b e l l e d  nuc le i  o b s e r v e d  (1 uCi/5ml,  5 Ci/mmole 3H-dThd) 

d u r i n g  t h e  f i r s t  24h p e r i o d  fo l lowing  s e r u m  w i t h d r a w a l  was  f o u n d  to be 2.23 x 

103 l abe led  n u c l e i / c m L  w h e r e a s ,  in t h o s e  t r e a t e d  wi th  10-sM TPA t h i s  v a l u e  

i n c r e a s e d  to 6.13 x 103 r e f l e c t i n g  t h e  e x p e c t e d  mi togen ic  a c t i v i t y .  The  n u m b e r  

of  l abe led  nuc le i  o b s e r v e d  in  t h e  s e c o n d  and  t h i r d  24h p e r i o d  was r e d u c e d  to 

0.52 and  0.88 l abe led  n u c l e i / c m  z as  t h e  ce l l s  r e a c h e d  q u i e s c e n c e .  The  to ta l  

cel l  d e n s i t y  showed  a s imilar  r e d u c t i o n  f rom 8.38 x 104 n u c l e i / c m  2, to a s t a b l e  

p l a t e a u  of  5.9 x 104 n u c l e i / c m  z a t  t he  end  of  t h e  t h i r d  and  f ina l  24h pe r i od .  

When TPA was a d d e d  d u r i n g  t h e  s e c o n d  or  t h i r d  p e r i o d s  a f t e r  s e r u m  
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TABLE i: TPA Effects on C3H-10TI/2 Cells After Serum Reduction 

Period of 
TPA/3H-dThd 
Addition 

Cumulative Nuclear Labeling 
i0 ~ Labeled Nuclei/sq.cm. 104 Viable Cells/sq.cm. 

-TPA +TPA -TPA +TPA 

0 - 24h  2 . 2 3  6 . 1 3  8 . 3 8  1 5 . 1 8  
+ 0 . 0 3  + 0 . 6 6  

24 - 48h  0 . 5 2  7 . 8 0  6 . 2 4  1 1 . 5 4  
+ 0 . 0 1  + 0 . 5 2  

48 - 72h  0 . 8 8  5 . 9 7  5 . 8 5  5 . 7 2  
± 0 . 0 2  ± 0 . 7 0  

(*) Cultures were seeded at 104 cells/60mm plate and allowed to 
proliferate until approximately 10 s cells/plate (BME + 10% 
fetal bovine serum). Medium was then replaced with BME 
containing 0.5% serum and 0.I uM TPA + 3H-dThd (i uCi/plate) 
added at 0, 24, and 72 h. After 24h, each plate was fixed 
and prepared for autoradiographic analysis. The number of 
labeled and non-labeled nuclei was determined using an 
electronic image analysis system (Artek, Inc.) attached to a 
Nikon inverted phase contrast microscope. Each field 
corresponded to 6xi0 -3 sq.cm, and the results expressed in 
terms of the mean Z standard error, where n = i00 fields in 
duplicate culture plates. 

w i t h d r a w a l ,  n o t e  t h a t  t h e  l a b e l e d  n u c l e a r  d e n s i t y  d i d  n o t  c h a n g e  s u b s t a n t i a l l y  

e v e n  t h o u g h  t h e  t o t a l  c e l l  d e n s i t y  h a d  p r o g r e s s i v e l y  d i m i n i s h e d  f r o m  15.2 x 

104 a t  24h ,  to  11.5 x 104 a t  4 8 h ,  a n d  f i n a l l y  to  5.7 x 104 a t  72h .  

T h i s  d a t a  i n d i c a t e s  t h a t  t h e r e  a r e  t w o  ce l l  r e s p o n s e s  to  TPA w h i c h  a r e  

p r o b a b l y  i n d e p e n d e n t .  F i r s t ,  TFA i n d u c e s  a m i t o g e n i c  r e s p o n s e  w h i c h  i s  n o t  

i n f l u e n c e d  b y  t h e  l e n g t h  of  t i m e  f o l l o w i n g  s e r u m  w i t h d r a w a l .  H o w e v e r ,  TPA 

a l s o  i n c r e a s e d  ce l l  a t t a c h m e n t ,  a n d  t h e  r e l a t i v e  d e g r e e  o f  e n h a n c e d  a t t a c h m e n t  

p r o g r e s s i v e l y  d i m i n i s h e d  o v e r  t h e  72h  l e n g t h  of  t h e  e x p e r i m e n t  u n t i l  n o  

e n h a n c e m e n t  w a s  f o u n d  in  t h e  f i n a l  24h  p e r i o d  o f  t r e a t m e n t .  As  p r e v i o u s l y  

d e s c r i b e d ,  r e l e a s e d  c e l l s  c o l l e c t e d  a f t e r  s e r u m  d e p r i v a t i o n  e x h i b i t e d  e x t e n s i v e  

DNA d e g r a d a t i o n  (12}. T h e r e f o r e ,  i t  w a s  l i k e l y  t h a t  two  p o p u l a t i o n s  of  c e l l s  

w e r e  g e n e r a t e d  b y  t h e  s t r e s s  of  s e r u m  r e m o v a l ,  o n e  r e s p o n s i v e  to  t h e  

m i t o g e n i c  a c t i v i t y  o f  TPA, t h e  o t h e r  r e s p o n s i v e  t o  TPA i n d u c e d  e n h a n c e d  

a d h e s i o n .  T h i s  l a t t e r  p o p u l a t i o n  w a s  a p p a r e n t l y  a l s o  i n  t h e  p r o c e s s  of  

d e g e n e r a t i o n  a n d  d e a t h ,  a p r o c e s s  w h i c h  r e a c h e d  c o m p l e t i o n  b y  a p p r o x i m a t e l y  

7 2 h  a f t e r  s e r u m  r e m o v a l .  

I t  s h o u l d  b e  n o t e d  h e r e  t h a t  i n i t i a t i o n  of  DNA f r a g m e n t a t i o n ,  a s  w e l l  a s  

t h e  i n h i b i t i o n  b y  TPA, w e r e  n o t  i n f l u e n c e d  w h e n  e x p e r i m e n t s  w e r e  p e r f o r m e d  

u n d e r  a n a e r o b i c  c o n d i t i o n s  { d a t a  n o t  s h o w n } .  T h e r e f o r e ,  i t  i s  u n l i k e l y  t h a t  

m o l e c u l a r  o x y g e n  s p e c i e s  a r e  d i r e c t l y  a s s o c i a t e d  w i t h  t h i s  p h e n o m e n o n .  
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High Spec i f i c  A c t i v i t y  SH-dThd I n c o r p o r a t i o n :  In  o r d e r  to i n d u c e  ce l l  d e a t h  in 

a more c o n t r o l l e d  manne r ,  r e p l i c a t e  c u l t u r e s  in e x p o n e n t i a l  p r o l i f e r a t i o n  w e r e  

t r e a t e d  wi th  3H-dThd a t  80 Ci/mmole ( luCi /ml ) .  The  t ime c o u r s e  of  DNA 

f r a g m e n t a t i o n  was t h e n  fol lowed in t h e  p r e s e n c e  and  a b s e n c e  of  DHTB (10-sNI) 

as  shown  in F i g u r e  1. C o n s i s t e n t  wi th  t he  k i n e t i c s  of  cel l  d e a t h  fo l lowing  

s e r u m  w i t h d r a w a l ,  DNA f r a g m e n t a t i o n  p r o g r e s s e d  l i n e a r l y  and  a p p r o a c h e d  

comple t ion  a t  96h a f t e r  3H-dThd add i t i on .  The  p r e s e n c e  of  DHTB d u r i n g  t h i s  

p e r i o d  i n h i b i t e d  f r a g m e n t a t i o n  by  a p p r o x i m a t e l y  74%. 

As shown in Table  2, t h e  d e g r e e  of  DNA f r a g m e n t a t i o n  was not  s imply  

r e l a t e d  to t h e  to ta l  3H-dThd i n c o r p o r a t e d  in to  each  cell .  Note t h a t  t he  TPA- 

r e l a t ed  r e d u c t i o n  in DNA f r a g m e n t a t i o n  was a c t u a l l y  a c c o m p a n i e d  by  a m a r k e d  

i n c r e a s e  in t h e  to ta l  amoun t  of r a d i o a c t i v i t y  i n c o r p o r a t e d  in to  ce l l u l a r  DNA. 

Thus ,  t he  i n h i b i t i o n  of f r a g m e n t a t i o n  is c l e a r l y  not  a r e s u l t  of lower  f ina l  

spec i f i c  a c t i v i t i e s  of  3H wi th in  t he  DNA. A u t o r a d i o g r a p h i c  e v i d e n c e  {not 

shown) i n d i c a t e d  t h a t  more t h a n  95% of t h e  cel l  nuc l e i  w e r e  h e a v i l y  

r ad io l abe l l ed  a t  48h a f t e r  h i g h  s p e c i f i c  a c t i v i t y  3H-dThd add i t ion .  

S ince  a p o p t o s i s  is a p r o c e s s  d e p e n d e n t  u p o n  e x p r e s s i o n  of  a su i c ide  

g e n e  p r o d u c t ( s ) ,  i t  was n e c e s s a r y  to e n s u r e  t h a t  t he  i n d u c t i o n  o f  DNA 

f r a g m e n t a t i o n  was a lso  s e n s i t i v e  to low c o n c e n t r a t i o n s  of  cyc lohex imide .  Also 

p r e s e n t e d  in Table  2 a r e  c o m p a r i s o n s  of TPA t r e a t m e n t  wi th  t h a t  of  

cyc lohex imide  (10-sH), and  a combina t ion  of  TPA and  cyc lohex imide .  The  

r e s u l t s  i n d i c a t e d  t h a t  cyc lohex imide  m a r k e d l y  i n h i b i t e d  DNA f r a g m e n t a t i o n  as  

1.00 

0.90 

X 0.8O 
hi 
Z 
~-~ 0.70 
Z o 

~ 0 . 6 0  
Z 
h i  

r 
0 .50 ;  

0.0 L ~  i i E I 
0 24 48 72 96 

TIME AFTER 3H-d Thd ADDITION (hours) 

F i g u r e  1: 
The  t ime  c o u r s e  of DNA f r a g m e n t a t i o n  f o l l o w i n g  e x p o s u r e  of  e x p o n e n t i a l l y  
p r o l i f e r a t i n g  c e l l s  to  80 + C i /mmole  t r i t i a t e d  t h y m i d i n e .  The  c l o s e d  c i r c l e s  a r e  
t h e  SolvenL C o n t r o l  c u l t u r e s  a n d  t h e  o p e n  c i r c l e s  a r e  t h e  c u l t u r e s  t r e a t e d  
w i t h  10 nM d i h y d r o - t e l e o c i d i n  B a t  t h e  t ime  of t h y m i d i n e  a d d i t i o n .  

327 



Vol. 155, No. 1, 1988 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

T a b l e  2:  The Effect of TPA and Cycloheximide on DNA 
Fragmentation in Replicate cultures of C3H 10TI/2 Cells 
Following Incorporation of High Specific Activity 3H- 

dThd (>80 Ci/mM) 

H o u r s  Solvent TPA Cyelohex. TPA + Cyclohex 
Control (10-VM) (10-SM) 

CPM I F 2 CPM* F z 
(XlO 4 ) (X104) 

CPM I F 2 
(Xl04 

CPM I F 2 
(XlO 4 ) 

48 

72 

96 

1 3 . 3  0 . 9 0  1 2 . 6  0 . 8 9  n d  0 . 9 2  1 1 . 3  0 . 8 7  

3 1 . 4  0 . 5 4  6 3 . 9  0 . 7 8  1 1 . 0  
(±4.4)(±0.04) (±30.5)(±0.04) (±2.2 

14.9 0.56 75.2 0.78 
(±12.4) (±.06) (±7.8 (±.05} 

1 0 . 6  
(+_2.0 

0.86 12.6 0.88 
(±.05) (±2.4) (±0.03) 

0.82 18.3 0.83 
(±.07) (±0.9) (±.07} 

Total cumulative incorporation of h i g h  specific activity 
3H-dThd (± standard deviation, n=4). Exponentially 
proliferating cultures received 2 uCi 3H-dThd with specific 
activity of 80-90 Ci/mM. At 48, 72, and 96h, each culture 
was rinsed with HBSS before addition of cold 1.5% perchloric 
acid. Tritium levels were measured in acid insoluble 
material collected from each culture dish as described 
previously (17). 

F is the DNA fragmentation factor calculated as described in 
Methods section (12). 

d i d  TPA. I t  i s  n o t e w o r t h y  t h a t  c y c l o h e x i m i d e  i n  c o m b i n a t i o n  w i t h  TPA 

c o m p l e t e l y  b l o c k e d  t h e  m i t o g e n i c  r e s p o n s e  of  TPA. 

G a m m a  R a d i a t i o n :  P r e c i s e  q u a n t i t a t i o n  o f  r a d i a t i o n  d o s e  i s  n o t  p o s s i b l e  w i t h  

3 H - d T h d  i n c o r p o r a t i o n  i n t o  DNA of  c e l l s  p r o l i f e r a t i n g  i n  v i t r o .  T h e r e f o r e ,  we  

w e r e  i n t e r e s t e d  i n  e x a m i n i n g  t h e  e f f e c t s  o f  TPA o n  g a m m a  r a d i a t i o n  i n d u c e d  

ce l l  d e a t h .  R e p l i c a t e  c u l t u r e s  ( n : 4 )  o f  e x p o n e n t i a l l y  p r o l i f e r a t i n g  c e l l s  w e r e  

i r r a d i a t e d  w i t h  10, 20, 30, a n d  40 Gy i n  t h e  p r e s e n c e  a n d  a b s e n c e  o f  TPA (10- 

aM), a n d  t h e  m e d i u m  r e n e w e d  w i t h  f r e s h  m e d i u m  c o n t a i n i n g  3 H - d T h d  (2 

u C i / 5 m l ,  5 C i /mmole} .  A f t e r  4 8 h ,  t h e  t o t a l  c u m u l a t i v e  i n c o r p o r a t i o n  o f  3H w a s  

d e t e r m i n e d  a n d  t h e  r e s u l t s  p r e s e n t e d  i n  F i g u r e  2. 

I n  t h e  s o l v e n t  t r e a t e d  c o n t r o l  c u l t u r e s ,  g r a d e d  d o s e s  o f  r a d i a t i o n  d i d  

n o t  r e s u l t  i n  s i g n i f i c a n t  c h a n g e s  i n  t h e  t o t a l  a m o u n t  o f  3 H - d T h d  i n c o r p o r a t e d  

o v e r  4 8 h .  H o w e v e r ,  i t  w a s  n o t e d  t h a t  c e l l  m o r p h o l o g y  d e g e n e r a t e d  

s u b s t a n t i a l l y  d u r i n g  t h i s  p e r i o d  a s  s h o w n  i n  F i g u r e  3. H o w e v e r ,  a q u i t e  

d i f f e r e n t  r e s p o n s e  w a s  n o t e d  i n  t h e  TPA t r e a t e d  c u l t u r e s .  T h e  g r a d e d  d o s e  o f  

r a d i a t i o n  p r o d u c e d  a d o s e  d e p e n d e n t  d e p r e s s i o n  i n  t h e  e n h a n c e d  m i t o g e n i c  

r e s p o n s e  d u e  t o  TPA u n t i l  t h e  r e s p o n s e  a t  40 Gy w a s  n o t  s i g n i f i c a n t l y  

d i f f e r e n t  f r o m  t h a t  of  t h e  s o l v e n t  t r e a t e d  c u l t u r e s  w h i c h  r e c e i v e d  f r e s h  
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F i g u r e  2: 
The e f f ec t  of g r a d e d  r a d i a t i o n  d o s e s  on  TPA s t i m u l a t i o n  of  48h cumula t ix 'e  
i n c o r p o r a t i o n  of  3H-dThd (2 uCi /SmI c u l t u r e ,  5 Ci/mmole) .  Repl ica te  c u l t u r e s  
(n=4) wePe i r r a d i a t e d  and  immedia te ly  t r a n s f e r r e d  to f~'esh medium wi th  a n d  
w i t h o u t  10-s~t TPA. S o l v e n t  c o n t r o l s  {open) ,  and  TPA {shaded} v a l u e s  a r e  
e x p r e s s e d  in t e r m s  of CP~t / r ep l i ca t e  c u l t u r e  _+ s t a n d a r d  dev i a t i on .  

medium alone.  The e n h a n c e m e n t  of  3H-dThd i n c o r p o r a t i o n  by  TPA is s e n s i t i v e  

to t he  dose  of r ad i a t i on .  However ,  t he  e f f e c t  of g r a d e d  r a d i a t i o n  on 

m o r p h o l o g y  of  t h e s e  ce l l s  was r a d i c a l l y  d i f f e r e n t  in TPA t r e a t e d  ce l l s  f rom 

t h a t  of  s o l v e n t  t r e a t e d ;  TPA t r e a t e d  ce l l s  showed  l i t t l e  c h a n g e  in m o r p h o l o g y  

( F i g u r e  3). All c u l t u r e s  t h a t  w e r e  ma in ta ined  fo r  an  a d d i t i o n a l  72h showed  a 

loss  of  g r o w t h  a c t i v i t y  and  no p r o l i f e r a t i o n  was s u s t a i n e d  fo l lowing  r a d i a t i o n  

d o s e s  a b o v e  10 Gy in bo th  s o l v e n t  and  TPA t r e a t e d  g r o u p s .  However ,  s o l v e n t  

t r e a t e d  c u l t u r e s  e x h i b i t e d  comple te  cel l  d e g e n e r a t i o n  and  d e t a c h m e n t  by  the  

end  of  t he  pe r i od ,  w h e r e a s ,  t he  TPA t r e a t e d  c u l t u r e s  r e t a i n e d  a u n i f o r m  

m o r p h o l o g y  which  was not  d i s t i n c t  f rom t h a t  of t he  n o n - i r r a d i a t e d  c u l t u r e s  of  

TPA t r e a t e d  10T1/2 ce l l s .  

DISCUSSION 

T h e s e  r e s u l t s  i n d i c a t e  t h a t  t umor  p r o m o t i n g  p h o r b o l  e s t e r s  i n h i b i t  t he  

p r o c e s s  of  p r o g r a m m e d  cel l  s u i c i d e  which  may be i n i t i a t e d  in a p o p u l a t i o n  

fo l lowing  c y t o t o x i c  s t r e s s .  We h a v e  examined  s e v e r a l  modes  of  c y t o t o x i c  s t r e s s  

i n c l u d i n g  h e a t  and  chemica l  c a r c i n o g e n  e x p o s u r e  a n d  p r e s e n t e d  h e r e  da t a  

r e g a r d i n g  two, a c u t e  s e r u m  w i t h d r a w a l ,  and  r ad i a t i on .  We h a v e  c o n c l u d e d  t h a t  

t umor  p r o m o t e r s  a f f o r d  p r o t e c t i o n  a g a i n s t  t h e  c y t o t o x i c  and  l e tha l  e f f e c t s  of  

low e n e r g y  beta emiss ion  (Table 2, F i g u r e  1), as  well  as  h i g h  e n e r g y  gamma 

r a d i a t i o n  ( F i g u r e s  2 and  3). To o u r  k n o w l e d g e ,  t h e r e  h a v e  b e e n  no p r e v i o u s  

r e p o r t s  of  r a d i o p r o t e c t i v e  a c t i v i t y  by  t umor  p r o m o t i n g  a g e n t s .  
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F i g u r e  3: 
P h o t o m i c r o g r a p h s  of C3H-10I I /2  cells  48h a f t e r  i r r a d i a t i o n  and  t r a n s f e r  to 
f r e s h  g rowth  medium; (A,B) so lven t  con t ro l  c u l t u r e s ,  (C,D) t r e a t e d  with 10-sH 
"rPA. Graded doses  of r a d i a t i o n  were  g iven  a t  1.5 Gy/min;  shown are  c u l t u r e s  
t h a t  r ece ived  0 Gy (A,C), and  40 Gy {B,D). (225X f inal  magnificatioi~) 

T h e  i m p l i c a t i o n s  o f  t h i s  d a t a  a r e  m a n i f o l d  s i n c e  i t  h a s  b e e n  s h o w n  

r e c e n t l y  t h a t  t h e  p r o c e s s  o f  a p o p t o s i s  m a y  b e  c r i t i c a l  to  a w i d e  v a r i e t y  o f  

b i o l o g i c a l  p h e n o m e n o n  {1-5) .  S k l a r  (22) h a s  p r e s e n t e d  e v i d e n c e  t h a t  

t r a n s f o r m a t i o n  w i t h  r a s  o n c o g e n e s  e n h a n c e d  r a d i o r e s i s t a n c e  o f  NIH 3T3 c e l l s .  

I n  v i e w  of  t h e  f a c t  t h a t  r a d i a t i o n  i n d u c e d  ce l l  l o s s  i s  a s s o c i a t e d  w i t h  

a p o p t o s i s ,  i t  i s  p o s s i b l e  t h a t  e n h a n c e m e n t  of  r a d i o r e s i s t a n c e  i s  m e d i a t e d  b y  

i n h i b i t i o n  o f  a p o p t o s i s  b y  o n c o g e n e  e x p r e s s i o n .  I t  i s  a l s o  c l e a r  t h a t  s p e c i f i c  

r a d i o s e n s i t i v i t y  i s  n o t  n e c e s s a r i l y  a s t a b l e  p h e n o t y p e  a n d  t h a t  i t  c a n  b e  

m o d u l a t e d  i n  n o r m a l  c e l l s .  R e c e n t l y ,  we  r e p o r t e d  t h a t  TPA p r o f o u n d l y  

i n f l u e n c e d  t h e  a p o p t o s i s  r e s p o n s e  of  h u m a n  p e r i p h e r a l  l e u k o c y t e s  to  g a m m a  

i r r a d i a t i o n  (23 ,24) .  

T h e s e  d a t a  w o u l d  s u p p o r t  t h e  c o n c e p t  t h a t  t h e  i n h i b i t i o n  of  a p o p t o s i s  i s  

d i r e c t l y  l i n k e d  t o  t h e  m e c h a n i s m  of  t u m o r  p r o m o t i o n .  We f e e l  t h a t  t h i s  i s  

e s p e c i a l l y  r e l e v a n t  to  v i r a l  a n d  r a d i a t i o n  i n d u c e d  t u m o r i g e n e s i s .  C l o u s t o n  a n d  
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Ker r  (1) h a v e  p r o p o s e d  t h a t  l y m p h o c y t o t o x i c i t y  a n d  c o n t a i n m e n t  of  v i r a l  

i n f e c t i o n s  a r e  d e p e n d e n t  u p o n  t h e  no rma l  p h y s i o l o g i c a l  f u n c t i o n  of  p r o g r a m m e d  

ce l l  s u i c i d e .  F u r t h e r m o r e ,  Valer ie  e t  al.  (26) r e c e n t l y  r e p o r t e d  t h a t  r a d i a t i o n -  

i n d u c e d  ce l l  s u i c i d e  is  c l o s e l y  a s s o c i a t e d  wi th  c o n c o m i t a n t  e n h a n c e m e n t  of  HIV 

r e p l i c a t i o n  in  i n f e c t e d  human  ce l l s .  T h e r e f o r e ,  we fee l  t h a t  i t  is  i m p o r t a n t  to  

c o n s i d e r  t h e  f a c t  t h a t  p h a r m a c o l o g i c a l  modu la t i on  of  a p o p t o s i s  may be  p o s s i b l e  

bo th  i n  v i t r o  a n d  i n  v i v o .  This  a c c e s s i b i l i t y  may p r o v i d e  t h e  n e c e s s a r y  too ls  

to f u r t h e r  e x p l o r e  t h e  b io log ica l  r o l e s  of  a p o p t o s i s ,  a n d  t h e  a b i l i t y  of  ce l l s  to 

i n i t i a t e  s e l f - d e s t r u c t i o n .  
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