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NUCLEOSIDES & NUCLEOTIDES, 1(3), 205-231 (1982) 

PURINE NUCLLEOSIDE 3',S'-CYCLIC MONOPHOSPHATES AS HORMONAL MODULATORS 
OF CELLULAR PROLIFERATION, METASTASES AND LYMPHOCYTE RESPONSE 

Roland K.  Robins 

Cancer Research Center 
Department of Chemistry 

Rrigham Young Unive r s i ty  
Provo, Utah 84602 

A review of t h e  p o t e n t i a l  r o l e  of sAMP and 5GMP as hormonal regula- 
t o r s  of tumor c e l l  p r o l i f e r a t i o n ,  metastases and lymphocyte a c t i v a t i o n  
r e v e a l s  t h a t  s e v e r a l  s y n t h e t i c  purine nucleoside 3' ,5 ' -cycl ic  monophos- 
phates  are more potent  and more s e l e c t i v e  i n  modulating c e r t a i n  s p e c i f i c  
responses than t h e  parent  n a t u r a l  c y c l i c  nuc leo t ides .  CAMP d e r i v a t i v e s  
have been prepared which will temporar i ly  r e s t o r e  transFormed cel ls  t o  
t h e  normal phenotype. CAMP analogs may w e l l  be found which w i l l  selec- 
t i v e l y  i n h i b i t  tumor metastases. Cer t a in  $MP analogs could s e l e c t i v e l y  
s t i m u l a t e  t h e  lymphocyte response toward the  d e s t r u c t i o n  of tumor c e l l s .  
The s y n t h e s i s  of new c y c l i c  nuc leo t ides  should provide unique nontoxic  
agen t s  t h a t  could combat neop las i a  on a hormonal basis. 

Recently a t t e n t i o n  has been focused on t h e  s e a r c h  f o r  new a n t i -  

tumor agents  which are not  gene ra l ly  cy to tox ic .  Although a g r e a t  d e a l  

o f  e f f o r t  has been expended i n  t h e  p a s t  on t h e  s y n t h e s i s  and s t u d y  of 

nucleosides  l e t h a l  t o  cancer  cel ls  and r e p l i c a t i n g  normal c e l l s  a l i k e ,  

s u r p r i s i n g l y  l i t t l e  e f f o r t  has  been devoted t o  t h e  concept of employing 

nucleosides  and nuc leo t ides  t o  change a cancerous c e l l  ( transformed c e l l )  

from t h e  mal-ignant s ta te  back t o  a t y p i c a l l y  normal cel l .  I f  t h e  t r ans -  

formed tumor c e l l  could he con t ro l l ed  so  t h a t  i t  behaved normally,  t h i s  

would indeed provide a new approach t o  t h e  t reatment  of neop las i a .  

and co-workers' reported t h e  r e s t o r a t i o n  of s e v e r a l  morphological char- 

a c t e r i s t i c s  of normal F ib rob la s t s  in sarcoma cells by t h e  t reatment  of 

t h e s e  c e l  Is with adenosine-?',  5 ' -cycl ic  monophosphate (LAMP) adminis ter-  

205 

Such an approach is no t  j u s t  w i sh fu l  thinking.  I n  1971,  Ira Pastan 
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206 ROBINS 

6 ed as t h e  N ,2 '-g-dibutyryl d e r i v a t i v e .  

Puck293 observed t h e  morphologica l  convers ion  in v i t r o  of t ransformed 

Chinese hamster ovary c e l l s  t o  a f i b r o b l a s t i c  form by t h e  t r ea tmen t  of 

a combination of dibutyryl-LAMP and t e s t o s t e r o n e .  

fo l lowing  c h a r a c t e r i s t i c s  were c o n s i s t e n t  w i th  t h e  conve r s ion  from a mal- 
ignan t  t o  a normal f i b r o b l a s t i c  state. 

Simul taneous ly ,  H s i e  and 

The changes i n  t h e  

3 

1. A c q u i s i t i o n  of con tac t  i n h i b i t i o n ;  

2. Change from a random growth p a t t e r n  t o  a p a r a l l e l  p a t t e r n ;  

3. Decrease i n  t h e  a h i l i t y  t o  be a g g l u t i n a t e d ;  

4 .  Disappearance of knob-like s t r u c t u r e s  around t h e  c e l l  p e r i -  

phery; 
5. Return  of anchorage dependence. 

These p r o p e r t i e s  of t h e  2AMP t r e a t e d  malignant c e l l  have been confirmed 

and extended by use  oE t h e  e l e c t r o n  microscope.' Pas tan  and co-workers 

sugges ted  t h a t  2AMP might he an  impor tan t  f a c t o r  i n  t h e  morphology of 

normal f i b r o b l a s t s  and t h i s  f u n c t i o n  may he a l t e r e d  o r  l o s t  du r ing  t h e  

t r ans fo rma t ion  process .  As i l l u s t r a t e d  by t h e s e  exper iments ,  2AMP has  
5 been shown t o  p l ay  an  impor tan t  r o l e  i n  c e l l  growth and d i f f e r e n t i a t i o n ,  

which r e p r e s e n t s  one of t h e  most e x c i t i n g  areas of cancer r e sea rch  today. 

It has r e c e n t l y  been pos tu l a t ed '  t h a t  t h e  microtubular-microfilamentous 

s t r u c t u r e  of t h e  c e l l  conveys growth r e g u l a t o r y  in fo rma t ion  from t h e  

c e l l  membrane v i a  %AMP t o  t h e  nuc leus  and i ts  d i s o r g a n i z a t i o n  l e a d s  t o  

malignant growth. 

1 

The malignant c e l l  is c h a r a c t e r i z e d  bv a c e l l  c y c l e  which is appar- 

e n t l y  i d e n t i c a l  t o  t h a t  of normal cells; t h e  major  d i f f e r e n c e s  between 

t h e  two c e l l  types  is t h e  l o s s  of growth r e g u l a t o r y  mechanisms which 

a l l o w  transformed cel ls  t o  e n t e r  o r  remain i n  t h e  G phase o r  q u i e s c e n t  

s ta te .  There is cons ide rab le  ev idence  which i n d i c a t e s  t h a t  2GMP l e v e l s  

f a l l  markedly i n  c u l t u r e d  f i b r o b l a s t s  as they  e n t e r  qu iescence .  Fur ther -  

more, a dramat ic  t r a n s i e n t  r ise i n  2GMP is observed a f t e r  release from 

quiescence  by serum r e a d d i t i ~ n . ' , ~  

phase, t hen  a d d i t i o n  of LGMP o r  its analogs  t o  q u i e s c e n t  c u l t u r e s  shou ld  

cause  c e l l s  t o  e n t e r  DNA s y n t h e s i s  and c e l l  d i v i s i o n .  S e i f e r t  and Rud- 

0 

1 I f  2 G M P  i s  t h e  med ia to r  of t h e  G 

9 l and  have r epor t ed  such  experiments and n o t e  d e f i n i t e  s u c c e s s  u s i n g  

- cGMP wi th  a 15% s t i m u l a t i o n  of DNA s y n t h e s i s .  

c e l l  p r o l i f e r a t i o n  may he s t i m u l a t e d  by e i t h e r  o r  bo th  of t h e  follow- 

i n g  : 

Thus, it now appears  t h a t  

10,lL 
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PURINE NUCLEOSIDE 3' ,5'-CYC'LIC MONOPHOSPHATES 207 

1. 

2. 

A f a l l  i n  LAMP l e v e l s  

A r i se  i n  LGMP l e v e l s  

A r eve r se  of (1) and (2) i n h i b i t s  c e l l  p r o l i f e r a t i o n .  lo 

concept t h a t  LAMP a c t s  a s  a negative and 2GMP acts a s  a p o s i t i v e  s i g n a l  

f o r  c e l l u l a r  growth is rece iv ing  con t inua l  suppor t  from various labora- 

t o r i e s  . 

The s imple 

12-15 

The LAMP content  of f i b r o b l a s t s  trans formed hy v i r u s e s  is decreased 

t o  about 50% of normal. 

ponsible  f o r  most of t h e  p r o p e r t i e s  of transformed cells,15 inc lud ing  

t h e i r  a l t e r e d  morphology. 

t r o n  microscopic evidence t h a t  dibutyryl-LAMP promotes formation and 

a l t e r e d  d i s t r i b u t i o n  of cytoplasmic microtubules and microi i laments  

which a r e  r e spons ib l e  f o r  changes i n  morphology, mob i l i t y  and adhesive- 

ness.  

formed cel ls  is t h a t  of Pol lack and co-workers.17 

anchorage f o r  growth is l o s t  i n  transformed c e l l s .  Pol lack e t  a l .  

showed t h a t  t h e r e  w a s  a c o r r e l a t i o n  between r e v e r t a n t  l i n e s  t h a t  had 

regained t h e i r  normal high CAMP l e v e l s  and those  t h a t  regained anchor- 

age dependence, Thus, l o s s  i n  anchorage dependence c o r r e l a t e d  w e l l  

w i th  i n  vivo tumorigenici ty .  

The lower l e v e l  of 2AMP is  thought t o  be res- 

Willingham and Pas tan'' have r epor t ed  elec-  

One of t h e  most s t r i k i n g  s t u d i e s  of t h e  e f f e c t  of LAMP on trans- 

The dependence on 
17,18 

18 

Recently,  Z e i l i g  and GoldbergI9 revorted t h a t  i n  a f a s t  growing 

r a t  hepatoma c e l l  l i n e ,  5GMP l e v e l s  vary independently and r e c i p r o c a l l y  

wi th  LAMP l e v e l s  during t h e  c e l l  cyc le  and LGMP levels inc rease  up t o  

t e n  fo ld  a t  t h e  onset  of mitosis .  These r e s u l t s  a r e  c o n s i s t e n t  with 

poss ib l e  r egu la to ry  r o l e s  €or  both LAMP and 2GMP i n  c e l l  p r o l i f e r a -  

t i on .  2o 

t h e  a c t i v i t y  of RNA polymerase I and III appa ren t ly  by s p e c i f i c a l l y  

binding t o  these  enzymes. Chawla et  a1.22 have r e c e n t l y  shown t h a t  

plasma and u r i n e  l e v e l s  of 2GMP were considerably increased i n  p a t i e n t s  

w i th  disseminated cancer over  those of c o n t r o l  p a t i e n t s  with o t h e r  d i s -  

eases.  

I n  a r ecen t  s tudy,  Puck and Robins23 found t h a t  t h e  r e s t o r a t i o n  of 

f i b r o b l a s t  morphology of CHO-K1 cells  w a s  r e s to red  most r e a d i l y  by 8-2- 

chlorophenylthio-SAMP, 

"knobbed" c e l l s  t o  t h e  normal "s t re tched" type a t  molar. N ,0-2'- 

Dibutyryl-ZAMP required a concen t r a t ion  of 3 x l f 3  molar concen t r a t ion  

Johnson and Hadden" have r ecen t ly  shown t h a t  2GMP increased 

which gave approximately 50% conversion of t h e  
6 
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208 ROBINS 

t o  achieve t h e  same ef f e c t .  

-9 1 was reported from our  l abora to ry24  i n  1973. 

n o t e  t h a t  1 w a s  18 times more a c t i v e  i n  t h e  s t i m u l a t i o n  of 5AMP depen- 

dent  p r o t e i n  k inase  i s o l a t e d  from bovine b r a i n  than  LAMP i t s e l f .  24 

c e n t l y  Imada and c o - ~ o r k e r s ~ ~  have shown t h a t  t h e  CHO-K1 cells  are s t i m -  

The s y n t h e s i s  of 8-~-chlorophenylthio-cpMP, 

It is of i n t e r e s t  t o  

Re- 

I OH 2 - OH 

l a t e d  by 8-~-chlorophenylthio-~AMP which induces a membrane glycopro- 

t e i n  of 135,000 mol. w t .  This membrane g lycopro te in ,  which con ta ins  

D-glucosamine, i s  s t r o n g l y  a s soc ia t ed  wi th  t h e  c e l l  membrane and could 

be r e spons ib l e  f o r  t h e  major morphological changes which are seen  i n  

t h e  r eve r s ion  t o  normal c e l l  phenotype. H s i e 2 5 a  has r e c e n t l y  summarized 

t h e  r eve r se  t ransformation of CHO cel ls  by SAM€' and g W P  d e r i v a t i v e s .  

S-Rromo-$MP, 3 has r e c e n t l y  been shown t o  have a po ten t  i n h i b i t o r y  

e f f e c t  on t h e  morphological t ransformation of Sy r i an  hamster cells  

exposed t o  N-me thyl-N '-nitro-N ' -ni t rosoguanidine,  whereas 8-bromo-LGMP 

enhanced such trans formation. - -  
9 5b 

As e a r l y  as 1969, Gericke and Chandra" showed t h a t  LAMP d e f i n i t e -  

l y  i n h i b i t e d  t h e  growth of t r ansp lan ted  NKL-lymphosarcoma i n  mice. Cho- 

C h ~ n g ~ ~  showed t h a t  dibutyryl-:AMP, 8-methylthio-LAMP and 8-bromo-cpMP 

s i g n i f i c a n t l y  i n h i b i t e d  MTW9 and Walker 256 mammary carcinomas and 

5123 hepatoma i n  experimental  animals. 

pendent. N i l e s  and co-workers 28 have shown t h a t  8-methylthio-LAMP 

i n h i b i t e d  human p r o s t a t i c  e p h t h e l i a l  c e l l  r e p l i c a t i o n .  More r e c e n t l y ,  
29 Niles has noted t h a t  8-chloro-LAMP, 2, supp l i ed  from our  l abora to ry ,  

s i g n i f i c a n t l y  i n h i b i t e d  human carcinoma i n  c e l l  c u l t u r e ,  30 Koontz and 

Wicks 31 have r e c e n t l y  shown t h a t  8- (f3 -hydroxye thylamino)LAMP, 32 k, and 

8 - a r n i n 0 - + 4 P , ~ ~  2, were l e t h a l  t o  growing H35 c u l t u r e d  rat  hepatoma 

c e l l s .  

Growth i n h i b i t i o n  was dose de- 
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OH 
8-amino-cAMP 

3 - 

OH 

8- ( B-hydroxyethyl ami no) -CAMP 
4 - 

Nucleoside 3’ ,5’-Cyclic Monophosphates as P o t e n t i a l  I n h i b i t o r s  of 

Tumor Metastases 

Most cancer  dea ths  f n  humans are no t  caused by t h e  primary tumor, 

bu t  r a t h e r  by secondary tumor growth e l sewhere  i n  t h e  body.33 

f o r e  t h e  main problem i n  t r e a t i n g  cancer  i.; a_ot the e x c i s i o n  of t h e  p r i -  

mary tumor mass, but t h e  e l i m i n a t i o n  of metastases.34 Metastasis is 

t h e  format ion  of a cancerous l e s i o n  t h a t  no l onge r  h a s  c o n t i n u i t y  w i t h  

t h e  primary tumor. The a b i l i t y  t o  m e t a s t a s i z e  is uniquely  t h e  p rope r ty  

of  a malignant tumor. Maltgnancy is n o t  a c h a r a c t e r i s t i c  s h a r e d  by a l l  

tumor cells .  35 
t a i n  subpopula t ions  wi th  d f f f e r i n g  metastatic c a p a b i l i t i e s  has  been oh- 

t a ined  by F i d l e r  and K r i ~ k e ~ ~  u t i l i z i n g  va r ious  c lon ing  techniques .  

cloned s u b l i n e s  d i f f e r e d  markedly i n  their  metastatic p o t e n t i a l .  

h i g h l y  metastatic tumor c e l l  v a r i a n t s  p re -ex i s t  i n  t h e  pa ren t  tumor. 

Such marked he te rogene i ty  i n  metastatic p o t e n t i a l  has  now been found i n  

a s u b s t a n t i a l  number of d i f f e r e n t  tumor l i n e s . 3 5  Schabel -- e t  a1.37 have 

r e c e n t l y  poin ted  a u t  t h a t  most of t h e  methods p r e s e n t l y  used to d e f i n e  

t h e  drug a c t i o n  on exper imenta l  animal tumors could  be mis l ead ing  s i n c e  

they  are based on t h e  assumption t h a t  t r a n s p l a n t a b l e  tumors are homo- 

geneous. 

There- 

D e f i n i t i v e  evidence t h a t  malignant primary tumors con- 

The 

Thus, 
36 

Indeed, i t  would appear  t h a t  a t t e n t i o n  shou ld  be focused on t h e  

a t t e n u a t i o n  of c e r t a i n  of t h e  cells  wi th  h igh  metastatic c a p a b i l i t y  as 

a new approach t o  cancer  chemotherapy. Using t h e  technique  of somat ic  

c e l l  h y b r i d i z a t i o n  between A9 and TLX5 cells,  T i s d a l e  and P h i l l i p s  

were a b l e  t o  c o r r e l a t e  i a t r a c e l l u l a r  LAMP l e v e l s  t o  t h e  malignancy of 

c e l l  l i n e s .  

38 

Cells of h igh  malignancy had low l e v e l s  of $MP whi le  c e l l s  
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2 10 ROBINS 

of  low malignancy had a h igh  l e v e l  of LAMP. 

t o  suppress  t h e  tumor igen ic i ty  of CELO vi rus- t ransformed hamster s k i n  

cells i n  v ivo .  This w a s  brought about by p r e t r e a t i n g  t h e  transformed 

cells wi th  d i b u t y r y l  LAMP be fo re  i n o c u l a t i o n  i n t o  t h e  animal.39 

ment of t h e  human lymphocytic c e l l  l i n e  RPMl 1788 wi th  dibutyryl-LAMP 

caused attachment of t h e  c e l l s  t o  t h e  c u l t u r e  v e s s e l s  and t h e i r  conver- 

sion t o  t h e  normal f i b r o b l a s t - l i k e  forms.40 Shields4'  has  shown t h a t  

dibutyryl-LAMP g r e a t l y  inc reased  t h e  adhes ion  of cells  t o  a c u l t u r e  

d ish .  

i n h i b i t  p r o l i f e r a t i o n  of m e t a s t a s i z i n g  tumor c e l l s .  4 2  

r e c e n t l y  poin ted  out  t h a t  a g r e a t  p o t e n t i a l  of :AMP i n  cance r  therapy  

may l i e  i n  i t s  a b i l i t y  t o  cause r e d i f f e r e n t i a t i o n  of c e r t a i n  types  of 

tumors. 

t i o n  of mouse neuroblastoma cells in c u l t u r e  t o  a form c h a r a c t e r i s t i c  of 
mature neurons. 

Cyc l i c  AMP has  been shown 

Treat- 

This sugges t s  t h a t  LAMP and 2AYP ana logs  could he  u s e f u l  t o  

T i ~ d a l e ~ ~  has  

Dibutyryl-LAMP induces i r r e v e r s i b l e  morphological d i f f e r e n t i a -  

4 3  

Pardee e t  a l .44  have p o s t u l a t e d  t h a t  uncon t ro l l ed  growth l ead ing  

t o  malignancy is  brought about by permanent t r ans fo rma t ion  of t h e  c e l l  

s u r f a c e  (caused by ca rc inogen ic  chemicals o r  tumor v i r u s e s ) .  The 

changes in t h e  membrane are such as t o  i n h i h i t  t h e  membrane bound aden- 

y l a t e  cyc la se  which in t u r n  lowers t h e  LAMP c o n c e n t r a t i o n  i n s i d e  t h e  

c e l l .  

e r a t i o n .  4 4  

f i b r o b l a s t s  transformed by Rous sarcoma v i r u s  have decreased  adeny la t e  

cyc la se  a c t i v i t y .  This decreased enzymatic a c t i v i t y  which l eads  t o  a 

lowering of LAMP would appear  t o  be r e spons ib l e  f o r  most of t h e  abnor- 

m a l  p r o p e r t i e s  o€ transformed cel ls ,  i nc lud ing  an i nc reased  rate of c e l -  

l u l a r  p r o l i f e r a t i o n .  46  

t i c  leukemia, adeny la t e  cyc la se  a c t i v i t y  is decreased  as compared t o  

normal human lymphocytes. 47 

more r e c e n t l y  been c o r r e l a t e d  wi th  i n  v i t r o  v i r a l  t r ans fo rma t ion  of 

va r ious  c e l l  l i n e s .  

There is a r e s u l t a n t  i n c r e a s e  i n  5GMP and r ap id  c e l l u l a r  p r o l i f -  

Pas t a n  and co-workers 4 5 , 4 6  have shown t h a t  ch ick  embryo 

I n  lymphocytes of p a t i e n t s  wi th  ch ron ic  lympha- 

The a l t e r e d  adeny la t e  c y c l a s e  a c t i v i t y  has  

48 

Lowe and Henderson4' noted t h a t  c a f f e i n e  cons ide rab ly  enhanced t h e  

growth i n h i b i t o r y  e f f e c t s  of va r ious  a n t i m e t a b o l i t e s  a g a i n s t  lymphoma 

G5178Y c e l l s  in c u l t u r e ,  Ca f fe ine  has  shown a n t i n e o p l a s t i c  a c t i v i t y  i n  

a number of systems. 50,51 Since  c a f f e i n e  t s  known t o  be a good inh ib i -  

t o r  of LAMP phosphodies te rase  (PDE) i t  is q u i t e  l i k e l y  t h a t  t h e s e  a n t i -  

tumor e f f e c t s  are due t o  an  inc reased  l e v e l  of LAMP. Recently Rertram 
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PURINE NUCLEOSIDE 3',5'-CYCLIC MONOPHOSPHATES 211 

and co-workers 5 2  have s t u d i e d  l-methyl-3-isobutylxanthine, (a  po ten t  PDE 

i n h i b i t o r )  u s ing  a cloned l i n e  of Lewis lung carcinoma adapted  t o  ce l l  

c u l t u r e .  1-Methyl-3-isobutylxanthine g r e a t l y  reduced tumor co lony  form- 

a t i o n .  In mice 1-methyl-3-isobutylxanthine r e s u l t e d  i n  a 10-fold de- 

c r e a s e  i n  t h e  format ion  of lung nodules r e s u l t i n g  from metastases. 

Only fou r  of 24 t r e a t e d  an imals  had lung  metastases as compared t o  24 

out  of 25 c o n t r o l  animals e x h i h i t i n g  lung  m e t a s t a s e ~ . ' ~  Treatment be- 

g inning  two days a f t e r  removal of t h e  primary tumor w a s  e q u a l l y  e f f ec -  

t i v e  i n  reducing  lung metastases. This  dramat ic  i n  v ivo  s t u d y  s t r o n g l y  

sugges t s  LAMP involvement s i n c e  t h i s  i n h i b i t i o n  by methylisobutylxan- 

t h i n e  d id  c o r r e l a t e  w i th  i t s  a b i l i t y  t o  e l e v a t e  LAMP i n  t h e  cells. 

S imi l a r ly ,  Bertram and c o - ~ o r k e r s ~ ~ ~  have r e c e n t l y  shown t h a t  t h e  PDE 

i n h i b i t o r  R020-1724 doubled t h e  l i f e  span  of such mice i n o c u l a t e d  w i t h  

L e w i s  Lung carcinoma cells r e s u l t i n g  i n  lung metastases. J a n i k  and 

B e r t r a m 5 3  conclude t h a t  t h e  observed e f f e c t  of me thy l i sobu ty lxan th ine  

are not  due t o  immune mechanisms s i n c e  i t  is a l s o  a c t i v e  i n  nude mice 

i n j e c t e d  w i t h  Lewis lung carcinoma cells. It appears  h igh ly  l i k e l y  t h a t  

i n t e r c e l l u l a r  i n h i b i t o r y  growth c o n t r o l  s i g n a l s  have been s t i m u l a t e d  via 
CAMP. 

52 

- 
Recently N i l e s  and c o - ~ o r k e r s ~ ~  have shown t h a t  8-chloro-CAMP, - 2o 2, 

w a s  a most e f f e c t i v e  growth i n h i b i t o r  i n  a human carcinoma c e l l  l i n e .  

Combination of 3-isobutyl-1-methylisobutylxanthine wi th  8-chloro-LAMP 

gave much b e t t e r  i n h i b i t i o n  than  wi th  e i t h e r  compound a lone .  

i t y  of 8-halogen s u b s t i t u t e d  L-AMP t o  i n h i b i t  t h e  growth of t h e  human 

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

k i n a s e  i n  t h e  same c e l l  l i n e 5 4  8-chloro-LAMP, 3 which w a s  t h e  most 

e f f e c t i v e  growth i n h i b i t o r  s i g n i f i c a n t l y  s t i m u l a t e d  p r o t e i n  k i n a s e  a t  

The a b i l -  

6 molar. S u b s t i t u t i o n  of an a l k y l u r e i d o  group a t  t h e  N p o s i t i o n  

of  L-AMP produced agen t s  w i th  a g r e a t e r  a n t i p r o l i f e r a t i v e  a c t i v i t y  to- 
55 wards cel ls  of malignant o r i g i n  than  cel ls  from a normal i n d i v i d u a l .  

Tumor cel ls  may undergo morphological changes which r e p r e s e n t  spontan- 

eous ma tu ra t iona l  sequences.56 The f i n a l  product O E  such changes is a 

h igh ly  d i f f e r e n t i a t e d ,  f u l l y  mature  ce l l  which has  o f t e n  l o s t  many of 

t h e  n e o p l a s t i c  t raits .  57 There is cons ide rab le  ev idence  t h a t  suppor t s  

t h e  view t h a t  c y c l i c  n u c l e o t i d e s  are involved  i n  the r e g u l a t i o n  of 

tumor c e l l  d i f f e r e n t i a t i o n  and matura t ion .  42 Oat c e l l  carcinoma, con- 

s i d e r e d  t o  be of epidermal h ronch ia l  o r i g i n ,  has  been shown t o  d i f f e r -  
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212 ROBINS 

e n t i a t e  t o  a form similar t o  c u l t u r e d  neuroblastoma cells in t h e  pres- 

ence  of d i b u t y r y l  LAMP. 
h igh ly  d i f f e r e n t i a t e d  melanoma c e l l s  wi th  reduced p r o l i f e r a t i v e  a b i l i t y  

from murine melanoma R-16 c e l l s . 5 9  

i n j e c t e d  i n t o  syngenic hos t s .  

59 5AMP accelerates t h e  product ion  of mature,  

The c e l l s  were less mal ignant  when 

Human melanoma cells behaved s i m i l a r l y  

- CAMP 
5 - 8-Brorno-CAMP 

6 - 

t o  mur ine  melanoma cel ls  a f t e r  exposure t o  It has  r e c e n t l y  

been r epor t ed  t h a t  &bromo-:AMP, ’’ 5 e f f e c t s  b iochemica l  and morpho- 

l o g i c a l  changes i n  murine neuroblas  toma cloned cel ls  wi thout  concom- 

i t a n t  i n h i b i t i o n  of c e l l  d iv i s ion .  61 

c e l l s  appears t o  be toward d i f f e r e n t i a t i o n  a f t e r  LAMP t r ea tmen t .  

The response  of malignant muscle 
6 2  

Karpatkin and Pearls t e i n 6 3  have r e c e n t l y  summarized t h e  evidence 

t h a t  p l a t e l e t s  p lay  a role i n  t h e  development of tumor metastases, Cer- 

t a i n  tumor cells  aggrega te  p l a t e l e t s  i n  v i t r o .  There would appear t o  

be  a c o r r e l a t t o n  between t h e  a h i l i t y  of c e r t a i n  tumor c e l l s  t o  aggre- 

g a t e  p l a t e l e t s  i n  v i t r o  and t h e i r  m e t a s t a t i c  potency i n  V ~ V O . ~ ~  Green- 

berg and c o - ~ o r k e r s ~ ~  p o s t u l a t e  t h a t  p l a t e l e t s  might c o n t r i b u t e  t o  m e t -  

astases by promoting v a s c u l a r  a t tachment  of t h e  c i r c u l a t i n g  tumor cells. 

Gasic and co-workers66 c o r r e l a t e d  t h e  degree  of i n  v ivo  metastases 

wi th  t h e  a b i l i t y  of tumor c e l l s  t o  aggrega te  p l a t e l e t s  i n  v i t r o .  The 

murine tumors wi th  capac i ty  t o  aggrega te  p l a t e l e t s  in v i t r o  produced 

more lung me tas t a ses  than  tumors l ack ing  t h i s  a b i l i t y .  The a b i l i t y  of 

tumor cells  t o  i n t e r a c t  wi th  and a t t a c h  t o  h o s t  platelets i n c r e a s e s  

t h e i r  p o t e n t i a l  t o  adhere  t o  t h e  v a s c u l a r  endothelium. Abnormalit ies i n  

blood coagu la t ion  are common i n  p a t i e n t s  wi th  advanced malignant d i s -  
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PURINE NUCLEOSIDE 3',5'-CYcLIC MONOPHOSPHATES 213 

easebba and tumor c e l l s  have been shown t o  have procoagulant a c t i v -  

i t y .  56b Honn and co-workersbbc have concluded t h a t  t h e  a b i l i t y  of tumor 

cells t o  me tas t a s i ze  may be r e l a t e d  t o  t h e i r  a b i l i t y  t o  promote aggrega- 

t i o n  of hos t  p l a t e l e t s .  

p r o s t a c y c l i n  ( P G I  ), t h e  most potent  anti thromhogenic agent known, and 

i t s  e f f e c t  on t h e  intravenous i n j e c t i o n  of 8-16 amelanot ic  melanoma 

tumor c e l l s  i n t o  syngeneic mice, which produces metastases i n  t h e  lung, 

l i v e r  and sp leen .  Intravenous i n j e c t i o n  of 100 pg of PGI  i n j e c t e d  be- 

f o r e  tumor c e l l  a d m i n i s t r a t i o n  reduced metastatic f o c i  i n  t h e  lungs by 

70Xb7 and t o t a l l y  prevented metastases t o  t h e  o t h e r  organs.  Since PGI 

is known t o  act as a p l a t e l e t  aggregat ion i n h i b i t o r  by a c t i v a t i o n  of 

adenyl c y c l a s e  and inc reas ing  t h e  l e v e l  o f  :AMPb8 Honnb7 reasoned t h a t  

a CAMP phosphodiesterase i n h i b i t o r  should p o t e n t i a t e  t h e  a n t i m e t a s t a t i c  

a f f e c t  of P G I  This indeed proved 

t o  be t h e  case and when 100 pg of theobefore PG12 and R-16 c e l l s  t h e  

metastases t h r e e  percent .  

Honn and co-workersh7 have r e c e n t l y  s t u d i e d  

2 

2 

2 

- 
by prolonging t h e  h a l f - l i f e  of LAMP. 

2 

67 

as an  i n h i h i t o r  of human p l a t e l e t  agg rega t ion  The potency of PGI 2 
has r e c e n t l y  been shown t o  c o r r e l a t e  d i r e c t l y  wi th  t h e  e l e v a t i o n  of 

-  CAMP.^^ 
t h e  e f f e c t  of P G I  on p l a t e l e t  func t ion  by a c t i v a t i o n  of adenyl  cyclase.  

Marcus and Zucker7' i n  1965. 

dihutyryl-:AMP i n h i b i t e d  p l a t e l e t  aggregat ion induced by ADP, epine- 

phrine,  co l l agen  o r  thrombin which confirmed t h e  earlier work of Mar- 

q u i s  and c o - w ~ r k e r s ~ ~  who a l s o  showed t h a t  PGEl i n h i b i t s  p l a t e l e t  aggre- 

g a t i o n  and s t i m u l a t e s  :AMP s y n t h e s i s  by human p l a t e l e t  membrane f r ac -  

t i o n s  by s t i m u l a t i o n  of adenyl cyclase.  Caffeine was  shown by t h e s e  

workers72 t o  i n h i b i t  p l a t e l e t  phosphodiesterase r e s u l t i n g  i n  inc reased  

- CAMP l e v e l s .  

Robison and co-workers 72i; have reviewed the  suppor t ing  evidence t h a t  

- CAMP plays a major r o l e  as an i n h i b i t o r  o f  p l a t e l e t  aggregat ion.  

Thus these  d a t a  lend support  t o  t he  concept t h a t  5AMP mediates 

2 
I n h i b i t i o n  o f  p l a t e l e t  aggregat ion by LAMP w a s  f i r s t  r epor t ed  by 

Salzman and Levine7' showed t h a t  N6-2'-0- 

7 2a Exogenous CAMP i t s e l f  i n h i b i t s  p l a t e l e t  aggregat ion.  

A major s u r f a c e  property of tumor c e l l s  which is r e l e v a n t  t o  t h e i r  

m e t a s t a t i c  p o t e n t i a l  i s  

t h e  carbohydrate  moiety 

Oppenheimerir4 has  shown 

s is of o l igos  accharides  

t h e  r o l e  of adhesion i n  

adhesiveness.  Avai lable  evidence is such t h a t  
73 is bel ieved t o  be involved i n  c e l l  adhesion. 

t h a t  c e l l u l a r  aggregat ion r e q u i r e s  t h e  synthe- 

as p a r t  of t h e  c e l l u l a r  su r f ace .  A s tudy  of 

determining t h e  metastatic spread of malignant 
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2 14 ROBINS 

cel ls ,  s u g g e s t s  t h a t  tumor c e l l s  are less adhes ive  than  t h e i r  normal 

c e l l u l a r  c o u n t e r p a r t s .  75 Thus t h e s e  c e l l s  are more r e a d i l y  r e l e a s e d  

from t h e  primary tumor. 

I n  1972,  Robert  W. YolLey7' proposed t h e  changes of t h e  c e l l  su r -  

f a c e  in t h e  mal ignant  c e l l ,  and t h e  r e s u l t i n g  i n c r e a s e d  c e l l u l a r  per -  

m e a h i l i t y ,  a s  t h e  main f a c t o r s  r e s p o n s i b l e  f o r  i n c r e a s e d  c e l l u l a r  pro- 

l i f e r a t i o n .  Pardee ,77  as early as 1964,  sugges t ed  t h a t  t h e  c e l l  mem- 

b rane  e x e r t e d  a s e l e c t i v e  c o n t r o l  upon t h e  t r a n s p o r t  of r e g u l a t o r y  mole- 

c u l e s  which could e x e r t  e i t h e r  a p o s i t i v e  o r  n e g a t i v e  e f f e c t  on growth 

c o n t r o l .  

c e l l s  t r a n s p o r t e d  c e r t a i n  amino a c i d s  approximate ly  t h r e e  t i m e s  Easter 

than  d i d  untransformed 3T3 c e l l s .  Seve ra l  v l r a l  t ransformed c e l l  l i n e s  

have been found t o  produce a p ro tease .79  Pardee  and co-workers propose  

t h a t  t h e  a c t i v a t i o n  of such  a p r o t e a s e  c r e a t e s  c e l l  s u r f a c e  changes 

which t r ans fo rm t h e  c e l l  and r e s u l t  i n  r a p i d  c e l l u l a r  p r o l i f e r a t i o n .  

Pardee e t  al .80 propose t h a t  memhrane hound hormones such  as adenyl  

c y c l a s e  may he a l t e r e d  as a r e s u l t  of membrane s u r f a c e  changes.  

ahout 50% of cont ro ls .81  

r e s p o n s i b l e  f o r  lowered adhes iveness .  82  

u l a r  memhrane i s  thought  t o  he  due t o  changes i n  mic ro tuh le s  and micro- 

f i l amen t s .  '' 
membrane hound adenyl  c y c l a s e  l e a d i n g  t o  a dec reased  l e v e l  of LAMP. 

It has  r e c e n t l y  been demonstrated t h a t  LAMP enhances s u l f a t e  incorpora-  

t i o n  i n t o  memhrane pro teoglycans  s u p p r e s s i n g  c e l l  d i v i s i o n .  84 Thus t h e  

l a c k  of 2AMP i n  t ransformed c e l l s  could  a l t e r  normal c e l l u l a r  membrane 

g l y c o p r o t e i n  by i n h i h i t i n g  s u l f a t e  i n c o r p o r a t i o n .  

i s  an  i n t e g r a l  p a r t  of t h e  plasma membrane, a l t e r a t i o n  of t h e  membrane 

by oncogenic v i r u s ,  chemica ls  o r  r a d i a t i o n  could  a l t e r  t h e  p r o p e r t i e s  

and a c t i v i t y  of t h i s  enzyme. 

ch ick  embryo f i b r o b l a s t s  transformed by Rous sarcoma v i r u s  have de- 

c reased  adeny lcyc la se  a c t i v i t y .  

l eads  t o  t h e  lowering of 2AMP would appear  t o  be r e s p o n s i b l e  f o r  most of 

t h e  abnormal p r o p e r t i e s  of transformed c e l l s .  

It has  r e c e n t l y  been p o s t u l a t e d  by Bertram e t  al .52a t h a t  t h e  

t r a n s  formed tunor  c e l l  l a c k s  a growth i n h i b i t o r y  f a c t o r  c h a r a c t e r i s t i c  

of  t h e  normal c e l l  Line. Confluent monolayers of mouse f i b r o b l a s t  c e l l s  

Pardee and Fos te r7 '  have shown t h a t  polyoma t ransformed 3T3 

80 

The LAMP c o n t e n t  oE v i r a l l y  t ransformed E i b r o h l a s t s  is decreased  t o  

The lowered l e v e l  of LAMP i s  b e l i e v e d  t o  he  

This d rama t i c  e f f e c t  on c e l l -  

P a ~ t a n * ~  has proposed t h a t  t h e  SKC gene product  mod i f i e s  

S ince  adeny l  c y c l a s e  

Pas t an  and co-workers 8 5 9 8 6  have shown t h a t  

This d e c r e a s e  i n  enzyme a c t i v i t y  which 

48 
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have t h e  a b i l i t y  t o  cause r e v e r s i b l e  growth i n h i b i t i o n  of cocu l tu red  

trans formed c e l l s .  52a 

- v i a  gap junc t  ionsg6" which c o n s i s t  of hydroph i l i c  channels between 

eels which a l low molecules of up t o  molecular weight of 1,000 t o  pass 

between ad jacen t  c e l l s .  

shown t h a t  when LAMP was added t o  mammalian c e l l s  i n  c u l t u r e ,  j u n c t i o n  

permeabi l i ty  increased s i g n i f i c a n t l y ,  which was c o r r e l a t e d  wi th  an  in- 

crease i n  t h e  number of gap junc t ions .  

of s m a l l  molecular weight growth i n h i b i t o r y  substances between contact-  

ing c e l l s  could account € o r  t h e  growth i n h i b i t o r y  e f f e c t  of LAMP. 
i s  of i n t e r e s t  t h a t  a d d i t i o n  of dihutyrylcAMP and theophy l l ine  t o  a 

transformed Syrian hamster f i h r o b l a s t  c e l l  l i n e  caused a p a r t i a l  re- 

s t o r a t i o n  of a gap-junction de fec t  i n  t h e s e  c e l l s .  e k  This concept i s  

f u r t h e r  supported by r ecen t  data86d wi th  a C1-1D mouse tumor ce l l  l i n e  

which f a i l s  t o  make permeable junc t ions  i n  conf luen t  c u l t u r e .  Upon 

a d m i n i s t r a t i o n  of LAMP o r  d i b u t y r y l  LAMP t h e  cel ls  acquired permeable 

junc t ions  c h a r a c t e r i s t i c  of normal c e l l - t o - c e l l  channels.  

Tnformation between c e l l s  is u s u a l l y  t r a n s f e r r e d  

Lowens t e i n  and co-workers86b have r e c e n t l y  

The passage 2 gap junc t ions  

It 

Recently,  Cho-ChungB7 has shown t h a t  dibutyryl-ZAMP and L-arginine 

caused i n h i h i t i o n  of c e l l  r e p l i c a t i o n  of human b r e a s t  cancer  cells. 

This i n h i b i t i o n  was accomplished by a change i n  c e l l  morphology t o  nor- 

ma1 phenotype. Several  r ecen t  papers have suggested t h a t  hormonal 

r e g u l a t i o n  of c e l l u l a r  p r o l i f e r a t i o n  by modulation of LAMP could o f f e r  a 

more f r u i t f u l  approach t o  cancer chemotherapy than t h e  d i r e c t  i n h i b i t i o n  

of DNA s y n t h e s i s  which r e s u l t s  i n  d i r e c t  c e l l  k i l l  and cons ide rab le  h o s t  

t o x i c i t y .  

New a M P  Analogs as P o t e n t i a l  I n h i b i t o r s  of Metastases 

d i c a t e 9 1  t h a t  a s u b s t i t u e n t  such as methyl thio,  bromo o r  a l k y l  a t  posi-  

t i o n  8 i n  t h e  pu r ine  r i n g  prevents  enzymatic opening of t h e  3 ' , 5 ' - cyc l i c  

phosphate ring. It ,would appear t h a t  t he  presence o f  an 8 - suhs t i t uen t  

gives  a predominant syn conformation which is appa ren t ly  not a t t acked  by 

phos phodi es t eras e. 91-94 This is p a r t i c u l a r l y  important s i n c e  i t  has re- 

c e n t l y  been shown t h a t  i t  is t h e  syn form of SAMP which binds t o  t h e  LAMP 
r e c e p t o r  p ro te in95  p u r i f i e d  from 2. 
using a 270 MHZ nuc lea r  magnetic resonance spectrometer ,  

A review of s t r u c t u r e  a c t i v i t y  r e l a t i o n s h i p  of LAMP d e r i v a t i v e s  in- 

as noted by binding s t u d i e s  
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2 16 ROBINS 

Zimmermang6 has  r e c e n t l y  poin ted  out  t h a t  nuc leos ide  3 ' ,  5 ' -cyc l ic  

monophosphates may be formed me tabo l i ca l ly  from a s u r p r i s i n g l y  l a r g e  

number of pu r ine  an t ime tabo l i t e s .  

i n  v ivo  may indeed he r e spons ib l e  f o r  many of t h e  h i o l o g i c a l  e f f e c t s  pre- 

v ious ly  a sc r ibed  t o  t h e  simple pu r ine  a n t i m e t a h o l i t e s .  96-99 A number 

of workers have attempted t o  d e f i n e  t h e  f e a t u r e s  of t h e  LAMP molecule 

which a r e  gene ra l ly  important in t h e  b inding  of 5AMP t o  va r ious  p r o t e i n  

k inases .  

t h e  r e g u l a t o r y  subun i t  of - CAMP-dependent p r o t e i n  k i n a s e  type  I u s i n g  

va r ious  +iP ana logs  and have proposed t h a t  t h e  c y c l i c  phosphate-ribose 

moiety of - CAMP is bound t o  t h e  k inase  i t s  3' and 5'-oxygens, t h e  2' -  

hydroxyl and t h e  nega t ive  charge of t h e  phosphate an ion  ( s e e  2). These 

workers propose t h a t  t h e  adenine moiety is bound i n  a hydrophobic c l e f t  

without s i g n i f i c a n t  hydrogen bonding i n t e r a c t i o n s .  These conclus ions  

a r e  i n  gene ra l  agreement wi th  those  p rev ious ly  reached by Miller and 

These 3 ' , 5 ' - cyc l i c  n u c l e o t i d e s  formed 

-- 

J a s t o r f f  e t  al .  9 7 7 9 7 a  have s t u d i e d  t h e  LAMP r e c e p t o r  s i t e  i n  

Robins100 f o r  LAMP p r o t e i n  k inase  type  I1 wi th  t h e  excep t ion  t h a t  Nj of 

adenine  appears t o  be a s i g n i f i c a n t  b inding  si tel" i n  t h e  type  I1 kin-  

ase. The J a s t o r f f  sugges t s  t h a t  s p e c i f i c i t y  of a c t i v a t i n g  

t h e s e  p r o t e i n  k inases  might he  achieved  by s u b s t i t u t i o n  i n  t h e  pu r ine  

moiety. Such a proposa l  is suppor ted  hy good exper imenta l  da t a .  

Sever in  and co-workersg9 sugges t  t h a t  a hydrogen bond from t h e  p r o t e i n  

k inase  enzyme t o  t h e  6-subs t i tuent  (NH ) i s  a l s o  v i t a l  f o r  LAMP a c t i v a -  

t i o n  of p r o t e i n  k inase  from p i g  brain.$' Of course ,  d i f f e r e n t  LAMP- 

dependent p r o t e i n  k i n a s e s  from var ious  sou rces  may indeed possess  d i f i e r -  

e n t  a l l o s t e r i c  b inding  requirements and may a l low bulk  t o l e r a n c e  of d i f -  

f e r e n t  types.  Such concepts are indeed t h e  b a s i s  of t h e  hoped f o r  spec- 

i f i c  i ty  '01-'04 f o r  an t i tumor  a c t i o n .  It has  r e c e n t l y  been shownlo5 t h a t  

i n  p r o l i f e r a t i n g  c e l l s  t h e  r a t i o  of type I t o  type  T I  LAMP-dependent pro- 

t e i n  k i n a s e  w a s  0.37. S-Rromo-$MP added t o  t h e s e  cells  r e s u l t e d  i n  

growth arrest  and a type  I t o  type  I1 r a t i o  of 3.76. It has  r e c e n t l y  

been shownlo6 t h a t  p r o t e i n  k inase  I has  s t r i c t e r  s t e r i c  requirements 

t han  p r o t e i n  k inase  I1 f o r  t h e  b inding  l o c a l e  ad jacen t  t o  p o s i t i o n  2 of 

- CAMP. 

change i n  morphology of CIfO cells seen  wi th  2AMP can  he  c o r r e l a t e d  w i t h  

t h e  phosphoryla t ion  by SAMP-dependent p r o t e i n  k inase  type  I1 of a 52,000- 
d a l t o n  p ro te in .  

would favor  those  base  analogs which have t h e  s t r u c t u r a l  requirement 

100 

LeCam e t  a d n 7  have shown t h a t  t h e  dec rease  i n  growth rate and 

I n  s e l e c t i n g  t h e  LAMP d e r i v a t i v e s  f o r  s y n t h e s i s  w e  
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P U R I N E  NUCLEOSIDE 3',5'-CYCLIC MONOPHOSPHATES 217 

of CAMP-dependent protein kinase type 11. 
the presence of the amino group at position 6 does not appear to be 
necessary 102'103 for activation of protein kinase I1 isolated from bo- 
vine cardiac muscle or bovine brain. 

It should be noted that - 

It should be pointed out that N6-0-2 - I-dibutyryl-cJMP and various 

lipid-soluble analogs of 5AMP penetrate cells more readily than LAMP 
itself. Endogenous - CAMP does indeed cross cellular membranes. Tritium 
labelled - CAMP administered intravenously to rats was recovered in 20% 
yield in the urine.lo8 
diffusion, whereas efflux i s  an energy-dependent active transport 
process. log 

riers."' 

In E. coli the uptake of - CAMP is by facilitated 

The cells regulate the number of CAMP transport car- 
In human erythrocytes LAMP can enter erythrocytes in suffi- 

cient amounts to alter the activity of CAMP-dependent protein kin- 
ases. 110 

In considering certain 5AMP analogs which would be superior to 
- CAMP as potential inhibitors of metastasis the following criteria would 
seem to be important. The 3',5'-cyclic nucleotide analogs selected for 
studies should be: 

1. 
2. 
3 .  Poor substrates for PDE. 
4.  

5 .  Rather nonpolar to ensure good transport into cells. 
6 .  

Good activators of platelet protein kinase type 11. 
Good inhibitors of platelet - CAMP PDE. 

Selective for activators of protein kinase type 11. 

Nucleotides which are not readily incorporated into cellular 
RNA and DNA which would result in cellular toxicity. 

- CAMP and the Lymphocyte Immune Response 
According to the concept of immune surveillance, 111y112 the dev- 

elopment of a tumor represents a failure on the part of the immune sys- 
tem to attack and kill emerging tumor cells. 
suggest that immune responsiveness is regulated in part by cyclic adeno- 
sine 3',5'-monophosphate ( C P ) .  113'114 

gests that 5AMP inhibits immune responsiveness. It thus seemed possible 
that some cases of tumor development might result from or be associated 
with, abnormal cyclic nucleotide metabolism in immunocytes. Most and 
perhaps all of the physiologically important effects of CAMP are 

There is now evidence to 

The bulk of this evidence sug- 
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218 ROBINS 

thought to be mediated by the activity of a - CAMP-dependent protein kin- 
ase. '15 Preliminary studies suggested that in mice the melanoma tumor- 
bearing state was associated with a loss of - CAMP-dependent protein 
kinase activity from human peripheral blood lymphocytes. Ortez and 
co-workers''' have recently shown that - CAMP-dependent protein kinase 
activity was depressed in whole thymus and spleen as well as isolated 
splenic lymphocytes from 8-16 melanoma bearing C57 B1/6J mice as com- 
pared to control animals. A similar loss of enzyme activity was ob- 
served in human peripheral blood lymphocytes from melanoma bearing 

patients as compared to normal subjects. An unaltered level of 
activity in the heart of tumor bearing mice suggested some specificity 
for the lymphoid system. 
of a diminished V 
tion. 
a depletion of small lymphocytes from both thymus and spleen, and it was 
hypothesized that the losses of lymphocytes and LAMP-dependent protein 
kinase activity are related. It has been suggested116 that the tumor 
results in selective neutralization of a lymphocyte subpopulation rich 
in - CAMP protein kinase activity. This neutralization may be the result 
of cellular destruction 2 tumor elaborated lymphotoxins o r  it may re- 
sult from selective removal of lymphocytes from the circulation % 
chemotactic factors. 
it is suggested that the lymphocyte type removed is a T cell. This 

117 hypothesis receives support from the observations of Hamaoka et al. 
that transferred T cells are poorly recovered from Ehrlich tumor-bear- 
ing mice and the report of Levy et 
be isolated from the sera of rhabdomyosarcoma tumor-bearing mice. Ad- 

ditional support is the recent demonstration by Niaudet et a l  .I1' that 
T cells contain more - CAMP and adenylate cyclase than R cells. 
quite possible that T cells may also contain more 2AMP protein kinase 
than R cells and that selective removal of T cells is therefore respon- 
sible for the drop in LAMP protein kinase activity associated with 
mixed lymphocyte preparations from tumor-bearing patients and mice. 

Tisdale and Thompson120 have recently shown that patients with 

This depressed enzyme activity was the result 
for - CAMP stimulated calf histone phosphoryla- max 

The tumor bearing state in the mouse was also accompanied by 

Since the effect is most pronounced in the thymus, 

that T cell depressants can 

-- 
It seems 

chronic lymphocytic leukemia had a different ratio of LAMP-dependent 
protein kinase I to I1 than the normal population. Human peripheral 
blood lymphocytes in vitro using chicken erythrocytes as target cells 
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PURINE NUCLEOSIDE 3',5'-CYCLIC MONOPHOSPHATES 219 

were r e c e n t l y  s t u d i e d  i n  t h e  p re sence  of a g e n t s  which i n c r e a s e d  LAMP 

c o n c e n t r a t i o n s .  12' Such a g e n t s  s t r o n g l y  i n h i b i t e d  t h e  c y t o t o x i c  e f -  

f e c t s  of lymphocytes. 12' Such s t u d i e s  s u p p o r t  the e a r l y  o b s e r v a t i o n  

t h a t  CAMP i n h i b i t s  i n  v i t r o  an t ibody  s y n t h e s i s  by s p l e e n  c e l l s .  Par- 

ker12' has  summarized s t u d i e s  of t h i s  t ype  i n v o l v i n g  LAMP and lympho- 

c y t e s  and concludes  t h a t  t h e  predominant a c t i o n  of LAMP i s  t h a t  of in -  

h i h i t i o n  of lymphocyte func t ion .  It would appea r  t h a t  t h i s  n e g a t i v e  

e f f e c t  on t h e  p r o l i f e r a t i o n  of lymphocytes and t h e i r  f u n c t i o n  may be 

122  

c o r r e l a t e d  w i t h  a n  a c t i v a t i o n  of :AMP-dependent p r o t e i n  k i n a s e  I1 with- 

in t h e  c e l l .  124 

- cGMP and t h e  Lymphocyte Immune Response 

The lymphocyte, t h e  fundamental  c e l l  of immune f u n c t i o n  i n  man, h a s  

been i n t e n s i v e l y  s t u d i e d  ove r  t h e  p a s t  t e n  y e a r s ;  however, a l t h o u g h  t h e  

phenomenon of lymphocyte t r a n s f o r m a t i o n ,  t r i g g e r e d  by s u r f a c e  i n t e r a c -  

t i o n  w i t h  a n t i g e n s  is r e a d i l y  observed i n  c e l l  c u l t u r e  and c o r r e l a t e s  

w e l l  w i t h  c e l l u l a r  immunity i n  v i v o ,  t h e  d e t a i l e d  molecu la r  c o n t r o l  

mechanism i s  s t i l l  under  s tudy .  

f i r s t  t o  s u g g e s t  t h a t  guanosine-3' ,  5 ' - cyc l i c  monophosphate (5GMP) i s  a 

p o s i t i v e  i n t r a c e l l u l a r  med ia to r  i n  lymphocytes. These workers showed 

t h a t  t h e  mi togens ,  phytohemagglu t in in  and concanava l in  A produced up t o  

50 - fo ld  i n c r e a s e s  of 1ymDhocytic 5GMP w i t h i n  20 minutes .  

Caldberg and c o - w ~ r k e r s l ~ ~  were t h e  

- cGMP h a s  been shown126 t o  r e v e r s e  t h e  i n h i h i t o r y  e f f e c t  of LAMP 

on  i nduc t  i o n  of humoral an t ibody  r e sponse  t o  he t e ro logous  e r y t h r o c y t e  

a n t i g e m  i n  s p l e e n  c u l t u r e s .  5GMP h a s  been found t o  s t i m u l a t e  n u c l e i c  

s y n t h e s i s  i n  lymphocytes as t h e  r e s u l t  of i t s  r o l e  as a n  i n t r a c e l l u l a r  

mediator,127 through mi togen-recepter  i n t e r a c t i o n  a t  t h e  s u r f a c e  of t h e  

lymphqcyte cel l .  

c y t e  a c t i v a t i o n  has  r e c e n t l y  been summarized by Hadden e t  al .  L27a 

mi togen ic  a c t i o n  of - cGMP and g-Ar-zGMP, 5 ( f i r s t  prepared128 i n  ou r  

l a b o r a t o r y  i n  1973) has  been r epor t ed ,  1299130 i n  c u l t u r e d  lymphocytes.  

These e f f e c t s  are o p p o s i t e  t o  t h o s e  of exogenous LAMP and 8-Rr-LAMP, 2. 
The e f f e c t s  of LGMP and LAMP on  lymphocyte mi togenes i s  are l i k e l y  due t o  

t h e i r  opposing a c t i o n  on the phosphory la t ion  of c e r t a i n  lymphocyte nu- 

c l e a r  p r o t e i n s .  13' - cGMP, 1, and 8-Br-LGMP, 4 enhance phosphory la t ion  

r a p i d l y  while CAMP is i n h i b i t o r y .  These and s imilar  d a t a  from o t h e r  

The involvement of 5GMP i n  t h e  r e g u l a t i o n  of lympho- 

The 

- 
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220 ROBINS 

l a b o r a t o r i e s  127,132,133 are c o n s i s t e n t  with t h e  concept t h a t  5GMP and 

- CAMP are a n t a g o n i s t i c  toward each o t h e r  i n  t h e i r  i n f luence  on lympho- 

c y t e  mitogenesis.  It has  been reported t h a t  homogenates of human per- 

i p h e r a l  blood lymphocytes con ta in  a s i n g l e  phosphodiesterase which 

hydrolyzes only CpMP. 134 No c y c l i c  GMP phosphodiesterase a c t i v i t y  was 

7 - 

detected i n  homogenates of t hese  c e l l s .  

8-Br-cGMP - 
a - 

The c y c l i c  AMP phosphodiester-  

ase from t h e  normal donor lymphocytes w a s  85% i n h i b i t e d  by a 10-fold 

excess of c y c l i c  GYP, whi le  t h e  enzyme from t h e  leukemic p a t i e n t s '  

lymphocytes, o r  from t h e  lymphoblastic l i n e s ,  was  i n h i b i t e d  only 15%. 

The phosphodiesterase a c t i v i t i e s  from the lymphoblastoid c e l l  l i n e s  and 

from t h e  leukemic lymphocytes were considerably h ighe r  t han  those of 

t h e  normal lymphocytes. 135 

s e n s i t i v e  t o  a c t i v a t i o n  by 2GMP and 5GMP analogs s i n c e  5 G M P  induces a 

change i n  c y c l i c  AMP phosphodiesterase t o  a form which is more a c t i v e  

and less s u s c e p t i b l e  t o  i n h i b i t i o n  by 2GMP. 

- CAMP hydro lys i s  c o n t r i b u t e s  t o  t h e  r e c i p r o c a l  changes in t h e s e  two 

c y c l i c  nuc leo t ides  which are seen during mitogenic trans formation. 

Thus w e  see t h a t  lymphocytes are e s p e c i a l l y  

The r e s u l t i n g  i n c r e a s e  i n  

The a c t i v i t y  of PRPP s y n t h e t a s e  which is induced 9-fold i n  s p l e n i c  

c e l l s  48 hours aEter mitogenic s t i m u l a t i o n  has been shown t o  be stimu- 

l a t e d  by t h e  presence o f  2GMP. 136 

i s o l a t e d  h e p a t i c  lyposomes is  p o t e n t i a t e d  by 5GMP and i n h i b i t e d  by 

- ~ A t 4 P . l ~ ~  

e f f e c t  o f  LAMP on mitogen-induced p r o l i f e r a t i o n .  607138 Whi t f i e ld  and 

c 0-wo rke r s  139-141 have demonstrated enhanced p r o l i f e r a t i o n  of a c t i v e  

mouse lymphoblasts with concen t r a t ions  of LGMP as l o w  as 10-l' molar. 

Thus a c t i v a t i o n  a t  such a l o w  concen t r a t ion  is t r u l y  amazing and sug- 

me release of lysosomal enzymes from 

Exogenous 2GMP has  a l so  been shown t o  reverse t h e  i n h i b i t o r y  
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PURINE NUCLEOSIDE 3',5'-CYCLIC MONOPHOSPHATES 221 

g e s t s  t h a t  c e r t a i n  s p e c i f i c  5GMP analogs could be prepared t o  s e l e c t i v e -  

l y  a c t i v a t e  lymphocytes a g a i n s t  tumor cells .  

i n e  sp l een  cel ls142 and t h e  gene ra t ion  of s p e c i f i c  n a t u r a l  k i l l e r  c e l l s  

i n  lymphocyte c u l t u r e .  143 

spontaneous c y t o t o x i c i t y  of human lymphocytes i n  v i t r o  a g a i n s t  tumor 

cel ls .  144-146 

t o  be markedly enhanced by lymphoblastoid i n t e r f e r o n .  14' 

of n a t u r a l  k i l l e r  (NK) cells t o  spontaneously l y s e  a number of tumor 

cel ls  i n  v i t r o  is increased i n  t h e  presence of i n t e r f e r o n .  

r ecen t  work of Tovey e t  a1.14' has shown mouse i n t e r f e r o n  r e s u l t e d  i n  a 

r ap id  (10 min.) four-fold i n c r e a s e  i n  t h e  i n t r a c e l l u l a r  concen t r a t ion  

of  5 G M P  i n  mouse leukemia L-1210 c e l l s .  Such a r ap id  i n c r e a s e  i n  t h e  

l e v e l  of 5GMP may be r e spons ib l e  f o r  t h e  t r i g g e r i n g  of t h e  NK cells. 

The increased awareness of t h e  r o l e  of NK cells  a s  a novel c e l l  type 

having t h e  spontaneous a b i l i t y  t o  des t roy  tumor cells  is summarized i n  

a r ecen t  i s s u e  of Science. 

I n t e r f e r o n  inc reases  t h e  s p e c i f i c  c y t o t o x i c i t y  of s e n s i t i z e d  mur- 

I n t e r f e r o n  p repa ra t ions  a l s o  enhance t h e  

The modulation of human blood lymphocytes has been noted 

me capac i ty  

145,148 The 

150 

It is i n t e r e s t i n g  t o  n o t e  t h a t  t h e  immunopotentiation e f f e c t  of 

levamisole  has been pos tu l a t ed  t o  be due t o  t h e  f a c t  t h a t  levamisole  

i n h i b i t s  - cGMP phosphodiesterase which r e s u l t s  i n  t h e  i n c r e a s e  of 2GMP 

w i t h i n  t h e  lymphocyte and r e s u l t s  i n  inc reased  lymphocyte p r o l i f e r a -  

t ion. 15' 

p a t i e n t s  were c u l t u r e d  wi th  var ious c y c l i c  nuc leo t ides  i n  a d d i t i o n  t o  

mitogen. 

- CAMP had a d e f i n i t e  suppres s ive  e f f e c t .  

would appear poss ib l e  t o  s e l e c t i v e l y  modulate t h e  ant i tumor a c t i v i t y  of 

normal lymphocytes i n  a manner which would r e s u l t  i n  a c t i v a t i o n  of NK 

ce l l s  toward tumor des t ruc t ion .  It should be pointed ou t  t h a t  as d i s -  

cussed earlier,  5GMP can a l s o  c o n t r i b u t e  t o  c e l l u l a r  p r o l i f e r a t i o n .  

deed, d i b u t y r y l  5GMP has  r e c e n t l y  been shown t o  promote t h e  growth 

of tumor HXK4. I n  concept,  however, i t  should be p o s s i b l e  t o  prepare 

analogs of - cGMP which would be s p e c i f i c  a c t i v a t o r s  of lymphocytes t o  

n a t u r a l  k i l l e r  cells  without s t i m u l a t i n g  tumor c e l l  p r o l i f e r a t i o n .  The 

success  of preparing c y c l i c  nuc leo t ides  which w i l l  provide a s p e c i f i c  

phys io log ica l  response has r e c e n t l y  been reviewed. A s p e c i f i c  exam- 

p l e  i s  t h e  potent  i n o t r o p i c  act Cvity of N6-~-butyl-8-benzylthio-~AMP, 9, 

Recently,  f r e s h  human lymphocytes i s o l a t e d  from h o s p i t a l i z e d  

5 G M P  enhanced t h e  immuno and p r o l i f e r a t i v e  response where 

In view of t hese  d a t a  i t  

In- 
153 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
8
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



22 2 ROBINS 

9 - OH OH d 10 

exhibi ted i n  dogs. 155 Another example is 2 - ~ - b ~ t y l - ~ A M P , ~ ~ ~  l0, which 

i s  o r a l l y  e f f e c t i v e  and s u p e r i o r  to aldomet i n  t h e  hype r t ens ive  rat. 

In dogs, 10 r e s u l t s  i n  a 50% drop i n  blood p r e s s u r e  with a 10-hour dura- 

This 

154 

t i o n  with no tachycardia  o r  s i g n i f i c a n t  i n c r e a s e  i n  h e a r t  rate. 154 

type of phys io log ica l  response is ample evidence t h a t  t h e s e  c y c l i c  

nuc leo t ides ,  9 and 2, are indeed c ross ing  t h e  c e l l u l a r  membrane. 

c e n t l y ,  a s tudy  of t h e  c e l l u l a r  uptake of LAMP w a s  made i n  i n t a c t  human 

e ry th rocy te s .  157 Not only w a s  CpMP shown t o  be t r anspor t ed  ac ross  mem- 

branes i n t o  human e ry th rocy te s ,  but i t  appears t h a t  t h e r e  is a shared 

t r a n s p o r t  channel €o r  LAMP and anion t r a n s p o r t .  157 Thus t h i s  d a t a  sug- 

ges t s  t h a t  a carrier-mediated t r a n s p o r t  system f o r  CAMP e x i s t s  a t  l e a s t  

i n  c e r t a i n  types of c e l l s .  Thus one may be a b l e  t o  u t i l i z e  a c y c l i c  

nuc leo t ide  form of a nucleoside which would s u c c e s s f u l l y  c r o s s  c e l l  mem- 

branes and then he opened t o  t h e  d e s i r e d  5'-phosphate w i t h i n  t h e  cell by 

c e r t a i n  c e l l u l a r  LAMP phosphodiesterases .  

Re- 

It is  clear t h a t  t h e  nucleoside 3 ' ,5 ' -cycl ic  monophosphates o f f e r  a 

unique opportuni ty  f o r  drug design which could provide such nuc leo t ides  

with a highly s p e c i f i c  hormonal r egu la to ry  response.  

u l a t o r s  could w e l l  r e g u l a t e  c e l l  p r o l i f e r a t i o n ,  r e v e r t  c e l l  transforma- 

t i o n ,  prevent  metastases and/or  s t i m u l a t e  lymphocyte response.  

chal lenge is thus t o  prepare nucleoside 3' ,  5 ' -cycl ic  monophosphates which 

w i l l  he highly s p e c i f i c  i n  each of t h e s e  areas and then u t i l i z e  such 

agents  i n  a des i r ed  combination t o  a f f e c t  t h e  r equ i r ed  c o n t r o l  over  t h e  

n e o p l a s t i c  cel l .  Such p ro jec t ed  research o f f e r s  a unique cha l l enge  t o  

t h e  nucleos ide  and nuc leo t ide  chemist .  

Such hormonal mod- 

The 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
8
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



PURINE NUCLEOSIDE 3',5'-CYCLIC MONOPHOSPHATES 223 

REFERENCES 

(1) Johnson, G. S. ; Friedman, R. Y. ; Pastan, I. E. E. e. 
Sci. 1971, 68, 425. -- 

(2) Hsie, A. W.; Puck, T. T. E. E. s. g. 1971, 68, 358. 
(3) Hsie, A. W. ; .Janes, C. ; Puck, T. T. E. E. g. s. 

1971 68 1648. -> -9 

(4) Por t e r ,  K. R.; Puck, T. T.; Hsie, A. W.; Kelley, D. C e l l  1974, 

- 2, 145. 
(5) Pastan, I.; Johnson, G. S. ; Anderson, W. B. &I. Rev. Biochem. 

1975, 44, 491. - 
(6) Puck, T. T. E. x. e. s. 1977, 74, 4491. 
(7) Rudland, P. S.; Seeley, M.; S e i f e r t ,  I{. Nature 1974, 251, 417. 
(8) Moens, Y. A , ;  Vokaer, A.; K r a m ,  R. E. F. s. g. 1975, 

72, 1063. - 
(9) S e i f e r t ,  W. E.; Rudland, P. S. Nature 1974, 248, 138. 

(10) Halpr in ,  K. M. J. Invest .  Dermatol. 1976, 66, 339. 

(11) Miller, Z.; Lovelace, E.; Gallo,  M.p Pastan, I. Science 1975, 
190, 1213. - 

(12) DeRubertis, F. R.; Chayoth, R.; F i e ld ,  J. R. J. Clin. Invest .  

1976, 57, 641. - -  
(13) Goldbert ,  M. I ~ . ;  Burke, G. C . ;  Morris,  H. P. Biochem. Biophys. 

R e s .  Commun. 1975, 62, 320. - 
(14) DeRubertis, F. R. Cancer R e s .  1977, 37, 15. 
(15) Friedman, D. L. Physiol.  Rev. 1976, 56, 652. 
(16) Willingham, M. C.; Pastan,  I. E. x. w. s. 1975, 72, 

1263. 
(17) Oeif ,  J. A . ;  Vogel, A.; Pollack, R. E. S. w. K. 

1974,  71, 694. - -  
(18) Shin, S.; Freedman, V. H.; Risser, R.; Pollack, R. &. E. 

Acad. Sci. 1975, 72, 4435. , --- 
(19) Z e i l i g ,  C. E.; Goldbert ,  N. D. Proc. Nat. Acad. Sci .  1977 - - - - - ,  

- 74, 1052. 
(20) For a d e t a i l e d  treatment oE t h i s  s u b j e c t ,  t h e  r eade r  is r e f e r -  

red t o  t h e  book "Cyclic Nucleotides and t h e  Regulation of C e l l  Growth," 

Ed. M. Abou-Sabe; Dowden, Hutchinson and Ross, Inc. ,  523 Sarah S t . ,  

Stroudshurg, PA, 1976. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
8
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



224 ROBINS 

(21) Johnson, L. D.;  Hadden, J. W. Vucle ic  Acids Res. 1977, 4, 4007. 

(22) Chawla, R. K. ; Nixon, D. W. ; Sho j i ,  M. ; Qudman, 1). Annals 

I n t e r n .  Med. 1979, 9 l ,  862. -- 
(23) Puck, T. T.; P.obins, R. K. unpubl i shed  r e s u l t s .  

(24) Miller, J. P. ;  Boswell, K. H.; Muneyama, K.;  Simon, I. N.; 

Robins, R. K . ;  Shuman, D. A. - Biochemistry 1973, 2, 5310. 

(25) Imada, Y.; Imada, S.; Weiss, D. Biochim. Riophys. - Acta - 9  1980 

632, 47. - 
(25a) Hsie, A. W. p. 557 i n  " C e l l  Growth," ed. Y i c o l i n i ,  C.;  Plenum 

Press, 1982, p. 557. 

(25b) Mironescu, S. G. D.; Eps t e in ,  S. M. DiPaolo, A. Cancer Res. 

1982, 42, 1274. - -  
Gericke ,  D.; Chandra, P. Hoppe-Seyler's - 2. Phys io l .  - Chem. - 9  1969 

Cho-Chung, Y.S. Cancer R e s ,  1974, 34, 3492. 

N i l e s ,  R. N.; Makarski, J. S.; Kurz, M. J.; Rutenhurg, A. M. 

- R e s .  1976, 102, 95. 

Muneyama, K . ;  Shuman, D. A . ;  Boswell, K. H.; Robins, R. K . ;  

Simon, L. N.;  Miller, J. P. J. Carbohyd. Nucleos ides  Nuclebt ides  1974, 

(30) Niles, R. M . ;  Ludwig, K. W. ;  Makarski,  J. S. J. E. Cancer 

- 1, 55. 

I n s t .  1979 63 909. - ->-? 

(31) Koontz, J. W.; Wicks, W. D. K. Pharmacol. 1980, l.8, 65. 

(32) Muneyama, K . ;  Bauer, R. J.; Shuman, D. A . ;  Robins, R. K.; 

Simon, 1,. N. Biochemistry,  1971, 10, 2390. 

(33) Nicholson, G. L. E. &. 1979, p. 66. 

(34) H a r t ,  I. R.; F i d l e r ,  I. J. Biochim. Biophys. Acta 1981, 651, 
37. 

(35) Pos te ,  G.;  F i d l e r ,  I. J. Nature 1980, 283, 139. 

(36) F i d l e r ,  I. J.; Kripke, M. I,. Sc ience ,  1971, 197, 893. 

(37) Schabel,  Jr., F. M.; Griswold, I). P.; Corbe t t ,  R. H.; Laster, 

W. R.; Lloyd, H. H. Methods Cancer R e s .  1979, 17, 3. 

(38) Tf sda le ,  M. J.; P h i l l i p s ,  B. J .  eXp. Cell  Res. 1974, 88, 111. 

(39) Reddi, P. K. Nature  1972, - 238, 286. 

( 4 0 )  S m i t h ,  S. W.;  Werthamer, S.; Artman, M. I n  V i t r o  1974, 2, 
225. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
8
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



PURINE NUCLEOSIDE 3’ ,5’-CYCLIC MONOPHOSPHATES 225 

(41) S h i e l d s ,  R. i n  “Eukaryot fc  C e l l  Funct ion  and Growth,” ed. r)u- 

mont, J. E.;  Brown, R. L.; Y a r s h a l l ,  Y. J. p. 747, Plenum Press, 1974. 

(42) T i s d a l e ,  M. J. Cancer Treatment Reviews 1979, a, 1. 
(43) Prasad ,  K. “J.; Sheppard, J. R. Exp. C e l l  Res. 1972, 73, 436. 

(44) Pardee,  A. R.;  deAsau, T,. ,J.; Rozengurt, F. i n  “Cont ro l  of 

P r o l i f e r a t i o n  i n  Animal C e l l s , ”  ed. Clarkson, R. ;  Baserga,  R.; Cold 

Spr ing  Harbor Conference on C e l l  P r o l i f e r a t i o n ,  1974, Vol. 1, p. 547. 

( 4 5 )  Anderson, W. B.; Johnson, G. S.; Pas tan ,  I. H. E. K. 
Acad. Sc i .  1973, 70, 1055. --- 

(46) Anderson, W. 73.; Lovelace,  ’3.; ?as t an ,  I, H. Biochem. Biophys. 

R e s .  Comrnun. 1973, 52, 1293. - 
(47) Polgar ,  P.; Vera, J. C.; Kel ley ,  P. R.; Rutenberg,  A. M. 

Biochim. Biophys. Acta 1973, 297, 378. 

(48) Pas tan ,  T. H.;  Johnson, G. S . ;  Anderson, W. B. &. Rev. 
Biochem. 1975, 44, 512. 

(49) Lowe, J. K. ;  Menderson, J. P. Biochem. Pharmacol. 1977, 26, 

1533. 

(50) Nomura, T. Cancer Res .  1980, 40, 1332. 

(51) The i s s ,  J. C.; Shimkin, M. 73. Cancer R e s .  1978, 38, 1757. 

(52) Jan ik ,  P. ;  Assaf ,  A.; Bertram, J. S. Cancer R e s . ,  1980, 40, 
1950. 

(52a) Bertram, .J. S.; Bertram, 8. R. ;  .Janik, P. J. C e l l u l a r  Biochem. 

1982, 5, 515. - 
(53) Jan ik ,  P.; Bertram, J. S. E. &. Assoc. Cancer R e s . ,  1980, 

21,  263 A b s t r a c t  No. 1053. - 
(54) Niles, R. M.; Ludwig, K. W. ; Makarski, J. S. J. E. Cancer 

Ins  t . ,  1979, 63, 990. 

(55) Hong, C. I.; T r i t s c h ,  C,. L.; Yi t t leman,  A . ;  Hebborn, P.; 

Chheda, G. P. J. Men. Chem. 1975, 18, 465. 

(56) Pierce, G. B. Fed. &. SOC Exp. B i d .  1970, 29, 1248. 

(57) Banks, J.; Kreider ,  J. W.; Sa toh ,  C.;  Davidson, E. A. Cancer 

- R e s . ,  1975, 35, 2383. 

(58) T s u j i ,  K. ;  Hata, Y . ;  Sa to ,  M.; Shimosato, Y. ;  Fukushima, Y. 

Cancer L e t t .  1976, 1, 311. -- 
(59) Kre ide r ,  J. “T.; Wade, D. R.; Rosentha l ,  M.; Densley, T. J. 

Nat. Cancer I n s t .  1972, 54, 1457. - --- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
8
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



226 ROBINS 

(60) Helson, L.; Lai ,  K . ;  Young, C. W. Biochem. Pharmacol. 1974, 
23, 2917. - 

(61) Waymire, J. C.;  Waymire, K. G . ;  Haycock, J. W. Nature,  1978, 

276, 194. - 
(62) Aw, E. J.; Holt ,  P. G.;  Simons, P. J. w. C e l l  R e s .  1974, 

83, 436. - 
(63) Karpatkin, S . ;  P e a r l s t e i n ,  E. &. z. @. 1981, 95, 636. 

(64) P e a r l s t e i n ,  E.; Salk,  P. L.; Yogeeswaran, G.;  Karpatkin,  5. 

Proc. Nat. g. g. 1980, 77, 4336. -- 
(65) Greenberg, J.; Pakcham, M. A. ;  Cazenane, .J. P.;  Reimers, 

M. ,J.; Mustard, J. F. Lab. Inves t .  1975, 32, 476. 

(66) Gasic, G. J.; Basic,  T. R. ;  Ga lan t i ,  N.;  Johnson, T.; Murphy, 

S. E. J. Cancer 1973, ll, 704. 

(66a) Zacharski,  T,. R. Cancer 1979, 44, 732. 

(66b) Gordon, S. G. J. Histochem. Cytochem. 1981, 2, 457. 

(6612) Honn, K. V. ;  Covanaugh, P . ;  Evens, C . ;  Taylor ,  J. D.;  Sloane, 

R. F. Science 1982, 217, 540. 

(67) Honn, K. V.; Cicone, B.;  Skoff ,  A. Science,  1981, 212, 1270 .  

(68) Moncada, S.; Vane, J. R. Fed. E. &. e. Exp. Biol .  1979, 

38, 66. - 
(69) Alvarez,  R.; Taylor,  A.; Tazzar i ,  .T. J.; Jacobs,  J. R. K. 

Pharmacol. 1981, 20, 302. 

(70) Marcus, A. J.; Tucker, M. 8. "Physiology of Blood Pla te le t s , "  

Grune and S t r a t t o n ,  Inc . ,  New York, 1964, p. 53. 

(71) Salzman, E. 14.; Levine, L. J. Clin.  I n v e s t ,  1971, 2, 131. 
(72) Marquis, N. R. ;  Vigdahl, R. L . ,  Tavormina, P. A. Biochem. 

Biophys. e. Commun. 1969, 36 965. 

(72a) Rrostrom, C. 0.; Krebs, E. G. J. J&l. -;. 1971, 246, 1961. 

(72b) Cole, B.; Robison, A , ;  Hartmann, R. C. &. N.Y. Acad. E. 
1971, 185, 477. -- 

(73) Nicholson, G. L. Riochim. Biophys. Acta 1976, 458, 17. 

(74) Oppenheimer, 5. R. Exp. Cell  R e s .  1973, 77, 175. 

(75) Coman, D. R. Cancer Res. 1944, 4, 625. 

(76) 
(77) Pardee, A. B. &. Cancer I n s t .  Monogr. 1964, 2, 7. 

(78) Fos t e r ,  D. 0.; Pardee, A. B. J. Biol .  Chem., 1969, 244, 2675. 

(79) Ossowski, L.; Unkeless, J. C . ;  Tobia, A . ;  W i g l e y ,  J. P. ;  

Rifkin,  D. €3.; Reich, E. i. 5. Med 1973, 137, 112 .  

Holley,  R. W. E. E. w. g. 1972, 69, 2840. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
8
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



PURINE NUCLEOSIDE 3',5'-CYCLIC MONOPHOSPHATES 227 

(80) Pardee, A. B.; deAusa, L. J.; Rozengurt, E. "Control of Pro- 

l i f e r a t i o n  i n  Animal Cells," Cold Spring Harbor, p .  547 (1974). 

(81) Friedman, D. L. Physiol.  &. 1976, 56, 652. 

(82) Sh ie lds ,  R.; Pollock, K. C e l l  1974, 2, 31. 

(83) Pastan,  I.; Anderson, W. B.; Carchman, R. A . ;  Willingham, M. 

C.;  Russe l l ,  T. R.; Johnson, G. S. "Control P r o l i f e r a t i o n  in Animal 

Cells," Cold Spring Harbor 1974, p. 563. 

(84) Mil ler ,  R. P.; Hussain, M.; Lohip, S. J. m. Physiol .  1979, 
- 100, 63. 

(85) Anderson, W. B.; Johnson, G. S.; Pastan,  I. H. E. w. 
Acad. Sci .  1973, 70, 1055. --- 

(86) Anderson, W. R.;  Lovelace, E.; Pastan,  I. H. Biochem. Riophys. 

Res. Commun. 1973, 52, 1293. - 
(86a) For a review of gap junc t ions  see Loewenstein, W. R. Physiol.  

- Rev. 1981, 61, 830. 

(86b) Flagg-Newton, J. L.; Dahl, G.;  Loewenstein, W. R. J. Membrane 

Biol.  1981, 63, 105. -- 
(86c) Wright, E. n.; Slack, C.;  Caldfarb,  P. S. G.;  Subak-Sharpe, 

J. H. Exp. C e l l  R e s .  1976, 103, 79. 

(86d) Azarnia,  R.; Dahl, G . ;  Loewenstein, W. R. 2. Membrane w. 
1981, 63, 133. 

(87) Cho-Chung, Y. S.; Clair ,  T.; Rodwin, 5. S.; Berghoffer ,  B. 

Science 1981, 214, 88. 

(88) A l l f r e y ,  J. G. Cancer Bul l .  1981, 129. 

(89) Honn, K. V.; Meyer, J. Biochem. Biophys. g.  Commun. 1981, 
--- - 

- 102, 1122 .  

(90) Limhird, L. E. Riochem. J. 1981, 3, 1. 

(91) Miller, J. P. ;  Robins, R. K. m. Rep. s. Chem. 1976, 11, 
291. 

(92) For t h e  importance of t h e  + conformation of LAMP and biolo- 

g i c a l  a c t i v i t y  see Sundaralingam, M., and Ahola, J. Nature, New Biol .  

1972, 235, 244. -- - 
(93) Meyer, Jr., R. R.;  Miller, J. P. L i f e  S c i .  1974, 2, 1019. 

(94) Schweizer, M. P.;  Robins, R. K. i n  "Conformation of Riologi- 

c a l  Molecules and Polymers, ,'I Jerusalem Symposia on Quantum Chemistry 

and Biochemistry, v, 329 1973, Academic Press. - -- 
(95) Gronenborn, A. M.; Clore,  G. M.; Rlazy, B.; Raudros, A. FEBS 

Let t .  1981, 136, 160. -- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
8
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



228 ROBINS 

(96) Zimmerman, T. P. Biochem. Pharmacol. 1979, 28, 2533. 

(97) J a s t o r f f ,  B. ;  Yoppe, J.; Morr, J. E. J. Biochem. 1979, 101, 
555. 

(97a) D e  W i t ,  R. J. W.; Hoppe, J.; Stec, W. J.; Baraniak, J.; 

J a s t o r f f ,  B. E. J. Biochem. 1982, 122, 95. 

(98) Wagner, K. G.; Rieke, E.; tawaczeck, R.; Iloppe, J. FEBS V. 54, 

1 7 1 ,  Symposium S7 "Cyclic Nucleot ides  and P r o t e i n  Phosphoryla t ion  i n  Cell 

Regula t ion ,"  ed. Krause, E. G. 

(99) Sever in ,  E. S.; Saschenks,  L. P. ;  Kochetkov, S. N.; Galyaev, 

N. N. ;  Kurochkin, S. N.; Trakht ,  1. N. E, v .  54, 101, Symposium S7,  

"Cyclic Nucleot ides  and P r o t e i n  Phosphoryla t ion  i n  C e l l  Regula t ion ,"  ed .  

Krause, E. G . ;  Pinna, L.; Wollenberger,  A. Pergamon Press 1978. 
(100) Miller, J.; Robins, R. K. e. Rep. E. Chem. 1976, 11, 291. 

(101) Miller, J. P . ;  Chr i s t ensen ,  L. F.; Andrea, T. A . ;  Yeyer, Jr., 

R. B.; Yitano, S.; Miziino, Y. L. Cyc l i c  Nucleotide.  =. E, i, 173. 
(102) Yagura, T. ;  Yazimierczuk, Z.;  Shugar, D . ;  Miller, J. Riochem. 

Biophys. &. Commun. 1980, 97, 737 .  

(103) Yagura, T. S . ;  Miller, J. P. Biochemistry 1981, 20, 879. 

(104) Miller, J. P.; Roswell, K. H.; Meyer, Jr., R. B.; Chr i s t ensen ,  

L. F.; Robins, R. K. J. e. E., 2, 23, 242. 

(105) Haddox, M. K . ;  Magun, B. E.; R u s s e l l ,  1). R. E. F. e. 
Sc i .  1980 77 344.5. - - 9 - f  

(106) Yagura, T. S.; Sigman, C. C.; Sturm, P. A . ;  Reist ,  E. J.; 

Johnson, H. TI.; Miller, J. P. Riochem. Biophys. e. COmmun. 1980, 92, 
463. 

(107) LeCam, A . ;  Nicholas,  J. C.;  Singh, T. .J.; Cabra l ,  F.; PaStan, 

I.; Gottesman, M. M. -J. Riol .  Chem., 1981, 256, 933. 

(108) Brenner,  T.; Gorin, E. Riochem. E. 1978, 20, 160. 

(109) Goldenbaum, P. E.; Yal l ,  G. A. J. R a c t e r i o l .  1979, 3, 459. 

(110) Meyer, Jr., R. B.; Shuman, D. A . ;  Robins,  R. K. J .  &. M. 
SOC. 1974, 96, 4962. - - -  

(111) 

(112) Prehn, R. T.; t appe ,  M. A. Transplan t .  Rev. 1971, I, 26. 

(113) Parker ,  C. W.; S u l l i v a n ,  T. J.; Wedner, H. J. *. Cyc l i c  

Rurne t ,  F. M. Prog. eXp. Tumor Res .  1970, 2, 1. 

Nucleot ide  e. 1973, 4, 1. 

(114) Hadden, J. W.; Coffey, R. G.; Sp rea f i co ,  F. Immunopharmacol- 

-, Plenum Medical Rook Co., WC, NY (1977) pp. 1-59. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
8
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



PURINE NUCLEOSIDE 3',5'-CYCLIC MONOPHOSPHATES 229 

(115) Nimmo, H. G.; Cohen, P. @. Cyc l i c  Nucleot ide  k. 1977, 
- 8,  145. 

(116) O r t e z ,  R. A.; Hersh, E.; Robison, G. A. J. Cyc l i c  Nucleo- - 
t i d e  R e s .  1978, 6,  87. -- 

(117) Hamoaka, T.; Haba, S . ;  Tabatsu ,  K.; Kitagawa, Y. g. 2. 
Cancer 1976, 18, 612. ->- - 

(118) Levy, J. G . ;  Smith, A. G . ;  Whitney, R. €3.; McMaster, R.; 

Ki lhurn ,  D. G. Immunology 1976, 30, 565. 

(119) Niaudet ,  P.; Reaurain,  G.;  Bach, M. E. J. Immunol. 1976, 
- 6, 834. 

(120) 
(121) Wis lo f f ,  F.; C h r i s t o f f e r s e n ,  T. x. a. Al le rgy  App. 

T i s d a l e ,  M. J.; Thomson, A. E. R. Leukemia R e s .  -0, k, 581. 

Immunol. 1977, 53, 42. --- 
(122) Ger icke ,  D.;  Chandra, P.; Haenzel, T.; Wacker, A. Hoppe- 

s e y l e r ' s  2 .  2s-iG. Chem. 1970, 351, 305. 

(123) 
(124) Byus, C. V.;  Klimpel, G. R.; Lucas, D. 0.; R u s s e l l ,  D. H. 

Parker ,  C. W. Ann N.Y. Acai. &. 1979, 332, 255. 

Nature  1977, 268, 63. -- 
(125) Yadden, J. V.; Hadden, F. Y.; Haddox, M. K.;  Goldberg, N. D. 

Proc. Nat. Acad. S c i .  1972, 69, 3024. ----- 
(126) Bourne, H. R.; L i c h t e n s t e i n ,  L. M.; Melmon, K. L.; Henney, 

C .  S. ; Weins te in ,  Y . ;  Shea re r ,  G. M. Sc ience  1974, 184  19. --- -9  

(127) D e r u b e r t i s ,  F. R.; Zenser, T. Biochem Riophys. Acta 1976 - - 9  

428, 91. - 
(127a) Hadden, J. W.; Coffey, R. G. ;  Anathakrishnan, R.; Hadden, 

E. M. Proc. N.Y. Acad. K. 1979, 332, 241. 

(128) Miller, J. P.; Roswell, K. H.;  Vuneyama, K . ;  Simon, L. N.; 

Rohlns, R. Y . ;  Shuman, D. A. Riochemistry 1973, l2, 5311). 

(129) Weins te in ,  Y.;  Chambers, D. A . ;  Bourne, H. R.; Melmon, K. L. 

Nature 1974, 251, 352. ---- - 
(130) Diamanstein,  T.; IT lmer ,  A. Immunology 1945, 28, 113. 

(131) .Johnson, E. M.; Hadden, .J. V. S c i e n c e  1974, 187, 1198. 

(132) Strom, T. B . ;  Carpenter ,  C. B.; Garovoy, M. R.; Austen, K. F. 

Merrill, .J. P.; Ka l ine r ,  M. J. Exp. w. 1973, 138, 381. 

(133) P l a u t ,  M. J. Immunol. 1979, 123, 692. 

(134) Takemoto, D. J.; Lee, W. N.;  Kaplan, S. A.; Appleman, Y. M. 
- --- -- 

J. Cyclic Nucleot ide  R e s .  1978, 4, 123. - -- -_- - 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
8
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



230 ROBINS 

(135) Takemoto, T.; Kaplan, S. A, ;  Appleman, M. M. Riochem. &- 
-. k. Commun. 1979, 90, 491. 

(136) Chambers, D. A.; Mar t in ,  Jr., D. W.;  Y e i n s t e i n ,  Y. 

1974, 3 ,  375. - -  
(137) Igna r ro ,  L. J.; Krassiko€E, N.; S lyka ,  ,J. A. Pharmacol. &. 

Ther. 1973, 186, 86. -- 
(138) Diamanstefn, T. ; U l m e r ,  A. 3. El. g. 1975, 93, 309. 

(139) W h i t f i e l d ,  \J, P.; MacManus, J .  P.; Franks,  D. J.; G i l l a n ,  

D. J.; Youdale, T. s. E. a. el. E. 1971, 137, 453. 

(140) W h i t f i e l d ,  J. P.; MacManus, J. P.; Youdale, T . ;  Franks ,  D. J. 

J. C e l l .  Phys io l .  1971, 78, 355. - -  - -  
(141) Whi t f i e ld ,  .J. F.; MacManus, J. P. E. E. I&. x. e. 

- 1972, 139, 818, 

(142) Lindahl ,  P.; Leary, P.; Gresser, I. &. E. s. g.  
- 1972, 69, 721. 

(143) Heron, J.; Berg, K . ;  C a n t e l l ,  K. A. Immunol. 1976, 117, 1370. 

(144) Einhorn, S . ;  Rlomgren, H.; S t r ande r ,  H. E. J. Cancer 1978, 

22, 405. - 
(145) 

(146) Einhorn, S.; Blomgren, H. J. Clin .  Immunol. 1981, 2, 31. 

(147) Moore, M.; White, W. J.; P o t t e r ,  M. R. E. J. Cancer, 1980, 

T r i n c h i e r i ,  G.; S a n t o l i ,  D. J. x. @. 1978, 147, 1314. 

25, 565. - 
(148) Gidlund, M.; Orn, A.;  Wigze l l ,  H.; Senik,  A.; Gresser, I. 

Nature 1978, 273, 759. -- - 
(149) Tovey, M. G.;  Egly, C. R. &. N.Y. Acad. g. 1980, 350, 

266; see a l s o  Tovey, M. G.;  Egly, C. R.; Castagna, M. E. E. H. 
Sci .  1979 76 3890. - - > - 9  

(150) Marx, J. L. Science 1980, 210, 624. 

(151) Hadden, 3.; Coffey, R. G.;  Hadden, E. M.; Lopez-Corrales, E.; 

Sunshine, G. H. m. Immunol. 1975, 20, 98. 

(152) Briggs,  14. A. &I. J. s. 1978, 65, 12 .  

(153) Tut ton ,  P. J. M.; Barkla, D. H. x. 2. Cancer 1981, 44, 182. 

(154) Revankar, G. R , ;  Robins, R. K. Chapter  2, “Chemistry of Cy- 

c l i c  Nucleo t ides  and Cyc l i c  Nucleot ide  Analogs , I t  i n  Handbook of Exper- 

imenta l  Pharmacology, v o l .  5811, ed .  Nathanson, J. A . ;  Kebabtan, J. W., 

Springer-Verlag,  B e r l i n ,  1982. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
8
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



PURINE NUCLEOSIDE 3',5'-CYCLIC MONOPHOSPHATES 231 

(155) Miller, J. P.; Boswell, K. H.; Meyer, Jr., R. B.; Chr i s t ensen ,  

L. F.; Robins, R. K. J. e. Chem. 1980, 23, 242. 

(156) Meyer, Jr., F.. B.; Shuman, D. A . ;  Robins, R. K. J. &. =. 
SOC. 1974, 96, 4962. -- 

(157) Tsukamoto, T.; Suyama, K.;  Germann, P.; Soneberg, M. Riochem- 

i s t r y ,  1980, l9, 918. 

Received May 3 ,  1982 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
8
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1


