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1. Main Research AccomDlishments 

The main research  accomplishments we have achieved s i n c e  t h e  i n i -  

t i a t i o n  of t h i s  p r o j e c t  on June 1, 1974, are descr ibed  i n  t h e  a t tached  

manuscripts ,  e n t i t l e d  "Comparative DNA Repair and i ts  D i s t r i b u t i o n  i n  

"Normal" and Cancerous Human Lymphoblastoid C e l l  Lines", and "Repetit ious 

D i s t r i b u t i o n  of DNA Synthesized Immediately and a t  D i f f e ren t  Times af ter  

U l t r a v i o l e t  Light  Exposure of Mouse L-929 Cells ." 

The o b j e c t i v e  of t h e  s tudy ,  as descr ibed  i n  our  i n i t i a l  g ran t  app l i -  

c a t i o n ,  was t o  inc rease  ou r  knowledge of t h e  molecular na tu re  of t h e  

r e p a i r  r e p l i c a t i o n  process  i n  lhormaltf  and cancerous mammalian cel ls  

maintained i n  t i s s u e  c u l t u r e  upon induct ion  of  r e p a i r  by t r e a t i n g  t h e  

ce l l s  with phys ica l  and chemical agents  known t o  damage DNA. 

t i o n  w a s  t o  q u a n t i t a t e  t h i s  r e p a i r  as a func t ion  of  dose and exposure 

time, and more s i g n i f i c a n t l y ,  t o  examine t h e  r e p e t i t i v e  na tu re  of t h e  

DNA undergoing r e p a i r  r e p l i c a t i o n .  We intended t o  i n v e s t i g a t e  r e p a i r  

r e p l i c a t i o n  i n  a v a r i e t y  of cel l  l i n e s ,  i nc lud ing  mouse L-929 and human 

lymphocyte ce l l s ,  normal human WI-38 d i p l o i d  cel ls  a t  d i f f e r e n t  passages,  

normal human s k i n  f i b r o b l a s t s  a t  e a r l y  passage from b iops i e s  from 

ind iv idua l s  of  d i f f e r e n t  ages ,  a d i sease - re l a t ed  human lymphocyte grow- 

ing  i n  c u l t u r e  (Kaplan's mononucleosis), a d i s e a s e - r e l a t e d  s k i n  f i b r o -  

b l a s t  (Xeroderma pigmentosum), and two human cancer  ce l l  l i n e s ,  HeLa-229 

and B u r k i t t ' s  lymphoma. 

t h e  accompanying manuscripts ,  and a l s o  descr ibed  i n  our annual Progress 

Our in ten -  

During t h e  course of  t h e  s t u d i e s  descr ibed i n  
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Reports,  we have found it appropr i a t e  t o  focus on seve ra l  of t hese  l i n e s .  

S tudies  t h e r e f o r e  have been performed with mouse L-929 ce l l s ,  %ormalt' 

human WIL2-A3 lymphoblastoid c e l l s ,  t h e  non-virus-producing RAJI l i n e  of 

B u r k i t t ' s  lymphoma, t h e  virus-producing EB-3 l i n e  of B u r k i t t ' s  lymphoma, 

WI-38 c e l l s  of d i f f e r e n t  passage number, and normal human s k i n  f i b r o b l a s t s  

from indiv idua ls  of d i f f e r e n t  ages.  S tudies  are a l s o  being performed wi th  

t h e  L5178Y mouse leukemic cell  l i n e .  

In  add i t ion  t o  t h e  r e p a i r  r e p l i c a t i o n  s t u d i e s  ind ica t ed  above, p re -  

l iminary work performed dur ing  t h e  course of t h i s  p r o j e c t  on t h e  effect  

of u l t r a v i o l e t  l i g h t  on DNA syn thes i s  l e d  us  t o  complete t h e  i n v e s t i g a t i o n s  

descr ibed i n  t h e  second manuscript  l i s t e d  above, i n  which we r e p o r t  on 

our s tudy of t h e  r e p e t i t i o u s  d i s t r i b u t i o n  of t he  DNA being synthes ized  

immediately o r  a t  l a t e r  times a f te r  W - i r r a d i a t i o n .  

A. Lymphoblastoid Ce l l  S tudies  

The DNA r e p a i r  r e p l i c a t i o n  occurr ing i n  t h r e e  human lymphoblastoid 

c e l l  l i n e s ,  measured us ing  3H-BrUdR incorpora t ion  and a l k a l i  dens i ty  

g rad ien t  c e n t r i f u g a t i o n  procedures ,  has been compared. For t h e  same 

UV exposure and r e p a i r  r e p l i c a t i o n  l a b e l l i n g  time, t h e  ex ten t s  of r e p a i r  

(dpm/pg) i n  a "normalIf l i n e ,  WIL -A3, and i n  t h e  M I ,  a non-virus-pro- 

ducing l i n e  of B u r k i t t ' s  lymphoma, were comparable; t h e  ex ten t  of r e p a i r  

was less i n  EB-3 c e l l s ,  a virus-producing l i n e  of B u r k i t t ' s  lymphoma. 

Upon t reatment  with methyl methanesulfonate,  a t  t h e  same c e l l  concent ra t ion  

2 
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and with t h e  same t r ea tmen t - l abe l l i ng  medium, t h e  ex ten t  of r e p a i r  r e p l i -  

c a t i o n  was aga in  similar i n  t h e  WIL - A 3  and RAJI ce l l s ,  and l e s s  i n  t h e  

EB-3 ce l l s .  

times of t h e  WIL - A 3  and RAJI cel ls ,  and t o  t h e  slower growth ra te  of t h e  

EB-3 ce l l s ,  r a t h e r  than t o  t h e  ex ten t  and kind of  v i r a l  information p resen t .  

2 

The d i f f e rence  may be  r e l a t e d  t o  t h e  similar populat ion doubling 

2 

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

lymphoblastoid ce l l s  was examined us ing  t h e  DNA/DNA ttCoT't 

W-induced r e p a i r  showed uniform d i s t r i b u t i o n  a t  low and in te rmedia te  CoTs. 

The MMS-induced r e p a i r  r e p l i c a t e d  DNA showed divergence from t h e  r eas soc ia -  

t i o n  of semi-conservat ively synthes ized  DNA at  in te rmedia te  t o  high CoTs; 

i . e .  f o r  each COT va lue ,  t h e r e  was  less r e a s s o c i a t i o n  of r e p a i r  r e p l i c a t i o n  

incorpora ted  r a d i o a c t i v i t y  than r a d i o a c t i v i t y  incorpora ted  during semi- 

conserva t ive  syn thes i s .  

technique , t h e  

B. The Extent  of Repair and i t s  D i s t r i b u t i o n  i n  Mouse L-929 Fibro- 

b l a s t  Cells. 

The extent of r e p a i r  r e p l i c a t i o n  i n  mouse L-929 cells was observed 
2 

t o  i n c r e a s e  up t o  a maximum a t  a W dose of  approximately 75 ergs/mm . 
The e x t e n t  of r e p a i r  r e p l i c a t i o n  r a d i o a c t i v i t y  decreased when the c e l l s  

were exposed t o  W l i g h t  f o r  more than 25 seconds a t  a dose r a t e  of 

9 . 4  ergs/mm /sec. 

us ing  our  s tandard 11 -BrUdR incorpora t ion  and a l k a l i  cesium chlor ide-  

cesium s u l f a t e  dens i ty  grad ien t  c e n t r i f u g a t i o n  procedure a f t e r  a 16 

2 When the  ex ten t  of  r e p a i r  r e p l i c a t i o n  was measured 

3 
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2 second W exposure a t  9 . 4  ergs/mm /sec ,  we found t h e  r e p a i r  t o  cont inua l ly  

inc rease  over  a 30-minute t o  5 hour r e p a i r  r e p l i c a t i o n  l a b e l l i n g  i n t e r v a l .  

When t h e  r e p a i r  r e p l i c a t e d  DNA i s o l a t e d  from W - i r r a d i a t e d  mouse L-929 

c e l l s  was i s o l a t e d  and a k i n e t i c  experiment performed, t h e  percent  reassoc ia-  

t i o n  of t h e  r e p a i r  r e p l i c a t e d  r a d i o a c t i v i t y  was very  similar a t  each COT 

va lue  over t h e  h ighly  r e p e t i t i v e  t o  in te rmedia te  range t o  semi-conservat ively 

synthes ized  DNA. 

C. DNA Synthesis  I n h i b i t i o n  S tudies ;  L-929 Cells. 

We have observed, as has  been descr ibed i n  t h e  l i t e r a t u r e ,  t h a t  t h e  

3H-thymidine incorpora t ion  r a t e  (dpm/pg DNA) i n  mouse L-929 cells decreases 

immediately a f t e r  exposure t o  u l t r a v i o l e t  l i g h t .  

dose dependent, b u t  a t  exposures g r e a t e r  than 225 ergs/mm 

r a d i o - r e s i s t a n t .  

changes i n  t h e  uptake of 3H-thymidine i n t o  t h e  ac id  s o l u b l e  pool (dpm/pg 

DNA) of t h e  ce l l s .  

approximately 35% of t h e  con t ro l  ra te ,  the  percentage which h ighly  

r e p e t i t i o u s  and in te rmedia te  r e p e t i t i o u s  DNA c o n t r i b u t e s  t o  t h e  t o t a l  mouse 

genome, we performed DNA/DNA 'TOT" s tud ie s  with DNA l a b e l l e d  with H- 

thymidine immediately a f te r  exposure of L-929 ce l l s  with a dose of W 

r e s u l t i n g  i n  r a d i o - r e s i s t a n t  incorpora t ion .  

This decrease was i n i t i a l l y  
2 appeared t o  be 

We could not expla in  t h e  r a d i o - r e s i s t a n t  incorpora t ion  by 

Since t h e  r a d i o - r e s i s t a n t  incorpora t ion  amounted t o  

3 

We hypothesized t h a t  only 

r e p e t i t i o u s  DNA was cont inuing t o  incorpora te  3H-thymidine a t  t h i s  dose.  

Our COT s t u d i e s ,  performed i n  t h e  h ighly  r e p e t i t i v e  t o  in te rmedia te  range, 

d id  not  show t h e  r ap id  r eas soc ia t ion  of r a d i o a c t i v i t y  which would have 

confirmed this; i . e . ,  t h e  r a d i o r e s i s t a n t  syn thes i s  was of DNA of a l l  

f 0 4  I 1 8 1  
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c la s ses  of r e p e t i t i o u s  frequency. 

a f t e r  UV exposure, during the  per iod  when p o s t - r e p l i c a t i o n  r e p a i r  is 

presumed t o  be occurr ing ,  w a s  s i m i l a r l y  l a b e l l e d  f o r  s h o r t  i n t e r v a l s  

and i s o l a t e d .  The DNA/DNA COT s t u d i e s  showed t h a t  t h i s  DNA syn thes i s  

was a l s o  of a l l  c l a s s e s  of r e p e t i t i o u s  frequency. 

DNA synthesized a t  d i f f e r e n t  times 

D. Repair Repl ica t ion  and Repet i t ious  Di s t r ibu t ion  S tudies  Performed 

with WI-38 Human Diploid F ib rob la s t  Cells 

Two types of i n v e s t i g a t i o n s  have been performed involving WI-38 

c e l l s  a f t e r  UV and/or methyl methanesulfonate exposure. The first type  

of experiment is pre l iminary  t o  a s tudy of t h e  r e p e t i t i o u s  d i s t r i b u t i o n  

occurr ing immediately a f t e r  damage by W l i g h t  o r  MMS treatment  as com- 

pared t o  the  r e p e t i t i o u s  d i s t r i b u t i o n  of t he  r e p a i r  upon longer  r e p a i r -  

l a b e l l i n g  t imes.  The second type of i n v e s t i g a t i o n  i s  a s tudy of t h e  

ex ten t  of r e p a i r  and i ts  d i s t r i b u t i o n  i n  the  genome upon equiva len t  

t reatments  of WI-38 c e l l s  at early-middle a s  compared t o  l a t e  passage. 

(1) Since our  i n t e n t i o n  i s  t o  compare t h e  r e p e t i t i o u s  d i s t r i -  

bu t ion  of t he  DNA which is r e p a i r  r e p l i c a t e d  immediately a f t e r  W 

exposure, and/or a f t e r  MMS t rea tment ,  as  compared t o  t h a t  r epa i r ed  a t  

l a t e r  t imes,  we have inves t iga t ed  t h e  time course of t he  r e p a i r  using 

a pulse  r e p a i r - l a b e l l i n g  procedure.  

9.4 ergs/mm / sec ,  and an M S  t reatment  (5 mM) f o r  one hour,  we found 

For a W dose of 30 seconds a t  
2 

t h a t  a one hour t reatment  l a b e l  with MMS r e s u l t e d  i n  l e s s  r e p a i r  r e p l i -  

ca t ion  r a d i o a c t i v i t y  incorporated pe r  pg of DNA than t h e  r e p a i r  
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r e p l i c a t i o n  l a b e l  incorporated dur ing  even t h e  fou r th  hour post-LJV 

exposure with t h i s  dose. 

(2)  Two experiments t o  s tudy  t h e  ex ten t  of r e p a i r  r e p l i c a t i o n  and 

i ts  d i s t r i b u t i o n  i n  early-middle passage (passage 24) as compared t o  

l a t e  passage (passage 46 o r  48) WI-38 f i b r o b l a s t s  a f t e r  W - i r r a d i a t i o n  

were i n i t i a t e d .  In the  first experiment,  involving passage 2 A  and pas- 

sage  46 c e l l s ,  i n s u f f i c i e n t  t o t a l  r a d i o a c t i v i t y  i n  an i n s u f f i c i e n t  

amount of DNA w a s  i s o l a t e d  a f t e r  t h e  f i n a l  a l k a l i n e  cesium chlor ide-  

cesium s u l f a t e  dens i ty  g rad ien t  c e n t r i f u g a t i o n  f o r  COT s t u d i e s .  The 

experiment was the re fo re  repea ted  us ing  passage 24 and passage 48 WI-38 

c e l l s .  

i n  t h e  l a te  passage c e l l s  a f t e r  equiva len t  UV exposure (150 ergs/mm ) .  

Both experiments i n d i c a t e d  a s l i g h t l y  h igher  ex ten t  of r e p a i r  
2 

0 
The passage 24 and passage 48 r e p a i r  r e p l i c a t i o n  l a b e l l e d  D N A ' s  i s o l a t e d  

were then subjec ted  t o  our DNA/DNA k i n e t i c  r e a c t i o n  experiments,  over 

a COT range extending from 2 x t o  10 . This encompasses the  range 1 

where h ighly  r e p e t i t i o u s  and in te rmedia te  r e p e t i t i o u s  DNA would be 

r eas soc ia t ing .  There does appear t o  be a d i f f e r e n c e  i n  t h e  percentage 

r e a s s o c i a t i o n  of r e p a i r  r e p l i c a t e d  DNA as compared t o  semi-conservatively 

C14-thymidine l abe l l ed  DNA i n  t h e  passage 24 c e l l s ,  i n  con t r a s t  t o  t h e  

passage 48 c e l l s ,  where we cannot s e e  a s i g n i f i c a n t  d i f f e rence .  We were 

a b l e  t o  maintain the  l a t e  passage c e l l s  i n  t h e  experiment t o  passage 54. 

I 0 4  t 1 8 9  6 



E. Studies  of t h e  Repair Repl icat ion Label l ing  of  Normal Human Skin 

F ib rob la s t  Cul tures  from Indiv idua ls  of  D i f f e ren t  Ages Af te r  UV 

Light Exposure. 

Each of t h e  ce l l  l i n e s  employed i n  t h i s  s tudy  was observed t o  have 

its own c h a r a c t e r i s t i c  growth ra te  and cell  s ize .  

which could be recovered p e r  d i sh  f o r  each l i n e  were unknown t o  us p r i o r  

t o  t h i s  experiment. We found t h a t  we were only a b l e  t o  recover  DNA with 

s u f f i c i e n t  r e p a i r  r e p l i c a t i o n  r a d i o a c t i v i t y  from t h e  W experiment a f te r  

t h e  f i rs t  a l k a l i  cesium chloride-cesium s u l f a t e  d e n s i t y  g rad ien t .  

are no t  prepared a t  t h i s  time t o  make any d e f i n i t i v e  statement as t o  t h e  

ex ten t  of  r e p a i r  i n  t h e  human s k i n  f i b r o b l a s t  cel ls  i s o l a t e d  from i n d i v i -  

dua ls  of d i f f e r e n t  ages ,  even though t h e  ages s e l e c t e d  f o r  subsequent 

s tudy w i l l  be based on t h e  prel iminary d a t a  from t h i s  f irst  experiment. 

The number of cel ls  

We 

F.  Alkal ine E lu t ion  Technique 

We have i n i t i a t e d  s t u d i e s  of  t he  a p p l i c a t i o n  of t h e  a l k a l i n e  e l u t i o n  

technique f o r  d e t e c t i n g  DNA s ing le - s t r and  breaks and c ross - l inks  so as t o  

be a b l e  t o  s tudy  t h e  r e l a t i o n s h i p  of DNA s t r a n d  breakage and r e jo in ing ,  

c ros s - l i nk  formation,  DNA r e p a i r  r e p l i c a t i o n ,  and L5178Y mutagensis. We 

w i l l  be  employing t h e  a l k a l i n e  e l u t i o n  technique descr ibed  by Kohn, 

e t  a l .  (1974, 1976). In performing t h e s e  s t u d i e s ,  we are us ing  the  

L5178Y thymidine k inase  heterozygote  cells  descr ibed  by C l ive  and Spector 

(1975) and k indly  donated t o  us by D r .  Cl ive.  

t o 4 1 1 9 0  7 



We have performed a s e r i e s  of prel iminary experiments, using 3 H- 

thymidine l a b e l l e d  W - i r r a d i a t e d  o r  nontreated cont ro l  c e l l s ,  s o  as 

t o  e s t a b l i s h  our  confidence i n  t h e  technique.  

va r i ab le s  as  t he  e f f e c t s  of room l i g h t i n g  on the  e l u t i o n  ( t h i s  must 

be performed i n  darkness) ,  t h e  e f f e c t  of d i f f e r e n t  mo la r i t i e s  of H4 EDTA 

on t h e  e l u t i o n  (0.02 M H EDTA has  been chosen f o r  f u t u r e  u s e ) ,  and 

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

e lu t ed  from f i l t e r s  i n  s e p a r a t e  f i l t e r  ho lders .  

We have compared such 

4 

2 .  Plans for  Continuat ion of Present Objectives and New Object ives  

A. Present  Object ives  

(1) Lymphoblastoid Cel l  S tud ie s  

We w i l l  i n v e s t i g a t e  why t h e  MMS induced r e p a i r  r e p l i c a t i o n  rad io-  

a c t i v i t y  i n  WIL2-A3 c e l l s  rena tured  t o  a l e s s e r  ex ten t  a t  in te rmedia te  

and high COT va lues  then semi-conservat ively synthesized DNA. To 

accomplish t h i s  we in t end  t o  t rea t  WIL2-A3 c e l l s  with WS, but  allow 

f o r  extended r e p a i r  t o  occur (e .g .  24 hours) before  DNA i s o l a t i o n  and 

k i n e t i c  s tudy.  A l t e r n a t i v e l y ,  we w i l l  i n v e s t i g a t e  t h e  use  of an ac id  

p r e c i p i t a t i o n  technique t o  s e e  i f  t h e  non-renatured r e p a i r  r e p l i c a t e d  

r a d i o a c t i v i t y  is i n  i n t a c t  DNA, o r  DNA which has been degraded t o  very 

small p ieces  (e .g . ,  l e s s  than 20 nuc leo t ides  i n  length)  during the  

extended high COT incubat ion a t  6OoC.  

attempt high COT incubat ions a t  low temperature i n  the  presence of 

If t h i s  is the  case,  we w i l l  

f ormamide . 
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(2) WI-38 Cel l  S tudies  

We have already r e p a i r  r e p l i c a t i o n  l a b e l l e d  WI-38 c e l l  DNA f o r  

30 min and 3 h r s  pos t -W,  and a r e  preparing t o  i s o l a t e  t he  DNA f o r  

k i n e t i c  s tudy ,  

be t r e a t e d  with W and poss ib ly  MMS, so  t h a t  our  k i n e t i c  experiments 

comparing e a r l y  t o  l a t e  passage r e p a i r  r e p l i c a t i o n  can be repeated and 

c a r r i e d  out  over t he  e n t i r e  COT range, inc luding  high COTS. 

WI-38 c e l l s  a r e  being ca r r i ed  t o  l a t e  passage, and w i l l  

(31 Skin F ib rob la s t s  Ce l l s  from Donors of D i f f e ren t  Ages 

We w i l l  i n i t i a t e  c u l t u r e s  of sk in  f i b r o b l a s t s  from indiv idua ls  of 

t h r e e  ages (3 years ,  31 yea r s ,  and 92 years )  s o  a s  t o  compare t h e  extent  

of  r e p a i r  r e p l i c a t i o n  a f t e r  equiva len t  W-induced damage. 

g a t e  us ing  a more rap id  technique,  descr ibed by Smith and Hanawalt (1976), 

f o r  measuring r e p a i r  r e p l i c a t i o n  r a d i o a c t i v i t y .  

We w i l l  i n v e s t i -  

(4) Alkal ine Elu t ion  Technique 

We w i l l  continue our  s tudy  of the  app l i ca t ion  of t h i s  technique 

t o  t h e  measurement of DNA s ing le - s t r and  breaks and cross - l inks  i n  L5178Y 

mouse lymphoma c e l l s  heterozygous a t  the  thymidine kinase locus.  

B.  New Object ives  

The r e l a t i o n s h i p  of DNA syn thes i s ,  DNA damage, and its r e p a i r ,  

w i l l  be inves t iga t ed  as r e l a t e d  t o  surv iva l  and mutagenesis a t  t he  

9 



thymidine kinase locus of L5178Y mouse lymphoma cells, with particular 

attention to events occurring during the post-treatment "expression 

time". 

DNA synthesis will be indicated by measurements of effects on 

3H-TdR uptake and incorporation. 

ing, as well as cross-links, will be measured by the alkaline elution 

technique. 

poration and alkali cesium chloride-cesium sulfate density gradient 

centrifugation procedure. The binding of radio-labelled mutagens to 

DNA, as a function of post-treatment incubation time, will be correlated 

with the above. 

and soft agar cloning technique. 

Single-strand breaks and their rejoin- 

Repair replication will be measured using an 3H-BrUdR incor- 

Viability will be measured using eosin Y dye exclusion 

3 .  

1. 

2. 
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4 .  S igni f icance  of This Research Area 

One of t h e  s i g n i f i c a n t  ques t ions  remaining i n  t h e  a rea  of r e p a i r  

r e p l i c a t i o n  is what i s  i t s  t r u e  s ign i f i cance  i n  terms of c e l l  su rv iva l  

and gene t i c  a l t e r a t i o n ,  a f t e r  DNA i s  damaged by phys ica l  and chemical 

agents ,  consider ing that o t h e r  types of DNA r e p a i r  (e .g .  r e j o i n i n g ,  

pos t - r ep l i ca t ion  r e p a i r )  a r e  a l s o  occurr ing.  While much information 
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has been accumulating i n  b a c t e r i a l  and mammalian c e l l  systems, t h e r e  

is st i l l  a g r e a t  need t o  r e l a t e  DNA damage of a l l  types and i t s  r e p a i r  

t o  g e n e t i c  changes, which inc lude  chromosome aberva t ions ,  mutagensis, 

anc carc inogens is .  

mental hea l th  research ,  where some of t hese  i n d i c a t o r s  a r e / o r  w i l l  be  

r e l i e d  upon f o r  assess ing  t h e  r e l a t v e  biohazard of a wide spectrum of 

environmental p o l l u t a n t s  i n  r ap id  screening  systems. 

This i s  e s p e c i a l l y  important i n  t h e  a rea  of environ- 

5 .  Present  Division of Federal  Research SuDDort 

A. USERDA Contract No. E-(40-1)-4761, "Repet i t ious na ture  of 
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Inves t iga to r ,  25% time. 

June 1, 1976-May 31, 1977: $32,045 (Direct  Cos t s ) .  

Level of funding f o r  cu r ren t  a c t i v e  per iod ,  

B .  EPA Grant P ro jec t  No. R803705, "In v i t r o  assay of r e l a t i v e  -- 
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P r inc ipa l  Inves t iga to r ,  10% time. 

per iod ,  J u l y  7,  1976-Ju16 6,  1977,: $79,324. (Di rec t  Costs) .  

Level of funding f o r  cu r ren t  a c t i v e  

C .  N C I  Contract No. N01-CM-67075, "Conduct i n  v i t r o  c e l l  c u l t u r e  -- 
screening  of new ma te r i a l s  f o r  c y t o t o x i c i t y , "  (January 1, 1976-December 
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a c t i v e  per iod ,  January 1, 1977-December 31, 1977: $96,866. (Direct  Cos ts ) .  
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Amer. SOC.  Ce l l  B i o l . ,  Abst.  #559, November, 1975. ORO-4761-3 

"Repe t i t i t ve  D i s t r i b u t i o n  o f  DNA i n  Mouse L-929 C e l l s  Synthesized 

Imrnsdiately a f t e r  D i f f e ren t  U l t r a v i o l e t  L ight  Exposures." 

Mart in  L .  Meltz and William Thornburg", 

Southwest Foundation fo r  Research and Educat ion,  San Antonio,  Texas 

78284 

The inco rpora t ion  of  3H-thymidine i n t o  ac id  p r e c i p i t a b l e  DNA immediately 

a f t e r  exposure of mouse L-929 c e l l s  t o  u l t r a v i o l e t  l i g h t  decreases  wi th  increas-  

ing  UV f luence .  A f t e r  exposures above 225 e r g s / m  , t h e  percentage  incorpora t ion  

i n  exposed as compared t o  un i r r ad ia t ed  c e l l  DNA appears  t o  remain cons tan t  a t  

a l e v e l  o f  approximately 35%. Since t h i s  seemingly " r a d i o r e s i s t a n t "  percentage 

inco rpora t ion  dur ing  the  30-minute l a b e l l i n g  per iod  corresponds t o  the  

percentage of mouse DNA comprising the  h ighly  r e p e t i t i v e  and in te rmedia te  

r e p e t i t i v e  f r a c t i o n s ,  the  DNA/DNA Cot technique w a s  app l i ed  t o  the  f r a c t i o n a t i o n  

of semi-conserva t ive ly  synthesized DNA from u n i r r a d i a t e d  ce l l s ,  of DNA synthesized 

i n  c e l l s  exposed t o  a p a r t i a l l y  i n h i b i t o r y  dose,  and of DNA synthes ized  i n  c e l l s  

exposed t o  a dose r e s u l t i n g  i n  " r a d i o r e s i s t a n t "  i nco rpora t ion .  

t he  percentage r e n a t u r a t i o n  of t he  incorpora ted  r a d i o a c t i v i t y  had t h e  same 

va lues  a s  DNA l a b e l l e d  f o r  2 4  hours i n  unexposed c e l l s  u s ing  14C-thymidine as 

DNA pe rcu r so r .  This i n d i c a t e s  t h a t  t h e r e  is no s e l e c t i v e  shutdown of syn thes i s  

of  any p a r t i c u l a r  r e p e t i t i v e  c l a s s  of DNA a f t e r  u l t r a v i o l e t  l i g h t  i r r a d i a t i o n .  

The r e s i s t a n t  i nco rpora t ion  may a c t u a l l y  be due t o  increased  uptake of 

3H-thyrnidine i n t o  t h e  ac id  so lub le  pool dur ing  t h e  l a b e l l i n g  i n t e r v a l ,  while  

DNA s y n t h e s i s  is s t i l l  cont inuing  t o  decrease .  

2 

In  each case ,  

This work i s  supported by USERDA Contract  No. AT-(40-1)-4761. 
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R a d i a t .  Res. SOC., Abst. Be-7, 1975. ORO-4761-2 

"Repair Rep l i ca t ion  and i t s  D i s t r i b u t i o n  i n  "Normal" a n d  Cancerous 

Human Lymphoblastoid C e l l  Lines A f t e r  Phys ica l  and Chemical Damage." 

Martin L .  Meltz and William H .  Thornburg?;, 

Southwest Foundation f o r  Research and Education, San Antonio, 

Texas 78284 

A comparison w i l l  be p re sen ted  of t h e  a b i l i t y  o f  a presumptive "normal" 

human lymphoblastoid c e l l  l i n e ,  t h e  WIL2-A3 l i n e ,  and t h e  cancerous B u r k i t t ' s  

Lymphoma R a j i  l i n e  t o  r e p a i r  damage t o  t h e i r  DNA a f t e r  u l t r a v i o l e t  l i g h t ,  

a l k y l a t i n g  agent  (methyl methanesulfonate) and benz(4)pyrene t r ea tmen t .  The 

e x t e n t  of r e p a i r  a f t e r  u l t r a v i o l e t  l i g h t  induced damage appears  s l i g h t l y  

g r e a t e r  i n  t h e  TJIL2-A3 l i n e  a t  a v e r y  high W dose,  as measured by dpm/"g 

of incorpora ted  3H-BrUdR i n t o  p r e e x i s t i n g  DNA. 

The benzo(oOpyrene, i n  c o n t r a s t  t o  MMS, presumably must be  metabolized 

t o  an a c t i v e  form i n  o r d e r  t o  damage DNA. The e x t e n t  of  r e p a i r  r e p l i c a t i o n  

occur r ing  upon BaP t r ea tmen t ,  i n  c e l l s  i n  which an a t tempt  i s  made t o  pre- 

induce a r y l  hydrocarbon hydroxylase a c t i v i t y ,  w i l l  be r epor t ed .  The r e p e t i t i o u s  

d i s t r i b u t i o n  of r e p a i r  r e p l i c a t e d  DNA (DNAIDNA Cot va lues)  w i l l  be r epor t ed  f o r  

t h e  two c e l l  l i n e s .  

This work i s  supported by U.S.A.E.C. Contract No. AT-(40-1)-4761. 
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ABSTRACT 

The DNA repair replication occurring in three human lymphoblastoid cell 

lines, measured using 3H-BrUdR incorporation and alkali density gradient 

centrifugation procedures, is compared. 

replication labelling time, the extent of repair (dpm/pg) in a "normal" line, 

WIL2-A3, and in the RAJI, a non-virus-producing line of Burkitt's lymphoma, 

is comparable, and the extent of repair is less in EB-3 cells, a virus- 

producing line of Burkitt's lymphoma. Upon treatment with methyl methane- 

sulfonate, at the same cell concentration and with the same treatment- 

labelling medium, the extent of repair replication is again similar in the 

WIL2-A3 and RAJI cells, and less in the EB-3 cells. The difference may be 

related to the similar population doubling times of the WIL2-A3 and RAJI 

cells, and the slower growth rate of the EB-3 cells, rather than to the 

extent and kind of viral information present. 

For the same UV exposure and repair 

When the repetitious distribution of the repair replicated DNA of the 

lymphoblastoid cells is examined using the DNA/DNA "COT" technique, the UV- 

induced repair shows uniform distribution at low and intermediate CoTs. The 

MMS-induced repair shows divergence from the reassociation of semi-conserva- 

tively synthesized DNA at intermediate to high CoTs. 

INTRODUCTION 

Deoxyribonucleic acid repair after ultraviolet light irradiation has 

been shown to occur in freshly isolated non-mitogen stimulated human 
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per iphe ra l  lymphocytes (1 ,2 ) ,  These s t u d i e s ,  performed us ing  autoradiographic  

and DNA a c i d  p r e c i p i t a t i o n  techniques,  d i d  n o t  i n d i c a t e  any s i g n i f i c a n t  

d i f f e r e n c e  occurr ing  i n  t h e  e x t e n t  of  DNA r e p a i r  i n  f r e s h  lymphocytes i s o l a t e d  

from p a t i e n t s  with chronic lymphocytic leukemia a s  compared t o  those  from 

normal ind iv idua l s  a f t e r  equiva len t  doses  of UV i r r a d i a t i o n .  The parameters 

measured included t h e  percent  o f - l a b e l l e d  ce l l s ,  t h e  number o f  g r a i n  counts ,  

and t h e  n e t  d i s i n t e g r a t i o n s  pe r  minute p e r  c e l l .  In  c o n t r a s t  t o  t h e s e  ear l ie r  

i n v e s t i g a t i o n s ,  a more recent  s tudy  (3 )  o f  t h e  r a t e  of  r e p a i r  i n  human chronic 

leukemic lymphocytes d id  i n d i c a t e  t h a t  t h e r e  was an increased ra te  of  r e p a i r  

not  expla inable  by a l t e r a t i o n s  i n  pool  s i z e  i n  t h e  lymphocytes of  p a t i e n t s  

with chronic  lymphocytic leukemia as compared t o  those of  normal i n d i v i d u a l s .  

The measure of r e p a i r  was by a de te rmina t ion  o f  ac id  p r e c i p i t a b l e  DNA r ad io -  

a c t i v i t y .  

removal o f  UV-induced dimers i n  t h e  leukemic lymphocytes. These au thors  (3)  

suggested t h a t  the  increased r e p a i r  a c t i v i t y  might be of v i r a l  o r i g i n .  

expand on t h i s  i nves t iga t ion ,  we have s t u d i e d  t h e  ex ten t  o f  r e p a i r  occur r ing  

i n  severa l  continuous human lymphoblastoid ce l l  l i n e s ,  inc luding  a presump- 

t i v e  "normal" c e l l  l i n e ,  WIL2-A3; a non-virus-producing l i n e  of  B u r k i t t ' s  

lymphoma ce l l s ,  t h e  FUJI c e l l  l i n e ;  and a virus-producing l i n e  t h e  B u r k i t t ' s  

EB-3 c e l l  l i n e .  We ra i sed  t h e  ques t ion  as t o  whether d i f f e r e n t  degrees  of  

v i r a l  presence would have any e f f e c t  on t h e  a b i l i t y  of t h e  ce l l  t o  r e p a i r  

equiva len t  ex ten t s  o f  damage induced by UV-irradiation, and, i n  add i t ion ,  

whether equiva len t  amounts o f  r e p a i r  would occur a f t e r  t rea tment  o f  t h e  

d i f f e r e n t  ce l l  l i n e s  with an equ iva len t  concent ra t ion  o f  an a l k y l a t i n g  agent, 

i n  p a r t i c u l a r ,  methyl methanesulfonate.  

The increased incorpora t ion  was a l s o  co r re l a t ed  with a f a s t e r  

To 
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In earlier studies, performed after UV-irradiation (4) and after chemical 

carcinogen treatments ( 5 ) ,  the repetitious distribution of the repair repli- 

cation radioactivity in the DNA of the genome was studied using the DNA/DNA 

COT technique ( 6 ) .  

replication was uniformly distributed throughout the DNA in the genome of the 

mammalian cells exposed. We have investigated whether o r  not the degree of 

viral involvement in the different lymphoblastoid cell lines has any effect 

on the distribution of the DNA repair occurring after UV-irradiation and MMS 

treatment. 

The evidence in these investigations was that the repair 

MATERIALS AND METHODS 

Chemicals. The chemicals employed in this study included: hydroxyl- 

apatite Bio-Gel HTP (Bio-Rad Laboratories, Richmond, CA.); ethylenediamine 

tetraacetic acid, disodium salt (as well as trisodium salt and free acid) 

(Sigma, St. Louis, MO.); cesium chloride, optical grade (Schwarz/Mann, 

Orangeburg, N Y ) ;  cesium sulphate, 99.99+% (Column One, Inc., Ann Arbor, 

MI.); 5-bromodeoxpridiney A grade (Calbiochem., San Diego, CA.); 5-  

fluorodeoxyuridine (Hoffmann-La Roche, Inc., NutIey, N J); hydroxyurea, 

A grade (Calbiochem.); dextran sulfate, analytical, (Nutritional Biochemicals 

Corporation, Cleveland, OH); methyl methanesulfonate (Eastman, Rochester, 

N Y) ; Ribonuclease A, phosphate free (Worthington Biochemical Corp., 

Freehold, N J); Pronase (Calbiochem.); and - -  E. coli DNA (Worthington 

Biochemical Corp. ) . 
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Radiochemicals. The radiochemicals employed included: thymidine 

[methyl-14C], 54-57 mCi/mmole; thymidine [2-14C], 45 mCi/mmole; 5-bromo-2'- 

deoxyuridine [6 -  H I ,  12-15 Ci/mmole in 50% EtOH, or 13-14 Ci/mmole in sterile 3 

aqueous solution; all from Schwarz/Mann, Orangeburg, N Y. 

Cell Line Maintenance. The three lymphoblastoid cell lines employed i n  

this study were all maintained in Minimal Essential Medium (Earle's) with 10% 

fetal calf serum supplemented with sodium pyruvate (1 mM), L-glutamine (4 mM), 

twice the normal amount o f  nonessential amino acids, and the antibiotics 

penicil l in-streptomycin-fungazone (Grand Island Biological Company, Grand 

Island, N Y ) .  The cells were maintained in 125 or 250 ml capped tissue 

culture flasks on a New Brunswick rotatory shaker in a 37' C warm room. The 

WIL2-A3 cells were generously supplied by Drs. Frank Dixon and Richard Lerner 

of Scripps Institute (La Jolla). 

cells were obtained from the American Type Culture Collection. 

The RAJI cells and EB-3 Burkitt's lymphoma 

Procedures for Cell Irradiation and Repair Replication Labelling. The 

repair replication protocol employed in the W-irradiation studies is basically 

that previously described ( 4 , 7 ) .  

cultured with cells to a concentration of approximately 700,000 cells per ml 

in 50 ml. 

and 5 pg/ml dextran sulfate. The inclusion of dextran sulfate was found 

necessary to prevent extensive loss of WIL2-A3 cells by attachment to glass 

Capped 250 ml Erlenmeyer flasks were mass 

The medium in the flasks was adjusted to 1 pM FUdR, 5 yM BrUdR, 

and plastic surfaces during the PBS washing and UV-irradiation steps which 

followed. At the end of the one-hour pre-incubation period, the cells in 

each flask were decanted into eight 50 ml Corning sterile conical tubes, 
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and cent r i fuged  a t  800 rpm f o r  e i g h t  minutes a t  room temperature  i n  an 

I n t e r n a t i o n a l  PR-J  c e n t r i f u g e .  The supe rna tan t  was a sp i r a t ed ,  and t h e  

cel ls  i n  each tube were resuspended wi th  5 m l  o f  PBS-dextran s u l f a t e  

(5 pg/ml). The ce l l s  from each two tubes  were combined, and aga in  c e n t r i -  

fuged. The wash s o l u t i o n  was a s p i r a t e d ,  and t h e  c e l l s ,  a t  a maximum 

number of  3.5 x 10 7 p e r  tube,  were resuspended i n  8 m l  o f  PBS-dextran 

s u l f a t e .  For each dose (0, 2, 5, and 10 seconds) 2 m l  a l i q u o t s  o f  t h e  

above 8 m l  were d i s t r i b u t e d  i n t o  100 m l  p l a s t i c  Optilux p e t r i  d i s h e s  

(Falcon) f o r  i r r a d i a t i o n .  Immediately a f t e r  i r r a d i a t i n g  with a s p e c i a l l y  

b u i l t  W - i r r a d i a t i o n  device (8) a t  9 . 4  e r g s  p e r  mm pe r  second, exposing 2 

fou r  d i shes  a t  each dose, t h e  c e l l s  were t r a n s f e r r e d  by p i p e t  back i n t o  a 

cen t r i fuge  tube,  t h e  d i shes  were washed wi th  a f r e s h  4 m l  a l i q u o t  o f  PBS- 

dextran s u l f a t e ,  and t h e  c e l l  suspension was cent r i fuged ,  a s p i r a t e d ,  and 

resuspended i n  1 0  m l  o f  l a b e l l i n g  medium conta in ing  1 pM FUdR, 1 mM 

hydroxyurea and 10 pCi/ml of  H-BrUdR (adjus ted  t o  5 F.IM f i n a l  BrUdr con- 3 

c e n t r a t i o n ) .  After t h r e e  hours o f  r e p a i r  r e p l i c a t i o n  l a b e l l i n g ,  t h e  c e l l s  

were cen t r i fuged ,  washed with f r e s h  BrUdR-FUdR medium conta in ing  fe ta l  

calf  serum (but without dext ran  s u l f a t e ) ,  and f i n a l l y  resuspended i n  

BrUdR-FUdR medium f o r  one hour a d d i t i o n a l  incubat ion.  A t  t h e  end of  t h i s  

incubat ion time, t h e  cel ls  were cen t r i fuged ,  t h e  medium a s p i r a t e d ,  and 

t h e  ce l l s  frozen by immersion i n  e thanol -dry  i c e .  

Exposure o f  Lymphoblastoid Cell Lines t o  Methyl Methanesulfonate and 

Repair Repl icat ion Label l ing.  The t rea tment  and l a b e l l i n g  p ro toco l s  employed 

were b a s i c a l l y  those  descr ibed  above, with t h e  exception t h a t  d e x t r a n - s u l f a t e  

was not  included i n  t h e  experiment.  Two types of  experiments were performed; 
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in the first, the cells were pre-incubated 1 hour with BrUdR-FUdR medium, 

centrifuged, and resuspended in repair replication labelling medium con- 

taining MMS at the desired concentration. The cells were incubated for 

3 hours on the rotatory shaker. 

BrUdR-FUdR medium and again incubated in BrUdR-FUdR medium for one hour. 

In the second type of experiments, the cells were incubated for different 

treatment-repair replication labelling times at one MMS concentration. 

They were then washed one time with 

DNA Isolation Procedure. The procedure for DNA isolation has been 

described (7) and includes cell homogenization, RNase digestion, pronase 

digestion, and de-proteinization steps. 

Density Gradient Centrifugation Procedures. For these experiments, the 

density gradient procedure initially used (4) was modified (9) to employ two 

alkali density gradient centrifugations in cesium chloride-cesium sulfate 

at room temperature for 40 hours at 42,000 rpm in a Beckman-Spinco Type 50 

Ti Rotor in a Beckman L3-50 centrifuge. After centrifugation, the alkali 

gradients were fractionated by bottom collection using an Isco fraction col- 

lector with drop counter. The tubes containing the pre-existing, non-density 

shifted, repair replicated DNA were pooled, and centrifuged a second time 

using the alkali density gradient centrifugation procedure. 

fractions were again pooled, pelleted, and resuspended as described below. 

The DNA concentration was determined using a spectrofluorometric technique 

(10). 

0.2 ml aliquots in Beckman Bio-Solv BBS-3 counting solution, and correcting 

to dpm by automatic computer correction using external standards. 

The appropriate 

The radioactivity of the final solution was determined by counting 
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Modif icat ion o f  Repair Label l ing Procedures f o r  DNA t o  be  Used i n  Kinetic 

Experiments. 

with the  except ion t h a t  t h e  concent ra t ion  o f  t r i t i a t e d  BrUdR i n  t h e  r e p a i r  

The experiments were performed e s s e n t i a l l y  as descr ibed  above, 

l a b e l l i n g  medium was a t  50 pCi/ml (13-14 Ci/mmole i n  s t e r i l e  aqueous s o l u t i o n ) .  

Procedures f o r  Kine t ic  Reactions.  Af t e r  t h e  f i n a l  cesium ch lo r ide -  

cesium s u l f a t e  a l k a l i  g rad ien t  cen t r i fuga t ion ,  t h e  appropr i a t e  f r a c t i o n s  were 

pooled, t h e  a l k a l i  n e u t r a l i z e d  by a d d i t i o n  o f  HC1, and t h e  cesium ch lo r ide -  

cesium s u l f a t e  s o l u t i o n  d i l u t e d  with water. 

c e n t r i f u g a t i o n  a t  42,000 rpm a t  10' C i n  a Beckman L3-50 c e n t r i f u g e .  

The DNA was then p e l l e t e d  by 

After 

slowly removing t h e  superna tan t  by p i p e t ,  t h e  p e l l e t  was resuspended i n  1/10 

SSC. The r a d i o a c t i v i t y  and concent ra t ion  were determined as descr ibed  above. 

An appropr i a t e  concen t r a t ion  o f  r e p a i r  r e p l i c a t e d  DNA was mixed with an 

appropr ia te  concen t r a t ion  o f  C14- thymidine l a b e l  led ,  semi -conservat ively 

synthesized WIL2-A3 DNA (24-hour l a b e l ) .  

above and f u r t h e r  p u r i f i e d  by one n e u t r a l  pH cesium chlor ide  d e n s i t y  grad ien t  

The l a t t e r  was i s o l a t e d  as described 

cen t r i fuga t ion .  For low COTS, non-radioact ive E .  c o l i  DNA was added; f o r  

high COTS, non-rad ioac t ive  WIL2-A3 DNA was added. 

subjected t o  a series o f  s t e p s ,  including:  a )  adding g lycero l  and shear ing  

- -  
The combined DNA was then 

us ing  a V i r T i s  "60" homogenizer f o r  30 min a t  50,000 rprn i n  ice,  b) p r e c i p i -  

t a t i o n  with e thy l  a lcohol  i n  t h e  presence o f  sodium acetate, c) p e l l e t i n g  of  

t h e  DNA a t  10,000 r p m  f o r  20 min a t  4OC i n  a Sorval SS-34 r o t o r ,  d )  r e sus -  

pension of t he  DNA i n  phosphate buffered-EDTA (0.12 M phosphate bu f fe r ,  0.002 

M EDTA), e )  measurement of  t h e  DNA concent ra t ion  by r ad ioac t ive  counts  (or 

by the  spec t ro f luo romet r i c  procedure f o r  high COT va lues) ,  f )  dena tu ra t ion  

of  t h e  samples i n  c a p i l l a r y  o r  t e s t  tubes a t  t h e  appropr ia te  concent ra t ions  



by boiling in a hot water bath, g) incubation of the samples for the appro- 

priate times at 60' C, h) freezing of the samples in acetone-dry ice until 

analysis, i) fractionation of the samples on hydroxylapatite in columns to 

separate single-stranded from double-stranded DNA, and radioactive counting 

of the fractions in BBS-3 liquid scintillation solution. 

been derived from procedures previously described (11). Duplicates of each 

reaction were performed for each COT point; the charts show the averages of 

these two values. 

These methods have 

RESULTS 

Cell Proliferation. The growth curves of the three human lymphoblastoid 

cell lines employed in this study, as determined by hemocytometer count, are 

shown in Chart 1. 

lymphoblastoid cells and the RAJI line of Burkitt's lymphoma cells have similar 

population doubling times in the exponential phase of growth; the E B - 3  line 

of Burkitt's lymphoma cells appears to have a longer population doubling time. 

As maintained in our laboratory, the WIL2-A3 "normal" 

UV Irradiation Studies; Extent of DNA Repair. The comparative repair 

replication radioactivity incorporated into the DNA of WIL2-A3 and RAJI 

lymphoblastoid cell lines after different ultraviolet light exposures appears 

in Chart 2 .  

3 with 

described. The W dose rate was 9.4 ergs/mm /sec. 

performed on different days with different labelling solutions. 

The two cell lines were exposed and repair replication labelled 

H-BrUdR at 10 yCi/ml using the standard repair replication protocol 
2 These experiments were 
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In  o rde r  t o  ob ta in  d e f i n i t i v e  r e s u l t s  f o r  comparison of  UV-induced 

r e p a i r  between t h e  d i f f e r e n t  c e l l  l i n e s ,  we performed t h e  experiment us ing  

c e l l s  from approximately t h e  same regions o f  t h e  growth curve f o r  t he  t h r e e  

c e l l  l i n e s ,  incubat ing  them a t  equiva len t  c e l l  concent ra t ions  with t h e  same 

l a b e l l i n g  medium a f t e r  one UV dose.  

from t h i s  UV i r r a d i a t i o n  experiment appear i n  Chart  3 .  

l a t e d  i n  Table 1. From t h i s  t a b l e ,  we do n o t  s e e  any s i g n i f i c a n t  d i f f e rence  

i n  t h e  ex ten t  o f  r e p a i r  r e p l i c a t i o n  occurr ing  a f t e r  u l t r a v i o l e t  l i g h t  i r r a d i a -  

t i o n  a t  t h i s  dose between t h e  WIL2-A3 and RAJI c e l l  l i n e s .  On t h e  o the r  hand, 

t h e  e x t e n t  o f  r e p a i r  occurr ing a f t e r  a similar UV exposure and equivalent  

l a b e l l i n g  time i n  t h e  EB-3 c e l l  l i n e  was lower. 

The d e n s i t y  g rad ien t  p r o f i l e s  r e s u l t i n g  

The r e s u l t s  a r e  tabu-  

Extent o f  DNA Repair i n  Human Lymphoblastoid Cells a f t e r  Methyl Methane- 

Su l fona te  Treatment. We f i r s t  inves t iga t ed  t h e  concentration-dependence of 

t h e  incorpora ted  r e p a i r  r e p l i c a t i o n  r a d i o a c t i v i t y  f o r  t h e  d i f f e r e n t  lympho- 

b l a s t o i d  ce l l  l i n e s  upon exposure o f  t h e  c e l l s  t o  t h e  chemical mutagen methyl 

methanesulfonate.  Typical f i r s t  and second a l k a l i  cesium chloride-cesium 

s u l f a t e  g rad ien t  p r o f i l e s  f o r  t h e  DNA of WIL2-A3 c e l l s  undergoing r e p a i r  

r e p l i c a t i o n  i n  t h e  presence o f  d i f f e r e n t  concen t r a t ions  of  MMS a r e  shown i n  

Chart  4. The concentrat ions employed were 0.1, 0.5, 1.0, 5.0, and 10.0 mM 

MMS. Control (untreated)  cu l tu re s  showed i n s i g n i f i c a n t  r a d i o a c t i v i t y  i n  t h e  

normal d e n s i t y  region.  

RAJI cel ls ,  appear  i n  Chart 5. I t  appeared from t h e s e  curves,  performed a t  

d i f f e r e n t  times with d i f f e r e n t  MMS t r ea tmen t - l abe l l i ng  so lu t ions ,  t h a t  s i g n i f i -  

can t  d i f f e r e n c e s  might exis t  between the  e x t e n t  o f  damage and r e p a i r  upon MMS 

t rea tment  i n  the  WIL2-A3 c e l l s  as compared t o  t h e  RAJI c e l l s .  To i n v e s t i g a t e  

The r e s u l t s  of  t h e s e  experiments,  f o r  WIL2-A3 and 
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t h i s ,  we s e l e c t e d  from t h e  above experiment 5 mM MMS a s  t h e  concent ra t ion  t o  

be employed f o r  determining t h e  time course o f  r e p a i r  r e p l i c a t i o n  i n  WIL - A 3 ,  

M I ,  and EB-3 cel ls  dur ing  MMS t reatment .  

2 

The c e l l s  i n  each s t u a t i o n  were obtained from t h e  r a p i d l y  growing port ion 

of  t h e  c e l l  growth curve 

Chart 6 .  

ment (Chart S), t he  ex ten t  o f  r e p a i r  r e p l i c a t i o n  i n  RAJI ce l l  DNA f o r  a given 

r e p a i r  r e p l i c a t i o n  time and a t  t h e  same concent ra t ion  o f  MMS was much g r e a t e r  

than f o r  e i t h e r  WIL2-A3 o r  EB-3 c e l l s ;  t h e  r e s u l t  a l s o  seemed t o  be  i n  cont ra -  

d i c t i o n  t o  t h e  u l t r a v i o l e t  l i g h t  r e s u l t s  which ind ica t ed  similar ex ten t s  o f  

r e p a i r  a f t e r  equ iva len t  W exposures.  

we inves t iga t ed  t h e  e f fec t  t h a t  t h e  c e l l  concent ra t ion  would have on the  

ex ten t  of r e p a i r  r e p l i c a t i o n  during t rea tment ,  and a l s o  t h e  ex ten t  of  r e p a i r  

occurr ing when t h e  same number o f  c e l l s  were t r e a t e d ,  bu t  wi th  t h e  c e l l s  

taken from d i f f e r e n t  po r t ions  of  t h e  r a p i d l y  growing region o f  t h e  c e l l  growth 

curve.  

r e s u l t s  appear i n  Table 2 .  

it would appear t h a t  n e i t h e r  t h e  c e l l  concent ra t ion  during t h e  t reatment-  

l a b e l l i n g  pe r iod ,  o r  t h e  s t a g e  of  t h e  p r o l i f e r a t i n g  reg ion  from which t h e  

c e l l s  t o  be t r e a t e d  were i n i t i a l l y  taken, had a s i g n i f i c a n t  effect  on t h e  

ex ten t  of  DNA r e p a i r  r e p l i c a t i o n .  The above discrepency could no t  be explained 

t h e o r e t i c a l l y ,  and we t h e r e f o r e  proceeded t o  perform a d e f i n i t i v e  experiment, 

wherein we t r e a t e d  ce l l s  from similar reg ions  o f  t h e  growth curve f o r  t h e  

t h r e e  ce l l  l i n e s  a t  t h e  same c e l l  concent ra t ion  with two MMS concent ra t ions ,  

and used t h e  same t r ea tmen t - l abe l l i ng  medium t o  t r e a t  each of  t h e  c e l l  l i n e s  

The r e s u l t s  o f  t h e s e  experiments a r e  shown i n  

In c o n t r a s t  t o  t h e  r e s u l t s  of t h e  concent ra t ion  dependence exper i -  

In  o r d e r  t o  r e so lve  t h i s  inconsis tency,  

A schematic diagram o f  these  experiments appears  i n  Chart  7 .  The 

From these  experiments performed with RAJI c e l l s ,  
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a t  each MMS concent ra t ion .  

t h a t  t he  a lky la t ing  agent  might not  b e  p re sen t  a t  any t ime a f t e r  p repa ra t ion  

with the  same l eve l  o f  a c t i v i t y  i n  d i f f e r e n t  media p repa ra t ions  conta in ing  

serum; it  i s  known t h a t  a l k y l a t i n g  agents  can have a r e l a t i v e l y  s h o r t  h a l f -  

l i f e  i n  so lu t ion .  The f i r s t  and second a l k a l i  cesium-chloride-cesium s u l f a t e  

g rad ien t  p r o f i l e s  f o r  t h e s e  experiments appear  i n  Charts 8 and 9 .  

a r e  summarized i n  Table 3 .  

study,  we see  t h a t  t h e  e x t e n t  o f  r e p a i r  occur r ing  a f t e r  equiva len t  t rea tment -  

l a b e l l i n g  condi t ions i s  similar f o r  t h e  RAJI c e l l  l i n e  and t h e  W I L 2 - A 3  c e l l  

l i n e ,  while the  EB-3  ce l l s  aga in  show, as a f t e r  UV i r r a d i a t i o n ,  a lower ex ten t  

of  r e p a i r  r e p l i c a t i o n  a t  both MMS concent ra t ions .  

This  p ro toco l  t akes  i n t o  cons idera t ion  the  f a c t  

The r e s u l t s  

Based on t h i s  c a r e f u l l y  performed comparative 

Repet i t ious  D i s t r i b u t i o n  S tud ie s .  Based on the  p o s s i b i l i t y  t h a t  v i r a l  

information might no t  be  uniformly d i s t r i b u t e d  throughout t h e  genome, but  

r a t h e r  located i n  DNA sequences o f  a p a r t i c u l a r  r e p e t i t i o u s  frequency, and 

hypothesizing t h a t  r e p a i r  a c t i v i t y  might be  a s soc ia t ed  with t h i s  v i r a l  

information,  we inves t iga t ed  t h e  r e p e t i t i o u s  d i s t r i b u t i o n  o f  t h e  DNA under- 

going r e p a i r  r e p l i c a t i o n  i n  t h e  t h r e e  lymphoblastoid ce l l  l i n e s  a f t e r  W l i g h t  

i r r a d i a t i o n  and i n  two o f  t h e  t h r e e  c e l l  l i n e s  a f t e r  MMS-induced damage. 

In  performing the  k i n e t i c  DNA/DNA hybr id i za t ion  experiments descr ibed  

below, we always included a C14-label led,  semi-conservat ively synthesized 

(24  h r )  DNA as an i n t e r n a l  c o n t r o l .  The con t ro l  (un t rea ted)  COT d a t a  

p l o t t e d  i n  Chart 10 are  i n c l u s i v e  f o r  almost a l l  o f  t h e  experiments performed 

over  t h e  course o f  t h i s  s tudy;  t h e  s t r a i g h t  l i n e  f i t  i s  a logari thmic curve 

of t he  form Y = a + b n a t u r a l  l o g  X c a l c u l a t e d  on a Packard H P - 9 8 2 0 A  computer 

13 



Chart 11 shows the kinetic data obtained upon reassociation incubation 

of repair replicated DNA isolated from W-irradiated EB-3 cells exposed to 

16 seconds of ultraviolet light at 9.4 ergs/mm /sec and labelled with 50 2 

pCi/ml 3H-BrUdR. 

this study, the distribution of the H-BrUdR labelled, repair replicated DNA 

is similar to that of  the 24 hr C14-thymidine labelled, semi-conservatively 

As can be seen over the low to intermediate COT range of 
3 

synthesized WIL2-A3 DNA. 

DNA isolated similarly from WIL -A3 and RAJI lymphoblastoid cells after a 

16 second W dose at 9.4 ergs/mm /sec, the ratio of reassociated tritium 

labelled DNA to reassociated C14-labelled DNA was similar at the different 

In experiments performed using the repair replicated 

2 
2 

COT values studied over the low to intermediate COT range (unpublished 

observation). The distribution o f  repair replicated radioactivitiy appears 

to be uniform under these conditions of exposure and labelling for all three 

cell lines. 

Repetitious Distribution of Repair Replicated DNA After MMS-Induced 

Damage. 

replicated DNA isolated from MMS-exposed WTL2-A3 cells and RAJI lymphoblastoid 

cells (5  mM MMS) appear in Chart 12. In contrast to the data reported above 

for W induced damage, there appears to be divergence between the extent of 

reassociation of H-BrUdR labelled, repair replicated DNA and C14-thymidine 

labelled, semi-conservatively synthesized DNA beginning in the low to inter- 

mediate COT region. 

The kinetic data obtained upon reassociation incubation of repair 

3 

When repair replicated DNA was obtained in a separate MMS (5 mM) treat- 

ment-labelling experiment, and subjected to reassociation at high COT 
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condi t ions  (Chart 13) , t h i s  divergence,  wi th  semi -cons e rva  t i v e l  y s ynthes i zed 

DNA showing a g r e a t e r  precentage  r e a s s o c i a t i o n  a t  each COT po in t  than t h e  

r e p a i r  l a b e l l e d  DNA, appears  t o  cont inue.  

i n  another  experiment (Chart 14) ,  a f te r  another  MMS (5  mM) t r ea tmen t - l abe l l i ng  

experiment.  

t he  e n t i r e  COT range.  

These r e s u l t s  were aga in  obtained 

In  t h i s  l a s t  experiment,  t h e  same DNA p repa ra t ion  was used over 

DISCUSSION 

Extent  o f  Repair .  Our o r i g i n a l  hypothesis  was t h a t  t h e  ex ten t  of r e p a i r  

r e p l i c a t i o n  i n  d i f f e r e n t  human lymphoblastoid c e l l  l i n e s  was somehow r e l a t e d  

t o  the  presence  o f  v i r a l  information i n  t h e  genome, o r  t o  t h e  ce l l ' s  a b i l i t y  

t o  produce v i r u s ,  presuming equiva len t  amounts o f  DNA damage. The c e l l  l i n e s  

chosen f o r  t h i s  i n v e s t i g a t i o n  were t h e  WIL2-A3 c e l l  l i n e ,  i s o l a t e d  from a 

young boy wi th  splenomegaly (12) (presumed normal),  t h e  FUJI l i n e  of Burk i t t ' s  

lymphoma o r i g i n a l l y  i s o l a t e d  by P u l v e r t a f t  (13),  which has been shown t o  have 

Epstein-Barr v i r a l  information i n  t h e  genome (14,  1 5 ) ,  and t h e  EB-3 l i n e  of  

B u r k i t t ' s  lymphoma (16), which i s  a v i r u s  producer (17).  Even though t h e  

WIL -A3 l i n e  i s  presumed normal, i t  i s  be l ieved  t h a t  t h e  presence o f  a t  l e a s t  

some Epstein-Barr  v i r u s  information i s  requi red  i n  t h e  genome f o r  human lympho- 

b l a s t o i d  ce l l s  t o  be capable  o f  continuous -- i n  v i t r o  growth (18) .  

2 

While our  r e s u l t s  do i n d i c a t e  a d i f f e r e n c e  i n  t h e  e x t e n t  of  r e p a i r  

occur r ing  i n  EB-3 c e l l s  a f te r  W i r r a d i a t i o n ,  a s  compared t o  WIL2-A3 and 

RAJI ce l l s ,  t h e  s i t u a t i o n  is  o f  such complexity t h a t  we cannot s t a t e  t h a t  

t h e  d i f f e r e n c e  is  due t o  t h e  c a p a b i l i t y  f o r  v i r u s  product ion o f  t h e  EB-3 
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c e l l s .  

s i z e d  t h a t  t h e  a d d i t i o n a l  v i r a l  information i n  t h e  E B - 3  cel l  would increase  

t h e i r  r e p a i r  c a p a b i l i t y .  In  f ac t ,  t h e  s imples t  explanat ion f o r  our  r e s u l t s  

would be t h a t  t he  c a p a b i l i t y  o f  r e p a i r i n g  equivalent  amounts of damage during 

an equiva len t  r e p a i r  r e p l i c a t i o n  l a b e l l i n g  i n t e r v a l  presuming equiva len t  pool 

s i z e s  and uptakes of r a d i o a c t i v e  precursor ,  i s  r e l a t e d  t o  t h e  ce l l  growth 

r a t e .  I t  has r e c e n t l y  been shown t h a t  t h e  r a t e  of r e p a i r  i n  lymphocytes i s  

i n h i b i t e d  i n  propor t ion  t o  t h e  i n h i b i t i o n  of t he  ra te  of  DNA syn thes i s ,  as 

a f f e c t e d  by d i f f e r e n t  i n h i b i t o r s  (19).  Support f o r  such an explanat ion o f  

o u r  r e s u l t s  would r e q u i r e  a knowledge o f  t h e  t r u e  DNA s y n t h e t i c  ra te  o f  t h e  

E B - 3  cells,  with t h e i r  s lower growth ra te ,  and t h e  DNA s y n t h e t i c  r a t e s  of  

t h e  RAJI and WIL2-A3 c e l l s ,  w i th  t h e i r  fas te r  popula t ion  doubling t imes.  

The lower ex ten t  o f  r e p a i r  would i n  f a c t  no t  be expected if we hypothe- 

The r e s u l t s  ob ta ined  upon MMS t rea tment  and r e p a i r  r e p l i c a t i o n  l a b e l l i n g  

o f  t h e  DNA of t h e  d i f f e r e n t  c e l l  l i n e s ,  a f t e r  t reatment  a t  two d i f f e r e n t  MMS 

concent ra t ions ,  would support  t h e  UV d a t a  i n  t h a t  we measure a lesser amount 

o f  r e p a i r  r e p l i c a t i o n  i n  t h e  EB-3 c e l l s  as compared t o  t h e  WIL2-A3 and R A J I  

ce l ls .  Such r e s u l t s  a r e ,  however, sub jec t  t o  t h e  a d d i t i o n a l  complication 

t h a t  t he  molecular dosimetry necessary  t o  v e r i f y  i d e n t i c a l  ex ten t s  of  damage 

i n  the  DNA of t h e  d i f f e r e n t  ce l l  l ines  i s  no t  known. 

Repet i t ious  D i s t r i b u t i o n .  The uni formi ty  of  r e p a i r  r e p l i c a t i o n  o f  DNA 

damage has  been previous ly  demonstrated a f t e r  t reatment  of  o the r  mammalian 

cells by both W i r r a d i a t i o n  (4)  and chemical carcinogens (5) .  The uniform 
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distribution after UV irradiation has herein been confirmed in human lympho- 

blastoid cell lines, and appears independent of  the degree of viral involve- 

ment in the cells. The results of  our studies involving methyl methane- 

sulfonate treatment present a different situation since, with increasing COT, 

it appears that repair replication labelled DNA is reassociating to a lesser 

extent at each COT value in proportionally different amounts as compared to 

the reassociation o f  semi-conservatively synthesized DNA. 

dealing with DNA which has been damaged by treatment with an alkylating agent, 

and because of the prolonged high (6OoC) incubation temperatures employed in 

these studies, we cannot preclude the possibility at this time that the 

resultant lessening of reassociation is induced by some artifact of  the 

incubation procedure which is affecting the reassociation ability of the 

alkali damaged, repair replicated DNA. The latter, in addition, probably 

still has unrepaired damage due t o  the alkylation process, probably including 

base damage. Additional investigations into resolving this problem are 

currently being performed. 

Because we are 
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TABLE 1 

Repair Radioac t iv i ty  i n  t h e  DNA of  WTL2-A3, R A J I  and EB-3 

Lymphoblastoid C e l l s  After Exposure t o  16 sec UV I r r a d i a t i o n  

(9.4 ergs/mm /sec) .  
2 

Cell Line 

WIL2-A3 

RAJI 

EB-3 

1 0 4 1 8 i 8  

dpm/pg i s o l a t e d  DNA 

5999 

5920 

4980 

2 1  



TABLE 2 

A .  Repair Replication Radioactivity Resulting Upon Treating 

Different Cell Concentrations at the Same MMS Concentration 

(5 MI. 

Cell Concentration 
(Ce 11 s/ml1 

2,500,000 

1,250,000 

625,000 

dpm/pg Isolated DNA 

605 

630 

666 

B. Repair Replication Radioactivity Resulting Upon Treating 

the Same Cell Concentrations with Cells Taken from Different 

Points in the Growth Curve (5 mM MMS). 

Cell Concentration 
in Culture 
(Cells/ml) 

1,192,800 

718,200 

276,784 

dpm/pg Isolated DNA 

61 2 

712 

635 
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TABLE 3 

Comparative Repair Rad ioac t iv i ty  i n  WIL2-A3 (Normal), RAJI 

(Non-Virus Producer),  and EB-3 (Virus Producer) Lymphoblastoid 

Cells Upon Treatment wi th  MMS. 

MMS Concentration dpm/yg I so la t ed  DNA 
( M o l a r )  WIL2-A3 RAJ I EB- 3 - 

0.2 303 233 194 

5 657 68 3 272 
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Chart 1. Growth curves of human lymphoblastoid c e l l  l i n e s  maintained 

i n  t i s s u e  c u l t u r e .  Cell concent ra t ions  determined by hemo- 

cytometer count.  

ce l l s ;  (- - - )  R A J I  l i n e  o f  B u r k i t t ' s  lymphoma c e l l ;  (-.-) 

WIL2-A3 normal lymphoblastoid ce l l s .  

(- ) EB-3 l i n e  of  B u r k i t t ' s  lymphoma 

Chart 2 .  Comparative r e p a i r  r e p l i c a t i o n  r a d i o a c t i v i t y  i n  WIL2-A3 and 

M I  lymphoblastoid c e l l  DNA a f te r  d i f f e r e n t  UV exposures.  

The two c e l l  l i n e s  were exposed and r e p a i r - r e p l i c a t i o n  l abe l l ed  

us ing  ou r  s tandard  r e p a i r  r e p l i c a t i o n  pro tocol .  

9.4 ergs/mm / sec .  

Dose ra te  = 

2 

Chart 3 .  Density g rad ien t  p r o f i l e s  ob ta ined  upon first and second a l k a l i  

cesium chlor ide-cesium s u l f a t e  dens i ty  grad ien t  c e n t r i f u g a t i o n s  

of  DNA i s o l a t e d  from WIL2-A3,  RAJI o r  EB-3 c e l l s  a f t e r  exposure 

t o  16 seconds o f  UV l i g h t  and l a b e l l e d  with equiva len t  concent ra t ions  

3 of  H-BrUdr. Upper l e f t  and upper r i g h t  p r o f i l e s :  f irst  and 

second g rad ien t s  f o r  WIL2-A3 DNA. 

RAJI ce l l  DNA. Lower g rad ien t  p r o f i l e s :  EB-3 c e l l  DNA. 

Middle g rad ien t  p r o f i l e s  : 

Chart 4 .  Typical f i r s t  and second d e n s i t y  grad ien t  p r o f i l e s  ob ta ined  upon 

a l k a l i  cesium chlor ide-cesium s u l f a t e  dens i ty  g rad ien t  cen t r i fuga t ion  

o f  DNA of  WIL2-A3 cells undergoing r e p a i r  r e p l i c a t i o n  i n  t h e  presence 

of  d i f f e r e n t  concent ra t ions  of  MMS. Beginning with t h e  upper 

l e f t  f i g u r e  t o  t h e  lower l e f t  f i g u r e ;  f i rs t  g rad ien t  p r o f i l e s  

obtained upon t reatment  with 0.1, 0.5, 1.0,  5.0, and 10.0 JIM MMS. 

1 0 4 1 8 2 1  
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Beginning with the  upper r i g h t  f i g u r e  t o  t h e  lower r i g h t  f i gu re ;  

second g rad ien t  p r o f i l e s  a t  t h e  same concent ra t ion  as ad jacent  

figure. 

Chart 5. MMS concentration-dependence of  incorpora ted  r e p a i r  r e p l i c a t i o n  

r a d i o a c t i v i t y  determined us ing  s t anda rd  r e p a i r  r e p l i c a t i o n  l a b e l -  

l i n g  and gradien t  c e n t r i f u g a t i o n  procedures.  

response of  WIL2-A3 c e l l s .  

of B u r k i t t ' s  lymphoma. 

Upper f i g u r e ;  

Lower f i g u r e ;  response o f  RAJI l i n e  

Chart 6 .  Repair r e p l i c a t i o n  r a d i o a c t i v i t y  i n  i s o l a t e d  DNA determined as a 

func t ion  o f  r e p a i r  r e p l i c a t i o n  t r ea tmen t - l abe l l i ng  time. Cells 

t r e a t e d  with 5 MMS i n  t h e  presence  o f  'H-BrUdR. 

WIL2-A3 ce l l s .  Middle f i g u r e ;  RAJI c e l l s .  Lower figure;EB-3 c e l l s .  

Top f igu re ;  

Chart 7 .  Schematic diagram showing t h e o r e t i c a l  growth curves o f  lympho- 

b l a s t o i d  ce l l s .  Cells were taken from d i f f e r e n t  s t a g e s  o f  t h e  

growth curve and t r e a t e d  a t  t h e  same ce l l  concent ra t ion ,  o r  

ob ta ined  from one s t a g e  o f  t h e  growth curve and t r e a t e d  a t  

d i f f e r e n t  cel l  concent ra t ions ,  t o  determine t h e  effects o f  t h e s e  

v a r i a b l e s  on t h e  ex ten t  o f  r e p a i r  r e p l i c a t i o n  upon t reatment  wi th  

methyl methanesulfonate. 

Chart 8. Density grad ien t  p r o f i l e s  of  DNA obta ined  a f t e r  MMS-induced 

r e p a i r  r e p l i c a t i o n  a t  a concen t r a t ion  o f  0.2 mM. Upper l e f t  and 

I 0 4  1 8 2 2  
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upper right gradient profiles: first and second gradients for 

WIL2-A3 DNA. Middle gradient profiles: RAJI cell DNA. Lower 

gradient profiles: EB-3 cell DNA. 

Chart 9. Density gradient profiles of DNA obtained after MMS-induced 

repair replication at a concentration of 5 mM. Upper left and 

upper right gradient profiles: first and second gradients for 

WIL2-A3 DNA. Middle gradient profiles: M I  cell DNA. Lower 

gradient profiles: EB-3 cell DNA. 

Chart 10. Plot of reassociation data for control C14-thymidine labelled 

semi-conservatively synthesized WIL2-A3 DNA from almost all of 

the COT experiments performed for this project. 

line is a logarithmic curve of the form Y = A + B natural log X, 

calculated on a Hewlitt-Packard HP-9820A computer. 

The straight 

Chart 11. Kinetic data obtained upon reassociation incubation of repair 

replicated DNA isolated from UV-irradiated EB-3 cells exposed 

to 16 seconds of UV at 9.4 ergs/mm /sec and labeled with 

(- ), and of semi-conservatively synthesized DNA labelled with C 

thymidine (- - - ) .  

2 3 H-BrUdR 
14 - 

Chart 12. Upper chart: Kinetic data obtained upon reassociation incubation 

of repair replicated DNA isolated from MMS-exposed (5 mM) WIL2-A3 
3 cells, labelled with H-BrUdR (-), and of semi-conservatively 

synthesized DNA labeled with C14-thymidine (- - -) . Lower chart: 
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Char 

Kinetic data obtained upon reassociation incubation of repair 

replicated DNA isolated from MMS-treated (5 mM) RAJI cells, 
3 labelled with H-BrUdR (-), and semi-conservatively synthesized 

DNA labelled with C14-thymidine (- - - ) .  

13.  Kinetic data obtained upon reassociation incuba ion at high 

COT values of  repair replicated DNA isolated from MMS-treated 

( 5  mM) WIL2-A3 cells, labelled with H-BrlJdR (-), and of 

semi-conservatively synthesized DNA labelled with C14-thymidine 

3 

(- - -). 

Chart 14. Kinetic data obtained upon reassociation incubation of repair 

replicated DNA isolated from MMS-treated (5 mM) WIL2-A3 cells, 

labelled with %-BrUdR (-), and semi-conservatively synthesized 

DNA labelled with C14-thymidine (- - -) .  

entire COT range was from one experimental treatment. 

DNA employed over the 

1 0 4 1 8 2 4  
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Abstract  

The DNA precur so r  3H-thymidine incorpora t ion  ra te  (dpm/Ug DNA) i n  

mouse L-929 c e l l s  decreases  immediately a f t e r  exposure t o  u l t r a v i o l e t  

l i g h t .  This decrease  i s  i n i t i a l l y  dose dependent, bu t  a t  exposures 

g r e a t e r  than 225 ergs/mm 2 appears t o  be r a d i o - r e s i s t a n t .  This  was not 

explained by measurements of  uptake of  'H-thymidine i n t o  t h e  ac id  

so lub le  pool (dpm/pg D N A ) .  Since t h e  r a d i o - r e s i s t a n t  incorpora t ion  

amounted t o  approximately 35% of  t h e  con t ro l  r a t e ,  t h e  percentage which 

h ighly  r e p e t i t i o u s  DNA con t r ibu te s  t o  t h e  t o t a l  mouse genome, we per- 

formed DNA/DNA "COT" s t u d i e s  with DNA l abe l l ed  with 'H-thymidine immedi- 

a t e l y  a f t e r  exposure o f  L-929 c e l l s  with a dose o f  W r e s u l t i n g  i n  

r a d i o - r e s i s t a n t  i nco rpora t ion .  

DNA was cont inuing  t o  inco rpora t e  3H-thymidine a t  t h i s  dose.  

We hypothesized t h a t  on ly  r e p e t i t i o u s  

Our COT 

s t u d i e s ,  performed i n  t h e  h ighly  r e p e t i t i v e  t o  in te rmedia te  range,  did 

not  show t h e  r ap id  r e a s s o c i a t i o n  of  r a d i o a c t i v i t y  which would have con- 

firmed t h i s ;  i . e . ,  t h e  r a d i o - r e s i s t a n t  syn thes i s  i s  o f  DNA of a l l  c l a s s e s  

o f  r e p e t i t i o u s  f requency.  DNA synthesized a t  d i f f e r e n t  times a f t e r  UV 

exposure, dur ing  t h e  per iod  when pos t - r ep l i ca t ion  r e p a i r  is  presumed t o  

be occurr ing ,  was s i m i l a r l y  l abe l l ed  f o r  s h o r t  i n t e r v a l s  and i s o l a t e d .  

The DNA/DNA COT s t u d i e s  showed t h a t  t h i s  DNA syn thes i s  was a l s o  o f  a l l  

c l a s s e s  of  r e p e t i t i o u s  frequency. 

i O l t t 8 4 l  2 



In t roduct ion  

The i n h i b i t i o n  o f  DNA s y n t h e s i s  immediately a f t e r  u l t r a v i o l e t  (UV) 

i r r a d i a t i o n  has been repor ted  i n  seve ra l  mammalian c e l l  l i n e s  (Rasmussen 

and Pa in t e r ,  1964; Cleaver,  1965; Klimek and Vlasinova, 1966; Cleaver,  

1967; Djordjevic  and Tolmach, 1967; Domon and Rauth, 1968; Meyn e t  a l . ,  

1976; and Edenberg, 1976.) A c h a r a c t e r i s t i c  phenomenon i s  t h e  apparent  

presence of a component of t r i t i a t e d  thymidine incorporat ion which i s  

r a d i o - r e s i s t a n t .  This component i n  mouse c e l l s  t y p i c a l l y  comprises 

approximately 35% of  t h e  c o n t r o l  r a t e  f o r  s h o r t  l a b e l l i n g  i n t e r v a l s .  

Since t h i s  f r a c t i o n  i s  similar t o  t h e  percentage of  mouse DNA which is  

h ighly  r e p e t i t i o u s  i n  terms of  i t s  sequence d i s t r i b u t i o n  us ing  t h e  

DNA/DNA COT technique ( B r i t t e n  and Kohne, 1968), we hypothesized t h a t  

t h e  r e s idua l  syn thes i s  might be due t o  continued synthes is  o f  on ly  one 

class of  DNA, i n  p a r t i c u l a r  h ighly  r e p e t i t i v e  DNA, and t h a t  t h e  response 

i n  the  c e l l s  a f t e r  UV i r r a d i a t i o n  was a s e l e c t i v e  i n h i b i t i o n  of i n t e r -  

mediate and unique sequence DNA r e p l i c a t i o n .  

t h e  quest ion as t o  whether DNA synthes ized  a t  d i f f e r e n t  t imes a f te r  UV 

i r r a d i a t i o n ,  i . e . ,  during a per iod  o f  t ime when pos t - r ep l i ca t ion  r e p a i r  

i s  presumed t o  be occurr ing  (Lehmann, 1972; and Fujiwara, 1972), was of  

a uniform d i s t r i b u t i o n  i n  terms of  i t s  sequence frequency. 

We add i t iona l ly  posed 

The ex ten t  

3 o f  uptake of  t h e  DNA precursor  t r i t i a t e d  thymidine ( H-Tdr), i t s  e x t e n t  

of  incorporat ion during a 30-minute l a b e l l i n g  i n t e r v a l ,  and t h e  r e p e t i t i o u s  

d i s t r i b u t i o n  o f  t h e  DNA incorpora t ing  t h e  precursor ,  a r e  descr ibed below. 

3 



hese  s 

Materials and Methods 

The mouse L-929 c e l l s  employed i n  udies  were obtained from t h e  

American Type Cul ture  Col lec t ion .  

Minimal E s s e n t i a l  Medium with 10% f e t a l  c a l f  serum, and supplemented with 

nonessen t i a l  amino ac ids  and add i t iona l  L-glutamine. The a n t i b i o t i c s  

p e n i c i l l i n  and streptomycin and t h e  an t imycot ic  fungazone were a l s o  present  

i n  t h e  medium. A l l  ma te r i a l s  were obtained from Gibco. The c e l l s  were 

maintained e i t h e r  i n  Falcon o r  Corning T-30 o r  T-75 s t e r i l e  p l a s t i c  t i s s u e  

c u l t u r e  flasks conta in ing  10  m l  o r  20 m l  of  medium, r e spec t ive ly .  Flasks 

were gassed wi th  5% C02,  95% a i r ,  and maintained i n  a 37°C incubator .  

UV i r r a d i a t i o n  experiments,  an appropr i a t e  number o f  L-929 c e l l s  were 

d i s t r i b u t e d  i n t o  Falcon 100 mm s t e r i l e  p l a s t i c  p e t r i  dishes ,  and t h e  c e l l s  

were incubated a t  37OC i n  a Forma humidified CO 

The c e l l s  were maintained i n  E a r l e ' s  

For 

incubator  a t  5% C 0 2 .  2 

In t h e  two i n i t i a l  s t u d i e s  o f  uptake and incorpora t ion  a f t e r  UV 

i r r a d i a t i o n ,  t h e  experimental protocol  was as fo l lows .  Rapidly pro-  

l i f e r a t i n g  and nonconfluent c e l l s  i n  p e t r i  d i s h e s  were removed from 

t h e  C02 incubator ,  washed two times with warm s t e r i l e  s a l i n e  A, a s p i r a t e d ,  

and then immediately exposed t o  u l t r a v i o l e t  l i g h t  (9.4 ergs/mm / s e c ) ,  

us ing  a s p e c i a l l y  b u i l t ,  u l t r a v i o l e t  l i g h t  i r r a d i a t i o n  device ( S t e i e r  

and Cleaver,  1969). Immediately a f t e r  i r r a d i a t i o n ,  t h e  c e l l s  were 

re incubated  with warm complete medium conta in ing  10 U C i / m l  of t r i t i a t e d  

thymidine (50.8 Ci/mM) adjus ted  t o  a f i n a l  mo la r i ty  of  5 x M thymidine,  

2 

4 



Afte r  incubat ion a t  37OC f o r  30 minutes,  t h e  l a b e l l i n g  medium was a sp i r a t ed  

from the  d i s h e s ,  and t h e  c e l l s  were washed two times with i c e  cold SSC 

(s tandard s a l i n e  c i t r a t e :  0.15 M NaCl, 0 .015 M sodium c i t r a t e ) .  The c e l l s  

were then scraped f r e e ,  us ing  a rubber policeman, i n t o  i c e  co ld  SSC, c o l -  

l ec t ed  by c e n t r i f u g a t i o n ,  and quick-frozen a f t e r  a s p i r a t i o n  by immersion 

i n  e thanol-dry i c e .  

For a n a l y s i s  o f  uptake and incorpora t ion  i n  t h e s e  experiments,  a 

modified Fleck and Munro (1962) and Schmidt and Thannhauser (1945) pro- 

cedure was employed. In t h i s  procedure,  t h e  c e l l  p e l l e t  i s  resuspended 

i n  0.8 m l  o f  ice cold SSC, t o  which i s  added 0.2 m l  o f  50% TCA. After  

mixing, t h e  tube i s  immersed i n  an i c e  bath and allowed t o  s tand  f o r  30 

minutes.  

i n  an In t e rna t iona l  PR-J r e f r i g e r a t e d  cen t r i fuge .  The superna tan t  con- 

t a i n i n g  the  ac id  s o l u b l e  r a d i o a c t i v i t y  i s  c a r e f u l l y  removed t o  a t a r ed  

tube,  and t h e  p e l l e t  i s  resuspended using a small volume o f  f r e s h  i c e  

cold 10% TCA. 

added t o  t h e  i n i t i a l  a c i d  so lub le  f r a c t i o n .  The p e l l e t  i s  then sequen t i a l ly  

washed with ice  co ld  95% e thanol ,  e thano1:ether  (3 :1) ,  and e t h e r ,  and 

a f t e r  a s p i r a t i o n ,  t h e  r e s i d u a l  e t h e r  i s  allowed t o  evaporate  a t  room 

temperature .  A small volume o f  0 .3  N KOH i s  added t o  each tube  and t h e  

p e l l e t  resuspended. The tubes a r e  then incubated a t  37OC f o r  1 hour t o  

d i g e s t  t he  r ibonuc le i c  a c i d .  A t  t he  end o f  1 hour,  t h e  tubes are  immedi- 

a t e l y  c h i l l e d  i n  an i c e  bath,  t h e  a l k a l i  i s  neu t r a l i zed  by a d d i t i o n  of 

t h e  appropr ia te  volume of  1.0 N H C l ,  and t h e  conten ts  of  t h e  tubes a r e  

again ad jus ted  t o  10% TCA by addi t ion  of  t h e  appropr ia te  volume o f  50% 

The tube  i s  then  cent r i fuged  f o r  15 minutes a t  2500 rpm a t  4 O C  

The tube  i s  again cent r i fuged ,  and t h e  superna tan t  i s  

5 



TCA. The tubes a r e  allowed t o  s tand i r l  i c e  f o r  15 minutes.  Af t e r  

cen t r i fuga t ion ,  t h e  r ibonuc leo t ides  a r e  removed, t h e  p e l l e t  i s  washed with 

a small volume of  ice  cold 10% TCA, t h e  l a t t e r  i s  a s p i r a t e d ,  and then 0.8 

m l  o f  f resh  i c e  co ld  10% TCA i s  added t o  t h e  p e l l e t .  After resuspending 

the  p e l l e t  i n  t h e  TCA, t h e  DNA i s  hydrolyzed i n  a b o i l i n g  water ba th  f o r  

15 minutes. Af t e r  removal o f  t h e  tube  from t h e  water ba th ,  and al lowing 

f o r  1 minute cool ing  a t  room temperature,  t h e  tube  i s  immersed i n  i c e  f o r  

15 minutes. The tube is  then cen t r i fuged  and t h e  superna tan t  conta in ing  

t h e  deoxyribonucleotides i s  t r a n s f e r r e d  t o  a t a r e d  tube.  The hydro lys is  

i s  repeated,  and t h e  second hydrolyzate  i s  added t o  t h e  f i rs t .  A volume 

o f  0 . 2  m l  o f  t he  a c i d  s o l u b l e  and DNA nuc leo t ide  f r a c t i o n s  are  counted 

f o r  r a d i o a c t i v i t y  determinat ion,  and the  DNA concent ra t ion  i s  determined 

us ing  the diphenylamine procedure descr ibed  by Burton (1956). The incor -  

porated r a d i o a c t i v i t y  is repor ted  a s  d i s i n t e g r a t i o n s  pe r  minute p e r  micro- 

gram (dpm/pg) of t o t a l  DNA recovered.  The r a d i o a c t i v i t y  i n  t h e  a c i d  

so luble  f r a c t i o n ,  a f t e r  c o r r e c t i o n  t o  t o t a l  ac id  so lub le  r a d i o a c t i v i t y  

recovered and t o t a l  DNA recovered, i s  a l s o  repor ted  as dpm/pg DNA. 

For t he  k i n e t i c  s t u d i e s  r equ i r ing  i n t a c t  i s o l a t e d  DNA, t h e  procedure 

f o r  DNA i s o l a t i o n  descr ibed  by Meltz (1976) was employed. 

DNA was a d d i t i o n a l l y  p u r i f i e d  by cesium c h l o r i d e  dens i ty  g rad ien t  c e n t r i -  

fugat ion f o r  36 hours a t  room temperature  i n  a Beckman Spinco type 50 T i  

r o t o r  a t  36,000 rpm i n  a Beckman L3-50 cen t r i fuge .  The g rad ien t s  were 

co l lec ted  by top  c o l l e c t i o n  using an I sco  d e n s i t y  grad ien t  f r a c t i o n a t o r .  

Aliquots of  each f r a c t i o n  were p r e c i p i t a t e d  onto f i l t e r s  f o r  r a d i o a c t i v i t y  

determinat ion.  

The i s o l a t e d  

The f r a c t i o n s  conta in ing  t h e  DNA peak were pooled based 
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on both optical density and radioactivity determinations, which coincided. 

The appropriate fractions were pooled, and the cesium chloride solution 

was diluted with water. The DNA was then pelleted by centrifugation for 

20 hours at 42,000 rpm at 1Q"C in a Beckman L3-50 centrifuge. 

removing the supernatant by pipet, the pellet was resuspended in 1/10 

SSC. 

0.2 ml aliquots in Beckman Bio-Solv BBS-3 counting solution, and correct- 

ing to disintegrations per minute by automatic computer correction using 

external standards. The DNA concentration was determined using a 

spectrofluorometric technique (Heingardner, 1971). 

After slowly 

The radioactivity of the final solution was determined by counting 

For the DNA/DNA COT studies, an appropriate concentration of DNA 
3 synthesized after irradiation (or control) and labelled with H-TdR was 

mixed with an appropriate concentration of C14-thymidine labelled, semi- 

conservatively synthesized L-929 DNA (24-hour label) and nonradioactive 

E. coli DNA. The combined DNA was then subjected to a series of steps, 

including: a) addition of glycerol and shearing using a VirTis "60" 

homogenizer at 50,000 rpm for 30 min in ice, b) precipitation with ethyl 

alcohol in the presence of sodium acetate, c) pelleting of the DNA at 

10,000 rpm for 20 min at 4°C in a Sorvall SS-34 rotor, d) resuspension 

of the DNA in phosphate buffered-EDTA (0.12 M phosphate buffer, 0.002 

M EDTA), e) measurement of DNA concentration by radioactive counts, 

f) denaturation of the samples in capillary or test tubes at the appro- 

priate concentrations by boiling in hot water, g) incubation of the 

samples for the appropriate times at 6OoC, h) freezing of the samples 

- -  

in acetone-dry ice until analysis, i) fractionation of the samples on 
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hydroxylapa t i te  i n  columns t o  sepa ra t e  s ing le-s t randed  from double-stranded 

DNA, and r a d i o a c t i v e  count ing of  t h e  f r a c t i o n s  i n  BBS-3 l i q u i d  s c i n t i l -  

l a t i o n  s o l u t i o n .  In  performing these  s t u d i e s ,  w e  e s s e n t i a l l y  followed 

t h e  procedures descr ibed  by B r i t t e n ,  Graham, and Neufeld ( 1 9 7 4 ) .  A l l  

COT r eac t ions  were performed i n  dupl ica te ,  and t h e  va lue  repor ted  i n  

t h e  f i g u r e s  i s  t h e  average.  

For the  k i n e t i c  s t u d i e s ,  t h e  W i r r a d i a t i o n ,  l a b e l l i n g ,  and c e l l  

recovery s t eps  were as descr ibed above, with t h e  except ion  t h a t  t h e  c e l l s  

were l a b e l l e d  wi th  high s p e c i f i c  a c t i v i t y  3H-thymidine a t  10 pCi/ml with- 

ou t  adjustment o f  t h e  exogenous pool s ize  by a d d i t i o n  of  nonradioact ive 

thymidine. 

Resul ts  and Discussion 

The r e s u l t s  of  t h e  two dose response experiments appear i n  Fig.  1. 

I n  both experiments,  t h e  presence of a UV r a d i o - r e s i s t a n t  region,  s imi l a r  

t o  t h a t  p rev ious ly  r epor t ed ,  i s  apparent .  

experiment t h a t  t h e  W r e s i s t a n t  incorpora t ion  might be explained a s  the  

r e s u l t  o f  a decrease  i n  ra te  o f  syn thes i s ,  with t h e  same l e v e l  o f  rad io-  

a c t i v i t y  being incorpora ted  because o f  an increased  amount of  rad io-  

a c t i v i t y  i n  t h e  a c i d  s o l u b l e  pool .  

while t h e  same r a d i o - r e s i s t a n t  region appeared, t h e  a c i d  so lub le  radio-  

a c t i v i t y  d id  no t  show a similar increase  i n  r a d i o a c t i v i t y .  

remains unresolved,  bu t  it i s  no t  l i k e l y  t h a t  t h e  amount of  r a d i o a c t i v i t y  

i n  the  ac id  s o l u b l e  pool i s  t h e  respons ib le  f a c t o r  f o r  t h e  apparent 

I t  appeared from t h e  f i r s t  

On repea t ing  t h e  experiment, however, 

The i ssue  
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residual resistant synthesis. A similar conclusion was reached by Cleaver 

(1965). 

DNA synthesized after irradiation, exposure times were chosen which would 

provide labelled DNA from cells that had not been irradiated (0 sec), DNA 

which was labelled after an exposure which was half way down the dose 

response curve to the resistant level (12 sec), and an exposure which 

would result ir! labelling of the radio-resistant fraction (30 sec). The 

specific activities of the isolated DNA from two such experiments appear 

in Table 1. In performing the kinetic experiments, nonirradiated, 24 

hour Cl4-thymidine labelled, semi-conservatively synthesized DNA was 

included in each reaction mixture as an internal control. 

were performed over the low to intermediate COT range, since we had 

hypothesized that the synthesis of only highly repetitive DNA was occur- 

ring in the radio-resistant region. 

For observing the sequence distribution of the 3H-TdR labelled 

The experiments 

This hypothesis would be verified 
3 if 

to show immediate renaturation at low COT values as compared to the C 

TdR labelled,semi-conservatively synthesized DNA. 

for both of the experiments, our results do not indicate any such pattern; 

i.e., the UV radio-resistant incorporation is composed of DNA which is at 

least both highly and intermediate repetitive in frequency, and therefore 

also presumably unique in nature. 

H-TdR labelled DNA synthesized after 30 seconds of UV exposure were 
14 - 

A s  can be seen in Fig. 2 

Experiments were also performed to determine the extent of the 

incorporation and the repetitious distribution of DNA incorporating 

311-TdR radioactivity at different times after UV irradiation. 

during the period of time when post-replication repair would presumably 

This is 
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be occurring (Lehmann, 1972; Fujiwara, 1972). For these experiments, 

the labelling medium contained 10 pCi/ml of high specific activity 

tritiated thymidine (52.6 Ci/mM). Rapidly proliferating cells in petri 

dishes were rinsed, exposed to W at 9 . 4  ergs/mm 

seconds, and then either immediately labelled for 20 minutes or rein- 

cubated for 1, 2 ,  or 3 hours in fresh warm medium before addition of 

the labelling medium for 20 minutes. 

described above. 

cribed above were not employed, but rather total nucleic acids were 

hydrolyzed with 10% TCA for determination of the acid precipitable 

3H-TdR radioactivity. 

determined using the diphenylamine reaction (Burton, 1956). The 

specific activities obtained as a function of post-irradiation time 

in hours appear in Fig. 3 .  

with increasing time post-irradiation is observed. 

distribution of DNA which was pulse-labelled at 0, 2, or 3 hours post- 

30-second W exposure appears in Fig. 4 .  The distribution of the radio- 

activity appears to be uniform in the sequences of different repetitious 

character. 

2 per second for 30 

The cells were collected as 

The delipidification and RNase digestion steps des- 

The concentration of  deoxyribonucleotides was 

A decreasing incorporation rate of precursor 

The sequence 

10 
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Figure 1. Uptake o f  3H-thymidine i n t o  t h e  a c i d  so lub le  pool and incorporat ion 

3 of  H-thymidine i n t o  a c i d - p r e c i p i t a b l e  DNA i n  L-929 c e l l s  during a 

30 minute pu l se  l a b e l  a f t e r  d i f f e r e n t  UV-exposures. UV dose r a t e  

= 9.4 ergs/mm / s e c .  Upper f i g u r e ;  f i r s t  experiment;  lower f i g u r e ;  

second experiment.  

2 

Figure 2 .  Kine t ic  d a t a  obtained upon r e a s s o c i a t i o n  incubat ion  of l abe l l ed  DNA 

i s o l a t e d  from UV-irradiated mouse L-929 c e l l s  a f t e r  30 minutes 

post-UV incubat ion  wi th  'H-thymidine a t  10 v C i / m l ;  (-) 30 minute 

'H- thymidine pulse-  l a b e l  ed DNA; (- -- - ) 24 -hour semi -conservat ively 

synthes ized  CI4-thymidine l a b e l l e d  mouse L-929 DNA. 

t o  lower l e f t  f i g u r e s ,  r e a s s o c i a t i o n  d a t a  f o r  DNA i s o l a t e d  i n  

Experiment 1 a f t e r  0 seconds, 1 2  seconds,  o r  30 seconds UV exposure; 

upper r i g h t  t o  lower r i g h t ,  r e a s s o c i a t i o n  da ta  f o r  DNA i s o l a t e d  

i n  Experiment 2 a f t e r  0 seconds, 1 2  seconds, o r  30 seconds UV exposure. 

Upper l e f t  

Figure 3 .  S p e c i f i c  a c t i v i t y  i n  dpm/pg o f  DNA i s o l a t e d  from mouse L-929 c e l l s  

which were pu l se - l abe l l ed  f o r  20 minutes with 3H-thymidine beginning 

a t  d i f f e r e n t  times a f t e r  a 30-second UV exposure.  

Figure 4 .  Kine t ic  da t a  obta ined  upon r e a s s o c i a t i o n  incubat ion  of  DNA pulse-  

l a b e l l e d  a t  0,  2 ,  o r  3 hours pos t  30-second UV exposure. Upper 

curve:  DNA pu l se - l abe l l ed  immediately a f te r  UV i r r a d i a t i o n ;  middle 

curve: DNA pu l se - l abe l l ed  beginning 2 hours pos t  exposure; 

lowcr curve: DNA pulsc- labe l  led beginning 3 hours post  exposurc. 

1 0 4 1 8 5 3  
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TABLE 1 

Spec i f i c  A c t i v i t y  (dpm/ug) o f  DNA I so l a t ed  From L-929 Mouse 

F ib rob la s t  Cel I s ,  Labelled After Di f f e ren t  UV Exposures. 

w 
Expo su re  

Time 
(Secs) 

0 
1 2  
30 

Experiment 1 Experiment 2 
dpmhg % o f  Control dpmhg % of Control 

42,991 
26,995 
16,036 

54,651 

37 .3  18,387 33.6 
62.8 31,928 58.4 
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