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INTRODUCTION

I .  Overview

Many f a c to r s ,  both endogenous and exogenous, c o n tr ib u te  to  the  

g e n e s is , promotion and m aintenance o f can cer. I d e n t i f ic a t io n  o f th e se  

f a c to r s  and an understand ing  o f t h e i r  mechanisms of a c t io n  in  m alignant 

c e l l s  may lead  to  knowledge c o n tr ib u tin g  to  th e  trea tm e n t and p rev en tio n  

o f cancer.

T his d is s e r ta t io n  re p o r ts  th e  r e s u l t s  of a stud|y in v e s t ig a t in g  th e  

p o s s ib i l i ty  th a t  p ro s ta g la n d in s , and in  p a r t ic u la r  PGE2 , may p lay  a 

ro le  in  th e  co n tro l o f growth of hormonal ly  dependent r a t  mammary can cer. 

Before d iscu ssin g  th e  experim ental designs and th e  r e s u l t s  which were 

o b ta in ed , th e  b iochem istry  o f th e  p ro s tag lan d in s  w ill be b r ie f ly  r e ­

viewed. In  a d d i t io n , d e s c r ip t io n s  o f e a r ly  o b se rv a tio n s  which suggested  

a ro le  f o r  p ro s tag lan d in s  in  ca n c e r, as  well as th e  c u r re n t d ire c tio n s  

which re sea rch  in  p ro s tag lan d in s  and cancer a re  ta k in g , w ill  be 

summarized. A p o s s ib le  mechanism f o r  th e  re g u la tio n  o f  mammary tumor 

growth by p ro s tag lan d in  v ia  a c t iv a t io n  of ad ep y la te  cy c lase  w il l  be 

proposed. The c e n tra l tumor model in  th i s  s e r ie s  of experim ents is  th e  

hormonally dependent DMBA-induced mammary tum or; th e re fo re  a d iscu ss io n  

of th e  hormonal c h a r a c te r i s t ic s  o f t h i s  tumor w ill  be in c lu d ed , along 

w ith  c u rre n t knowledge concern ing  th e  growth and re g re s s io n  o f th i s  

tumor.
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There i s  an accum ulating mass of evidence in  th e  l i t e r a t u r e  th a t  

p ro s tag lan d in s  p lay  some ro le  in  th e  con tro l of growth of e x is t in g  

tum ors. In  co n ju n c tio n  w ith t h i s ,  i s  th e  la rg e  body of evidence th a t  

cAMP p lays an im portan t ro le  in  th e  con tro l o f c e l l  r e p l ic a t io n  and tumor 

p r o l i f e r a t io n  (Ryan and H eid rick , 1974). This evidence along  w ith  th e  

id e n t i f i c a t io n  by Cho-Chung e t  a l  (1977) o f a re g re ss io n  a s so c ia te d  

p ro te in ,  whose phosphory lation  i s  re g u la te d  by cAMP, le d  us to  study th e  

re g re s s io n  process in  a well defined  tumor system , s p e c if ic a l ly  th e  

DMBA-induced r a t  mammary tumor.

I I .  P ro staq lan d in  Biochem istry

A summary o f the pathways involved in  p ro s tag lan d in  sy n th e s is  and 

m etabolism  is  shown in  F igure 1. The l i t e r a t u r e  d ea lin g  w ith  th e  

b io s y n th e s is , m etabolism , occurrence and b io lo g ica l a c tio n s  of 

p ro s tag lan d in s  i s  ex ten s iv e . Numerous reviews have been w r i t te n ,  

in c lu d in g  tho se  by Hinman (1972), Samuelsson e t  a l (1975, 1978), Weeks 

(1972) and Moncada and Vane, (1979). Only b r ie f  overviews o f 

p ro s tag lan d in  b io sy n th esis  w ill  be p resen ted  here .

The u n sa tu ra ted  f a t t y  ac id  arach id o n ic  a c id  [5 ,8 ,1 1 ,1 4 -  

e ic o sa te tra e n o ic  ac id  (20 :4 )3 , i s  th e  p recu rso r to  p ro s tag lan d in s  of the  

2 s e r ie s  ( i . e .  PGE2 ) and to  th e  b io lo g ic a lly  s ig n if ic a n t  throm boxanes, 

TxA2 and TxB2 , a s  w ell as p ro s ta c y c lin ,  PGI2 . A r e q u is i te  fo r  

p ro s ta g la n d in  sy n th e s is  i s  th e  r e le a s e  o f a rach id o n ic  a c id ,  or th e  

a p p ro p ria te  po lyunsa tu ra ted  f a t t y  a c id , from th e  phospholip ids in  th e  

c e l lu la r  membrane by a phospholipase (Flower and B lackw ell, 1976). 

Phospholipases w ith  d if f e r in g  s u b s tra te  s p e c i f i c i t i e s  have been proposed 

(B il ls  e t  a l ,  1977; Rittenhouse-Sim mons, 1979; B ell e t  a l ,  1979).
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The enzyme cycloo ;^genase  which converts  th e  u n sa tu ra te d  20 carbon 

f a t t y  a c id  to  th e  endoperoxides PGG2 and PGH2 has both cyclase  

a c t iv i t y  and perox idase a c t i v i t y .  The endoperoxide PGH2 i s  th e  

s u b s tra te  f o r  a number o f enzymes which c a ta ly z e  th e  fo rm ation  of the  

c la s s ic a l  PGs, f o r  exanple PGE2 , PGD2 , and PGF2 0 , a long  w ith th e  

fo rm ation  of thromboxane A2 (TxA2 ) and p ro s ta c y c lin  (PGI2 ) .

P ro stag lan d in s  have been id e n t i f i e d  in  many t i s s u e s .  In v e s tig a tio n s  

in to  the  b io lo g ic a l ro le s  o f p ro s tag lan d in s  in  smooth m uscle, th e  

rep ro d u c tiv e  system , k idney , th e  c irc u la to ry  system , in h ib i t io n  of 

g a s t r ic  s e c re tio n  (Weeks, 1972), fu n c tio n a l hyperem ia, th e  inflammatory 

resp o n se , c e n tra l nervous system  (Hinman, 1972), blood and bone marrow 

c e l l s ,  f a t  c e l l s ,  f ib r o b la s t s  (Samuelsson e t  a l ,  1975) and p la t e l e t  

fu n c tio n  (Samuelsson, e t  a l ,  1978) have been review ed. The l i t e r a t u r e  

concerning th e  ro le  o f p ro s tag lan d in s  in  cancer w ill  be d iscussed  in  

d e ta i l  below.

TxA2 and PGI2 , a s  p roducts of p la t e l e t s  and a r t e r i a l  

endothelium , r e s p e c t iv e ly ,  have been considered  p rim a rily  in  th e  

re g u la tio n  o f  p la t e l e t  ag g reg a tio n  and v ascu la r responses (Moncada and 

Vane, 1979). However, th e  presence o f  TxA2 in  sp le e n , bone marrow, and 

lung from vario u s  sp e c ie s , and p ro s ta c y c lin  in  corpus luteum , u te ru s ,  

stomach, small in t e s t in e  and lung sug g est th a t  th e se  cycloo%ygenase 

products  may have b io lo g ic a l a c t i v i t i e s  beyond th e i r  ro le s  in  th e  

ca rd io v ascu la r  system (Sun e t  a l ,  1977).

P ro stag la n d in s  a re  not s to re d ,  r a th e r  they a re  sy n th esized  on 

demand, th en  proceed to  a c t  a t  th e  s i t e  o f sy n th e s is  (B ito , 1975). Much 

o f th e  ca tabo lism  o f p ro s tag lan d in s  occurs in  th e  lung and th e  l i v e r  

(F e rre ira  and Vane, 1967; P ip e r e t  a l ,  1970).
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S p e c if ic  in h ib i to r s  o f p ro s tag lan d in  sy n th e s is  a t  th e  s i t e  o f 

cycloojygenase inc lu d e  n o n -s te ro id a l an ti-in flam m ato ry  a g e n ts , such as 

indom ethacin and a s p i r in  (Vane, 1971; F e r re ira  e t  a l ,  1971; Smith and 

W il l i s ,  1971). Some o th e r compounds which in h ib i t  cycloo^ygenase inc lude 

meclofenamic a c id , flu fenam ic  a c id ,  naproxen, and ibupro fen  (Flower,

1974). In  a d d i tio n , 5 ,8 ,1 1 ,1 4 -e ic o sa te tra y n o ic  ac id  has been shown to  

in h ib i t  both cycloo)^genase and lipo)^ygenase from soybean and human 

p la te le t s  (Ahern e t  a l ,  1970; McDonald-Gibson e t  a l ,  1973; Downing e t  a l ,  

1970).

S te ro id s  which a re  an ti- in flam m ato ry , such as g lu c o c o rtic o id s , 

in h ib i t  th e  re le a s e  o f f a t t y  ac id s  from phospho lip id  s to re s  by in h ib i t in g  

phospholipase a c t iv i t y  (Hong and L evine, 1976). This in h ib i t io n  is  

m ediated by m acro co rtin , a p ro te in  induced by g lu c o c o rtic o id  which i s  

in h ib ito ry  to  phospholipase a c t iv i t y  (H ira ta  e t  a l ,  1980; Blackwell e t  

a l ,  1980).

A rachidonic a c id  i s  a ls o  a s u b s tra te  fo r  th e  lipoxygenase enzyme. 

This enzyme co n v erts  20-carbon u n sa tu ra ted  f a t t y  ac id s  to  hydroperoxy and 

mono-or di-hydroxy d e r iv a t iv e s ,  which a ls o  have b io lo g ica l a c t i v i t y .  

F u rth e r p roducts of th e  lipoxygenase pathway inc lu d e  th e  le u k o tr ie n e s . 

Lipoxygenase p roducts have been s tu d ie d  in  reg ard  t o  p l a t e l e t  fu n c tio n  

(N ugteren, 1975; Samuellson e t  a l ,  1975), leukocyte fu n c tio n  in  

im m ediate-type h y p e rs e n s it iv ity  re a c tio n s  (Goetzl e t  a l ,  1981) and th e  

re le a se  o f  Slow R eacting  Substance of anaphylax is (SRS-A) from lung upon 

immunological cha llen g e  (P iper e t  a l ,  1981). Lipoxygenase a c t iv i t y  has 

not been observed in  mammaliara c e l l  types  o th e r th an  lu n g , p la te le t s  and 

leukocytes (Moncada and Vane, 1979).
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I I I ,  P ro s tag la n d in  M odulation o f cAMP S ynthesis

As s ta te d  e a r l i e r ,  th e  b io lo g ic a l ro le s  o f p ro s tag lan d in s  a re  many 

and v a r ie d . The mechanism o f p ro s ta g la n d in  a c tio n  has been a su b je c t f o r  

in v e s t ig a t io n .  I t  i s  u n lik e ly  th a t  a l l  p ro s tag lan d in  a c tio n s  can be 

ex p la in ed  by a s in g le  mechanism, bu t th e re  may be a common mechanism f o r  

p ro s ta g la n d in  a c tio n s  in  s im ila r  and analagous fu n c tio n s .

The p o s s ib i l i ty  t h a t  p ro s tag lan d in s  a c t  through th e  cAMP system in  

th e  re g u la tio n  o f i n t r a c e l lu la r  a c t io n s  has been in v e s tig a te d  

e x te n s iv e ly . The volume of l i t e r a t u r e  on th i s  to p ic  alone i s  

overwhelming, and sev e ra l review s have been w r it te n  to  a ttem p t to  

o rgan ize  a l l  th e  a v a i la b le  in fo rm atio n . More ex ten siv e  review s a re  to  be 

found in  th e  volume e d ite d  by Kahn (1973), th e  reviews by Kuehl (1974, 

1976), as w ell as  in  th e  s e c tio n s  in  th e  Annual Reviews of Biochem istry 

from 1972, 1975 and 1978 (Hinman, 1972; Samuelsson e t  a l ,  1975;

Samuelsson e t  a l ,  1978).

In  most c a se s , p ro s ta g la n d in s , p a r t i c u la r ly  o f the  E s e r i e s ,  have 

been shown to  s tim u la te  an in c re a se  in  cAMP. In  1972, PGEi, PGE2 or 

b o th , were rep o rte d  to  s tim u la te  cAMP le v e ls  in  lung , corpus luteum , 

a n te r io r  p i t u i t a r y ,  sp leen , f e t a l  bone, diaphragm, guinea p ig  h e a r t ,  r a t  

a o r ta ,  r a t  e ry th ro c y te  g h o sts , th rom bocytes, f ib r o b la s t s ,  le u k o cy tes , 

c u ltu re d  neuroblastom a c e l l s  and lymphocytes (Himan, 1972). By 1975, 

more d i r e c t  evidence f o r  th e  a c t iv a t io n  o f adeny la te  cyclase  by PGEi 

and PGE2 in  many of th e  same t i s s u e s  was reviewed (Samuelsson e t  a l ,

1975). In  th e  l a t t e r  1 9 7 0 's , s p e c if ic  binding of PGEs to  many c e l l s  and 

t i s s u e s  had been re p o rte d  and c o r re la te d  w ith  accum ulation of cAMP an d /o r 

w ith  a c t iv a t io n  of aden y la te  cy c lase  (Samuelsson e t  a l ,  1978).
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Although s tim u la tio n  o f cAMP le v e ls  by PGEi and PGE2 has been 

observed in  th e  m a jo rity  o f  system s s tu d ie d , th e re  a re  ex ce p tio n s . An 

in h ib i t io n  o f cAMP accum ulation in  th e  p resence o f PGEi on PGE2 was 

rep o rte d  in  in t a c t  f a t  c e l l s ,  in  to ad  b la d d er, P u rk in je  c e l l s  and sp leen  

(Kuehl, 1974; Samuelsson e t  a l ,  1975). PGEi in h ib i t s  hormone-induced 

l ip o ly s is  by d ecreasin g  cAMP in  in t a c t  f a t  c e l l s  (B utcher, 1970), bu t in  

broken f a t  c e l l s ,  th e  e f f e c t  on ad en y la te  cy c la se  i s  s tim u la to ry  (Frank 

e t  a l ,  1971).

C e rta in  p ro s ta g la n d in  a c tio n s  may be independent o f cAMP 

accum ulation in  some system s. For example, in h ib i t io n  of amino ac id  

uptake by PGE2 , PGFi^ o r  PGF2a  in  human d ip lo id  WI38 f ib r o b la s t s  

occurs w ithout an a l t e r a t io n  o f cAMP le v e ls  (Polgar and T ay lo r, 1977). 

P ro stag lan d in  F2o and F i ,  do not a c t iv a te  ad en y la te  cyc lase  o r 

in c re ase  cAMP in  the  c e l l s  and t i s s u e s  which have been s tu d ie d .

The re g u la tio n  o f p l a t e l e t  fu n c tio n  has become th e  c la s s ic a l  example 

o f the  a c t io n  o f a rach id o n ic  a c id  p roducts  through m odulation o f cAMP. 

PGI2 i s  th e  m ajor a rach id o n ic  a c id  m e tab o lite  in  v a scu la r  t i s s u e  and 

th e  most p o ten t in h ib i to r  o f p l a t e l e t  ag g reg a tio n  s tu d ie d . PGI2 

in h ib i t s  p l a t e l e t  ag g reg a tio n  by s tim u la tin g  p l a t e l e t  ad en y la te  c y c la se , 

le ad in g  t o  an in c re a se  of cAMP in  th e  p la te l e t s  (Gorman e t  a l ,  1977).

PGI2 has been shown to  be th e  most p o ten t a c t iv a to r  o f p l a t e l e t  cAMP 

p roduction  (Tateson e t  a l ,  1977). The in c re a se  in  cAMP secondary to  the  

in te r a c t io n  o f PGI2 w ith  a s p e c if ic  re c e p to r  on th e  p l a t e l e t  membrane 

in h ib i t s  f u r th e r  p ro s tag lan d in  p roduction  w ith in  th e  p l a t e l e t s ,  the reb y  

p rev en tin g  sy n th e s is  of th e  p ro -ag g reg a to ry  TxA2 .  The e f f e c ts  of 

TxA2 a re  a n ta g o n is tic  to  PGI2 , even w ith  re sp e c t to  cAMP accum ulation
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s in c e  th i s  compound can a b o lish  th e  PGl2 -induced  in c re a se  in  cAMP under 

th e  proper in  v i t r o  c o n d itio n s .

The f a c t  t h a t  th e  w e ll-s tu d ie d  in c re a se  in  p l a t e l e t  cAMP subsequent 

to  PGI2 s t im u la tio n  a c ts  to  decrease  p la te l e t  a rach id o n a te  m etabolism 

se rv es  as a rem inder th a t  th e  in te r a c t io n s  between p ro s tag lan d in s  and 

cAMP can be c y c lic  o r fu n c tio n  in  a biofeedback-m echan ism. There a re  

examples of s tim u la tio n  and in h ib i t io n  of PG sy n th e s is  by cAMP.

D ibutyryl cAMP s tim u la te s  p ro s tag lan d in  sy n th e s is  in  mouse ovary and r a t  

t e s t e s  (Kuehl, 1974) and in  G raafian  f o l l i c l e s ,  th y ro id  c e l l s ,  ad renal 

c o r te x  and ad ip o cy tes  (Samuelsson e t  a l ,  1978). As mentioned above, cAMP 

in h ib i t s  PG fo rm ation  in  p l a t e l e t s .  Thus, th e re  i s  evidence f o r  th e  

ex is te n c e  o f both  p o s i t iv e  feedback mechanisms and negative  feedback 

mechanisms. Thus, i t  appears t h a t ,  during d i f f e r e n t ia t io n  of c e r ta in  

c e l l  ty p e s , s p e c if ic  in h ib i to r s  o r  d i f f e r e n t  feedback loops a re  formed 

which ta y lo r  th e  responses of th a t  p a r t ic u la r  c e l l  o r t i s s u e  to  th e  

p ro s ta g la n d in s .

IV. P ro stag la n d in  P roduction  and R elease by Human and Animal Tumors

M alignant tumors and transform ed  c e l l s  in  c u l tu re  sy n th es ize  and 

re le a s e  p ro s ta g la n d in s .

P ro stag lan d in s  have been id e n t i f ie d  in  e x t r a c ts  o f many human 

ca n c e rs . P ro s tag la n d in  £2 and lower q u a n t i t ie s  o f PGF20  were 

d e tec te d  in  m edullary  carcinoma of th e  th y ro id  using  a b ioassay  

q u a n t i ta t io n  method (W illiam s e t  a l ,  1968), in  an a ttem p t to  f in d  a 

cau sa tiv e  f a c to r  f o r  th e  d ia rrh e a  u su a lly  a s s o c ia te d  w ith  t h i s  can cer. 

Neural c r e s t  tumors were found to  have high PGE2 (S andler e t  a l ,  1968) 

and PGF2a  le v e ls  (Papanicolaou , 1975). E levated  PGE2 and PGFa*
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were a ls o  re p o rte d  in  ganglioneurom as, neuroblastom as and 

pheochromocytomas. The a b i l i t y  to  produce p ro s tag lan d in s  was id e n t i f ie d  

in  K ap o si's  sarcoma (Bhona e t  a l ,  1971). Kaplan e t  a l rep o rted  th a t  

c a rc in o id  tum ors, a s  w ell as m edullary  carcinoma of th e  th y ro id  (as 

re p o rte d  e a r l i e r )  co n ta in ed  and se c re te d  PGE (Kaplan e t  a l ,  1973). PGE 

was found to  be th e  m ajor p ro s ta g la n d in  in  a renal c e l l  carcinoma (Zusman 

e t  a l ,  1974), in  an in v e s t ig a t io n  in to  th e  a n t i  hypertensive  a c t i v i t y  o f 

th e  le s io n .  F u rth e r  s tu d ie s  o f th e  ca u sa tiv e  f a c to r  in  th e  d ia rrh ea  

accompanying neural c r e s t  tumors were re p o rte d  by J a f f e  and Condon 

(1976). PGE p roduction  by colon cancers  was measured by b ioassay  o f the  

r a t  g a s t r i c  fundus s t r i p  (Bennett e t  a l ,  1977a). The PGE2 le v e ls  in  

th e  serum o f p a t ie n ts  w ith  b ronch ia l carcinom a, a s  measured by RIA, was 

found to  decrease  s ig n if ic a n t ly  fo llo w in g  su rg ic a l removal of th e  tumors 

(F ie d le r  e t  a l ,  1980), whereas th e  serum PGEg le v e ls  in  p a t ie n ts  w ith 

non-m alignant d iso rd e rs  d id  not d i f f e r  from normal. The e le v a tio n  of 

PGE2 le v e ls  in  human b re a s t cancer has been re p o rte d . Bennett and 

co-w orkers measured PG -like m a te ria l u sing  a b ioassay  in  normal, benign 

and m alignant human b re a s t  t i s s u e  and found th e  h ig h e s t le v e ls  in  th e  

cancers  (B ennett e t  a l ,  1977b; B ennett e t  a l ,  1980b). The 

p ro s ta g la n d in - lik e  m a te r ia ls  were a ls o  re le a se d  in to  th e  blood of b re a s t  

cancer p a t ie n ts  (Stam ford e t  a l ,  1980). The sy n th e s is  o f PGE2  and 

PGF2 o from microsomal f r a c t io n s  of b re a s t  tumors was measured, by 

R olland e t  a l  (1980a ,b ), who re p o r te d  t h a t  PGE2 i s  th e  prim ary p roduct 

o f cycloo j^genase  a c t i v i t y .  An a c t iv i t y  in  th e  cy toso l which converts  

PGE2  t o  PGF2a  accounts f o r  th e  PGF2a  co n ten t in  th e  tum ors.
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The a b i l i t y  of animal tumors to  produce p ro s tag lan d in s  has been 

re p o rte d  in  many system s. The re p o r t  o f th e  a b i l i t y  of BP8 /P 1 tum ors, 

BP8 /P 1 a s c i t e s  tumor c e l l s  and mouse sarcoma 180 tumors to  sy n th es iz e  

PGE2 by Sykes and Maddox (1972) was one o f th e  e a r l i e s t  re p o r ts  

concern ing  p ro s ta g la n d in s  in  experim ental tum ors. There was no 

s ig n i f i c a n t  e f f e c t  on tumor growth w ith  trea tm en t o f th e  animal w ith  

a s p i r in  or indom ethacin. S ince th e n , re p o r ts  on th e  e f f e c ts  of 

an ti- in flam m ato ry  drugs have appeared ; th e s e  w ill be d iscussed  l a t e r .

The PGE2 co n ten t in  HSDMi mouse fibrosarcom as was measured by 

radioimmunoassay in  an e f f o r t  to  im p lica te  th i s  PG in  th e  bone re so rb in g  

a c t iv i t y  accompanying t h i s  malignancy (T ash jian  e t  a l ,  1972). The ro le  

o f PGE2 in  th e  hypercalcem ia a s so c ia te d  w ith  cancer was a ls o  s tu d ie d  in  

th e  VX2 carcinoma in  th e  r a b b i t ,  (Voelkel e t  a l ,  1975).

Moloney-sarcoma v iru s-in d u ced  tum ors sy n th es iz e  g re a te r  th an  50-tim es as 

much PGE2 a s  normal mouse muscle from th e  re a r  le g  (Humes and 

S tra u s se r ,  1974; Humes e t  a l ,  1974).

I t  must be noted in  th e  in te r p r e ta t io n  of th e se  r e s u l t s  th a t  

com parison o f cancer to  normal t i s s u e  i s  o f te n  d i f f i c u l t  because the  

normal t i s s u e  i s  a heterogeneous m ixture o f  d i f f e r e n t  c e l l  types w ith  

d i f f e r e n t  fu n c tio n s , whereas a tumor u su a lly  a r i s e s  from a s in g le  c e l l  

ty p e  and i s  more homogeneous in  n a tu re . Thus, th e  apparen t e le v a tio n  o f 

p ro s ta g la n d in s  in  some t i s s u e s  i s  d i f f i c u l t  to  in t e r p r e t .  N ev erth e less , 

th e  o b se rv a tio n  th a t  tumors possess th e  a b i l i t y  to  sy n th es iz e  

p ro s ta g la n d in s  i s  im portan t.
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V. P o ss ib le  Role o f P ro stag lan d in s  in  C arcinogenesis

The p roduction  of p ro s tag lan d in s  by transform ed c e l l s  and m alignant 

tum ors, as noted above r a is e s  th e  p o s s ib i l i ty  th a t  p ro s ta g la n d in s  may 

play  a ro le  in  th e  tum origenic p ro cess . Since PGE2 was th e  m e tab o lite  

found in  th e  h ig h e s t q u a n t i t ie s  in  th e  m alignant t i s s u e s  which were 

s tu d ie d , i t  seems p o ss ib le  th a t  PGE2 may be of th e  g r e a te s t  im portance.

There a re  sev era l s te p s  in  th e  ca rc inogen ic  p rocess a t  which 

p ro s tag lan d in  re sea rch  i s  being pursued. Some of th e  d i f f e r e n t  s tag es  in 

th e  carc inogen ic  process in  which p ro s tag lan d in s  have been im p lica ted  

included  i n i t i a t i o n ,  prom otion, c e l l  p r o l i f e r a t io n  and d i f f e r e n t ia t io n ,  

and m e ta s ta s is  of th e  tumor to  d is ta n t  s i t e s ,  (Honn e t  a l ,  1981).

a .  I n i t i a t i o n

The o b serv a tio n  th a t  an  in c re a se  in  p ro s tag lan d in  p roduction  

accompanies chemical carcinogen exposure in  MOCK dog kidney c e l l s  

(Levine, 1977a) suggests  th a t  p ro s tag lan d in  p roduction  may be im portan t 

in  i n i t i a t i o n  of c a rc in o g e n e s is . By d e f in i t io n ,  i n i t i a t i o n  of 

carc inogenesis  i s  thought to  occur when a c e l l  endures an i r r e v e r s ib le  

gen e tic  m utation . The damage to  the  genome may be a r e s u l t  o f r a d ia t io n ,  

chemical o r v i r a l  i n s u l t .  O ften th e  a c t iv e ,  o r u l t im a te ,  carc inogen , in  

th e  case of chemical c a rc in o g e n e s is , i s  not th e  chemical compound as i t  

i s  found in  th e  environm ent, but a d e r iv a tiv e  which i s  formed in  vivo in  

th e  p rocess of th e  c e l l ' s  metabolism  o f to x ic  compounds. O iygenation of 

to x ic  compounds by mixed fu n c tio n  oxidases i s  a common pathway of 

metabolism f o r  th e se  to x ic  chem icals; and th e  oxygenated m e tab o lite s  a re  

o ften  th e  u ltim a te  carc inogens.

Cooxygenation of benzo(a)pyrene (BP) by th e  perox idase  a c t i v i t y  of 

th e  p ro s tag lan d in  sy n th e ta se  (cyclooxygenase) enzyme i s  im portan t in  th e
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metabolism o f  BP by ram seminal v e s ic le  microsomes (M arnett e t  a l ,  1975: 

S iv a ra jah  e t  a l ,  1978). The p ro s ta g la n d in  sy n th e tase  in h ib i to r s  

indom ethacin and a s p i r in  in h ib i t  th e  a rach id o n ic  acid -dependen t 

coo;çygenation. BP i t s e l f  i s  not converted  to  carc inogen ic  m e ta b o lite s  by 

cooxygenation in  ram seminal v e s ic le  microsomes, bu t when th e  s t a r t in g  

m a te r ia ls  i s  th e  7 ,8 -d ih y d ro d io l d e r iv a tiv e  of BP, 

a rach id o n ic -ac id -d ep en d en t cooxygenation r e s u l t s  in  a m e ta b o lite , 

probably a d io l-e p o x id e , which i s  s tro n g ly  mutagenic (M arnett e t  a l ,

1978, G u thrie  e t  a l ,  1982).

The dem onstration  of a rach id o n ic  acid-dependen t cooxgenation of BP 

by ram seminal v e s ic le s  i s  in t e r e s t in g ,  bu t of q u estio n ab le  p h y sio lo g ica l 

re le v an ce , s in ce  sk in  and lung a re  th e  most freq u en t ta rg e ts  of BP 

a c tio n . E lin g  and co-w orkers have dem onstrated t h i s  a c t iv i t y  in  

microsomal p re p a ra tio n s  from o th e r  t i s s u e s ,  in c lu d in g  r a t  lung and 

in te s t in e ,  mouse sk in  and human and guinea pig lung (S iv a ra jah  e t  a l ,

1981). The same workers have re p o rte d  s im ila r  r e s u l t s  w ith two o the r 

ca rc in o g en s, benzanthracene and dim ethylbenzanthracene (G uthrie  e t  a l ,

1982).

One t i s s u e  which may be p a r t i c u la r ly  su sc e p tib le  to  chemical 

c a rc in o g en es is  i s  th e  k idney , w here, by v i r tu e  of i t s  r o le  in  e x c re tio n , 

c o n ce n tra tio n  of to x ic  m e ta b o lite s  may occur (Honn e t  a l ,  1981). The 

p ro s tag lan d in  syn thetase-dependen t co o x g e n a tio n  in  kidney in n e r medulla 

o f u r in a ry  b lad d er carcinogens was re p o rte d  by Zenser e t  a l  (1979a, a ls o  

Z enser, e t  a l ,  1980). A ddition  o f a rach id o n ic  ac id  to  kidney medulla 

microsomes, where mixed fu n c tio n  oxidase a c t iv i ty  i s  low, i n i t i a t e d  th e  

ox id a tio n  o f benzid ine  and N - [ -4 - (5 -n i t r o -2 - fu ry l) -2 - th ia z o ly l] -  

formamide (FANFT), and indom ethacin was in h ib ito ry . In  vivo
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con firm ation  of th e  a rach id o n ic  acid -dependent coo :^genation  o f b enzid ine  

was ob ta ined  in  dogs (Zenser e t  a l ,  1979b).

Coo:V9e n a tio n  o f chemical carc inogens by p ro s tag lan d in  sy n th e ta se  

may be considered  to  have ph y sio lo g ica l re le v an ce , e s p e c ia l ly  in  t i s s u e  

where mixed fu n c tio n  ox idase a c t i v i t y  i s  low.

b . Promotion

A tumor promoter i s  a conpound which d ecreases th e  la te n t  period  

between i n i t i a t i o n  and th e  appearance of a tum or, and a ls o  decreases th e  

dose of i n i t i a t o r  req u ire d  f o r  c a rc in o g e n e s is . The most common compound 

used in  s tu d ie s  o f prom otion i s  th e  phorbol e s te r  1 2 - 0 -te trodecanoy  1 

p horbo l-13- a c e ta te  (TPA), and a common model f o r  promotion i s  th e  

ca rc in o g en es is  o f  mouse sk in . I t  must be noted th a t  prom oters a lone do 

not cause cancer.

Biochemical changes which fo llo w  tre a tm e n t w ith  TPA inc lude 

d é ac y la tio n  of c e l lu la r  l i p id s ,  in d u c tio n  o f o rn ith in e  decarboxylase 

(ODC), and s tim u la tio n  o f DNA sy n th e s is .  On a m acroscopic s c a le ,  

inflam m ation i s  a p p a re n t. A rachidonic a c id , PGE2 and PGF2a a re  

re le a se d  from MDCK c e l l s  a f t e r  tre a tm e n t w ith  TPA, bu t not a f t e r  

tre a tm e n t w ith  A-o-phorbol d idecanoate , which does not promote tumor 

a c t iv i t y  (Levine and H assid , 1977b). Furtherm ore, th e re  is  a c o r r e la t io n  

between tumor prom oting a c t i v i t y  in  mouse sk in  and th e  a b i l i t y  o f some 

phorbol d ie s te r s  to  s tim u la te  PGE2 b io sy n th e s is  by macrophages (Brune 

e t  a l ,  1978a). A lso, th e  in d u c tio n  of ODC by phorbol e s te r s  c o r r e la te s  

w ith  th e  a b i l i t y  to  e le v a te  PGE le v e ls  in  F riend  ery thro leukem ia c e l l s  

(Yamasaki e t  a l ,  1979). Indom ethacin p reven ts  th e  TPA ind u c tio n  of
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o rn ith in e  decarboxylase in  mouse sk in  and trea tm e n t w ith  PGEi PGE2 

r e s to r e s  th e  ODC in d u c tio n  (Verma e t  a l ,  1977).

A dm in istra tion  o f p ro s tag lan d in s  in  th e  absence o f TPA does not 

in c re a se  ODC a c t iv i t y  in  CD-I mouse sk in , su g g estin g  th a t  p ro s tag lan d in s  

may p lay  a ro le  in  th e  in d u c tio n  o f ODC by TPA and subsequently  tumor 

prom otion; but a re  not in  f a c t  tumor prom oters (Verma e t  a l ,  1977). A 

s im ila r  conclusion  r e s u l t s  from th e  o b se rv a tio n  th a t  TPA -stim ulation o f 

DNA sy n th e s is  can be in h ib ite d  by indom ethacin and PGE2  overcomes th i s  

in h ib i t io n ,  but not in  th e  absence o f TPA (F u rstenberger and Marks,

1978). In h ib i t io n  of tumor promotion by indom ethacin in  th e  CD-I mouse 

(Verma e t  a l ,  1980) prov ides fu r th e r  evidence th a t  p ro s tag lan d in s  play a 

ro le  in  tumor prom otion.

The e f f e c t  o f indom ethacin on th e  prom otion o f cancer in  mouse sk in  

in  th e  SENCAR mouse can be in h ib ito ry  o r enhancing, depending on th e  

dose; th u s  25-100 yg of indom ethacin enhances TPA promotion in  th e  SENCAR 

mouse, and g re a te r  than  100  yg i s  in h ib i to ry ,  probably due to  to x ic i ty  

(F ischer e t  a l ,  1980; F isch e r and S lag a , 1982). The au th o rs  suggest th a t  

lipo)xygenase products may be im portan t in  prom otion and th a t  

indom ethacin, by in h ib i t in g  cycloo)xygenase a c t i v i t y ,  in c re a se s  th e  

a rac h id o n ic  ac id  metabolism through th e  lipo^xygenase pathway.

The inpo rta  nee o f inflam m ation and more d i r e c t ly  p ro s ta g la n d in  

p roduction  in  tumor prom otion is  suggested  by s tu d ie s  which showed th a t  

th e  a n t i - i n f  lam natory g lu c o c o rtic o id  analog dexamethasone suppressed 

tumor promotion in  mouse sk in  (S cribner and S lag a , 1973). F u rth e r 

evidence f o r  a ro le  o f p ro s tag lan d in s  in  tumor promotion i s  found in  th e  

s tim u la tio n  of p ro s tag lan d in  sy n th e s is  by growth f a c to r s  (which a re
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e s s e n t i a l ly  n a tu ra l p rom oters), such as epiderm al growth f a c to r  (Levine 

and H assid , 1977c).

The s tim u la tio n  of p ro s tag lan d in  sy n th e s is  by TPA in  t i s s u e s  o th e r 

th an  mouse sk in  has been re p o rte d . MDCK c e l l s  a re  s e n s i t iv e  to  

co n ce n tra tio n s  o f TPA as low as  10“9-10"10m. TPA a ls o  s tim u la te s  

PGE2 sy n th e s is  in  macrophages from th e  p e r ito n e a l c a v ity  of mice (Brune 

e t  a l ,  1978b), in  chick embryo f ib r o b la s t s  (Mufson e t  a l ,  1979), in  HeLa 

c e l l s  (C rutchley e t  a l ,  1980), in  a murine epiderm al c e l l  l in e  HEL/30 

(F u rstenberger e t  a l ,  1980), in  F riend  erythroleukem ia c e l l s  (Yamasaki e t  

a l ,  1979), and bone (Voelkel e t  a l ,  1980).

A ll th e  a v a i la b le  evidence suggests th a t  PGE2 , and p o ss ib ly  o th e r 

p ro s ta g la n d in s , may play a ro le  in  tumor promotion but a re  not them selves 

tumor prom oters.

c . M étastasés

One of th e  main f a c to rs  which, in  the  course of th e  n eo p la s tic  

p ro c e ss , o ften  becomes l i f e - th r e a te n in g ,  i s  th e  a b i l i t y  o f cancerous 

c e l l s  to  break away from a prim ary tumor and e s ta b l is h  grow th, or 

m é ta s ta sé s , a t  a d is ta n t  s i t e  in  th e  body. P ro stag lan d in s  have been 

im p lica ted  in  th e  process of tumor m e ta s ta s is .

I n i t i a l  s tu d ie s  on th e  ro le  o f p ro s tag lan d in s  in  m e ta s ta s is  were 

based on th e  theory  th a t  bone m é tastasés  were promoted by th e  

hypercalcem ia which accompanies some can c e rs . I t  was thought th a t  

p ro s tag lan d in s  a c ted  lo c a lly  to  cause o s te o p o re s is ,  c re a tin g  a l ik e ly  

sp o t fo r  m étastasés to  "take r o o t ."  An a l te r n a te  th eo ry  was th a t  

o s teo p o re s is  was secondary to  p ro stag lan d in -p ro d u c in g  m étastasés which 

had alreaciy " s e t t le d  in ."
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The a c t io n  o f p ro s tag lan d in s  in  m e ta s ta s is  to  t i s s u e s  o th e r th a  n 

bone has a ls o  been s tu d ie d . In  g e n e ra l,  tre a tm e n t of tum or-bearing 

an im als w ith  p ro s ta g la n d in  sy n th e s is  in h ib i to r s  e i th e r  has no e f f e c t  o r 

a c ts  to  in h i b i t  m e ta s ta s is ,  a s  review ed by B ennett (1982). A review  of 

th e  s tu d ie s  in vo lv ing  n o n -s te ro id a l an ti-in flam m ato ry  drugs and su rv iv a l 

came to  th e  same conclusion : th e  e f f e c t  was e i th e r  benefica l o r n i l .  

B ennett has re p o rte d  th a t  su rv iv a l o f b re a s t  cancer p a t ie n ts  was 

in v e rse ly  p ro p o rtio n a l to  th e  sy n th e s is  of p ro s ta g la n d in - lik e  m a te ria l by 

th e  prim ary tum ors (B ennett, e t  a l ,  1979).

C urren t thought fav o rs  the  hypo thesis  t h a t  p la t e l e t  agg reg a tio n  

p lays an im portan t p a r t  in  tumor m e ta s ta s is .  Honn (1982) proposes th a t  

c i r c u la t in g  tumor c e l l s  d is ru p t th e  balance between PGIg (which is  

a n ti-a g g re g a t o r y ) and TxA2 (which i s  p ro -ag g reg a to ry ) in  fav o r of 

p l a t e l e t  ag g reg a tio n . Tumor c e l l s  have th e  a b i l i t y  to  induce p la te l e t  

a g g reg a tio n  in  p la t e l e t  r ic h  plasma (G asic e t  a l ,  1973, 1978).

T h ere fo re , i t  fo llow s th a t  m odulation o f  PGIg sy n th e s is  and TxA2 

sy n th e s is  may be u sefu l in  th e  p rev en tio n  o f m é ta s ta sé s .

PGI2 produced a d o s e -re la te d  in c re a se  in  experim ental m e ta s ta s is  

o f B16a melanoma to  th e  lu n g , l i v e r  and sp leen  (Honn e t  a l ,  1981a).

PGE2 d id  not p reven t lung colony fo rm atio n  from  B16a melanoma c e l l s ,  

su g g estin g  a s p e c if ic  p la t e l e t  e f f e c t .  I n h ib i t io n  o f PGI2 sy n th e s is  by 

15-HPETE enhanced lung colony fo rm ation  and th e  e f f e c t  o f 15-HPETE was 

rev e rsed  by a d d it io n  of PGI2 .  I n h ib i t io n  o f TxA2  sy n th e s is  by 

endoperoxide analogs s ig n if ic a n t ly  reduced lung m étastasés of B16a 

melanoma c e l l s  in je c te d  in to  th e  t a i l  v e in . Furtherm ore, in h ib i t io n  of 

TxA2 s y n th e s is  w ith  an im idazole d e r iv a tiv e  re s u lte d  in  reduced 

m é tastasés  in  two in  vivo tumor models (Honn, 1982).
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The ev idence suggests  t h a t  m odulation o f th e  sy n th e s is  of s p e c if ic  

p ro s ta g la n d in s , in  p a r t i c u la r  in h ib i t io n  of TxA2  sy n th e s is  and 

enhancement o f  PGI2  s y n th e s is ,  may be im portan t in  th e  p rev en tio n  of 

m e ta s ta s is .

VI. P ro stag la n d in s  and Cell P ro l i f e r a t io n

The s ta g e  of cancer w ith  which t h i s  d is s e r ta t io n  i s  concerned i s  

th a t  of c e l l  p r o l i f e r a t io n  (and d i f f e r e n t i a t io n ) .  The d iscu ss io n  of th e  

p o ss ib le  r o le s  o f p ro s tag lan d in s  in  i n i t i a t i o n ,  prom otion, and m e ta s ta s is  

were given as  background and general in fo rm atio n . The a b i l i t y  of 

p ro s tag lan d in s  to  modulate th e  growth of e x is t in g  tumors i s  of prim ary 

in t e r e s t  here and may be s ig n i f ic a n t  in  th e  design  of th e ra p ie s  f o r  th e  

co n tro l o f cancers a f t e r  d ia g n o sis .

P ro stag lan d in s  have been rep o rte d  to  a f f e c t  normal and n e o p la s tic  

c e l l  p r o l i f e r a t io n .  Thomas e t  a l  (1974) compared p ro s tag lan d in  sy n th e s is  

to  growth r a te  in  HEp-2, L, and HeLa c e l l  l in e s  m ain tained  in  c u l tu r e ,  

and re p o rte d  th a t  p ro s ta g la n d in  sy n th e s is  was in v e rse ly  r e la te d  to  growth 

r a t e .  A neuroblastom a, a gliom a, and f ib r o b la s t  c e l l  l in e  a l l  produced 

PGE as th e  major p ro s tag lan d in  p ro d u c t, and in  th e se  th re e  c e l l  l in e s  a 

r e ta rd a t io n  o f c e l l  p r o l i f e r a t io n  was a s s o c ia te d  w ith  in creased  

p ro s ta g la n d in  p roduction  (Hamprecht e t  a l ,  1973).

Very few o th e r  s tu d ie s  have been rep o rte d  which c o r r e la te  endogenous 

p ro s ta g la n d in  p ro d u c tio n  w ith  growth r a te .  However, th e re  a re  many 

re p o r ts  o f th e  e f f e c t s  of exogenous p ro s tag lan d in s  on th e  r a te  of c e l l  

r e p l ic a t io n  and p r o l i f e r a t io n  o f tum ors.
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A ddition  of 12-50 yg/ml PGEi, PGE2 o r  PGA2 slowed th e  growth 

r a te  and in c reased  adhesion  to  c u ltu re  f la s k s  of L-929 c e l l s  and mouse 

embryo f ib r o b la s t s  in  v i t r o  (Johnson and P as tan , 1971). Cell d iv is io n  of 

mouse neuroblastoma c e l l s  in  v i t r o  was in h ib ite d  by th e  presence o f 

PGEi O'" PGE2 (1-50 ug/m l) in  th e  medium (P rasad , 1972). The 

su pp ression  o f  growth of th e  murine plasma c e l l  tumor, HPC-11 by PGEi 

(0 .1 -10  ug/m l) was co n c e n tra tio n  dependent (Naseem and H ollander, 1973), 

PGE2 (1-100 yg/m l) in h ib ite d  EL-14 lymphoma p r o l i f e r a t io n  as  measured 

by thym idine uptake (Sonis e t  a l ,  1977).

S an toro  and co-w orkers have accumulated a good deal of evidence to  

support a su p p ressiv e  ro le  f o r  PGE2 on c e l l  p r o l i f e r a t io n .  The growth 

r a te  of B-16 melanoma c e l l s  in  v i t r o  was s tim u la ted  by hy d ro co rtiso n e , 

which in h ib ite d  PG sy n th e s is  by th e  c e l l s  by 50%. PGEi, when added 

along  w ith h y d ro co rtiso n e , norm alized th e  growth r a te .  In  a d d i t io n , 

subcutaneous o r in tra tu m o r in je c t io n s  o f 16,16-dimethyl-PGE2 , which i s  

a s ta b le  analog  o f PGE2 , s ig n if ic a n t ly  suppressed  tumor growth in  v ivo. 

In h ib i t io n  o f endogenous p ro s tag lan d in  sy n th e s is  by a d m in is tra tio n  of 

indom ethacin caused a small bu t s ig n if ic a n t  s tim u la tio n  o f tumor growth 

(Santoro e t  a l ,  1976). System ic a d m in is tra tio n  o f 16,16-dimethyl-PGE2 

(5 ug/day) re s u l te d  in  a s l i g h t  but s ig n if ic a n t  in h ib it io n  o f B-16 

melanoma growth in  v iv o ; tumors were 32% sm alle r by w eight (Santoro e t  

a l ,  1977). Furtherm ore, 16,16-dimethyl-PGE2 augmented th e  e f f e c ts  of 

chemotherapy on B-16 melanomas in  mice (Hofer e t  a l ,  1980).

PGAi has a ls o  been shown to  be in h ib ito ry  to  c e l l  r e p l ic a t io n .

For exam ple, PGAi in h ib ite d  th e  r e p l ic a t io n  of DMSO-treated and 

u n d if fe re n tia te d  F riend  erythroleukem ia c e l l s  (Santoro e t  a l ,  1979), t h i s
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e f f e c t  may be of pharm ocological im portance, but i s  not p h y sio lo g ica l 

s in ce  PGAi sy n th e s is  has not been dem onstrated in  th e se  c e l l s .

F u rth e r evidence th a t  PGE2 may in h ib i t  p r o l i f e r a t io n  comes from 

th e  re p o r t  t h a t  16,16-dimethyl-PGE2 (0.025-250 vg/kg) t r a n s ie n t ly  

in h ib ite d  xenog raft grow th, and s tro n g ly  in h ib ite d  th e  p r o l i f e r a t io n  o f 

r a t  colon tum ors. In  a d d i t io n ,  f lu rb ip ro fe n ,  an  in h ib i to r  of 

p ro s tag lan d in  s y n th e s is ,  a c c e le ra te d  c e l l  d iv is io n  in  th e  r a t  colon 

tum ors (T utton  and B ark la , 1980).

P ro stag lan d in s  E2 , Ei and P2 a in h ib ite d  th e  growth o f mouse 

leukemia lym phoblasts in  c u l tu r e .  At 100 yg/m l, PGEi and E2 

in h ib ite d  in c o rp o ra tio n  o f ^H-thym idine, u rid in e  and leu c in e  (Yang e t  

a l ,  1976), Furtherm ore, Honn e t  a l (1981c) rep o rte d  th a t  th e  

16,16-dim ethyl analogs o f  PGEi, PGE2 , PGAi and PGA2 in h ib i te d  DNA 

sy n th e s is  a t  doses o f 1,10 and 25 yg/ml in  Lewis lung  carcinoma and B-16 

am elano tic  melanona in  v i t r o .

I f  p ro s ta g la n d in s , s p e c i f ic a l ly  PGE2 , a c t  to  in h ib i t  c e l l  

p r o l i f e r a t io n ,  then  in h ib i t io n  o f p ro s tag lan d in  sy n th e s is  in  tumors 

should  s tim u la te  tumor growth. A few o f th e  examples l i s t e d  above 

support t h i s  co n c lusion . For exam ple, indom ethacin in  B-16 melanoma 

(Santoro e t  a l ,  1976) and f lu rb ip ro fe n  in  dimethyl hydrazine-induced  r a t  

colon tumors (Tutton and B ark la , 1980) a c te d  to  s tim u la te  tumor growth. 

However, not a l l  r e p o r ts  of th e  e f f e c ts  of drugs th a t  in h ib i t  PG 

sy n th e s is  have been in  agreem ent. There a re  re p o r ts  of trea tm e n ts  w ith  

n o n -s te ro id a l an ti- in fla n an a to ry  agen ts  having no s ig n i f ic a n t  e f f e c t  on 

tumor growth; a lso  in  some c a s e s ,  tre a tm e n t w ith  drugs th a t  in h ib i t  

p ro s ta g la n d in  sy n th es is  a c ted  to  in h ib i t  tumor growth (B ennett, 1982). An 

in te r p r e ta t io n  of th e se  r e s u l t s  w ill be d e a l t  w ith  in  th e  D iscussion .
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Thus, to  summarize, many in v e s t ig a to rs  fe e l  th a t  p ro s tag lan d in s  p lay  

an  im portan t ro le  in  th e  co n tro l of c e l l  p r o l i f e r a t io n  in  m alignant 

tumors and transform ed c e l l s .  What t h i s  r o le  i s ,  rem ains to  be 

c l a r i f i e d .

V II. Hormonal Dependence o f DMBA-Induced Mammary Tumors

The DMBA-induced mammary tumors a re  hormone dependent, s in c e  most 

tumors re g re ss  in  response to  endocrine a b la t io n  of th e  h o s t. Numerous 

in v e s t ig a to rs  have a ttem p ted  to  d e fin e  th e  s p e c if ic  hormonal dependence 

of th e se  tum ors. Whether e s tro g e n  o r p ro la c tin  (or bo th) a re  o f primary 

im portance in  th e  co n tro l o f growth of th e se  r a t  mammary tumors i s  s t i l l  

a m a tte r of d eb a te . I t  i s  g e n e ra lly  accep ted  th a t  p ro la c t in  s tim u la te s  

growth of th e se  tum ors, bu t w hether p ro la c t in  i s  more in p o r ta n t th an  

e s tro g en , o r  w hether es tro g en  i s  growth promoting a t  a l l  has not been 

s e t t l e d .

Ovariectomy of r a t s  bearin g  DMBA-induced mammary tumors r e s u l t s  in  

re g re s s io n  o f th e  tumors in  80-903» of th e  r a t s  (Huggins, 1979). 

Replacement of es tro g en  in  ovariectom ized  r a t s  p rov ides th e  hormonal 

requirem ents f o r  growth o f th e  tumors (Ta1w alker e t  a l ,  1964), su g g estin g  

th a t  es tro g en  i s  of prim ary im portance in  th e  m aintenance of growth of 

DMBA-induced mammary tum ors. However, removal o f p r o la c t in  by s p e c if ic  

d rugs, such as e rgocorn ine o r  e rg o c ry p tin e , in h ib ite d  growth of e x is t in g  

tumors and caused re g re s s io n  o f th e  tumors (C assell e t  a l ,  1971). S ince 

es tro g en  s tim u la te s  serum and p i tu i t a r y  p ro la c tin  le v e ls  (Reece and 

T urner, 1936; Grosvenor and Tunner, 1960; Chen and M eites, 1970), i t  i s  

not c le a r  w hether th e  d e p le tio n  of es tro g en  due to  ovariectom y, o r  th e
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subsequent decrease in  p r o la c t in ,  i s  more in p o r ta n t in  causing  tumor 

re g re s s io n .

Roughly 80% o f e x is t in g  mammary tumors reg re ssed  in  r a t s  which were 

hypophysectomized in  o rder to  remove th e  source of p ro la c t in .  E strogen 

a d m in is tra tio n  to  th e se  r a t s  d id  not cause a resum ption of tumor grow th, 

whereas a d m in is tra t io n  of p ro la c t in  d id ; fu rth e rm o re , th e re  was no 

synergism  o f e s tro g e n  w ith  p ro la c t in  (Arafah e t  a l ,  1980). Pearson and 

co-w orkers conclude th a t  p ro la c t in  is  th e  m ajor hormone which supports 

growth o f DMBA-induced mammary tum ors, based on th e se  and th e  fo llow ing  

r e s u l t s .

Tumors which reg re ssed  fo llow ing  ovariectom y resumed growth when th e  

h o s t p ro la c tin  le v e l was in c reased  by perphenazine (a s tim u la to r  o f 

p ro la c t in  r e le a s e )  tre a tm e n t, even in  th e  presence of th e  e s tro g en  

a n ta g o n is t tam oxifen . When re g re s s io n  was induced by an e s tro g en  

a n ta g o n is t (tam oxifen) p lu s  a p ro la c t in  re le a s e  in h ib i to r  ( l e r g o t r i l e  

m e sy la te ) , r e a c t iv a t io n  of tumor growth was ob ta ined  w ith  perphenazine 

tre a tm e n t. The au th o rs  s i t e d  th e  f a c t  th a t  th e  es trogen  re c e p to r  b inding 

was u n d e tec tab le  in  tumors maximally s tim u la ted  by perphenazine, and th e  

o b se rv a tio n  th a t  e s tro g en  cou ld  not s tim u la te  tumor growth under 

co n d itio n s  of u n d e tec tab le  p ro la c t in  le v e ls  due to  l e r g o t r i l e  

a d m in is tra tio n  as  s tro n g  ev idence th a t  p ro la c t in  a lone supports  

DMBA-induced mammary tumor growth (Manni e t  a l ,  1977).

O ther in v e s t ig a to rs  a l s o  re p o r t  evidence th a t  p ro la c tin  i s  of 

prim ary and so le  im portance in  th e  co n tro l of th e  growth o f th e se  tum ors. 

Jabara  and co-w orkers re p o r te d  th a t  e s tro g en  a d m in is tra tio n  fo llow ing  

adrenalectom y and ovariectom y o f tum or-bearing  hosts  in c reased  tumor 

growth by s tim u la tio n  o f p ro la c t in  s e c re t io n ,  s in ce  e s tro g en  d id  not
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Stimulate growth when serum p ro la c t in  le v e ls  were decreased by 

ergo co rn in e . In  a d d i t io n ,  perphenazine , a s t in w la to r  o f p ro la c tin  

r e le a s e ,  was a b le  to  s tim u la te  tumor growth in  th e  absence o f e s tro g e n  

(M inasian-Batmanian and J a b a ra , 1981).

The r e la t iv e  im portance o f p ro la c t in  and estro g en  in  th e  co n tro l o f 

DMBA-induced mammary tumor growth was in v e s tig a te d  in  an  experim ent 

invo lv ing  endocrine  a b la t io n  and subsequent hormone replacem ent (Bradley 

e t  a l ,  1976), w ith  th e  conclusion  th a t  p ro la c tin  i s  of g re a te r  im portance 

th an  es tro g en  in  m a in ta in ing  growth of DMBA-induced mammary tum ors.

While few in v e s t ig a to rs  d isp u te  th a t  p ro la c tin  p lays a r o le  in  

mammary tumor grow th, many b e lie v e  th a t  es tro g en  is  a ls o  e s s e n t ia l  f o r  

th e  maintenance o f growth of e x is t in g  DMBA-induced mammary tum ors. 

Evidence in  fav o r o f an  e s s e n t ia l  ro le  f o r  e s tro g en  in  mammary tumor 

growth was rep o rte d  by Sinha e t  a l  (1973). Lesions of th e  median 

eminence o f th e  hypothalamus block hypothalam ic r e le a s in g  f a c to r s  from 

reach ing  th e  a n te r io r  p i t u i t a r y .  The consequence o f median eminence 

le s io n s  i s  a permanent e le v a tio n  o f serum p ro la c t in  le v e ls ,  and a 

s tim u la tio n  of tumor growth in  tum or-bearing  r a t s .  These tumors 

reg re ssed  a f t e r  ovariectom y of th e  h o s t,  in  s p i te  o f  th e  con tinued  

e le v a tio n  o f serum p ro la c t in .  The tumor re g re s s io n  was ra p id ly  rev e rsed  

by g ra f tin g  o v a rie s  in to  th e  h o s t,  suggesting  th a t  s tim u la tio n  o f mammary 

tumor growth by p ro la c t in  i s  dependent on th e  presence of e s tro g e n , o r 

some o th e r o v arian  hormone.

Weisch (1972) a l s o  proposed th a t  an  ovarian  hormone i s  e s s e n t ia l  fo r  

s e n s i t i v i ty  o f th e  DMBA-induced mammary tumor to  s tim u la tio n  by 

p ro la c t in .  When r a t s  bearin g  DMBA-induced tumors were ovariectom ized  and 

su b jec ted  to  median eminence le s io n s  s im u ltan eo u sly , tumor growth
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continued  f o r  10 days, th en  th e  tumors began to  r e g re s s .  Median eminence 

le s io n s  performed 10 days fo llow ing  ovariectom y in  tumor bearing  r a t s  

f a i l e d  to  s tim u la te  tumor growth, presumably because any re s id u a l 

e s tro g en  in  th e  r a t  was d ep le ted  a f t e r  10 days (W eisch, 1972).

F u rth e r  support f o r  th e  idea th a t  e s tro g en  i s  a ls o  an e s s e n t ia l  

hormone fo r  th e  growth o f  DMBA-induced mammary tumors was ob ta ined  from 

tum or-bearing  r a t s  which were su b jec ted  to  double endocrine a b la t io n ,  

s p e c if ic a l ly  ovariectom y and adrenalectom y (Leung and S asak i, 1975; Leung 

e t  a l ,  1975). Following ovariectom y and adrenalectom y, not a l l  tumors 

responded to  d a ily  in je c t io n  of ovine p ro la c t in  by re a c t iv a t io n  of 

growth. Those th a t  d id  not respond to  p r o la c t in  a lo n e , d id  respond to  

in je c t io n  of p ro la c tin  p lu s es tro g en  w ith  a resum ption of growth. When 

p r o la c t in  was ad m in is te red  along w ith  th e  es tro g en  a n ta g o n is t nafox id ine 

in  th e  ovariectom ized-adrenalectom ized  r a t s  tumor growth was m a in ta ined , 

i n i t i a l l y  su g g estin g  th a t  th e  presence of e s tro g e n  was not e s s e n t i a l .  

However, when p ro la c tin  and nafox id ine were w ithdraw n, tumor re g re s s io n  

was observed , as would be expected , bu t re a d m in is tra tio n  of p ro la c t in  

a lone f a i l e d  to  re a c t iv a te  tumor growth. This c o n tra s ts  w ith  the  

response to  re a d m in is tra tio n  of p r o la c t in  fo llo w in g  an i n i t i a l  

a d m in is tra t io n , th e n  w ithdraw al, of p ro la c t in  a lo n e , in  which renewed 

tumor growth was observed when p ro la c t in  tre a tm e n t was resumed. This 

r e s u l t  suggests  th a t  n afox id ine , th e  es tro g en  a n ta g o n is t ,  a c te d  to  block 

c e r ta in  e s tro g e n -re q u ir in g  e v e n ts , which had to  be re s to re d  by es tro g en  

befo re  growth could be resumed (Leung and S a sa k i, 1975).

Follow ing tumor re g re ss io n  due to  ad rena lec tom y-ovariec tony , th e  

resum ption of tumor growth by p ro la c tin  a d m in is tra t io n  seems to  be 

tem porary (Nagasawa and Y anai, 1970b). Furtherm ore, when p ro la c tin
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a d m in is tra tio n  to  th e  r a t  was delayed a f t e r  adrena 1 ectoniy-ovariectom y, 

many tumors f a i l e d  to  resume growth (Leung e t  a l ,  1975). Another common 

argument f o r  th e  inpo rtan ee  o f es tro g en  in  th e  growth of DMBA-induced 

mammary tumors i s  the  p resence of es tro g en  re c e p to rs  in  th e  tumors 

(A sselin  e t  a l ,  1977).

The growth of a hormonal ly -dependent t i s s u e  depends on the 

c o n ce n tra tio n  and binding a c t iv i t y  of re c e p to r p ro te in s  as w ell a s  

endogenous hormone le v e ls .  The re g u la tio n  o f the  hormone re c e p to rs  in  

DMBA-induced mammary tumors by endogenous hormones has been in v e s t ig a te d  

in  hypophysectomized tum or-bearing  r a t s .  By day 16 post-hypophysectony, 

th e  le v e ls  o f e s tro g en , p rogesterone  and p ro la c tin  re c e p to rs  decreased 

s ig n i f i c a n t ly .  Replacement o f th e  vario u s  hormones in d ic a te d  which 

hormones were im portan t in  th e  re g u la tio n  of each re c e p to r .

A d m in istra tio n  of e i th e r  es tro g en  or p ro la c tin  prevented th e  f a l l  in  

es tro g en  re c e p to rs .  E strogen o r p ro la c t in  a lso  a c ted  to  m ain ta in  

p ro la c t in  re c e p to rs .  E strogen prevented  th e  decrease in  p rogesterone  

re c e p to rs  w ith o u t r e a c tiv a t in g  tumor growth and p ro la c tin  had no e f f e c t  

on p rogesterone re c e p to rs  (Arafah e t  a l ,  1980).

T herefore e s tro g e n , bu t not p r o la c t in ,  p lays a ro le  in  the  

m aintenance o f  p rogesterone re c e p to rs  l e v e ls ,  and es tro g en  and p ro la c tin  

can a c t  independently  to  m ain ta in  both e s tro g en  and p ro la c t in  re c e p to r  

l e v e ls .  I t  has a ls o  been re p o rte d  th a t  p rogesterone can a c t  to  m ain tain  

th e  le v e ls  o f i t s  own re c e p to r  (A sselin  e t  a l ,  1976).

Although th e  presence o f  th e se  hormone re c e p to rs  in  DMBA-induced 

mammary tumors has been c i te d  as  evidence f o r  th e  hormonal dependence of 

th e  tum ors, th e  a c tu a l le v e ls  o f th e  re c e p to rs ,  p a r t i c u la r ly  of es tro g en
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and p ro la c t in  r e c e p to r s ,  a re  not p re d ic t iv e  o f responsiveness to  

endocrine a b la t io n  (Arafah e t  a l ,  1980; De Sonère e t  a l ,  1976).

The ro le  o f p ro gesterone  in  tum origenesis has been in v e s tig a te d  

(Jab a ra , 1967), bu t i t s  r o le  in  th e  growth of e x is t in g  tumors i s  le s s  

c l e a r .  The apparen t assum ption has been th a t  s in c e  replacem ent o f 

e s tro g e n  to  ovariectom ized  r a t s  caused a resum ption of tumor growth, th en  

th e  e f f e c t  o f ovariectoqy  was due p rim a rily  to  th e  e lim in a tio n  of 

e s tro g en . In v e s tig a tio n s  in to  th e  r e s u l t s  of replacem ent o f p rogesterone 

to  ovariectom ized  r a t s  have been re p o r te d . A d m in istra tio n  of 0 .5  mg per 

day f o r  5 weeks fo llo w in g  ovariectoqy  had no e f f e c t  on tumor growth or 

hormone b ind ing  (A sse lin  e t  a l ,  1977). However, when a h igher dose of 

p ro gesterone  (3 mg p e r day) was given to  adrena1ectom ized-ovariectom ized 

r a t s ,  s t a t i c  tumor growth was observed , th a t  i s ,  re g re s s io n  was a r r e s te d ,  

but a c t iv e  tumor growth was not ob ta ined  (M inasian-Batm anian and Jab a ra , 

1981). The m aintenance o f tumors by p rogesterone  i s  independent of serum 

p ro la c t in  le v e ls ,  s in c e  tumor s t a s i s  was observed even when p ro la c tin  

r e le a s e  was in h ib ite d  by e rgoco rn ine .

In a d d itio n  to  th e  ovarian  and p i tu i ta r y  sex  hormones, o th e r  

hormones which may a ls o  p lay  a ro le  in  th e  re g u la tio n  o f growth of 

DMBA-induced mammary tumors a re  in s u l in  and g lu c o c o r tic o id s .

When r a t s  bearin g  DMBA-induced mammary tumors a re  made d ia b e tic  by 

a llo x a n  (Hueson and L egros, 1970) o r th e  le s s  to x ic  s tre p to z o to c in  (Cohen 

and H i l f ,  1974), tumor re g re s s io n  i s  observed in  90% and 60% of th e  r a t s ,  

r e s p e c t iv e ly , and th i s  re g re ss io n  can be rev e rsed  by in s u l in  trea tm e n t. 

That th e  tumor re g re s s io n  i s  not due to  g e n e ra lize d  w eight lo ss  was 

dem onstrated in  experim ents invo lv ing  food r e s t r i c t i o n  (Hueson and 

Legros, 1972). A r e la t io n s h ip  between in s u l in  b ind ing  and th e  magnitude
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of th e  b io lo g ic a l response was re p o r te d , adding  fu r th e r  support fo r  th e  

r o le  of in s u l in  in  th e  re g u la tio n  of r a t  mammary cancer (S h a fie  and H i l f ,  

1981).

A p o s s ib le  ro le  f o r  g lu c o c o rtic o id s  in  th e  con tro l of DMBA-induced 

mammary tumor growth i s  suggested  by th e  f a c t  t h a t  g lu c o c o rtic o id  

re c e p to rs  have been id e n t i f ie d  in  th e se  tumors (Goral and W i t t l i f f ,

1975), and th a t  adrenalectom y r e s u l te d  in  s tim u la tio n  o f tumor growth 

along  w ith  e le v a tio n  o f  serum p ro la c t in  le v e ls  (Chen e t  a l ,  1976), 

whereas c o r t i s o l  in h ib ite d  tumor growth and reduced serum p ro la c t in  

le v e ls .  Tumor growth in h ib i t io n  by dexamethasone in  th e  presence of 

e le v a te d  p ro la c t in  l e v e ls ,  due to  ha lo p erid o l tre a tm e n t, dem onstrated 

t h a t  g lu c o c o rtic o id  in h ib i t io n  o f mammary tumor growth i s  independent of 

serum p ro la c t in  le v e ls  (Aylsworth e t  a l ,  1980).

V III. ManHiary Tumor R egression : An E n d o ce llu la r Event

G u llino  and co-w orkers (1972a, 1972b) have s tu d ie d  re g re s s io n  due to  

hormonal d e p le tio n  in  DMBA-induced and MTW9 mammary tum ors. These 

a u th o rs  determ ined th a t  re g re s s io n  is  an e n d o c e llu la r  event which does 

not invo lve e i th e r  changes in  th e  host immune response or a decrease in  

th e  blood supply to  th e  tumor. Furtherm ore, th e re  did not appear to  be 

in v asio n  by lymphocytes and macrophages in to  th e  re g re ss in g  tum ors; th e  

p ro p o rtio n  o f  th e  mononuclear immune c e l l s  to  tumor c e l l s  being th e  same 

in  re g re s s in g  and growing tumors (G ullino  e t  a l ,  1972a). In  a d d i t io n ,  

th e re  was no d e fic ien cy  in  th e  v ascu la r  system  a s so c ia te d  w ith  re g re s s in g  

tum ors. The tumors a re  ab le  to  resume growth alm ost im mediately when 

re tu rn e d  to  th e  proper hormonal environment (G ullino  e t  a l ,  1972a).
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Furtherm ore, th e  re g re s s io n  of th e se  horm onally-deprived tumors i s  

not due to  deg rad a tiv e  enzymes of e x t r a c e l lu la r  o r ig in ,  a s  evidenced by 

th e  f a c t  th a t  th e re  i s  no in c re a se  in  lysosomal hydro lases in  th e  p e r i ­

c e l lu la r  spaces o f  re g re s s in g  tumors (G ullino and L a n z e ro tt i ,  1972).

Thus, th e  c e l l  ly s is  c h a r a c te r i s t ic  o f re g re ss io n  i s  an e n d o c e llu la r  

even t which does not a f f e c t  th e  su rv iv a l of neighboring c e l l s .

I t  i s  l ik e ly  th a t  hormone dependent mammany cancer c e l l s  a re  

"programmed" to  re g re ss  upon hormone d e p le tio n  by c e l l  ly s i s ,  j u s t  as 

c e r ta in  c e l l s  a re  programmed to  undergo death  in  th e  process of normal 

v e r te b ra te  ontogeny (Saunders e t  a l ,  1962). The sy n th es is  of new p ro te in  

which occurs a t  th e  onset o f re g re s s io n  (G ullino e t  a l ,  1972b) i s  

c o n s is te n t w ith  th e  p o s s ib i l i ty  th a t  th e  re g re ss io n  event i s  under 

g en e tic  c o n tro l ,  and th a t  th e  s ig n a l fo r  re g re ss io n  i s  hormone 

(e s tro g e n /p ro la c tin )  w ithdraw al.

IX. Hormonal M odulation o f P ro stag lan d in  S yn thesis

That p ro s tag lan d in s  in  th e  mammary gland are  s e n s it iv e  to  ovarian  

and p i tu i ta r y  hormones is  suggested  by th e  re p o r t th a t  PGE2 and PGP2 a 

le v e ls  in  normal mouse mammary gland vary w ith  the  s tag e  of th e  e s tru s  

cycle  (Knazek e t  a l ,  1980).

Ri lemma has proposed th a t  p ro s tag lan d in s  may m ediate some a c tio n s  o f 

p ro la c t in  in  normal murine mammary t i s s u e .  P ro stag lan d in  E2 and 

PGP2a s tim u la te  RNA sy n th e s is  in  mammary gland ex p lan ts  in  mice in  a 

p r o la c t in - l ik e  manner (Rilemma, 1976a). PGEi and PGFi* alone had no 

e f f e c t  on RNA s y n th e s is ,  b u t when given along  w ith p ro la c t in ,  decreased  

th e  response o f th e  t i s s u e  to  p r o la c t in .  F u rth er s tu d ie s  dem onstrated 

th a t  p r o la c t in  a c t iv a te d  phospholipase A in  membrane p rep a ra tio n s  from
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mouse mammary gland (Rllenma and  W ild, 1977). O ther in v e s t ig a tio n s  have 

s tu d ie d  th e  p o s s ib i l i ty  th a t  c y c l ic  n u c leo tid e s  might m ediate p ro la c tin  

e f f e c t s .  C yclic  GMP was shown to  mimic p r o la c t in  in  th e  stim u lus o f RNA 

sy n th e s is  (Rilemma, 1975). U nlike p r o la c t in ,  c01P did not a f f e c t  ca se in  

sy n th e s is . However, cGMP sh o rtened  th e  tim e lag  between exposure to  

p ro la c t in  and commencement of ca se in  sy n th e s is  (Rilemma, 1976b). Agents 

which in c re a se  cAMP appear to  im pair p r o la c t in  responses. C yclic  AMP 

le v e ls  must be decreased  or m ain tained  a t  basal le v e ls  fo r  p ro la c tin  

e f f e c t s  to  occur (Rilemma, 1976b).

The p o s s ib i l i ty  th a t  p ro s ta g la n d in  sy n th e s is  may a ls o  be modulated 

by es tro g en  in  th e  DMBA-induced mammary tumor i s  supported by th e  f a c t  

th a t  e s tro g en s can modulate PG sy n th e s is  in  an o th e r es tro g en  ta rg e t  

t i s s u e ,  th e  u te ru s  (Ham e t  a l ,  1975). In  th e  u te ru s ,  PGF2a p lays a 

c e n tra l ro le  in  lu te o ly s is  in  response to  f lu c tu a tio n s  in  es tro g en  in  

sev e ra l sp ec ie s  in c lu d in g  th e  r a t  (Ham e t  a l ,  1975), guinea p ig  (Naylor 

and Poyser, 1975) , and sheep (Caldwell e t  a l ,  1972). An in c rease  in  

PGF2a  i s  always accompanied by a decrease  in  p rogesterone . Thus, th e re  

i s  a complex, c y c lic  r e la t io n s h ip  between PGF2a  and p rogesterone in  the  

u te ru s .

In  summary, both es tro g en  and p r o la c t in  appear to  have th e  cap a c ity  

to  m odulate p ro s tag lan d in  sy n th e s is  and metabolism  in  ta r g e t  organs.

X. R a tio n a le

The purpose of t h i s  s tudy  was to  id e n tify  th e  in t r a c e l lu la r  

m ediato rs o f th e  hormonal co n tro l o f growth in  hormone dependent mammary 

can cer. P ro la c t in  and e s tro g e n  have been im p lica ted  as growth prom oters 

o f hormone dependent mammary cancer in  th e  human and in  several animal
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models. The mechanism o f e s tro g en  a c t io n ,  through b ind ing  to  an 

i n t r a c e l lu la r  re c e p to r , i s  w ell e s ta b l is h e d ,  but th e  in t r a c e l lu la r  

m ediator f o r  p ro la c t in  has not been id e n t i f ie d  in  normal o r n e o p la s tic  

t i s s u e .  Recent evidence im p lic a te s  p ro s tag lan d in s  and p o ssib ly  

subsequent changes in  c y c lic  AMP as  th e  in t r a c e l lu la r  m ediato rs (Rilemma, 

1975, 1976b).

The o b je c tiv e s  o f t h i s  p ro je c t  were to  t e s t  th e  independent and 

combined e f f e c t s  o f e s tro g en  and p ro la c tin  on growth response and 

p ro s tag lan d in  sy n th e s is  in  th e  hormone dependent DMBA-induced mammary 

tumor in  th e  r a t ,  to  determ ine i f  p ro la c t in  m odulates PG sy n th e s is  in  

th e se  tumors by m easuring p ro s ta g la n d in  sy n th e s is  in  tumors from r a t s  

w ith  e lev a te d  o r decreased p r o la c t in  and to  determ ine i f  the  sy n th e s is  of 

th e  p ro s tag lan d in s  ( s p e c if ic a l ly  P6E2 ) c o r r e la te s  w ith  th e  growth 

response of th e  mammary tumors which acconpany th e  hormonal changes. In 

a d d i t io n ,  i t  was th e  purpose of t h i s  p ro je c t  to  determ ine i f  cAMP le v e ls  

c o r re la te  w ith  the  tumor growth response due to  hormonal changes, to  

in v e s t ig a te  cAMP as a p o ss ib le  mechanism of p ro s tag lan d in  a c t io n .

I f  PGE2 i s  an i n t r a c e l lu la r  m ediator of hormone a c t io n ,  th e n  

PGE2 le v e ls  and subsequen tly  cAMP le v e ls  should c o r r e la te  w ith  th e  

presence o r absence of p h y sio lo g ica l co n ce n tra tio n s  of es tro g en  and 

p ro la c t in  as w ell as w ith  th e  growth response of th e  tum or.

A f u r th e r  o b je c tiv e  o f t h i s  work was to  id e n t ify  th e  nuc lear s i t e  of 

a c tio n  o f cAMP in  th e  re g re s s in g  mammary tumor and to  study th i s  in  

r e la t io n  to  th e  sequence of ev en ts  i n i t i a t e d  by ovariectom y. A f in a l  

o b je c tiv e  was to  dem onstrate d i r e c t ly  th a t  PGE2 does in  f a c t  enhance 

th e  sy n th e s is  o f cAMP in  re g re ss in g  mammary tum ors. An understand ing  of 

th e  sequence o f biochemical ev en ts  c e n tra l to  th e  re g re s s io n  p ro cess  may
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c o n tr ib u te  to  understand ing  p o ss ib le  d e f ic ie n c ie s  in  co n tro l which occur 

in  hormonal ly -dependent tum ors.



MATERIALS AND METHODS

I .  Tumor In d u c tio n  by 7 ,12-D iniethy1benz(a)anthracene

The tumor model used th roughou t most o f th e se  s tu d ie s  was th e  

d im ethy lbenz(a)an th racene (DMBA)-induced mamnary tumor in  fem ale 

Sprague-Dawley r a t s .  The r a t s  were an outbred  s t r a i n  ob ta ined  from Lab 

Supply , In d ia n a p o lis , In d ian a . The carc inogen  was c o n s is te n tly  

ad m in is te red  a t  50 days of age , s in c e  t h i s  age has been rep o rte d  to  be 

optim al in  term s o f tumor in c idence  and su rv iv a l o f th e  animal (Huggins,

1979). During th e  course o f th e se  s tu d ie s ,  th re e  d i f f e r e n t  methods of 

exposure or p ro to co ls  f o r  dosing were used . In  th e  f i r s t  method, a 1 ml 

em ulsion of 5 mg of DMBA, a s  ob ta ined  from Dr. Paul Schurr (Upjohn C o ., 

Kalamazoo, M ichigan) was in je c te d  in to  th e  t a i l  ve in  o f 50-day old  fem ale 

Sprague-Dawley r a t s  (S churr, 1969). A second method o f exposure 

c o n s is te d  o f  g a s t r i c  in tu b a tio n  o f 20 mg of DMBA in  1 ml o f sesame o il  

(Huggins, 1961). S o lu tio n  of th e  DMBA in  sesame o il  was ach ieved  by 

g e n tle  h e a tin g . This s o lu tio n  was in tu b a te d  in to  th e  stomach of the  r a t  

u s ing  a curved 16 gauge x 3 inch  animal feed in g  needle (Popper and Sons, 

I n c . ,  New Hyde P ark , New York).

In  an a ttem p t to  in c re a se  th e  f r a c t io n  of t r e a te d  r a t s  having 

tum ors, a procedure in v o lv in g  m u ltip le  exposures o f lower doses of DMBA 

was employed (Cohen and H i l f ,  1974). The procedure was m odified  to  

c o n s is t  o f fo u r  weekly doses of DMBA. The f i r s t  dose, given a t  50 days 

o f age by g a s t r ic  in tu b a tio n , c o n s is te d  o f 10 mg DMBA in  0 .5  ml of sesame

31
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o i l ;  t h i s  was fo llow ed by th r e e  weekly doses o f 5 mg DMBA in  0 .25  ml of 

sesame o i l .  The th i r d  procedure r e s u lte d  in  e a r l i e r  o v e ra ll appearance 

and high tumor inc idence  in  our hands. Compared to  a s in g le  g a s t r i c  

in tu b a tio n , m u ltip le  exposures decreased  th e  average tumor la ten cy  from 

4 .5  months t o  3 months; w ith  th e  e a r l i e s t  tumors appearing  a t  45 days 

a f t e r  DMBA exposure.

At one p o in t in  th e  s tu d y , i t  became necessary  to  supplement th e  

animal colony w ith  tumor bearing  r a t s  from H azelton L ab o ra to rie s  (Vienna, 

V irg in ia ) .

I I .  MTW9 Mammarv Tumors

Several d i s t i n c t  l in e s  o f th e  MTW9 mammary tumor in  W ista r-F u rth  

r a t s  were used as an o th e r model o f hormone dependent mammary cancer in  

some of th e  experim ents. The MTW9 s e r ie s  of tumors was provided by Untae 

Kim o f Roswell Park Memorial I n s t i t u t e ,  B u ffa lo , N .Y .; th e  tumors were 

m ain tained  by s e r ia l  t r a n s p la n ta t io n  in  60 day o ld  fem ale W ista r-F u rth  

r a t s .  Three s tag es  o f hormonal p ro g ress io n  a re  rep re se n te d  by th e  MTW9 

tumor l i n e s .  The MTW9-A tum ors a re  slow -growing, estrogen-dependen t and 

horm onally re sp o n s iv e , w h ile  MTW9-B tim ors a re  hormonally autonomous w ith  

an  in te rm ed ia te  growth r a te .  The MTW9-D tumors re p re s e n t advanced 

horm onally autonomous fa s t-g ro w in g  tum ors. When endocrine a b la t io n ,  such 

a s  ovariectom y, i s  perform ed, th e  MTW9-A tumors re g re s s ,  whereas th e  

MTW9-B and MTW9-0 tumors con tinue  to  grow.

I I I .  V ern ier C a lip e r  Measurements o f Tumors

The growth o f tumors in  v ivo  can be a sse sse d  by m onito ring  th e i r  

dim ensions. The s iz e  o f th e  DMBA-i nduced mammary tumors was measured
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t  s p e c if ic  in te rv a ls  using  v e rn ie r  c a l ip e r s .  The measurements recorded  

were th e  lo n g e s t d iam eter of th e  tumor and i t s  p e rp en d icu la r . Care was 

tak en  to  ensu re  th a t  th e  p re ssu re  o f th e  c a l ip e rs  a g a in s t  th e  tumor was 

c o n s is te n t .  A ll tumor measurements w ith in  a given experim ent were made 

by th e  same in v e s t ig a to r  (MKF).

To determ ine i f  a s ig n if ic a n t  change in  th e  s iz e  of a tumor had 

o ccu rred , th e  sum of th e  leng th  p lu s  w idth of th e  tumors was compared 

over a s e le c te d  tim e in te rv a l .  More s p e c i f i c a l ly ,  i f  an in c re a se  of 20% 

or g re a te r  was observed in  th e  sum of leng th  p lu s  w idth compared to  th e  

measurement a t  th e  beginning of th e  trea tm e n t p e rio d , th e  tumor was 

c l a s s i f i e d  a s  growing. A lte rn a tiv e ly ,  i f  th e  sum of th e  d iam eters 

decreased  by 20%, th e  tumor was c l a s s i f i e d  as re g re s s in g . I f  th e  change 

in  len g th  p lu s w idth was le ss  th a n  20%, th e  tumor was considered  s t a t i c .

IV. M o d ifica tions o f Tumor Growth by Hormonal Treatm ents

The DMBA-induced mammary tumor in  Sprague-Dawley r a t s  i s  dependent 

on hormonal s tim u la tio n  fo r  growth. Ovariectomy of r a t s  bearing  

DMBA-induced mammary tumors r e s u l t s  in  re g re s s io n  of th e  tumors in  80-90% 

of th e  r a t s  (Huggins, 1979). Replacement of es tro g en  in  ovariectom ized  

r a t s  provides th e  hormonal requirem ents f o r  growth of th e se  

carc inogen-induced  tumors (Talw alker e t  a l ,  1964). These r e s u l t s  suggest 

t h a t  es tro g en  i s  o f prim ary im portance in  th e  m aintenance of growth of 

DMBA-induced mammary tum ors.

However, drugs which decrease  endogenous p ro la c t in ,  such as 

e rgocorn ine  o r e rg o c ry p tin e , i n h i b i t  th e  growth of e x is t in g  tumors and 

cause re g re s s io n  of th e  tumors (C assell e t  a l ,  1971). Since e s tro g e n  

s tim u la te s  serum and p i tu i ta r y  p ro la c t in  le v e ls  (Reece and T u rner, 1936;
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Grosvenor and T urner, 1950; Chen and M eites , 1970), i t  i s  not c le a r  

w hether th e  d e p le tio n  of e s tro g en  upon ovariectom y or th e  subsequent 

decrease  in  p ro la c t in  le v e ls  i s  more im portan t in  th e  tumor re g re s s io n  

which ensues.

In  o rd e r to  c h a ra c te r iz e  hormonal dependence of th e  mammary tumors 

and to  c o r re la te  hormonal s tim u la tio n  o f tumor growth w ith  biochemical 

changes, v a rio u s  hormone m anipu lations were perform ed in  tum or-bearing  

r a t s  as d esc rib ed  below.

B ila te ra l  ovariectorny was performed to  d ep le te  es tro g en  le v e ls .  

P ro la c t in  le v e ls  were a l te r e d  using  in je c t io n  of a p p ro p ria te  drugs. 

V arious com binations of th e se  trea tm en ts  were performed in  o rder to  

f u r th e r  c h a ra c te r iz e  the  hormonal dependence o f the  DMBA-induced mammary 

tum ors.

a .  E lev a tio n  o f Endogenous P ro la c t in  by H aloperidol 

Endogenous p ro la c tin  le v e ls  were e le v a te d  in  tumor bearing  r a t s  by 

in je c t io n  o f h a lo p e rid o l ( 4 '- f 1u o ro -4 [4 -h y d ro )^ -4 (4 -ch lo ro -p h en y l)-  

p ip e rid in o ]-b u ty ro p h e n o n e), which was a g i f t  from MacNeil L a b o ra to rie s , 

F o r t  W ashington, Pa. H aloperidol has been shown to  in c re a se  re le a se  of 

p ro la c t in  from th e  a n te r io r  p i tu i t a r y  by in h ib i t in g  th e  a c t iv i t y  of 

P ro la c t in  In h ib i to ry  F acto r (PIF) from th e  hypothalamus (Dickerman e t  a l ,  

1972). H aloperidol and o th e r  n e u ro le p tic  d rugs, such as re s e rp in e , 

ch lorprom azine and o th e rs ,  a re  thought to  in h ib i t  PIF due to  th e i r  

a b i l i t y  to  in h ib i t  catecholam ines as n eu ro tra n sm itte rs  in  th e  

hypothalamus (Abuzzahab, 1971; M eites e t  a l ,  1972). Hypothalamic 

catecholam ines a c t  as n e u ro tra n sm itte rs  to  in c re a se  th e  re le a se  of PIF,
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which in  tu rn  depresses re le a s e  of p ro la c tin  from th e  p i tu i t a r y ;  

th e re fo re ,  low ering catecholam ine a c t iv i t y  in c re a se s  p ro la c t in .

In  th e  f i r s t  s tu d y , h a lo p erid o l was in je c te d  subcutaneously  each o f 

4  consecu tive  days a t  a dose of 120 ug in  0 .2  ml o liv e  o i l  (B radley e t  

a l ,  1976). Control r a t s  rece iv ed  0 .2  ml in je c tio n s  o f o liv e  o i l .  Tumor 

p ro s ta g la n d in  co n ten t was measured on the  f i f t h  day a f t e r  beginning th e  

tre a tm e n t. The r a t s  were d eca p ita ted  and th e  tumors were ra p id ly  exc ised  

and fro z e n  in  l iq u id  n itro g en  (-196®C).

On a m o d ifica tio n  o f th e  above p ro to c o l, used in  a se p a ra te  

experim en t, an  aqueous v e h ic le  f o r  ha lo p erid o l was used ( a f t e r  Dickerman 

e t  a l ,  1972) and th e  drug in je c tio n s  were extended to  10-14 days. The 

in je c t io n  dose of 120  pg /0 .2  ml was p repared  by d is so lv in g  6 mg 

h a lo p erid o l in  0 .125 ml o f IN HCl, 0 .25 ml ethanol and 9.625 ml of 

d i s t i l l e d  w a te r. Tumor-bearing r a t s  were in je c te d  subcutaneously  fo r  

10-14 day s , and p a ire d  co n tro l r a t s  were in je c te d  w ith  v e h ic le  a lo n e . At 

th e  end o f th e  trea tm en t p e rio d , th e  r a t s  were d ec a p ita te d  and th e  tumors 

were ra p id ly  exc ised  and used immediately fo r  determ ina tion  of 

p ro s tag lan d in  re le a s e  in  v i t r o .

b . D ep le tion  o f Endogenous P ro la c t in  bv Ergocornine

For d e p le tio n  of endogenous p ro la c tin  le v e ls ,  th e  e rg o t a lk a lo id  

ergoco rn ine  (as ergocorn ine hydrogen-m aleate, a g i f t  from P ro f. E. 

F lu c k ig e r , Sandoz L td .,  B ase l, S w itzerland ) was used. E rgocornine (EC) 

low ers serum and p i tu i ta r y  p ro la c tin  le v e ls  (Nagasawa and M eites , 1972a) 

by in c re a s in g  hypothalam ic PIF a c t iv i t y  (Wuttke e t  a l ,  1971) and a ls o  by 

d i r e c t ly  in h ib i t in g  p r o la c t in  re le a se  from th e  p i tu i ta r y  (M eites e t  a l ,  

1972).
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The EC was ad m in is te red  subcutaneously a t  dose o f  0 .5  mg p e r 250 gm 

r a t  d a ily  f o r  10-14 days. In  th e  s tu d ie s  12.5 mg EC was d isso lv ed  in  1 

ml 70% e th a n o l, th en  d i lu te d  w ith  4 ml o f 0.85% NaCl to  a f in a l  

c o n ce n tra tio n  of 14% ethanol (Bradley e t  a l ,  1976). The drug was 

ad m in is te red  in  a to ta l  volume o f  0 .2  ml.

V. Measurement o f Tumor P ro stag la n d in  Content

a .  Reagents and Chemicals

G lass m ic ro fib re  f i l t e r  d isc s  (GF/B) were purchased from Whatman, 

I n c . ,  C l i f to n ,  New J e rs e y . Brock Mini-Columns were obta ined  from 

Anderson G lass Company, F itz w illia m , New Hampshire. S i l i c i c  a c id ,  SIL-R, 

100-300 mesh, was ob ta ined  from Sigma Chemical Company, S t .  L ouis, 

M issouri. Benzene, e thy l a c e ta te  and methanol o f sp e c tro q u a lity ,  were 

purchased from MCB M anufacturing C hem ists, C in c in n a ti,  Ohio. Ethyl 

a c e ta te  was r e d i s t i l l e d  from g la ss  before  use . 

[5 ,6 ,8 ,l l ,1 2 ,1 4 ,1 5 -3 H (N )]-P ro s ta g la n d in  Eg (150-165 Ci/mmol) was 

ob ta in ed  from New England N uclear, Boston, Mass. A ctiva ted  charcoal was 

purchased from Sigma, w hile  D extran T-70 (MW 70,000} was obta ined  from 

Pharmacia F ine Chem icals, U ppsala, Sweden.

b. Homogenization of Frozen Tumors

Tumor samples were prepared  f o r  radioimmunoassay in  groups of 8 . 

Tumor specimens s to re d  in  l iq u id  n itro g en  were p u lv e rized  in  a s ta in le s s  

s te e l  m ortar and p e s t l e ,  which had been p rev iously  cooled in  l iq u id  

n itro g e n . The powdered t i s s u e  was weighed in to  a ta re d  t i s s u e  g rin d e r 

w ith  a te f lo n  p e s tle  (150 mm x 32 mm g rind ing  a re a ,  55 ml c a p a c ity ) ,  th en  

im m ediately p laced in  ic e .  The powdered t i s s u e  was resuspended in
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9 volumes o f co ld  50 nM T r is  -  44 nM EDTA, pH 7 .5 ,  th e n  homogenized a t  

0-4*C. One ml a l iq u o ts  o f each homogenate were p laced  in to  d u p lic a te  

t e s t  tubes c o n ta in in g  100 pi o f 1 M c i t r i c  a c id .  A " tra c e "  o f 

3h-PGE2 (1500 cpm in  50 y l)  was added to  each sanp le  to  fo llow  

recovery  th roughou t th e  p u r i f i c a t io n  p rocedu re . D u p lica te  blanks 

c o n ta in in g  1 .0  ml o f 50 nW Tris-44mM EDTA, pH 7 .5 , 100 yl c i t r i c  a c id  and 

1500 cpm 3h-PGE2 were su b jec ted  to  th e  same e x tra c tio n  and 

p u r i f i c a t io n  procedure as th e  sam ples.

c .  E x tra c tio n  o f P ro stag la n d in s

The e x tra c t io n  and p u r i f i c a t io n  procedures were based on th e  methods 

o f A u le tta  e t  a l ,  (1974). P ro s tag la n d in s  were e x tra c te d  from th e  

homogenized tumor t i s s u e  in to  co ld  r e d i s t i l l e d  e thy l a c e ta te .  F ive ml o f 

e th y l a c e ta te  was added to  each sam ple, which was th e n  vortexed  f o r  two 

30 second in t e r v a l s ,  fo llow ed by c e n tr ifu g a t io n  f o r  10 minutes a t  2000 

rpm in  a Model HN-S C en trifuge  ( In te rn a tio n a l  Equipment C o ., Needham, 

M ass.) The e th y l a c e ta te  f r a c t io n  (upper la y e r )  was drawn o f f  w ith  

P a s te u r  p ip e t te s  and p laced  in to  in d iv id u a l 15 X 125 mm c u ltu re  tu b e s .

The e n t i r e  e x tra c tio n  sequence was rep ea ted  w ith  3 ml o f co ld  r e d i s t i l l e d  

e th y l a c e ta te ,  and th e  upper la y e r  o f each sample was combined w ith  th e  

f i r s t  f r a c t io n .  The samples were d r ie d  under a stream  of a i r  p r io r  to  

s e p a ra t io n  o f th e  PG f r a c t io n s  on columns of s i l i c i c  a c id .

d . S i l i c i c  Acid Column Chromatography

P ro stag la n d in s  were f r a c t io n a te d  on 0 .5g  s i l i c i c  a c id  m ini-colum ns. 

G lass f i b r e  f i l t e r  paper d is c s ,  c u t to  th e  in n e r d iam eter of th e  columns 

by use of a No. 4 cork b o re r , were sea te d  in to  th e  bottom of Brock
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mi n i-co l umns which were 9 mm in n e r d iam eter and 160 mm in  le n g th . The 

columns were s e t  up in  a rack which was designed to  accommodate 20 

columns a t  a tim e . C u ltu re  tu b es  (16 x 125 mm) were s e t  up beneath each 

column to  ca tch  th e  e f f lu e n t .

A s lu r r y  of s i l i c i c  a c id  was p repared  by p la c in g  12.5  g of s i l i c i c  

a c id  (SIL-R, Sigma Chemical C o ., S t .  L ou is, Mo.) in  a 50 ml Erlenm eyer 

f l a s k ,  th en  b rin g in g  th e  volume to  50 ml by th e  a d d itio n  o f  60:40:2  

(benzene:ethy l ace t a t e : m ethanol, v :v :v ) .  Two ml o f th e  s i l i c i c  ac id  

s lu r ry  was p ip e tte d  ra p id ly  in to  each mi n i-column w ith  continuous 

s t i r r i n g  using  a Clay-Adams 1 ml p ip e t te  gun, w ith  a wide bore . A fte r  

th e  s i l i c i c  a c id  was washed down th e  s id e s  o f th e  columns w ith  3-5 ml o f 

60:40:2  (B:EA:MeOH) th e  e f f lu e n t  from th e  columns was c o lle c te d  p r io r  to  

sample lo ad in g .

During th e  p re p a ra tio n  o f th e  columns, 0 .2  ml o f 60:40:10 

(B:EA:MeOH) was added to  each sample tu b e . In  o rder to  ensure com plete 

r e c o n s t i tu t io n  of th e  e x tra c te d  l i p id s ,  th e  samples were allow ed to  leach  

f o r  30 m inutes, w ith  occasional v o rtex in g . The samples were th en  loaded 

onto the  columns using  P as teu r p ip e t te s .  Subsequently , 0 .6  ml of 60:40 

(B:EA) was added to  each sample tu b e , th e  tubes were b r ie f ly  v o rtex ed , 

and th en  th e  co n ten ts  were added to  th e  ap p ro p ria te  columns.

A fte r  th e  r e s u l t in g  e f f lu e n t  had been c o l le c te d ,  1 ml of benzene was 

added to  each column to  remove n e u tra l l i p id s .  A fte r th i s  so lv e n t had 

run  th ro u g h , 4 .0  ml o f 60:40 (B:EA) was added to  each column, to  e lu te  

p ro s tag lan d in s  o f th e  fa m ilie s  A and B. The combined e lu a te s  o f th e  

columns up to  t h i s  p o in t were d isc a rd e d , and 20 ml s c i n t i l l a t i o n  v ia l s  

were s e t  up in  th e  rack under each column. The E p ro s ta g la n d in s .
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e lu te d  from th e  columns in  13 ml o f 60:40:2  (B:EA:MeOH), were s to re d  a t  

- 2 0® o v ern ig h t f o r  subsequent radioinHnunoassay.

For th e  PGEg radioimm unoassay, (as describ ed  below) th e  samples 

o b ta in ed  from th e  columns were d r ie d  under a stream  of a i r ,  th e n  taken  up 

in  1 .0  ml of e th a n o l. 200  pi o f  each sample was removed f o r  l iq u id  

s c i n t i l l a t i o n  rad ioassay  in  o rd e r to  e s tim a te  th e  recovery  from th e  

columns. In  g e n e ra l, 60-70% recovery was ach iev ed , and th e  s p e c if ic  

recovery  value  fo r  each sample was used in  th e  c a lc u la t io n  of PGEg 

c o n te n t.

Three d ilu t io n s  o f  each sample were inc luded  in  th e  

radioimmunoassay. T y p ica lly  1 /20 (5 0 p l) , 1/10 (lOOpl) and 1 /5  (200 p i)  

d i lu t io n s  of th e  samples in  e thano l were p laced  in  12 x 75 mm c u ltu re  

tubes  and d r ie d . A ll th e  samples were subsequen tly  taken  up in  100 pi of 

a ssay  b u f fe r .

VI. Radioimmunoassay f o r  PGE?

The assay  b u ffe r  used in  PGE2 radioimmunoassay (RIA) c o n s is te d  o f 

10 rrM sodium phosphate, pH 6 .7 , 0.9% NaCl, 0.1% bovine gamma g lo b u lin s  

and 0 . 1% sodium az id e .

The 3h-PGE2 used in  the  RIA was p u r if ie d  by s i l i c i c  a c id  column 

chromatography according  to  th e  procedure describ ed  above. The 

r e p u r i f ie d  3H-PGE2 was taken  up in  assay  b u f fe r  to  give 1 0 ,0 0 0  cpm 

p e r 100 pi and s to re d  a t  -20®C f o r  no more th a n  1-2  weeks.

The an tiserum  to  P6E2 , which was developed in  ra b b its  to  th e  

album in con jugate  o f PGE2 » was provided by Dr. Thomas F e r r i s ,

Department of M edicine, Ohio S ta te  U n iv e rs ity . The stock an tiserum  was 

s to re d  as  100 pi a l iq u o ts  a t  -20®C, th en  d i lu te d  5 00 -fo ld  w ith  assay
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b u ffe r  im m ediately befo re  u se . The antiboc|y t i t e r  s e le c te d  i s  th a t  which 

r e s u l t s  in  approxim ately  50% b ind ing  ( r a t i o  o f tr a c e  to  to ta l  la b e lle d  

a n tig e n )  s in c e  t h i s  i s  th e  t i t e r  which r e s u l t s  in  maximum s e n s i t iv i ty  

(S kelley  e t  a l ,  1973).

The s p e c i f i c i t y  o f th e  PGE2 antibocjy i s  shown in  F igure  2 . 

P ro s tag la n d in  Ei showed 32% c r o s s - r e a c t iv i ty  w ith  th e  an tibody  to  

P6 E2 .  The c r o s s - r e a c t iv i ty  o f PGF2 a to  th e  PGE2 an tibody was 2.5% 

and PGFia showed 0.6% c r o s s - r e a c t iv i ty .  The values fo r  

c r o s s - r e a c t iv i ty  a re  c a lc u la te d  by th e  r a t i o  of th e  amount o f PGE2 to  

th e  amount of competing p ro s ta g la n d in  which r e s u l t s  in  50% b ind ing .

P ro stag lan d in  E2 was a g i f t  from D r. John P ik e , Upjohn Company. A 

s to ck  s tandard  s o lu tio n  c o n ta in in g  1 mg PGE2 in  1 0 .0  ml ethanol was 

p repared  and s to re d  a t  -20°C under n itro g en . From th i s  s o lu tio n , 100 ul 

was taken  and d ilu te d  to  10 ml in  e th a n o l, g iv ing  a 1 yg/ml s o lu tio n . 

S tandard  s o lu t io n s ,  rang ing  from 2 .5  pg PGE2 /O .I  ml to  10 ng PGE2 /O .I  

ml were p repared  in  e thanol from  th e  second s tock  standard  and s to re d  a t  

-20°C under n itro g en .

a . RIA Protocol

The RIA p ro toco l f o r  assay  o f  PGE2 was m odified  from Caldwell e t  

a l  (1971; a ls o  A u le tta  e t  a l ,  1974). When th e  RIA was used to  determ ine 

PGE2  in  samples which were in  e th a n o lic  o r organ ic  s o lu tio n , th e  

samples were placed  in  g la ss  12 x 75 mm c u ltu re  tubes and d r ie d  under a 

s tream  o f a i r .  The b la n k s, t r a c e  and s tan d ard s  were s e t  up in  d u p lic a te . 

The samples had been homogenized in  d u p lic a te ,  as s ta te d  e a r l i e r .

A fte r  a l l  the  e th a n o lic  samples were d r ie d , lOOyl of assay  b u ffe r  

was added to  each tu b e . 200  yl assay  b u f fe r  was added to  th e  tubes which
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F igure  2. S p e c if ic i ty  o f Antiserum to  PGE2

U nlabelled  PGE2 , PGEi, PGP?* and PGFi* were incubated  in  th e  
p resence of 3h-PGE2 (1 0 ,0 0 0  cpm) and an tibody to  PGE2 acco rd ing  to  
th e  RIA p ro to c o l. The c r o s s - re a c t iv i ty  was c a lc u la te d  by computing th e  
r a t i o  o f u n lab e lled  p ro s tag lan d in  which gave 50% b ind ing  to  the 
c o n ce n tra tio n  o f PGE2 which gave 50% b ind ing . The c r o s s - r e a c t iv i t i e s  
o f the p ro s tag lan d in s  were PGEi-32%, PGF2 a - 2 . 5% and PGFig-0.6%.
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served  a s  b lan k s. N ext, 100 yl o f 3H-PGE2 , which had 10,000 cpm in  

100 yl o f assay  b u f fe r ,  was added to  each tu b e . In  a d d i t io n ,  lOOyl of 

3h-P6 E2 was p laced  in to  each o f d u p lic a te  s c i n t i l l a t i o n  v ia ls  f o r  

measurement of " t o t a l " PGE2 . F in a l ly ,  100 yl of a 1:500 d i lu t io n  of 

th e  an tib o d y  to  PGE2 was added to  a l l  th e  tubes  excep t th e  blank tu b e s . 

The in c u b a tio n  volume was 300 y l .  The tubes were vortexed  tw ice , then  

incubated  overn igh t a t  4®C.

S ep a ra tio n  o f th e  bound a n t i  gen-antibody complex from f r e e  an tig en  

was ach ieved  by trea tm e n t w ith  d ex tran -co a ted  c h a rc o a l. The 

c h a rc o a l-d e x tra n  so lu tio n  was made f re s h  w ith in  24 hours of use fo r  each 

a s sa y . D extran T-70 (25 mg) was d isso lv ed  in  100 ml o f co ld  PG assay  

b u f fe r ,  th en  p laced on a m agnetic s t i r r e r .  To th i s  s o lu tio n  was added 

250 mg o f a c t iv a te d  ch a rc o a l. This s o lu tio n  was s t i r r e d  on a m agnetic 

s t i r r e r  f o r  1 hour a t  4*C, w hether s to re d  a t  4®C o v ern ig h t or used 

im m ediately. The tem peratu re o f th e  charcoal dex tran  e x tra c tio n  i s  

c r i t i c a l ,  s in ce  a t  room tem p era tu re , th e  c h a rc o a l-d ex tran  w ill s t r i p  the  

bound a n tig e n  from th e  an tib o d y .

While th e  c h a rc o a l-d ex tran  s o lu tio n  was con tinuously  s t i r r e d  on ic e ,  

1 ml was ra p id ly  added to  each of th e  assay  tu b e s , u s ing  a 1 ml 

Clay-Adams p ip e t te .  The tubes were incubated  a t  4® f o r  15 m inu tes, th en  

c e n tr ifu g e d  a t  3000 rpm f o r  15 m inutes in  a CRU -5000 c e n tr ifu g e . One ml 

o f th e  c le a r  su p e rn a tan t was t r a n s f e r r e d  from each tube to  a 

s c i n t i l l a t i o n  v i a l ,  10 ml o f  Beckman Ready-Solv EP s c i n t i l l a t i o n  f lu id  

was added, and th e  v ia l s  were counted in  Beckman LS-7100 o r LS-8100 

L iqu id  S c in t i l l a t i o n  C ounter.
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TABLE 1

Radioimmunoassay f o r  P ro s tag la n d in  Ez
Ethanol 
Samples and 
S tandards

Assay
B uffer

3h-PGE2 1:500 d i lu t io n
(1 0 .0 0 0  cpm) o f a n tis e r im

Blank —- 200ul lOOul — -

Trace — lOOwl lOOyl lOOpI

Standards lOOyl lOOyl lOOyl lOOpl

Samples SOyl, lOOpl lOOul lOOul lOOpl

o r 200yl

I
Dry under 

stream  of a i r
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bo C alcu la tio n s

C orrected  bound = sang le  cpm -  blank

% Bound = percen tage of t r a c e

= c o rre c te d  bound x 100 
Trace

A s tan d ard  curve was ob ta ined  by p lo t t in g  % Bound vs. pg PGE2 on 4 

cyc le  sem i-log  graph paper. The re s u l t in g  curve was s igm o idal. PGE2 

values of th e  samples were in te rp o la te d  from th e  s tandard  cu rve. Each 

assay  inc luded  a s tan d ard  curve.

V II. Radioimmunoassay of 6-Keto-PGFi^

P ro s ta c y c lin  i s  a s h o r t- l iv e d  m olecule in  aqueous so lu tio n  a t  

n e u tra l pH, w ith  a h a l f - l i f e  o f 3 .5  m inutes a t  25°C and 14.5 m inutes a t  

4*C. (Cho and A llan , 1978). T herefo re , 6-keto-PG Fig, th e  m e tab o lite  

o f PGI2 , was measured by radioimnwnoassay as a r e f le c t io n  o f PGI2 

production  in  tumor s l i c e s .

6 -Keto-PGFia was a g i f t  o f Dr. John P ik e , Upjohn Company. The 

la b e l le d  a n tig e n , 6 - [ 5 ,8 ,9 ,1 1 ,1 2 ,1 4 ,15-3H (N )3-keto-prostag landin  F i*

(120 C i/mmole) was purchased from New England N uclear. The s p e c if ic  

an tibody  to  6-keto-PGFi@ was ob ta ined  from Sera gen Inc . (Boston,

M ass.). The a n t i  serum to  6-keto-PG Fia c ro s s - re a c te d  w ith  competing 

p ro s tag lan d in s  to  th e  fo llow ing  e x te n ts ; PGF2a  -  9.5%; PGE2 -  3.0%;

PGA2 -  <0.2%; PGD2 and TxB2  -  <0.1% (as rep o rte d  by Seragen). The 

assay  b u ffe r  f o r  th e  6 -keto-PG Fig RIA was composed of 50 rrM  T r is ,  pH 

7 .6 , 150 mM NaCl and 0.1% bovine serum album in (Cohn f r a c t io n  V). The 

stan d ard  curve f o r  the  assay  ranged from 10-8000 pg 6-keto-PG Fi„. The 

s tan d ard s  were p repared  in  th e  T ris -sa lin e -a lb u m in  b u ffe r  and s to re d  a t  

4°C.
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The p ro to co l f o r  th e  6 -keto-PG Fij, RIA was a m o d ifica tio n  of th e  

procedure recommended by Seragen . The assay  tubes  (12x75 mm) were 

numbered and s e t  up in  a rack  in  an  ic e  bath  (4*C). To each tu b e  was 

added 200pl o f th e  T r is -s a lin e -a lb u m in  b u ffe r .  Then 100*1 of th e  

s tan d a rd s  o r samples in  assay  b u f fe r  was added to  th e  a p p ro p ria te  tu b e s . 

The blank tu b e s  rece iv ed  200*1 assay  b u f fe r  and th e  tr a c e  tu b es  rece ived  

100*1 assay  b u f fe r .  SH-G-Keto-PGFi* was d ilu te d  in  

T r is -s a lin e -a lb u m in  b u ffe r  to  a s p e c if ic  a c t iv i t y  o f 10,000 cpm/100*l, 

and 100*1 o f t h i s  s o lu tio n  was added to  each tube and to  each of 2 

s c i n t i l l a t i o n  v i a l s ,  f o r  con firm atio n  of to ta l  co u n ts .

The ly o p h iliz e d  antibocjy was re c o n s t i tu te d  in  20 ml of 

T r is -sa lin e -a lb u m in  b u ffe r  to  give an amount s u f f ic ie n t  fo r  200 tu b e s .

To each tu b e , except th e  b la n k s, was added 100 *1 of re c o n s ti tu te d  

an tib o d y . The tubes were vortexed  and incubated  overn igh t a t  4°C.

The fo llow ing  day, th e  f r e e  a n tig e n  was sep a ra te d  from th e  bound 

a n tig e n  using  th e  ch a rc o a l-d ex tran  d i f f e r e n t ia l  a d so rp tio n  tech n iq u e .

The c h a rc o a l-d ex tran  s o lu tio n  was prepared  by adding 25 mg D extran T-70 

and 250 mg charcoal to  50 ml of T r is -sa lin e -a lb u m in  b u ffe r . Each tube 

rece iv ed  500 *1 o f th e  4®C charcoal dex tran  s o lu tio n . The tubes were 

v o rtex e d , th e n  im mediately c e n tr ifu g e d  a t  3000 rpm f o r  15 m inutes in  an 

IEC CRU-5000 c e n tr ifu g e . The su p e rn a ta n t f lu id s  from th e  tubes were 

decanted  in to  s c i n t i l l a t i o n  v ia l s  f o r  coun ting . The 6-keto-PG Fio 

co n ten t per tu b e  was c a lc u la te d  by determ ining  p e rcen t o f Trace fo r  both 

s tan d a rd s  and sam ples, a s  d esc rib ed  e a r l i e r ,  and by in te rp o la t in g  th e  

sample values from th e  s tan d ard  cu rve .
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TABLE 2

Radioimmunoassay o f  6-Keto-PGFig

Sample Anti serum
T ri s - s a l i  ne o r % - 6 -keto-PGFig to

 Albumin b u ffe r  S tandard  (10.000 cpm/lOOul) 6 -keto-PG Fi*

Blank 400yl — lOOpl

Trace 300yl — lOOyl lOOyl

S tandards 200yl lOOyl lOOpl lOOyl

Unknown
Samples 200yl lOOyl lOOyl lOOyl



48

V III. Radioitnmunoassav o f cAMP

125i_succinyl-cAMP-tyrosine methyl este r (hereafter referred to  as 

125i-ScAMP-TME) and the antiserum to cAMP were kindly supplied by Dr. 

Richard Fertel of the Department of Pharmacology, Ohio State University.

The an tibody to  cAMP was developed in  New Zealand w hite r a b b i ts  to  

ScAMP-TME coupled to  keyhole 1in p e t  hemocyanin. The t i t e r  used fo r  th e  

assays v a r ie d  w ith  each new batch of la b e lle d  a n tig e n . The s p e c i f i c i ty  

of the  cAMP a n t i  serum was very good. The c r o s s - re a c t iv i ty  o f th e  cAMP 

an tiserum  a g a in s t  5'AMP, ATP, 5'GMP, GTP, ADP and GDP was le s s  th a n  

0.001%. The c ro ss  r e a c t iv i ty  o f th e  cAMP an tiserum  to  cGMP was 0.1%.

The percen tages were c a lc u la te d  by determ ining  th e  c o n ce n tra tio n  of th e  

s p e c if ic  an tig en  which r e s u l t s  in  50% binding  r e la t iv e  to  th e  

co n ce n tra tio n  of competing compound which r e s u l t s  in  50% b ind ing .

a .  T issue P rocessing

Tum or-bearing r a t s  were d e c a p ita te d , and th e  tumor t i s s u e  was 

ra p id ly  excised  and fro zen  in  l iq u id  n itro g en  (-196®C) u n t i l  p ro cess in g  

and assay . Approximately 300-400 mg of t i s s u e  was p u lv e rized  in  a 

s ta in le s s  s te e l m ortar and p e s t le  which had been p rev io u s ly  cooled in  

l iq u id  n itro g en . D u p lica tes  of each specimen were made. T h ere fo re , 

100-200  mg o f p u lv e rized  t i s s u e  was weighed in to  a ta re d  t i s s u e  g rin d e r 

(A.H. Thomas C o ., P h ila d e lp h ia , P a .)  to  which 2 ml of co ld  5% 

tr ic h lo ro a c e t ic  a c id  (TCA) was added. The t i s s u e  samples were kep t a t  

l iq u id  n itro g e n  tem peratu re  u n t i l  homogenization in  TCA and subsequently  

on ic e  (4®C),

The homogenates were tr a n s f e r r e d  to  16.1 x 81 .4  mm polycarbonate  

round bottom c e n tr ifu g e  tu b es  (Oak Ridge ty p e ) using  P as teu r p ip e t te s .
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For convenience in  h and ling , 6 samples were p rocessed  a t  a tim e in  t h i s  

manner (g iv in g  12 c e n tr ifu g e  tu b e s ) .  The samples were ce n tr ifu g e d  in  a 

Beckman L3-40 U ltra c e n tr i fu g e , u sing  a type  40 r o to r ,  a t  34,000 rpm 

(100,000 xg) f o r  30 m inutes.

The su p e rn a ta n t was th en  drawn o f f  in to  la rg e  t e s t  tubes  

(approxim ately  16 x 150 mm t e s t  tubes or c u ltu re  tu b e s ) .  The TCA was 

e x tra c te d  from th e  samples w ith  w a te r -s a tu ra te d  e th e r  (24 ml d i s t i l l e d  

w ate r per l i t e r  of e th e r ) .  The e x tra c tio n  procedure, in  which 5 ml of 

w ater s a tu ra te d  e th e r  was added to  th e  tu b e , vortexed  and then  drawn o f f ,  

was rep ea ted  th re e  tim es . The tubes were then  heated  a t  50®C in  a w ater 

bath f o r  5-10 m inutes to  evapora te  th e  rem aining e th e r .  The samples were 

tr a n s f e r r e d  to  12 x 75 mm d ispo sab le  c u l tu re  tu b e s . The pH of the 

samples was brought to  5 .9  -  6 .0  by a d d itio n  o f 50-100 wl o f 1 M sodium 

a c e ta te  b u f fe r ,  pH 6 .5 .  The pH was te s te d  w ith  F ish e r  S c ie n t i f i c  Short 

Range A lkacid  T est P apers. One to  te n  (1 :1 0 ), 1:50 and 1:100 d i lu tio n s  

were made in  0.05 M sodium a c e ta te  b u ffe r  pH 6 .2 . The samples were 

s to re d  a t  -20°C u n ti l  th e  assay  was perform ed. When s to re d  a t  -20°C a t  

th i s  s ta g e , th e  samples were s ta b le  f o r  months.

b. Radioimmunoassay S tandard  Curve P rep a ra tio n

A v ia l  c o n ta in in g  an a l iq u o t  o f th e  c y c l ic  AMP stan d ard  co n ta in in g  

100 pmoles cAMP per ml, and s to re d  a t  -20®C, was thawed j u s t  p r io r  to  

u se . Each v ia l was used only once, th en  d isca rd e d , s in c e  w ith  rep ea ted  

f re e z in g  and thawing th e  c o n c e n tra tio n  i s  l ik e ly  to  change due to  w ater 

condensa tion . The s tan d ard  curve con ta in ed  13 p o in ts  rang ing  in  con­

c e n tr a t io n  from 0.00125 pmoles cWiP per tube to  5 pmoles per tu b e . These 

s tan d ard s  were made from  s e r ia l  d i lu t io n s  (1 : 2 ) of th e  s to ck  s ta n d a rd .
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C . The Radioimmunoassay P ro tocol

The cAMP radioimmunoassay was adapted  from th e  method of S te in e r  

(1974). The m o d ifica tio n  used was th a t  o f  D r. Gopi Tejwani (personal 

connu ni c a t  io n ) .

The assay  tubes (12 x 75 mm c u ltu re  tu b e s )  were numbered and s e t  up , 

a llo w in g  tubes 1 and 2 f o r  B lank, 3 and 4 f o r  Trace and 5 through 30 f o r  

th e  s tan d ard  curve o f 13 p o in ts .  The rem aining tubes  were numbered 

a llow ing  f o r  d u p lic a te s  o f each of th e  unknown sam ples. The procedure 

given in  th e  fo llo w in g  paragraphs i s  suiranarized in  Table 3 . A ll 

a d d i t io n s  were made by Eppendorf p ip e t te  o r by v a r ia b le  volume Pipetman 

p ip e t te s .  100 ul o f 0 .05  M sodium a c e ta te  b u f fe r  pH 6 .2  was added to  

tu b es  1 , 2 , 3 and 4 . To tubes 5 through 30 were added 100 wl of th e  

co rresponding  s tan d ard s  which had been s e t  up p re v io u s ly . 100 yl of each 

sample was added to  th e  rem aining tubes in  d u p lic a te .

An a c é ty la t io n  o f th e  san p les  was done to  r a is e  th e  r e a c t iv i ty  of 

th e  cAMP w ith  th e  an tise ru m , s in ce  the  an tiserum  was developed to  the 

succiny l d e r iv a tiv e  o f cAMP a s s o c ia te d  w ith  p ro te in . The a c e ty la t in g  

re a g e n t, which was made f re s h  f o r  each a ssa y , con ta ined  0 .4  ml of a c e t ic  

anhydride and 1 .0  ml o f tr ie th y la m in e  (Frandsen and K rishna, 1976). The 

a c é ty la t io n  procedure was c a r r ie d  out in  th e  hood. While each tube was 

being  s t i r r e d  on th e  V ortex , 10 yl of a c é ty la t io n  reag en t was added, 

u s in g  a 10 yl Eppendorf p ip e t te .  The samples were th e n  incubated  f o r  10 

m inutes a t  room tem p era tu re . A fte r  t h i s  p o in t ,  th e  tubes  were kept on 

ic e  (a t  4®C) f o r  th e  rem ainder o f th e  a ssay . To tubes  1 and 2 was added 

0 .35  ml o f  0 .05  H sodium a c e ta te  b u ffe r  pH 6 .2 , using  a v a r ia b le  volume 

Pipetman p ip e t te .  0 .30 ml o f 0 .05  M sodium a c e ta te  was added to  the  

rem aining tubes in  th e  a ssay . The v ia l c o n ta in in g  125i_scAHP-TME,



TABLE 3

RADIOIMMUNOASSAY FOR CYCLIC NUCLEOTIDES

Samples
A céty la tio n
reagen t

0.05 M A ceta te  
b u ffe r  pH 6.2

1 :1 0 0  d l l .  125%_cyclic 
(AMP) Succ1r\yl TME 
d e r iv a tiv e  (d ilu te d  in  
0.05 M A cetate b u ffe r  pH 
6 .2  co n ta in in g  0.5% 
bovine g lo b u lin s )

1 :1 0 0 0  d i l .  c y c lic  
AMP (GMP) a n ti  sera 
( d i l .  in  0.05 M 
a c e ta te  b u ffe r pH 
6 .2  co n ta in in g  1% 
bovine serum albumin)

1. Blank
100 yl 0 .0 5  
M a c e ta te  
b u ffe r  pH 6 .2

10 yl 0.35 ml 50 yl
5000 c ts /m in

None

2. Trace
100 yl 0 .05  
M a c e ta te  
b u ffe r  pH 6 .2

10 yl 0 .3  ml 50 yl 50 yl

3. S tandards 
O.OOl to  5 p 
moles d l l .  in  
0 .05 M a c e ta te

10 yl 0 .3  ml 50 yl 50 yl

4 . Unknown 
Samples 
loo  yl 0 .0 5  
M a c e ta te  
b u ffe r  pH 6 .2

10 yl 0 .3  ml 50 yl 50 yl

5. Total 
T l, T2 . T3

None None 50 yl None

tn
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which was s to re d  f ro z e n  (-20°C), was thawed. T h is v ia l con ta ined  a 1:100 

d i lu t io n  o f 125i_succinyl-cAM P, ty ro s in e  methyl e s t e r  (TME) d e r iv a tiv e ,  

in  0 .05  M sodium a c e ta te  b u ffe r  pH 6 .2  w ith  0.5% bovine gamma g lo b u lin . 

T his reagen t was not thawed and re fro zen  more th an  once. Three tubes  were 

la b e lle d  T i ,  T2 , and T3 .  F i f ty  (50)yl o f 125i_scAMP-TME was 

added to  th e se  tu b e s , a s  w ell as to  a l l  th e  tubes  in  th e  a ssay . The cAMP 

an tiserum  was s to re d  a t  -20°C in  100 wl a l iq u o ts  as  a 1:10 d i lu t io n .  One 

a l iq u o t  (100  w l) was thawed and d ilu te d  to  a f in a l  d i lu t io n  of 1 :1 0 0 0  in  

0 .05  M sodium a c e ta te  b u ffe r  pH 6 .2  co n ta in in g  1% bovine serum album in.

At th i s  p o in t ,  tubes  1 and 2 were covered w ith  p a ra film  and 50 wl o f the  

d i lu te d  an tibody  were added to  a l l  th e  o th e r tubes  (except T j ,  T2 , 

and T3 which were s e t  a s id e ) .  A ll the  tubes  were vo rtexed . The rack 

was th en  covered w ith  aluminum f o i l  and incubated  overn igh t a t  4®C. 

(Optimum in c u b a tio n  tim e was found to  be 18 h o u rs ) .

The fo llo w in g  day, 2 .5  ml o f  60% -saturated ammonium s u lf a te  (195 g 

in  500 ml d i s t i l l e d  w ate r) was added to  a l l  th e  tubes  (except t o t a l )  

using  a Cornwall sy rin g e . The co n ten ts  o f th e  tubes  were vortexed  

tho rough ly , th e n  incubated  f o r  20 m inutes on ic e  to  s a l t  ou t th e  bound 

a n t i  gen-an tibody  complex. A fte r in c u b a tio n , th e  tubes were ce n tr ifu g e d  

in  an lEC CRU-5000 c e n tr ifu g e  a t  3000 rpm a t  4®C f o r  20 m inutes and th e  

supernate  from a l l  tu b es  except " to ta l"  was d isca rd e d . The tubes were 

th en  thoroughly  d ra in e d .

The p r e c ip i ta te s  in  th e  tubes were counted in  a Beckman gamma 

co u n ter f o r  2 o r  5 m inu tes. The to ta l  tubes  g e n e ra lly  had a count of 

roughly  1 0 , 000 - 2 0 ,0 0 0  cpm.
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d. C a lcu la tio n s

Blank = averages o f  tubes  1 and 2

Trace = (average o f tu b es  3 and 4 ) -  blank

C orrec ted  Bound = average of d u p lic a te  tubes -  blank

% Bound = percen tage o f t r a c e

= c o rre c te d  bound
Trace ^ 100

The s tan d ard  curve was s e t  up by p lo t t in g  % Bound vs pmoles cAMP on 

3 o r  4 cycle  sem i-log  paper. The s tan d ard  curve was sigm oidal. The 

v a lue  ob ta ined  from th e  s tan d ard  curve was c a l le d  g raph ical pmoles cAMP.

The cAMP of th e  specimen was c a lc u la te d  as fo llo w s:

pmoles cAMP = g raph ica l pmoles x 20 
mg p ro te in  mg p ro te in

The f a c t  t h a t  0 ,1  ml of a to ta l  volume of 2 ml of sample was used 

f o r  cAMP assay  i s  th e  b a s is  o f the  d i lu t io n  f a c to r  of 20, The r a t i o  of 

Trace to  to t a l  i s  used to  c a lc u la te  th e  r a t i o  o f bound a n tig e n  to  f r e e  

a n tig e n . For maximum s e n s i t i v i t y  a r a t i o  of Bound to  Free o f 50% i s  

d e s ira b le  (S kelley  e t  a l ,  1973),

IX, Measurement of P ro stag la n d in  R elease from Tumor S lic e s

The p roduction  of p ro s tag lan d in s  by tumor t i s s u e  was determ ined by 

m easuring th e  re le a s e  of p ro s tag lan d in s  from tumor s l i c e s  in to  an aqueous 

in c u b a tio n  medium. The method f o r  tumor s l ic e s  was m odified  from th e  

method d escrib ed  f o r  m easuring p ro s tag lan d in  r e le a s e  from r a t  a o rta  

(Panganamala e t  a l ,  1981), Fresh tumor t i s s u e ,  ob ta ined  from a 

d e c a p ita te d  r a t ,  was d iv id ed  in to  4 approxim ately  equal a l iq u o ts  p r io r  to  

w eighing. Each a l iq u o t (u su a lly  100-200 mg) was s l ic e d  to  a th ick n ess
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of 0 .35 mm using  a Mcllwain T issu e  Chopper. The chopping s u rfa c e  was 

cooled to  4®C p r io r  to  s l i c in g ,  and th e  s l ic in g  o p era tio n  was c a r r ie d  out 

in  th e  cold  room to  av o id  warming o f th e  tumor t i s s u e .  The s l ic in g  o f 

th e  t i s s u e  to  th e  th ic k n e ss  o f  0 .35 mm ensures optim al d if fu s io n  of 

ojygen to  a l l  p a r ts  of th e  t i s s u e  and re le a s e  o f exported  m e ta b o li tie s  to  

th e  e x t r a c e l lu la r  medium (M cllwain, 1975). The s l ic e d  tumors were p laced  

in to  16 X 125 ram c u l tu re  tubes and washed in  0 .5  ml o f co ld  (4®C) 

incubation  b u ffe r  (50 nM T r is ,  150 nM NaCl, pH 8 .0 )  f o r  5 m inu tes. The 

co ld  b u ffe r  was d iscarded  and re p la c e d  w ith  1 .0  ml o f  20°C in cu b a tio n  

b u ffe r  a t  s p e c if ic  in te r v a ls .  T r ip l ic a te  ana ly ses  were run  on each tumor 

w hile th e  fo u r th  tumor fragm ent was incubated  in  th e  presence o f 300 pM 

indom ethacin, which in h ib i t s  p ro s ta g la n d in  p roduction . The samples were 

incubated  a t  20*C f o r  1 hour w ith  g e n tle  a g i t a t i o n ,  and a l iq u o ts  of 

40-60yl were removed a t  6 tim e p o in ts  during  th e  in c u b a tio n , a s  shown 

below.

Time (m inutes) 4 8  12 20 30 60 E x trac t
A liquo t 
Volume (y l) 60 60 60 40 40 40 80

These a l iq u o ts  were brought to  200 yl w ith  50 nM T r i s ,  pH 8 .0 ,  150 nM 

NaCl, co n ta in in g  0.1% bovine serum album in and s to re d  in  p a ra film  se a le d  

tubes a t  4®C u n t i l  radioimmunoassay, which was u su a lly  perform ed w ith in  7 

days. An a l te r n a t iv e  b u ffe r  f o r  s to ra g e  was m odified  PGEg RIA b u ffe r ,  

which was 10 nM phosphate pH 6 .7 , 150 nM NaCl, 0.1% sodium az id e  and 0.1% 

bovine serume albumin (Cohn f r a c t io n  V).
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D ilu tio n  o f th e  aqueous a l iq u o ts  from th e  tu m o r-s lic e  in cu b a tio n  to  

a s p e c if ic  volume perm itted  measurement of sev e ra l d if f e r e n t  

p ro s ta g la n d in  sp ec ie s  by th e  corresponding  s p e c if ic  radioimm unoassays.

When th e  PGE2 RIA was used to  determ ine PGE2 in  th e  aqueous 

samples a few minor changes were made in  th e  s tan d ard  RIA p ro to c o l. The 

a ssay  b u f fe r  was m odified (see  above) by exchanging album in fo r  bovine 

gamma g lo b u lin . The s tandards were a ls o  p repared  in  th e  m odified assay  

b u f fe r  and s to re d  a t  4*C. F u rth e r , th e  RIA in c u b a tio n  mix was m odified  

in  th e  fo llow ing  manner: An a l iq u o t o f  50 yl was removed from th e  to t a l  

sample o f 200 yl and p laced  in to  12 x 75 mm tu b es  fo r  RIA. To th e se  

samples were added 50 yl o f RIA b u ffe r ,  fo llow ed by 100 yl of 3H-PGE2 

(10,000 cpm) and 100 yl of d ilu te d  an tiserum . The rem ainder of th e  assay  

was perform ed a s  described  e a r l i e r .

In  Summary:

Aqueous
Sanples o r Assay 3H-PGE2 1:500 d i lu t io n  of
S tandard ( y l )  B uffer ( y l )  (10.000 cpm/lOOyl) a n tise riu m  (u l)

Blank —  200 100 —-

Trace —  100 100 100

S tandards 100 —  100 100

Samples 50 50 100 100

Each tumor segment was e x tra c te d  w ith  e thanol a t  th e  end of th e  

in c u b a tio n  p e rio d . Following removal of th e  60 m inute a l iq u o t ,  th e  

volume rem aining in  th e  in cu b a tio n  mix was 700 y l .  An equal volume of 

e thanol was added to  each tube and th e  co n ten ts  were vortexed  f o r  30 

seconds to  e x t r a c t  th e  p ro s ta g la n d in s . E ighty  (80) yl was removed from
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t h i s  e x tra c t io n  m ix, d rie d  under a stream  of n itro g en  g a s , and 

r e c o n s t i tu te d  in  200 o f m odified  a ssay  b u f fe r  f o r  subsequent RIA. The 

p ro s ta g la n d in  c o n ten t o f th e se  tubes was compared to  th e  60 minute tim e 

p o in ts  in  o rd e r to  dem onstrate th a t  th e  p ro s tag lan d in s  measured in  the  

aqueous in c u b a tio n  mix were a t r u e  r e f le c t io n  o f th e  p ro s ta g la n d in  

sy n th e s is  in  th e  tum ors. This com parison showed th a t  90% ± 3% (mean ± 

S .E .)  of th e  PGE2 found in  th e  ethanol e x t ra c t  o f th e  sample was 

p re se n t and measured in  th e  aqueous medium a t  th e  60 m inute tim e p o in t. 

Thus, most o f th e  sy n th es ized  p ro s tag lan d in s  a re  re le a se d  to  th e  medium 

and a re  not bound by th e  t i s s u e s .

R ep resen ta tiv e  tim e courses f o r  th e  re le a s e  o f PGE2 and 6 -ke to  

PGFia from tumor s l i c e s  a re  shown in  F igu res 3 and 4 , re s p e c t iv e ly .

The curves shown a re  th e  means o f 3 d e te rm in a tio n s  on a s in g le  tumor. No 

PGE2 o r 6-keto-PG Fio re le a se  was d e tec te d  from t i s s u e  s l ic e s  

incubated  in  th e  p resence o f 300 pM indom ethacin. Furtherm ore, 

e x tra c t io n  of th e se  tumors a t  th e  f in a l  (60 min) tim e p o in t showed th a t  

PGE2 and 6 -keto-PG Fia le v e ls  were u n d e te c ta b le , im plying th a t  th e  

in h ib i t io n  was a t  th e  level o f  sy n th e s is  and not re le a s e .

The com parisons of p ro s ta g la n d in  p roduction  by tumors was made by 

in te rp o la t io n  of th e  value of ng p ro s ta g la n d in  re le a se d  per gram of 

t i s s u e  a t  10 m inu tes. This value  r e f le c te d  an i n i t i a l  r a te  o f 

p ro s ta g la n d in  sy n th e s is  from endogenous p re c u rso rs . (E f fo r ts  to  reduce 

th e  i n i t i a l  r a te s  o f p ro s ta g la n d in  re le a s e  were u n su ccess fu l; tumor 

s l i c e s  incubated  a t  10“C showed no p ro s tag lan d in  p ro d u c tio n , w hile a t  

15®C no p ro s ta g la n d in  p ro d u c tio n  was d e te c te d  b e fo re  20 m inu tes).

The p ro s ta g la n d in  re le a se  was measured in  f r e s h  tumor t i s s u e  as 

opposed to  f ro z e n  t i s s u e  s in ce  p ro s ta g la n d in  p roduction  was found to  be
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F igure  3 . P ro stag lan d in  E2 R elease from Fresh Tumor S lic e s  as a 
Function o f Time

R ep resen ta tiv e  tim e courses f o r  PGEg re le a s e  from a growing and a 
re g re s s in g  tumor are  shown. The e r ro r  bars re p re se n t s tan d a rd  d e v ia tio n . 
Each curve i s  th e  mean o f  t r i p l i c a t e  ana ly ses of a s in g le  tum or. PGE2 
production  was in h ib ite d  in  tumor s l ic e s  incubated in  th e  presence of 
SOOyM indom ethacin.
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F igure  4 . 6-K e to -p ro stag lan d in  R elease from Fresh Tumor S lic e s  as a 
Function o f Time

R ep resen ta tiv e  tim e courses f o r  6 -k e to -p ro s ta g la n d in  Fig, r e le a s e  
from tumor s l ic e s  a re  shown. Each curve i s  th e  mean of t r i p l i c a t e  
an a ly ses  o f a s in g le  tumor. The e r ro r  bars re p re se n t s tan d ard  d e v ia tio n . 
6 -Keto-PGFic p roduction  was in h ib ite d  in  tumor s l ic e s  incubated  in  the  
presence o f SOOyM indom ethacin.
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abnorm ally high In  fro z e n  tum ors. The average PGE2  r e le a s e d  from s ix  

fro zen  tumors was 4 tim es g re a te r  a t  30 m inutes o f  in cu b a tio n  and 6 tim es 

g re a te r  a f t e r  90 m inutes of in cu b a tio n  th an  th e  re le a s e  seen in  4 tumors 

assayed  as f re s h  t i s s u e .  An in c re a se  in  p ro s ta c y c lin  sy n th es is  in  r a t  

ao rta  upon f re e z in g  and subsequent thawing has been rep o rte d  (T s 'ao  e t  

a l ,  1978). I t  i s  p robab le th a t  th e  membrane d is ru p tio n  in c id e n t to  

fre e z in g  a l t e r s  th e  a c t i v i t y  o f  membrane-bound enzymes, such as 

phospholipase Ag and c y c lo -0)^genase.

X. In co rp o ra tio n  o f -O rthophosphate in to  Tumor Phosphoproteins In

V itro

Tumors which were c l a s s i f i e d  as growing or re g re s s in g  based on the  

c r i t e r io n  describ ed  e a r l i e r ,  were la b e lle d  w ith  32p-dipotassium  

phosphate (2 .5  m illiC u r ie s )  to  conpare phosphory lated  p ro te in s .  Tumors 

were ra p id ly  ex c ised  from d ec a p ita te d  r a t s ,  w eighed, uniform ly s l ic e d  to  

0 .35 mm a t  4°C using  a Mcllwain T issue Chopper. The tumor s l ic e s  

(approxim ately 300-500 mg each) were subsequently  washed once w ith  1 ml 

of (4*C) 0.9% NaCl th en  incubated  in  1 ml of phosp h a te -free  Dulbecco’s 

m odified  E a g le 's  medium co n ta in in g  2 .5  m illiC u r ie s  32p-dipotassium  

phosphate, f o r  one hour a t  37°C w ith  a g i ta t io n .  A fte r in cu b a tio n  th e  

tumor s l i c e s  were washed once w ith  ic e  co ld  B uffer A (0.25 M su c ro se , 2irM 

MgCl2 , 1 mM CaClg, 10 nM KCl, 20 nM T r is  HCl, pH 7 .5 ) ,  th en  

homogenized in  5 volumes o f B uffer A. For i s o la t io n  of th e  nuclei 

(Cho-Chung and R ed le r , 1977) th e  homogenates were c e n t r i f r ig e d  a t  770 xg 

a t  4®C f o r  10 m inu tes , and th e  p e l le t s  were resuspended and rehomogenized 

in  5 volumes o f B uffer A, th e n  f i l t e r e d  through th re e  la y e rs  of gauze. 

These samples were a g a in  c e n tr ifu g e d  a t  770 xg f o r  10 m inu tes , and th e
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p e l le ts  were resuspended in  5 volumes o f B uffer A b efo re  sedim enting f o r  

a th i r d  tim e a t  770 xg f o r  10 m inu tes. The crude n u c lear p e l l e t  was then  

suspended in  2 .2  M su cro se  in  B uffer A, from which th e  n ucle i were 

sedim ented a t  60,000 xg in  an SW 50.1 ro to r  in  a Beckman L3-40 

u l t r a c e n tr i fu g e  f o r  45 m inutes a t  4*C. The p u r i ty  o f th e  nucle i was 

confirm ed by phase c o n tra s t  m icroscopy a f t e r  e ry th ro s in  B s ta in in g .

For is o la t io n  o f th e  re g re s s io n  a s s o c ia te d  and o th e r  nuc lea r 

phosphoproteins (Cho-Chung e t  a l ,  1977), th e  nuclear p e l l e t s  were taken 

up in  0 .3 -0 .5  ml o f  10 mM sodium phosphate, pH 7 .5 , co n ta in in g  1% sodium 

dodecyl s u l f a te  (SOS) and 1% m ercap toethanol. The p ro te in s  were 

e x tra c te d  by in cu b a tin g  th e  ly sed  nuclei f o r  4 hours a t  37*C w ithout 

a g i ta t io n .  The e x t r a c t  was d ia ly zed  a g a in s t 500 volumes of 10 nM sodium 

phosphate, pH 7 .0 , c o n ta in in g  0 .1$  SOS and 0 .1 $  m ercaptoethanol f o r  3 

hours a t  room tem p era tu re .

The nuclear p ro te in s  ob ta ined  from t h i s  procedure were separa ted  by 

e le c tro p h o re s is  on 0 .1$  SOS -  10$ polyacrylam ide g e ls ,  acco rd ing  to  the 

procedure o f Laetranli (1970), a s  described  below.

XI. A nalysis of N uclear Phosphoproteins by SDS-Polyacrylamide Gel 

E lec tro p h o re s is

a .  Reagents and Chemicals

E le c tro p h o re s is  grade anrnonium p e r s u lf a te  (APS), N ,N ,N ',N '- 

te tram ethy lened iam ine (TEMED) and N ,N '-m ethy leneb is-acry lam ide (BIS) were 

ob ta ined  from Bio-Rad L ab o ra to rie s  (Richmond, C a l if o rn ia ) .  Gel 

e le c tro p h o re s is  grade acry lam ide was purchased from Bethesda Research 

L a b o ra to r ie s , G a ith e rsb u rg , M aryland.
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b . Gel E le c tro p h o re s is

Gels were p repared  u sing  a Pharmacia GSC- 8  S lab Gel C asting  

ap p a ra tu s . The running gel c o n s is te d  o f 0.1% SDS -  10% polyacry lam ide, 

and th e  s tack in g  gel was 0.1% SDS -  3% polyacry lam ide, w ith  APS a s  th e  

i n i t i a t o r  o f  p o lym eriza tion  and TEMED as th e  c a t a ly s t .  P ro te in s  in  an 

a l iq u o t  of th e  sample were q u a n tita te d  by the  method of Lowry (1951). A 

sample volume c o n ta in in g  40 yg p ro te in  was d ilu te d  w ith  an equal volume 

of 2X sample b u f fe r ,  which c o n s is te d  of 0 .5  ml of 0.1% bromphenyl b lu e , 

2 .5  ml o f  0 .5  M T r i s ,  pH 6 . 8 , 4 ml o f 10% SDS, 1 .0  ml o f  g ly c e ro l,  1 .0  ml 

o f g-m ercaptoethanol and 1 .0  ml o f HgO.

The samples to  be compared were loaded onto a d ja c e n t w e lls  in  th e  

s la b  g e ls .  D up lica te  g e ls  were run ; one fo r  th e  de te rm in a tio n  of 

m olecu lar w eights by s ta in in g  w ith  Coomassie Blue (as described  below), 

and the  o th e r  f o r  au to rad iog raphy .

E le c tro p h o re s is  was run in  a GE-2/4 Gel E le c tro p h o re s is  A pparatus 

(Pharmacia F ine C hem icals, U ppsala, Sweden). The e le c tro p h o re s is  chamber 

b u ffe r  c o n s is te d  o f  0 .05 M T r i s ,  0 .383 M g lyc ine  and 0.1% SDS. The power 

source was a H ea th k it re g u la te d  H.V. power supp ly . Model I .P .  17, s e t  to  

35 V. A minimum o f 12 hours was re q u ire d  fo r  th e  cjye f ro n t  to  run th e  

f u l l  le n g th  of the  g e l.

A fte r th e  power source was d isco n n ec ted , th e  ge ls  were removed and 

im m ediately f ix e d  in  50% m ethanol-10% a c e t ic  a c id  f o r  severa l hours w ith 

g e n tle  ro ck in g .

The g e ls  fo r  m olecular w eight de te rm in a tio n  of th e  p ro te in s  were 

th en  s ta in e d  w ith  0.25% Coomassie Blue in  50% m ethanol-10% a c e t ic  a c id  

o v e rn ig h t. These ge ls  were d es ta in ed  the  fo llow ing  day in  several
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changes o f  50% methanol -  10% a c e t ic  a c id ,  u n t i l  th e  p ro te in  bands were 

c le a r ly  v is ib le  and th e  background was e s s e n t ia l ly  c l e a r .

For th e  d e term ina tion  o f th e  m olecu lar w eights of s p e c if ic  sample 

p ro te in  bands, MW stan d ard s  were su b jec ted  to  e le c tro p h o re s is  beside  the  

sample p ro te in s  In  th e  g e ls .  The MW stan d ard s  (SDS-PAGE M olecular Weight 

S tan d a rd s , 10,000-100,000; Bio Rad) con ta ined  th e  fo llow ing  p ro te in s :  

phosphorylase B -  94,000 MW, bovine serum album in -  68 ,000, ovalbumin -  

43,000, carbonic anhydrase -  30 ,000, soybean try p s in  In h ib i to r  -  21,000 

and lysozyme -  14,300. The log  of th e  m olecu lar w eights o f th e se  

s tan d ard s  was p lo t te d  a g a in s t r e la t iv e  m o b ility  In  comparison to  th e  dye 

f r o n t .  The m olecu lar w eights o f th e  sample bands were In te rp o la te d  based 

on th e i r  r e la t iv e  m o b i l i t ie s .  A re p re s e n ta t iv e  s ta in e d  gel w ith  samples 

and MW standards I s  shown In  P la te  I .

The g e ls  In tended f o r  au torad iography  were removed from th e  f ix in g  

s o lu tio n  th en  p laced  In  w ater c o n ta in in g  1% g lycero l f o r  sev era l hours 

p r io r  to  dry ing . The g lycero l trea tm e n t helped to  prevent crack ing  of 

th e  g e ls  during d ry ing . The g e ls  were then  d r ie d  on a Bio-Rad Model 224 

Gel S lab Dryer (Hofer S c ie n t i f i c  In strum en ts) f o r  4 hours p r io r  to  

au to rad iog raphy . D ried gels  were wrapped In  Saran  Wrap, th en  exposed to  

Kodak X-OMAT AR (X -ray) f i lm  In  a Kodak X-matIc C a sse tte  w ith  re g u la r  

In te n s ify in g  screens fo r  a minimum o f 48 hours. The film s were developed 

u sing  Kodak GBX D eveloper.

X II. Assay of A denylate Cyclase A c tiv ity

W istar-F u rth  fem ale r a t s  bearing  th e  MTW9 s e r ie s  o f mammary tumors 

were d eca p ita ted  when the  tumor s iz e s  were In  th e  range o f 2 to  3 cm.

The tumors were Imm ediately ex cised  and homogenized In a te f lo n -g la s s
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P la te  I .  M olecular Weight D eterm ination by SDS-Polyacrylamide Gel 
E le c tro p h o re s is : R ep resen ta tiv e  G el.

Sample p ro te in s  were sep a ra ted  by e le c tro p h o re s is  on 10% 
polyacrylam ide g e ls . The s tandards of known m olecu lar w eights were 
loaded onto ad ja c e n t w e lls . P ro te in  bands were made v is ib le  by a 
Commassie Blue s ta in .  The m olecu lar w eights of sample p ro te in s  were 
in te rp o la te d  from a graph of r e la t iv e  m o b ility  vs log  o f th e  m olecular 
wei g h t.



64

PLATE I :  M olecular Weight D eterm ination  by SDS-Polyacrylamide Gel
E le c tro p h o re s is : R ep resen ta tiv e  Gel

94.000

68.000

43,000

30,000

21,000

14,300
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P o tte r-E lv eh jem  type homogenizer in  4 volumes o f 0 .25  M su cro se , 50 mM 

T r is  b u f fe r ,  pH 7 .6 , a t  4*C. The crude homogenate was f i l t e r e d  through 

cheese c lo th ,  th en  c e n tr ifu g e d  a t  10,000 xg f o r  15 m inutes. The p e l l e t  

was r e c o n s t i tu te d  in  0 .25 M su c ro se , 20 mM T r i s ,  pH 7 .6 , and used f o r  the 

a ssay  o f  basal and PGE2 -s tim u la te d  ad en y la te  cy c lase  a c t iv i t y .

The assay  o f ad en y la te  cyc lase  a c t i v i t y  was performed as d escribed  

by Salomon e t  a l  (1974), based on th e  fo rm atio n  o f  32p_cAMP from 

a-^^P-ATP in  a r e a c tio n  m ixture c o n ta in in g  40 nW T r is ,  pH 7 .6 , 5 nM 

MgCl2 ,  10 nM c re a t in e  phosphate , 0 .2  mg/ml c re a tin e  phosphokinase, 1 .0  

nM a-32p-ATP (approxim ately  ly C i) ,  0.25 nM 3 -iso b u ty l-1 -m eth y lx an th in e  

and 100-200 pg o f membrane p ro te in ,  in  a to t a l  volume o f 0 .4  m l. PGE2 

and Gpp(NH)p were added as in d ic a te d  in  in d iv id u a l experim ents. The 

re a c t io n  was i n i t i a t e d  by th e  a d d itio n  o f th e  homogenate and th e  m ixture 

was in cubated  f o r  15 m inutes a t  32°C. The re a c tio n  was te rm inated  by 

in v e rs io n  o f th e  tu b es  in  a b o il in g  w ater bath  f o r  5 m inutes. 

Approxim ately 50,000 cpm %-cAMP was inc luded  to  a s s e s s  recovery of 

cAMP, and th e  samples were brought to  a volume o f 1 ml w ith  w ate r. This 

m ixture was c e n tr ifu g e d  a t  4°C f o r  10 m inutes a t  10,000 xg. The 

r e s u l t in g  su p e rn a ta n ts  were chromatographed on Dowex AG-50 WX4, and th en  

on n eu tra l alumina to  remove t r a c e s  of u n reac ted  a-^^P-ATP.

The r a d io a c t iv i ty  in  th e  f in a l  column e lu a te s  was counted in  2 

channels (optim al f o r  and 32p) a Beckman LS-7500 l iq u id  

s c i n t i l l a t i o n  sp ec tro m ete r. C on tro ls  w ith o u t homogenate o r w ith  b o ile d  

homogenate were processed  in  p a r a l le l  w ith  th e  assay  a s  b lan k s, and th e se  

va lu es  were s u b tra c te d  from each sample v a lu e .

The r a te  of ^^P-cAMP fo rm ation  in c re a se d  l in e a r ly  w ith tim e f o r  30 

m inutes a t  32®C and was l in e a r  w ith  re s p e c t  to  th e  p ro te in  added to  th e
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assay  w ith in  th e  range o f 0 t o  1 ,0  mg. The enzyme a c t iv i t y  i s  expressed  

a s  pmoles cAMP formed/mg p ro te in /m in u te ,

X III, Assay o f  P ro stag la n d in  B inding to  Tumor C ell Membranes

P ro stag la n d in  b inding  was assayed  a s  p rev io u s ly  d esc rib ed  (Rao e t  

a l ,  1981) using  5 ,6 ,8 ,1 1 ,1 2 ,1 4 ,15-3h(N)-PGE2 (130 C i/mmol. New 

England N u c lea r),

Tumors were excised  from th e  tum or-bearing  r a t s  and homogenized in  5 

volumes o f  0 ,25  M su c ro se , 0,01 M T r i s ,  pH 7 ,4 ,  1 ,0  nM CaClg, 0,1% 

g e la t in  a t  4®C, The homogenates were f i l t e r e d  through 2 la y e rs  of cheese 

c lo th ,  th en  th e  f i l t r a t e s  were c e n tr ifu g e d  a t  2 ,0 0 0  xg f o r  10  m inutes a t  

4®C, The p e l le t s  were re c o n s t i tu te d  in  th e  homogenizing b u f fe r  and used 

f o r  th e  PGE2 b inding  assay .

A liq u o ts  o f th e  membrane f r a c t io n  (approxim ately  500 wg p ro te in )  

were in cubated  w ith  3H-PGE2 in  th e  absence and presence o f a 200- fo ld  

excess o f u n la b e lle d  PGE2 to  determ ine th e  s p e c if ic  and n o n -sp e c if ic  

b in d in g . Both la b e lle d  and u n la b e lle d  PGE2 were p repared  from  stock  

ethanol s o lu tio n s  im mediately b efo re  use in  th e  b ind ing  a s sa y . In  some 

experim en ts, th e  e th a n o lic  PGE2 s o lu tio n s  were d r ie d  under a stream  of 

n itro g e n , th e n  red is so lv e d  in  0 ,1  ml of 0,01 M T r i s ,  pH 7 ,0 , im m ediately 

p r io r  to  a d d i t io n  to  th e  b inding  a ssa y . The in c u b a tio n  was f o r  1 hour a t  

37®C, Follow ing in c u b a tio n , bound and f r e e  3H-PGE2 were sep a ra ted  

e i th e r  by c e n tr ifu g a t io n  o r by M illip o re  f i l t r a t i o n .

In th e  experim ents where b ind ing  c ap a c ity  was determ ined , a l iq u o ts  

o f  membrane f r a c t io n s  were incubated  as  desc rib ed  above w ith  3H-PGE2 

in  th e  presence and absence of a 200- f o ld  excess of u n la b e lle d  PGE2 ,



67

The background (n o n -sp e c if ic )  b ind ing  in  th e  presence of excess 

u n la b e lle d  PGE2 » was s u b tra c te d  from th e  to t a l  ^H-PGE2 bound and 

expressed  as s p e c if ic  b in d in g .



RESULTS

I .  C o rre la tio n  o f th e  Hormonal Dependence o f DMBA-Induced Maimery

Tumors With P ro stag la n d in  E? Content

The purpose o f t h i s  s e r ie s  o f experim ents was to  observe tumor 

growth response and PGE2 con ten t in  DMBA-induced mammary tumors in  

response  to  in  v ivo  hormonal m anipu lations in  tum or-bearing  

Sprague-Dawley r a t s .

The tumors in  t h i s  s e t  o f experim ents were induced w ith  a s in g le  20 

mg dose o f DMBA a t  50 days of ag e . The method of p ro s tag lan d in  

m easurem ent, in  which th e  p ro s tag lan d in s  were e x tra c te d  from homogenates 

of t i s s u e s  which had been fro zen , th e n  p u lv e rized , r e s u l te d  in  a value 

which was defined  as p ro s tag lan d in  c o n te n t. The hormonal m anipu lations 

which were c a r r ie d  out in  th i s  s e t  of experim ents inc luded  ( i )  

ovariectom y, to  d ep le te  es trogen  and induce re g re s s io n ; ( i i )  

a d m in is tra t io n  o f ha loperido l to  in c re a se  p i t u i ta r y  p ro la c t in  re le a s e ,  

and ( i i i )  th e  com bination of ha lo p erid o l trea tm en t p lu s ovariectom y.

a .  E f fe c t o f Tumor Latency on PGE? Content on DMBA-induced 

Mammary Tumors

In d u c tio n  of tumors using  th e  s in g le  dose regim en (as described  in  

Methods) r e s u l te d  in  th e  appearance o f mammary tum ors over a long range 

o f tim e , th e  e a r l i e s t  tumors appearing  a t  2  1 /2  months and th e  l a t e s t  a t  

11 months a f t e r  exposure to  th e  carc inogen . Since th e  biochemical

68
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TABLE 4

E ffe c t of Tumor Latency on PGE2 Content in  DMBA-induced Mammary Tumors

Average tumor 
la te n c y ,  days No. of tumors

ng PGE2 /9  t i s s u e  
mean ± SE

80 13 117±19

97 10 76±16

183 7 67+35

289 8 14±4
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c h a r a c te r i s t i c s  o f tumors which appear a t  d i f f e r e n t  tim es  may d i f f e r ,  th e  

data were analyzed  in  o rder to  determ ine w hether PGE2 co n ten t v a rie d  as 

a fu n c tio n  o f la te n c y . The r e s u l t s  in  T able 4 show th a t  p ro s tag lan d in  

c o n ten t v a rie d  in v e rse ly  w ith  tumor la ten cy  (r= 0 ,9 4 ), su g g es tin g  th a t  the 

tumors o f  g re a te r  la ten cy  possess a decreased a b i l i t y  t o  sy n th es iz e  

p ro s ta g la n d in s . The decrease in  p ro s ta g la n d in -sy n th e s iz in g  cap ac ity  may 

be a r e s u l t  of th e  changing hormonal s ta tu s  of th e  animal due to  ag e , or 

i t  may be a c h a r a c te r i s t ic  due to  th e  n a tu re  of th e  tum ors which appear 

a t  v a rio u s  tim es a f t e r  i n i t i a t i o n  due to  d i f f e r e n t  s e le c t io n  p re s su re s .

I t  has been rep o rted  th a t  tumors which appear sooner a f t e r  in d u c tio n  

by DMBA e x h ib it  a g re a te r  degree o f hormonal resp onsiveness than  tumors 

w ith  lo n g er la ten cy  (Bradley e t  a l ,  1976). T here fo re , th e s e  v a r ia t io n s  

w ith  la te n c y  must be taken  in to  account in  th e  design of experim ents 

concern ing  hormonal e f f e c ts  on p ro s tag lan d in  sy n th e s is .

Thus, in  o rd er to  e lim in a te  com plica ting  v a r ia b le s ,  experim ental 

com parisons were made in  la tency-m atched tumors from age-m atched r a t s .

b . PGE? C ontent and Growth Response in  DMBA-induced Tumors From 

Hormonally M anipulated Rats

The purpose of th i s  experim ent was to  observe th e  growth response 

and PGE2 co n ten t in  tumors from hormone-manipulated r a t s .  The hormonal 

m an ipu la tions were performed as describ ed  in  M a te ria ls  and Methods. 

E strogen  was d ep le ted  by b i l a te r a l  ovariectom y. In t h i s  s e t  of 

experim en ts, ha lo p erid o l was in je c te d  subcutaneously  in  o liv e  o il  d a ily  

f o r  4 consecu tive  days, and th e  tumors were excised  on th e  f i f t h  day fo r  

a ssay . The response of mammary tumor PGE2 co n ten t to  hormonal 

m an ipu la tion  i s  shown in  Table 5.
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TABLE 5

PGE2 Content and Growth Response in  DMBA-induced 

Tumors from Hormonally M anipulated Rats

Treatm ent
No. o f 

r a t s

ng PGE2 /9
t i s s u e ,
meantSE

P-v a lu e , 
compared 
to  OVX

Change in  
tumor s iz e ,a  
% mean+SE

In ta c t 10 65+15 <0.05 118±8.6

Ovariectomy 8 120±28 79+6.2

Hal open' dol 11 75±23 <0 .1 116+9

Ovariectomy + 
ha loperido l

4 64±32 <0 .1 110+9

®Tumor s iz e  a t  beginning o f treatment=100%
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The PGE2 co n ten t was e le v a te d  approxim ately  tw o -fo ld  in  tumors 

from ovariectom ized  r a t s  compared to  th e  PGE2  c o n te n t in  in t a c t  r a ts  

(p< 0 .05 ), su g g estin g  th a t  a decrease  in  e s tro g e n  i s  accompanied by an 

in c re a se  in  tumor p ro s tag lan d in  s y n th e s is ,  o r  a decrease  in  m etabolism . 

However, s in c e  es tro g en  s tim u la te s  p r o la c t in  re le a s e  (Grosvenor and 

T u rner, I9 6 0 ) , ovariectom y a ls o  causes a decrease  in  c i rc u la t in g  

p ro la c t in  le v e ls ,  and p r o la c t in  may be more im portan t than  e s tro g en  in  

th e  co n tro l o f growth of th e se  tumors (see In tro d u c t io n ) .  The 

p o s s ib i l i ty  th a t  e le v a tio n  o f PGE2 co n ten t in  ovariectom ized  r a t s  was 

more d i r e c t ly  r e la te d  to  the  a l t e r a t io n  in  serum p r o la c t in  le v e ls  was 

in v e s t ig a te d  by m ain ta in ing  serum p r o la c t in  le v e ls  in  ovariectom ized  r a t s  

w ith  ha loperido l a d m in is tra t io n . The PGE2 c o n te n t in  tumors from th e  

h a lo p e r id o l- t re a te d  ovariectom ized  r a t s  ( th e re fo re  in  th e  presence of 

p r o la c t in  but in  th e  absence of e s tro g en ) was not d i f f e r e n t  from th e  

le v e ls  in  tumors from non-hormone-m anipulated in t a c t  r a t s ,  suggesting  

t h a t  tumor PGE2 co n ten t i s  more c lo se ly  a s s o c ia te d  w ith  endogenous 

p r o la c t in  le v e ls  th an  w ith  endogenous e s tro g e n . H aloperidol 

a d m in is tra t io n  to  in t a c t  r a t s  a ls o  re s u lte d  in  tumor PGE2 c o n ten t 

s im ila r  to  in t a c t  non-hormone-manipulated r a t s .

The causal connection  between hormonal m an ipu la tions  and P6E2 

co n ten t in  th e  m alignant mammary t i s s u e  has not been f irm ly  e s ta b l is h e d . 

However, on th e  b a s is  o f th e se  r e s u l t s ,  th e  r e la t io n s h ip  between 

p ro la c t in  and p ro s tag lan d in  co n ten t appears to  be an in v e rse  

r e la t io n s h ip ,  in  which p ro la c tin  suppresses p ro s ta g la n d in  sy n th e s is .  I f  

p ro s ta g la n d in  sy n th e s is  i s  in h ib ite d  by th e  p resence o f p ro la c t in ,  one 

m ight expect a g re a te r  in h ib i t io n  o f p ro s ta g la n d in  sy n th e s is  in  th e  

p resence o f e le v a te d  p ro la c t in .  The dose of h a lo p erid o l w ith  which th e
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r a t s  were t r e a te d  was a replacem ent dose of ovariectom ized  r a t s  (Bradley 

e t  a l ,  1976); th e re fo re ,  in  th e  in t a c t  r a t s  h a lo p erid o l tre a tm e n t caused 

a doubling o f endogenous p r o la c t in  le v e ls ,  a t  maximum. F u rth e r  

experim ents would determ ine w hether la rg e r  in c re a se s  in  serum p ro la c tin  

would r e s u l t  in  a d ep ress io n  o f PGE2 l e v e l s ,  o r  w hether th e  PGE2 

le v e ls  observed in  in t a c t  tumors i s  a basal le v e l .

The a l t e r a t io n s  in  endogenous hormone le v e ls  r e s u l t in g  from th e  

v a rio u s  trea tm e n ts  induced a l te r a t io n s  in  th e  growth response of th e  

DMBA-induced mammary tum ors. For exam ple, ovariectom y re s u l te d  in  

re g re s s io n  of the mammary tumors in  90% o f th e  en d o c rin e -ab la ted  r a t s .

In c o n t r a s t ,  when th e  r a t s  were t r e a te d  w ith  ha lo p erid o l a f t e r  

ovariectom y, tumor growth was m ain ta ined , a s  i t  was in  

h a lo p e r id o l- t re a te d  in t a c t  r a t s .  I t  was of i n t e r e s t  to  note th a t  th e  

changes in  th e  tumor PGE2 co n ten t r e f le c te d  th e  growth response of th e  

tumors to  th e  hormonal m an ipu la tions. To w i t ,  th e  PGE2 co n ten t in  th e  

growing tumors from ovariectom ized  r a t s  t r e a te d  w ith  h a lo p erid o l was 

s im ila r  to  th e  tumor PGE2 co n ten t from in t a c t  r a t s ,  as was th e  PGE2 

c o n ten t in  th e  tumors in  which growth was m a in ta ined  by ha loperido l 

tre a tm e n t of in ta c t  r a t s .  In  c o n t r a s t ,  PGE2 co n ten t was doubled in  

re g re s s in g  tum ors, which were ob ta ined  from ovariectom ized  r a t s .

These r e s u l t s  suggest th a t  th e  hormones which a re  d ep le ted  by 

ovariectom y a re  involved in  th e  re g u la tio n  o f p ro s ta g la n d in  b io sy n th esis  

in  th e  m alignant mammary t i s s u e ,  a long w ith  re g u la tin g  tumor growth.

More s p e c i f ic a l ly ,  th e  experim ents in  h a lo p e r id o l- t re a te d  r a t s  

dem onstrated th a t  p r o la c t in  overcame th e  e f f e c t  o f ovariectom y on tumor 

growth response as w ell as on PGE2 c o n te n t.
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c .  PGE? C ontent in  Growing. S ta t i c  and R egressing  DMBA-induced 

Manmary Tumors

Although most o f th e  tum ors in  i n t a c t  r a t s  were indeed growing, 

th e re  were some a ty p ic a l tum ors in  which growth had s ta b i l i z e d .  Thus, to  

perm it a c o r r e la t io n  o f  growth r a te  o f a l l  tumors w ith  PGE2 c o n te n t, 

th e  tumors were c a te g o riz e d  as growing, s ta b le  o r re g re s s in g  (as 

described  in  M a te r ia ls  and M ethods), w ithou t reg a rd  to  hormonal 

tre a tm e n t. U sing t h i s  c l a s s i f i c a t i o n ,  an in v e rse  r e la t io n s h ip  between 

tumor growth and tumor PGE2 co n ten t was observed , as shown in  Table 6 .

The PGE2 t i s s u e  co n ten t was h ig h e s t in  re g re s s in g  tum ors, in te rm ed ia te  

in  s ta b le  tumors and low est in  growing tum ors. These r e s u l t s  in d ic a te  

t h a t  PGE2 may be fu n c tio n a lly  involved  in  th e  re g re s s io n  o f tumors 

which respond to  endocrine  a b la t io n .  These r e s u l t s  have been pub lished  in  

JNCI-August, 1982.

I I .  P ro s tag la n d in  R elease  From Fresh Tumor S lic e s

In th e  cou rse  of th e se  s tu d ie s ,  a novel method f o r  measurement of 

p ro s ta g la n d in  sy n th e s is  from f r e s h  tumor t i s s u e ,  based on th a t  described  

fo r  a o r ta  by Panganamala e t  e l ,  (1981) was developed and s ta n d a rd iz e d .

The d e ta i l s  o f t h i s  procedure were d iscussed  e x te n s iv e ly  in  th e  M a te ria ls  

and Methods s e c tio n  o f t h i s  d is s e r ta t io n .  B a s ic a lly , th e  method invo lves 

measurement o f p ro s ta g la n d in  re le a s e  from th e  t i s s u e  in to  an aqueous 

medium. Some of th e  advan tages of th e  new method a re  th a t  (1) i t  i s  f a r  

l e s s  time-consuming th a n  th e  procedure which re q u ire d  hom ogenization, 

e x tra c tio n  and p u r i f i c a t io n  o f each sample (2 ) i t  a llow s f o r  th e  

measurement o f  more th an  one tim e p o in t per t i s s u e  a l iq u o t ,  a llo w in g  fo r  

k in e t ic  s tu d ie s  s in ce  sam pling i s  n o n -d e s tru c tiv e  (3) s in ce  th e
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TABLE 6

PGE2 Levels in  Growing, S t a t i c ,  and R egressing  

DMBA-induced Tumors®

Tumor S ta tu s
ng PGE2 /g  t i s s u e  

mean ± SE

Growi ng 39+15

S ta t ic 84±26

R egressing 151±42

® P-values: Growing v s . re g re s s in g -  P<0.005; s t a t i c  v s . re g re s s in g —

P<0.1.
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radioimmunoassay I s  perform ed on a l iq u o ts  o f aqueous sam ples, measurement 

o f d i f f e r e n t  p ro s tag lan d in  sp ec ie s  by s p e c if ic  RIAs i s  p o s s ib le , and (4) 

th e  values which a re  ob ta ined  r e f l e c t  th e  c a p a c ity  of th e  t i s s u e  f o r  

p ro s ta g la n d in  b io sy n th e s is  from endogenous s u b s t r a te .

P ro stag lan d in  ?Za was measured In both f re s h  and fro zen  tumor 

s l ic e s  using  th i s  method. In  f re s h  s l i c e s ,  PGE2 r e le a s e  was g en era lly  

2 tim es th e  re le a s e  o f PGF2a« However, In  tumor s l i c e s  which were 

fro zen  th en  thawed, PGF20  r e le a s e  was s l ig h t ly  g re a te r  than  (20%)

PGE2 p ro d u c tio n . This d iscrepancy  Is  probably  due to  th e  membrane 

d is ru p tio n  which r e s u l t s  from fre e z in g  and thaw ing.

I I I .  F u rth e r S tu d ies  on th e  Growth of Hormonally Dependent Mammary Tumors

and PGE? S y n thesis

The purpose of t h i s  next s e r ie s  o f experim ents was e s s e n t i a l ly  th e  

same as th e  f i r s t ;  s p e c i f i c a l ly ,  to  determ ine I f  a c o r re la t io n  e x i s t s  

between th e  tumor growth response to  hormonal m anipu lations and 

p ro s ta g la n d in  sy n th e s is .  However, some of th e  co n d itio n s  of th e  

experim ent were a l te r e d  In  an a ttem pt to  Improve th e  design  somewhat.

For exam ple, th e  method of tumor In d u c tio n  was m od ified . In  th a t  th e  

carc inogen  was ad m in is te red  In  4 weekly in tu b a t io n s .  Under th e se  

c o n d itio n s , th e  tumors appeared much e a r l i e r .  I . e .  6 -1 2  weeks a f t e r  

exposure to  W1BA. The b e n e f i ts  of th i s  m o d ifica tio n  were tw o -fo ld ; 

f i r s t ,  th e  la g  tim e between dosing and th e  appearance o f u sab le  tumors 

was obviously  decreased , reducing  housing expenses and lag  tim e between 

experim ents. Secondly, th e  Im portance of using  tumors of e a r ly  and 

matched la te n c y  was dem onstrated above. W ithin t h i s  s e r ie s  of
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experim en ts, only tumors w ith  a la te n c y  of le s s  th an  3 .5 -4  months were 

used , in  o rd er to  in su re  th a t  th e  degree o f hormonal responsiveness was 

op tim al.

Another m o d ifica tio n  of th i s  second s e r ie s  of experim ents was the  

method o f  measurement o f p ro s ta g la n d in  s y n th e s is .  The re le a s e  of 

p ro s ta g la n d in s  from  f r e s h  tumor s l ic e s  in to  an aqueous medium was used. 

The advantages of t h i s  method were l i s t e d  above.

A th i r d  m o d ifica tio n  was made in  th e  pro toco l f o r  hormonal 

m an ipu la tions by h a lo p e r id o l. The trea tm e n t p e rio d  w ith h a loperido l was

extended from 4 days to  14 day s , t o  ensure adequate tim e fo r  th e

o b se rv a tio n  o f tumor growth resp o n se . In  a d d i t io n ,  th e  v e h ic le  f o r  

h a lo p erid o l was changed from o liv e  o i l ,  which co n ta in s  a high lev e l of 

th e  p ro s ta g la n d in  p re c u rso r a rach id o n ic  a c id  which may a l t e r  th e  balance 

in  PG s y n th e s is ,  t o  an aqueous v e h ic le .

As shown in  F igu re  5 , th e  r a te  o f PGE2 re le a s e  from fre sh  tumor

s l i c e s  was in v e rse ly  r e la te d  to  tumor growth in  agreement w ith  th e  data 

on tumor PGE2 co n ten t a s  measured by d ir e c t  a n a ly s is  of tumors (Table 

6).

As shown in  F igu re  6 , th e  a ssay  o f  6 -keto-PG Fig re le a s e  by th e  

tumor s l i c e s  in to  th e  c u l tu re  medium showed th a t  p ro s ta c y c lin  (PGI2 ) 

sy n th e s is  a ls o  v a r ie d  in v e rse ly  w ith  growth.

The above r e s u l t s  on PG co n ten t and sy n th e s is  in  v i t r o  suggest th a t  

th e  e le v a tio n  o f th e  PGE2 c o n te n t in  tumors which we have observed 

during tumor re g re s s io n  i s  due to  e le v a te d  sy n th e s is  o f p ro s tag lan d in s  

from endogenous p re c u rso rs . This r e s u l t ,  to g e th e r  w ith  th e  o b se rv a tio n  

th a t  th e  responses of PGE2 and PGI2 were q u a l i ta t iv e ly  s im ila r ,  i s
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F igure  5 , In v erse  R e la tio n sh ip  Between P ro s tag la n d in  Ez P roduction  
and Growth in  DMBA-induced Rat Mammary Tumors

P ro s tag la n d in  Ez was measured as re le a s e  from tumor s l i c e s ,  as
d escrib ed  in  M a te ria ls  and Methods. The tumors were c la s s i f i e d  a s  
grow ing, s ta b le  o r re g re s s in g  based on th e  c r i t e r i a  d escribed  in  
M a te ria ls  and Methods. N equals  th e  number of tum ors measured. E rro r
bars  re p re se n t s tan d ard  e r r o r  o f th e  mean. PGEg production  i s  
in c re a se d  4 - fo ld  in  re g re s s in g  tumors compared to  growing tum ors (growing 
vs re g re s s in g , p<0.025. S tu d e n t 's  t  t e s t ) .  S ta b le  tumors produce 1 .8  
tim es more PGE2 th an  growing tumors (growing vs s ta b le ,  p<0.05; s ta b le  
vs re g re s s in g , p<0.025).
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F igure 6 . 6 -K eto -p ro s tag lan d in  F ig  P roduction  in  Growing and R egressing  
DMBA-induced Rat Mammary Tumors.

P ro s tag la n d in  p roduction  was measured as  r e le a s e  from tumor s l i c e s ,  
as d esc rib ed  in  M ate ria ls  and Methods. The tumors were c l a s s i f i e d  as 
growing or re g re ss in g  based on th e  c r i t e r i a  in  M a te r ia ls  and Methods. N 
equals  th e  number of tum ors measured. E rro r bars  re p re se n t s tan d ard  
e r r o r  o f th e  mean. The d iffe re n c e  between growing and re g re s s in g  tum ors 
was s ig n i f i c a n t  (p<0.025) based on S tu d e n t 's  t - t e s t .
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c o n s is te n t  w ith  th e  p o s s ib i l i ty  th a t  th e  p o in t of re g u la tio n  may be 

cyclo-o j^genase  o r th e  a v a i l a b i l i t y  o f s u b s tra te  f a t t y  a c id .

P ro stag lan d in  p roduction  in  n o n -reg ressin g  tumors from 

ovariectom ized  r a t s  was s ig n if ic a n t ly  d i f f e r e n t  from re g re ss in g  tumors 

from ovariectom ized r a t s .  For exam ple, n o n -reg ress in g  tumors from 

ovariectom ized r a t s  re le a se d  102+26 ng of PGE2 per gram of t i s s u e  per 

10 m inutes, which i s  h a lf  th e  lev e l o f PGE2 p roduction  found in  

re g re s s in g  tum ors, and i s  s im ila r  to  th e  value  found in  s ta b le  tumors 

(86+15 ng PGE2 per gram of t i s s u e  p e r 10 m in u tes). S ince th e  growth 

response of th e se  non -reg ress ing  tumors f e l l  under th e  c l a s s i f i c a t io n  of 

s ta b le  (as described  in  M aterial and M ethods), PGE2 p roduction  appeared 

to  c o r re la te  more c lo se ly  w ith  th e  growth response of th e  tumor th an  w ith  

th e  endogenous hormonal environm ent.

In  view o f th e  above r e s u l t s ,  and in  view o f th e  complex 

in te ra c t io n s  between es tro g en  and p r o la c t in ,  endogenous p ro la c tin  le v e ls  

were m anipulated in  tum or-bearing r a t s ,  independent of changes in  

endogenous e s tro g en , w ith th e  use o f n e u ro le p tic  d rugs. D aily 

subcutaneous in je c tio n s  of 120yg of h a loperido l were given to  r a t s  to  

In crease  endogenous p r o la c t in  le v e ls .  Control r a t s  rece ived  d a ily  

in je c tio n s  of th e  v e h ic le , which was 1% IN HCl, 2.5% ethano l (Dickerman 

e t  a l ,  1972). D ecrease of endogenous p r o la c t in  was accom plished by d a ily  

subcutaneous in je c t io n s  o f 0 .5  mg ergocorn ine hydrogenmaleate (per 250g 

r a t )  (Bradley e t  a l ,  1976). A fte r a 14 day trea tm en t p e rio d , th e  tumors 

were excised  and PGE2 r e le a s e  was assayed .

The response o f th e  growing tumors to  e lev a te d  endogenous p r o la c t in  

induced by ha loperido l was continued  growth. In  f a c t ,  no tumors
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re g re sse d  in  r a t s  t r e a te d  w ith  h a lo p e r id o l.  At th e  dose of e rgocorn ine 

a d m in is te re d , th e  mammary tumors re g re sse d  slow ly ; th e  average decrease 

in  th e  sum o f 2 d iam eters was 1556-20% over th e  14 day trea tm e n t p e rio d .

In  com parison, con tro l tumors in c re ased  over 20% in  s iz e .

The PGE2 p roduction  by th e  tum ors a f t e r  th e  14 day tre a tm e n t 

p e rio d  i s  shown in  F igure  7 . PGE2 p roduction  in  growing tum ors from 

r a t s  t r e a te d  w ith  h a lo p erid o l was s im ila r  to  PGE2 p roduction  in  growing 

tum ors in  g e n e ra l. Tumors from r a t s  t r e a te d  w ith  ergocorn ine showed 

PGE2 p ro d u c tio n  which was 75% g re a te r  th a n  PGE2 p roduction  in  

v e h ic le - in je c te d  c o n tro ls  (p<0 . 1 ) .  The PGE2 p ro d u c tio n  in  th e  tumors 

from  th e  e rg o c o rn in e - tre a te d  r a t s  was not s ig n i f i c a n t ly  d i f f e r e n t  from 

th e  value in  s ta b le  tum ors (87.3+15 ng a s  compared to  86.±15 ng PGE2 

re le a s e d  per gram of t i s s u e  p e r 10 m in u tes). Based on th e  c r i t e r i a  

d e fin ed  in  Methods, th e se  tumors were c l a s s i f i e d  as  s ta b le  in  growth 

resp o n se . T h ere fo re , th e se  data a re  in  com plete agreem ent w ith  tho se  of 

our i n i t i a l  experim ents, which showed th a t  th e  tumor growth response 

c o r r e la te s  in v e rse ly  and s ig n i f ic a n t ly  w ith  P6E2 p ro d u c tio n .

a . A Note on S t a t i c  (S ta b le )  Tumors

Tumors which do not re g re s s  fo llo w in g  ovariectony  have a d e fe c t a t  

some p o in t in  th e  mechanism of hormone a c t io n . C e r ta in ly , tumors which 

do not possess hormone re c e p to rs  do not re q u ire  hormonal s tim u la tio n  f o r  

grow th, and a re  not a f f e c te d  by hormonal d e p r iv a tio n . However, th e re  may 

be hormonally dependent tumors which grow in  the  p resence of hormones but 

f a i l  to  re g re s s  by a hormone dependent mechanism based on one of th e  

fo llo w in g  flaw s in  th e  re g u la tio n  mechanism re sp o n s ib le  fo r  re g re s s io n :

1 ) a d e fe c t in  th e  p ro s ta g la n d in  sy n th es iz in g  machinery 2 ) d e fe c tiv e  or
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F igure  7 . Tumor P ro stag lan d in  Eg P roduction  a f t e r  A lte ra t io n s  in 
Endogenous P ro la c t in .

P ro la c t in  le v e ls  were in c re a sed  in  tum or-bearing  r a t s  by d a i ly  
subcutaneous in je c t io n s  of IZOyg haloperido l in  0 .2  ml o f  2.5% e th a n o l. 
Control r a t s  rece iv ed  d a ily  in je c t io n s  of th e  v e h ic le  s o lu tio n  a lo n e . 
D ecrease of endogenous p ro la c tin  was acconp lished  by d a ily  subcutaneous 
in je c tio n s  o f  0 .5  mg of ergoco rn ine  hydrogenm aleate. A fte r  a 14 day 
trea tm en t p e r io d , th e  tumors were ex c ised  and PGEg r e le a s e  was assayed . 
N equals th e  number of tumors assayed . E rro r b a rs  re p re s e n t s tan d ard  
e r ro r  o f th e  mean. PGEg p roduction  is  in c reased  75% in  tumors from 
e rg o c o rn in e - tre a te d  r a t  compared to  v e h ic le - in je c te d  c o n tro ls  (p<0 . 1 ) .
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ab sen t p ro s ta g la n d in  re c e p to rs  3) a d e fec t in  th e  coupling  of th e  

p ro s ta g la n d in  re c e p to r  to  th e  aden y la te  cy c la se  enzyme 4) a 

n o n -stim u lab le  a d en y la te  c y c la se  5) a cAMP b ind ing  p ro te in  w ith  lowered 

o r  no a c t i v i t y  o r 6 ) a p ro te in  k inase  holoenzyme w ith  a l te r e d  a c t iv i t y .

O ther host f a c to r s  a lso  l im i t  tumor s iz e .  In  tumors which a re  

s t a t i c  in  growth, w hether in  ovariectom ized or in t a c t  r a t s ,  tumor s iz e  i s  

dependent on th e  degree of v a s c u la r iz a t io n . T h ere fo re , s iz e  in c re ases  

a re  lim ite d  by th e  e x te n t to  which th e  host has su p p lied  th e  tumor w ith 

blood v e s s e ls  (Folkman, 1976). In  s ta b le  tumors th e  p roduction  of new 

c e l l s  and th e  d e s tru c t io n  o f old c e l l s  by n ec ro s is  i s  a t  an eq u ilib riu m .

IV. C yclic  AMP a s  a M ediator o f th e  Growth In h ib ito ry  E ffe c ts  of PGE?

C yclic  AMP i s  an e s ta b lish e d  re g u la to r  o f c e l l  growth (O tten e t  a l ,  

1972; Ryan and H e id rick , 1974). P ro stag la n d in s  have been shown to  

a c t iv a te  a d en y la te  cyclase  in  many c e l l s  (see In tro d u c t io n ) ,  in c lu d in g  

mammary c e l l s  (B ar, 1973; Schorr and R u sse ll,  1974) and th u s  to  in c re a se  

in t r a c e l lu la r  cAMP co n ten t. This s tim u la tio n  o f cAMP le v e ls  by 

p ro s ta g la n d in s  has not been rep o rte d  in  m alignant mammary t i s s u e .

To in v e s t ig a te  th e  p o s s ib i l i ty  th a t  th e  growth in h ib ito ry  e f f e c t s  of 

PGE2 on th e  mammary tumors may be a c tin g  through a l te r a t io n s  o f cAMP 

le v e l s ,  th e  assay  of th e  cAMP con ten t in  growing, s ta b le  and re g re ss in g  

DMBA-induced mammary tumors was perform ed. The r e s u l t s  a re  shown in  

T able 7. The data in d ic a te  th a t  th e  cAMP co n ten t in  growing, s ta b le  and 

re g re s s in g  tum ors v a r ie d  in v e rse ly  w ith  tumor growth, in  p a ra l le l  w ith 

PGE2 p ro d u c tio n , suppo rting  th e  th eo ry  th a t  th e re  i s  a r e la t io n s h ip  

between th e se  two param eters .
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TABLE 7

cAMP Content o f Growing, S ta t ic  and R egressing 

DMBA-induced Tumors

pmoles cAMP/rag t i s s u e  
(mean ± SE)

Growi ng 0.69±0.1

S ta b le 1 . 0+0 .2

R egressing 1.8±0.4

Growing v s . re g re s s in g  p<0.01 

R egressing  v s .  s ta b le  p<0.05
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In o rd e r to  dem onstrate a more d i r e c t  l in k  between th e  e le v a tio n  o f 

PGE2 and th e  e le v a tio n  o f cAMP in  re g re s s in g  tum ors, experim ents were 

designed to  determ ine w hether PGEg could indeed cause an in c rease  in  

cAMP sy n th e s is  in  hormone dependent mammary tum ors.

S lic e s  o f DMBA-induced mammary tumors were incubated  in  th e  presence

o f PGE2 in  a T r i s - s a l in e  (pH 7 .4 ) in c u b a tio n  medium. The PGE2 

co n c e n tra tio n  ranged from 10~3m to  As shown in  F igure  8 , in

growing tumor s l i c e s ,  th e  cAMP co n ten t was in c re ased  a t  PGE2

co n c e n tra tio n s  as low as  10“®M in  th e  presence o f th e  p h o sp hod ieste rase  

in h ib i to r ,  isobu ty lm eth y lx an th in e  (IBMX, O.lmM); maximal s tim u la tio n  

occurred  a t  lO'^M PGE2 . G en era lly , 10"5-10"6m is  considered  to  

be a h ig h e r th an  p h y sio lo g ica l c o n c e n tra tio n  f o r  p ro s tag lan d in s  in  most 

t i s s u e s .  However, PGE2  p roduction  i s  h ig h e r in  some tumors than  in  

most o th e r  t i s s u e s ,  so th a t  tumor t i s s u e  i s  probably exposed in  s i t u  to  

PGE2 co n ce n tra tio n s  somewhat h igher th an  normal t i s s u e s .  The data 

suggest th a t  DMBA-induced mammary tum ors a re  s e n s i t iv e  to  s tim u la tio n  by 

PGE2 .  N e v e rth e le ss , th e  p ro s ta g la n d in  c o n ce n tra tio n  req u ired  f o r  

s t im u la tio n  in  growing t i s s u e  i s  so high th a t  s tim u la tio n  of cAMP le v e ls  

by PGE2 in  growing tumors i s  p robably  of l i t t l e  p h ysio log ica l 

in p o rta  nee. This conclu sion  i s  supported  by th e  o b se rv a tio n  th a t  no 

in c re a se  in  cAMP co n ten t in  th e  presence o f lO"^ t o  1 0 " ^  PGE2 was 

d e te c te d  in  growing tum ors (F igure 9) in  th e  absence of IBMX.

In  c o n t r a s t ,  cAMP co n ten t in c reased  more than  tw o -fo ld  in  re g re s s in g  

tumor t i s s u e  a t  exogenous PGE2 c o n c e n tra tio n s  as  low as lO-^M, even 

in  th e  absence o f th e  phosphod ieste rase  in h ib i to r ,  as shown in  F igu re  

10.
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Figure 8 . E ffe c t of Exogenous PGE2 on cAMP C ontent in  Growing Tumor 
S lic e s  in  th e  Presence o f Isobu ty lm ethy lxan th ine

S lic e s  o f growing tumor t i s s u e  were incubated  in  th e  presence of 
exogenous PGE2 a t  the  co n ce n tra tio n s  shown in  T r i s - s a l in e ,  pH 7 ,4  a t  
30*C f o r  10 m inutes in  th e  presence o f 0 .1  mM iso b u ty lm ethy lxan th ine . 
The re a c tio n  was te rm in a ted  by f re e z in g  th e  t i s s u e  s l i c e s  in  l iq u id  
n itro g en . C yclic  AMP co n ten t was determ ined by radioimmunoassay.
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F igure  9. E ffe c t o f  Exogenous PGE2 on cAMP C ontent in  Growing Tumor 
S lic e s  in  th e  Absence of Isobu ty lm ethy lxan th ine

S lic e s  o f growing tumor t i s s u e  were incubated  in  th e  presence of 
exogenous PGE2 a t  th e  co n ce n tra tio n s  shown in  T r i s - s a l i n e ,  pH 7 .4  a t  
30°C f o r  10 m inu tes. No iso b u ty lm ethy lxan th ine  was p re se n t. The 
re a c t io n  was te rm in a ted  by f re e z in g  th e  t i s s u e  s l i c e s  in  l iq u id  n itro g en . 
C yclic  AMP co n ten t was determ ined by radioimm unoassay.
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F igure  10. E ffe c t o f Exogenous PGEg on cAMP con ten t in  R egressing 
Tumor S l ic e s .

S lic e s  of re g re ss in g  tumor t i s s u e  were incubated  in  th e  presence of 
exogenous PGEz a t  th e  co n ce n tra tio n s  shown in  T r i s - s a l in e ,  pH 7 .4  a t  
30°C f o r  10 m inu tes. No isobu ty lm ethy lxan th ine  was p re s e n t. The 
re a c tio n  was te rm in a ted  by f re e z in g  th e  t i s s u e  s l ic e s  in  l iq u id  n itrogen . 
C yclic  AMP con ten t was determ ined by radioimm unoassay.



89

These data show th a t  re g re s s in g  tumors a re  more s e n s i t iv e  to  

s tim u la tio n  by PGE2 , s in c e  cAMP production  can be s tim u la ted  by a 

low er, more p h y s io lo g ica l c o n ce n tra tio n  o f PGE2 .  The f a c t  th a t  an 

in c re ase  in  cAMP i s  ap p aren t even in  th e  absence of IBMX in  reg re ss in g  

tum ors, whereas th e  m easurable s tim u la tio n  o f cAMP by PGE2 in  growing 

tumors re q u ire s  th e  presence o f th e  phosphod ieste rase  in h ib i to r  f u r th e r  

supports th e  conclusion  th a t  e le v a tio n  o f cAMP by PGE2 i s  more marked 

in  re g re ss in g  tum ors th an  in  growing tum ors. An in c re a se  in  th e  amount 

o r a c t iv i t y  o f p ro s tag lan d in  re c e p to rs  in  re g re ss in g  tumors could be th e  

ex p lan a tio n .

V. P ro stag lan d in  Binding to  DMBA-induced Mammary Tumors

I f  th e  e le v a tio n  of th e  cAMP co n ten t in  tumors s l ic e s  i s  indeed a 

r e s u l t  of s p e c if ic  s t im u la tio n  by PGE2 , th e n  s p e c if ic  b inding  of PGE2 

to  DMBA-induced maimary tumor t i s s u e  should be dem onstrable.

TABLE 8

PGE2 Binding to  DMBA-induced Mammary Tumors

•xogenous S p e c if ic
^H-PGE? Binding (fmoles PGE2 /mg p ro te in )

1.8x10-%! 36.9

4.5x10-%! 81.6

As shown in  Table 8 , th e  plasma membrane f r a c t io n  s p e c if ic a l ly  bound 

PGE2  a t  30®C in  a co n c e n tra tio n  dependent manner. This im plies th a t  

DMBA-induced mammary tumors possess s p e c if ic  re c e p to rs  fo r  PGE2 .
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V I. PGE? Binding in  Homo n a il y Dependent and Independent Mammary

Cancer

F u rth e r support f o r  th e  p o ss ib le  In te r r e la t io n s h ip  o f PGE2 , cAMP 

and hormonal growth re g u la tio n  in  mammary tumors comes from s tu d ie s  on a 

second model system of horm onally dependent r a t  mammary can c e r, th e  

tr a n s p la n ta b le  MTW9 tum ors in  W ista r-F u rth  r a t s .

The hormonal c h a r a c te r i s t i c s  o f th e  MTW9 s e r ie s  o f nammary tumors 

a re  summarized in  T able 9 . The MTW9-A tumor is  both  es tro g en  re c e p to r 

and p ro gesterone  re c e p to r  p o s it iv e  and i s  horm onally dependent, th a t  i s ,  

i t  re g re sse s  in  response to  hormonal a b la t io n .  The MTW9-B mammary tumor 

i s  es tro g en  and p rogesterone  re c e p to r  p o s i t iv e ,  bu t has p rogressed  to  

hormonal autonomy, a s  evidenced by th e  f a c t  th a t  th e  tumors con tinue to  

grow a f t e r  hormonal a b la t io n .  The MTW9-D tumor i s  to t a l l y  hormonally 

autonomous, s in c e  i t  i s  both e s tro g en  and p rogeste ro n e  re c e p to r  negative  

and t o t a l l y  unresponsive to  hormonal a b la t io n .  The cAMP con ten t of th e se  

tum ors was h igher in  the  hormonally dependent tumors th an  in  th e  

horm onally independent tum ors. Cho-Chung has proposed th a t  a fu n c tio n a l 

cAMP system and a fu n c tio n a l e s tro g en  system  a re  both necessary  

c o n s ti tu e n ts  f o r  hormone dependent growth and re g re s s io n  in  mammary 

tum ors (Godwin e t  a l ,  1978, Cho-Chung e t  a l ,  1978). The cap a c ity  to  

sy n th e s iz e  cAMP in  hormone dependent (MTW9-A) tumors i s  c o n s is te n t w ith  

th e  proposal th a t  a fu n c tio n a l cAMP-gener a t in g  system  i s  an e s s e n tia l  

requ irem ent f o r  tumor re g re s s io n  due to  hormonal a b la t io n .  One p o s s ib le  

e x p la n a tio n  fo r  th e  f a c t  th a t  th e  MTW9-D tumors do not re g re s s  upon 

endocrine  a b la t io n  i s  t h a t  th ey  lack  th e  a b i l i t y  to  sy n th es ize  cAMP, an 

e s s e n t ia l  s te p  in  th e  re g re s s io n  p ro cess . This reason ing  i s  f u r th e r  

supported  by th e  reduced basal cAMP co n ten t in  MTW9-B tum ors, which
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TABLE 9

Hormone R eceptor and cAMP S ta tu s  o f HTW9 Mammary Tumors

E strogen  
Bi ndi ng 
S i te s  

(fmoles/mg

P rogesterone  
Bi ndi ng 
S i te s  

p ro te i  n)
cAMP

pmoles/mg p ro te in

MT-W9-A 84±13 502+56 31.5±4

MT-W9-B 33+5 71±16 19.5+3

MT-W9-D 8.0±2 17+3 9.7+1.4
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S t il l  have some hormone receptors, but fa il to  regress after endocrine 

ablation.

W ithin th e  framework o f  our h y p o th esis , PGEg i s  e le v a te d  upon th e  

w ithdraw al of hormone s tim u la tio n  and a c ts  d i r e c t ly  to  a c t iv a te  th e  cAMP 

system  in  th e  hormone dependent mammary tum ors. S ince PGE2 a c t io n  i s  

probably co n tin g en t on th e  a b i l i t y  o f a t i s s u e  to  bind PGE2 , th e  

b ind ing  a c t iv i t y  o f PGE2 t o  MTW9-A and MTW9-D tumors was measured. As 

shown in  Table 10 , th e  b inding  c ap a c ity  of th e  hormonally dependent 

MTW9-A tumors in  th e  p resence o f 0 .5  nmole/ml o f PGE2 was 6 tim es th e  

cap a c ity  f o r  b inding  PGE2 in  th e  hormonally autonomous MTW9-D tum ors.

The data ob ta ined  from  th e  MTW9 s e r ie s  o f tumors confirm ed an 

o b se rv a tio n  made e a r l i e r  w h ile  comparing growing to  re g re s s in g  

DMBA-induced mammary tum ors. Table 10 shows th a t  cAMP co n ten t i s  

e le v a te d  in  reg re ss in g  MTW9-A tum ors compared to  growing tum ors. 

F urtherm ore , in  th e  tumors which do not re g re s s  fo llow ing  ovariectom y 

(both MTW9-B and MTW9-D), cAMP co n ten t was not d i f f e r e n t  5 days fo llow ing  

ovariectom y than  th e  cAMP co n ten t p r io r  to  ovariectom y. These r e s u l t s  

ag a in  support th e  proposal th a t  a fu n c tio ra l  cAMP g en era tin g  system  i s  

e s s e n t ia l  to  hormonally induced re g re s s io n . Furtherm ore , th e se  r e s u l t s  

show th a t  not only i s  basal cAMP co n ten t low er, bu t a ls o  th a t  cAMP 

c o n ten t i s  not s tim u la ted  in  tumors which do not respond to  endocrine 

a b la t io n .

The r e s u l t s  in  Table 10 suggest th a t  hormonally autonomous tumors 

have a reduced c a p a c ity  to  bind PGE2 compared to  horm onally-responsive 

tum ors. A g re a te r  th an  2 - fo ld  in c re ase  in  th e  PGE2 b ind ing  a c t iv i ty  

was seen fo llow ing  ovariectom y in  th e  re g re ss in g  MTW9-A tum ors. In 

com parison, th e re  was no change in  th e  minimal PGE2 b ind ing  of th e
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TABLE 10

P6E-B inding and cAMP Content in  MTW9 Mammary Tumors 

Before and A fte r  Ovariectomy

Before Ovariectomy A fte r  Ovariectomy

PGE2 “Bi ndi ng®

cAMPb
pmoles/mg
p ro te in PGE2“Bi ndi ng®

cAMPb 
pmoles/mg 
p ro te i n

MT-W9A 44+7 31.5±4 104±20 51.4±4

MT-W9B 20±4 19.5+3 29± 8 22.3+3

MT-W9D 7±2 9.7+1.4 8± 2 9.2±2

apGE2 b ind ing  was assayed  as  described  in  M a te ria ls  and Methods in  

th e  presence o f 1 .5 x10"^m %-PGE2 before and 5 days a f t e r  

ovariectom y. The b inding  r e s u l t s  a re  expressed  as  femtomoles of 

s p e c i f i c a l ly  bound 3H-PGE2 per mg of p a r t i c u la te  p ro te in .

^ '^E ach  value re p re se n ts  th e  mean ± S .E . of th re e  experim ents.
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MTW9-D tum ors, and only a small in c re a se  (45%) in  th e  PGE2 b inding 

a c t iv i t y  o f  th e  n o n -reg ress in g  MTW9-B tum ors, 5 days a f t e r  ovariectom y.

These r e s u l t s  a re  c o n s is te n t  w ith  th e  hypo thesis  t h a t  PGE2 b inding  

a c t i v i t y  i s  in c reased  in  amount or a c t i v i t y  in  re g re ss in g  tum ors compared 

to  growing tum ors, which was seen e a r l i e r  in  connection  w ith  th e  

in c re a se d  s tim u la tio n  o f cAMP sy n th e s is  by PGE2 in  re g re ss in g  

DMBA-induced mammary tum ors.

In  o rd er to  e s ta b l is h  a more d i r e c t  r e la t io n s h ip  between PGE2 

bind ing  and cAMP co n ten t in  MTW9 tum ors, th e  s tim u la tio n  of a d en y la te  

cy c la se  a c t iv i t y  by PGE2 was in v e s tig a te d  in  MTW9-A and MTW9-D tum ors.

GTP i s  an  e s s e n tia l  a c t iv a to r  of a d en y la te  cy c lase  (R odbell, 1980). 

The a c t iv a t io n  o f ad en y la te  cy c lase  subsequent to  th e  b inding  of an 

e x t r a c e l lu la r  hormone i s  dependent on th e  in te r a c t io n  of th e  hormone 

re c e p to r  w ith  p ro te in s  (a sso c ia te d  w ith  th e  c y c la se )  which bind GTP 

(R odbell, 1980). In  v i t r o  ad en y la te  cy c lase  assay s  co n ta in  GppNHp, which 

i s  a non-hydrolyzable analogue of GTP, to  promote optimal enzyme 

a c t iv i t y .

The s tim u la tio n  of ad en y la te  cy c lase  a c t i v i t y  by PGE2 in  the  

p resence and absence o f GppNHp was a ssay ed , and th e  r e s u l t s  a re  shown in  

F ig u re  11 . In  th e  hormonally responsive  MTW9-A tum or, ad en y la te  cyc lase  

a c t i v i t y  was a c t iv a te d  by PGE2 . However, th e  ad en y la te  cy c lase  

a c t i v i t y  o f  th e  hormonally autonomous MTW9-D tum ors was in s e n s i t iv e  to  

s tim u la t io n  by PGE2 .  T h ere fo re , s tim u la tio n  o f ad en y la te  cy c lase  

a c t i v i t y  by PGE2 was a c h a r a c te r i s t i c  of hormonally dependent r a t  

mammary tum ors, but not o f hormonally independent tumors o f th e  same 

s e r i e s .
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F igure  11. Basal and P6E2 S tim u la ted  A denylate C yclase A c tiv ity  in  
MTW9 Mammary Tumors.

A denylate cy c lase  a c t iv i t y  was assayed  a t  30®C a f t e r  a 15 minutes 
in cu b a tio n  a s  describ ed  in  M a te ria ls  and Methods in  th e  absence and 
presence of 4xlO“^M PGEg an d /o r 2 x 1 0 "^  5 '-g u an y ly l 
im idodiphosphate (Gpp(NH)p). Each va lue  re p re se n ts  th e  mean of th re e  
experim ents.
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F igure 11. Basal and PGE2 -S tim u la ted  A denylate C yclase A c tiv ity  in  
MTW9 Mammary Tumors.
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Thus, th e  hormonally autonomous MTW94) tumors may be d e fe c tiv e  a t  

two p o in ts  in  th e  re g re s s io n  p ro cess . F i r s t  of a l l ,  th e  cAMP 

sy n th es iz in g  system appears to  be d e f ic ie n t  even in  basal a c t iv i t y ,  

compared to  th e  hormone dependent MTW9-A tum ors. Secondly, even i f  the  

ad en y la te  cyclase  enzyme were re sp o n s iv e , PGE2 b inding  by th e  MTW9-D 

tum ors i s  so low th a t  s tim u la tio n  of cAMP by PGE2 would be im possib le . 

T herefore  i t  i s  not c l e a r  w hether th e  cAMP system cannot be a c tiv a te d  o r 

w hether the  to t a l  e f f e c t  i s  a t t r ib u t a b le  to  th e  lack  o f PGE2 b ind ing .

V II. N uclear P ro te in  P hosphory la tion  in  R egressing  Tumor Nuclei

I f  p ro s tag lan d in s  and cAMP a re  d i r e c t ly  and s e q u e n tia lly  involved in  

th e  re g re ss io n  o f hormone dependent mammary can c e r, th e  ou tstand ing  

q u es tio n  i s ,  by what mechanism does cAMP induce tumor re g re s s io n . In  

every  eukary o tic  system s tu d ie d , cAMP a c ts  to  s tim u la te  th e  a c t iv i ty  of 

p ro te in  k inases by binding  to  t h e i r  reg u la to ry  su b u n it, thereby  f re e in g  

th e  c a ta ly t ic  subun it f o r  a c t i v i t y  (Reimann e t  a l ,  1971; G ill and G arren,

1971). The a c t iv a te d  p ro te in  k in ases  phosphorylate  s p e c if ic  

in t r a c e l lu la r  p ro te in s ,  th e reb y  m odifying th e i r  a c t i v i t i e s .  The p ro te in  

k in ase  s u b s tra te  and i t s  fu n c tio n  a re  s p e c if ic  to  th e  p a r t ic u la r  c e l l  

ty p e  in  which cAMP a c t s .  I t  seems reasonab le  th a t  th e  a c t io n  of cAMP in  

tumor re g re ss io n  i s  l ik e ly  to  be m ediated through a p ro te in  k inase and 

u lt im a te ly  through phosphory la tion  o f a s p e c if ic  p ro te in  or p ro te in s .

Cho-Chung has rep o rted  an in c re a se  in  th e  r a te  of phosphory lation  of 

a 76,000 MW nuc lear p ro te in  in  r a t  mammary tumors induced to  re g re ss  by 

ovariectom y o r trea tm en t w ith  d ib u ty ry l cAMP (Cho-Chung and R ed ler,

1977). The phosphory lation  o f th i s  p ro te in  was dem onstrated under 

optim al c o n d itio n s , in  an in  v i t r o  system , in  which tumor cy to so ls  had
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been a c t iv a te d  by 10"^M cAMP. These in v e s t ig a to rs  showed th a t  when th e  

a c t iv a te d  cy to so ls  were incubated  w ith  nuclei from re g re ss in g  tum ors, th e  

major p hospho ry la tion  p roduct was a b a s ic  non-h istone p ro te in  w ith  a 

m olecular w eight of 76 ,000, term ed re g re s s io n -a s s o c ia te d  p ro te in  (RAP). 

The fu n c tio n  o f th e  RAP i s  unknown. The phosphory la tion  of th e  RAP i s  

due to  th e  a c t i v i t y  o f  a cAMP-dependent p ro te in  k in a se , which is  

t r a n s lo c a te d  in to  th e  nucleus from  th e  cytoplasm  (Cho-Chung e t  a l ,

1979).

In  o rd e r to  c o r r e la te  th e  changes we observed in  PGE2 and cAMP 

w ith  th e  nuc lea r p h o sp h o ry la tio n , which i s  a lo g ic a l p ro g ress io n  of 

a c t io n  in  re g re s s in g  tum ors, we a ttem p ted  to  dem onstrate th e  appearance 

o f th e  phosphorylated  RAP in  re g re s s in g  tum ors. Our experim ental 

co n d itio n s  were more p h y s io lo g ic a l,  bu t le s s  fav o ra b le  f o r  RAP 

id e n t i f i c a t i o n  than  those  used by Cho-Chung. Since we had to  compare 

growing and re g re s s in g  tumors w ithou t p r io r  tre a tm e n t, tumor s l ic e s  from 

growing and re g re s s in g  tumors were incubated  f o r  1 hour a t  37® in  the 

presence o f  32p -ino rgan ic  phosphate, w ithou t p re -a c t iv a t io n  of th e  

s l ic e s  w ith  cAMP; th en  th e  nuclear p ro te in s  were is o la te d  and sep a ra ted  

on th e  b a s is  o f  m olecu lar w eight by SDS-polyacrylam ide gel 

e le c tro p h o re s is  (Laemmli, 1970). P hosphorylated  p ro te in s  were d e tec ted  

by au to rad io g rap h y , as  shown in  P la te  I I .  A band re p re se n tin g  a 75,000 

MW phospho-pro tein  i s  ev id en t in  n ucle i from re g re ss in g  tum ors, but 

ab sen t in  nucle i from growing tum ors. This r e s u l t  dem onstrated th a t  th e  

degree of phosphory la tion  of th e  76,000 d a lto n  p ro te in ,  th e  p u ta tiv e  RAP, 

is  indeed g re a te r  in  re g re ss in g  tumors than  in  growing tum ors. Thus, 

p hosp h o ry la tio n  of the  RAP i s  c o r re la te d  w ith  e le v a te d  PGE2 sy n th e s is  

and b ind ing  and w ith e lev a te d  cAMP sy n th e s is  in  re g re s s in g  tum ors.
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PLATE I I .  P hosphorylated  N uclear P ro te in s  from Growing and R egressing 
WBA-Induced Mammary Tumors

32p-Inorganic  phosphate was in co rp o ra ted  in to  t i s s u e  s l ic e s  from 
growing (A) and re g re s s in g  (B) tum ors. Phosphoproteins from nuclear 
e x t ra c ts  were sep a ra ted  by SDS-polyacrylamide gel e le c tro p h o re s is ,  and 
were d e tec ted  by au torad iography  as  d escribed  in  M ateria l and Methods. 
M olecular w eights a re  in d ic a te d  to  the  r ig h t  and l e f t .  These r e s u l t s  
re p re se n t one of th re e  experim ents which gave s im ila r  r e s u l t s .
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PLATE I I :  Phosphorylated  N uclear P ro te in s  from Growing and R egressing
DMBA-induced Mammary Tumors

A B

105.000
96.000

88.000

56,000

105.000
96.000

88.000 

<-75,000—

56,000

43.000

38.000
33.000

43.000

38.000
33.000

24,000 24,000



101

F urtherm ore , th e  phosphory la tion  o f RAP i s  dem onstrated in  re g re ss in g  

tumors under th e  most p h y sio lo g ica l c o n d itio n s  te s te d  t o  d a te . O ther 

3 2 p -iab e led  bands which were observed on th e  autoradiogram  were p re se n t 

in  th e  e x t ra c ts  o f nuclei from both growing and re g re s s in g  tum ors. The 

m olecu lar w eights of th e se  bands were 105,000, 96-97 ,000, 88,000, 56,000, 

43 ,000 , 38 ,000, 33,000 and 23-24,000 d a lto n s . The r e la t iv e  in t e n s i t i e s  

of th e  p ro te in  bands a t  43 ,000 , 38,000 and 33,000 were q u ite  s im ila r  in  

th e  autoradiogram s from th e  growing and re g re ss in g  tumor n u c le i. 

D iffe ren ces  in  th e  i n t e n s i t i e s  of some of th e  o th e r bands between growing 

and re g re s s in g  tum ors were observed. For example, th e  apparen t abundancy 

o r phospho ry la tion  s ta t e  o f th e  105,000 dal to n  p ro te in  was g re a te r  in  th e  

growing tumors th an  in  re g re s s in g , whereas th e re  was an apparen t 

d im inu tion  of th e  88,000 d a lto n  p ro te in  in  growing tum ors. The fu n c tio n s  

o f th e se  p ro te in s  and th e  reason  f o r  th e  d if fe re n c e s  between growing and 

re g re s s in g  tumors i s  unknown. The 56,000 d a lto n  phosphorylated  p ro te in  

appears to  be in  g re a te r  abundance in  the  re g re ss in g  tumor nuclei than  in  

th e  growing tumor n u c le i. This band may re p re se n t th e  re g u la to ry  subun it 

o f th e  p ro te in  k inase  holoenzyme, which undergoes au tophosphory la tion  

(Cho-Chung e t  a l ,  1979). The g re a te r  abundance of t h i s  phosphorylated 

cAMP re c e p to r  in  re g re ss in g  nuclei i s  c o n s is te n t w ith th e  proposal th a t  

p hosphory la tion  o f RAP i s  due to  a tr a n s lo c a te d  cAMP-dependent p ro te in  

k inase  (Cho-Chung, 1980).



DISCUSSION

The r e s u l t s  of th e se  s tu d ie s  dem onstrate th a t  during th e  re g re s s io n  

o f hormone s e n s i t iv e  mammary tum ors an e le v a tio n  of tumor P6E2 

production  i s  a s s o c ia te d  w ith  es tro g en  and p r o la c t in  d e p le tio n  and 

suggest th a t  PGEg may be fu n c tio n a lly  involved  in  th e  tumor re g re ss io n  

induced by w ithdraw al of th e se  hormones. I t  i s  proposed th a t  th e  

e le v a tio n  in  PGE2 sy n th es is  a long  w ith  th e  in c re a sed  PGE2 b ind ing  

which fo llow s e s tro g e n /p ro la c t in  d e p le tio n  a c ts  d i r e c t ly  to  s tim u la te  th e  

sy n th e s is  o f cAMP which in  tu rn  leads  to  tumor re g re s s io n . The 

t r a n s lo c a t io n  to  th e  nucleus o f th e  cAMP-dependent p ro te in  k inase  

holoenzyme, a s  proposed by Cho-Chung (1980; a ls o  Cho-Cchung e t  a l ,  1979), 

secondary to  th e  e le v a tio n  in  cAMP c o n te n t,  p receeds an in c re a se  in  

s p e c if ic  nuclear p ro te in  p hospho ry la tion  w ith in  th e  tumor c e l l s .  I t  is  

hypothesized  th a t  t h i s  s e r ie s  o f biochem ical ev en ts  may m ediate th e  tumor 

re g re s s io n  induced by e s tro g e n /p ro la c t in  w ithdraw al.

Tumors were induced by DMBA using both a s in g le  dose a d m in is tra t io n  

and m u ltip le  exposures. A s in g le  dose of 20 mg of DMBA given by g a s t r ic  

in tu b a tio n  a t  50 days of age r e s u l te d  in  tumors w ith  an average la te n c y  

o f 4 .5  months, w ith  th e  e a r l i e s t  tum ors appearing  a t  55-60 days. In  

com parison, when r a t s  were exposed to  DMBA in  4 weekly doses beginning a t  

50 days o f age (as d escrib ed  in  M a te r ia ls  and M ethods), th e  tumors 

appeared more ra p id ly . The e a r l i e s t  tumors appeared a t  40-45 days and 

th e  average la te n c y  decreased  to  3 months.
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F igure  12. Proposed Mechanism o f Tumor R egression  Due to  Hormonal 
Withdrawal

PL = phospholip id  
AA = a rach id o n ic  a c id
P-c
R-C = cAMP-dependent p ro te in  k in ase  

R = re g u la to ry  subun it 
C = c a ta ly t ic  sub u n it 

PRL = p ro la c t in  
OUX = ovariectom y
RAP = re g re s s io n  a s so c ia te d  p ro te in
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Thus, th e  regimen in v o lv in g  m u ltip le  exposure to  DMBA was found to  

be more p ra c t ic a l  even though th e  to t a l  amount of carc inogen  adm in iste red  

was e s s e n t i a l ly  equal in  th e  two regim ens. Thus housing c o s ts  and la g  

tim e a re  d ecreased , and more im p o rta n tly , th e  appearance o f more tumors 

w ith in  a s h o r te r  tim e p e rio d  a llow s d i r e c t  comparison of tumors of 

s im ila r  la te n c y  and hormonal dependence. This i s  im portan t in  th e  design  

o f experim ents in v o lv in g  p ro s ta g la n d in  b io sy n th e s is  and hormonal 

dependence, a s  shown by th e  data  in  th e  R e su lts  s e c tio n .

The r e s u l t s  which were ob ta in ed  in  th e se  s tu d ie s  a re  c o n s is te n t  w ith  

th e  theo ry  th a t  p ro la c t in  a s  opposed to  e s tro g en  i s  of major im portance 

in  th e  co n tro l o f growth o f DMBA-induced mammary tum ors, s in c e  p ro la c t in  

overcame th e  e f f e c t  o f ovariectom y on both tumor growth resp o n se , by 

inducing  th e  tumors to  resume grow th, and on PGE2 p ro d u c tio n , by 

re tu rn in g  th e  PGE2 le v e l to  t h a t  seen in  growing tumors from in ta c t  

r a t s .

However, a c r i t i c a l  review  o f th e  l i t e r a t u r e  suggests th a t  a t  l e a s t  

a minimal le v e l of e s tro g en  i s  e s s e n t i a l ,  along  w ith  p r o la c t in ,  f o r  th e  

continued  growth of e x is t in g  mammary tum ors. This conclusion  is  

supported by th e  o b se rv a tio n  th a t  s tim u la tio n  o f tumor growth by 

exogenous p ro la c tin  in  ad renalec tom ized -ovariec tom ized  hosts  i s  only 

tem porary (Leung and S a sk i, 1975) and t h a t  maqy tumors do not resume 

growth i f  p ro la c tin  tre a tm e n t o f adrena1ectom ized-ovariectom ized  hosts  

occurs a f t e r  a c e r ta in  d e lay . Furtherm ore , th e  o b serv a tio n  th a t  g ra f t in g  

o v a rie s  in to  ovariectom ized  h o s ts  w ith  median eminance le s io n s  (and 

th e re fo re  e le v a te d  serum p ro la c t in )  r e s u l t s  in  r e a c t iv a t io n  of tumor 

growth (Sinha e t  a l ,  1973) i s  a l s o  c o n s is te n t  w ith  an es tro g en  

requirem ent f o r  th e  growth of th e se  tum ors.
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The requ irem ent f o r  minimal le v e ls  o f e s tro g en  may be met in  

ovariectom ized  hosts  by ad rena l s te ro id  s y s n th e s is .  Thus, in  

ad ren a1ectom ized-ovariectom ized  r a t s ,  th e  support o f tumor growth by 

exogenously adm in is te red  p ro la c t in ,  which i s  te n p o ra ry , may l a s t  j u s t  as 

long as  re s id u a l es tro g en  remains in  th e  blood stream  of th e  r a t  (Welsch, 

1972). The requirem ent f o r  basal e s tro g en  le v e ls  may be due to  th e  f a c t  

th a t  es tro g en  i s  re q u ire d  f o r  m aintenance of p ro la c t in  re c e p to rs .

The s i tu a t io n  in  which tumor growth i s  supported  only tem p o ra rily  in  

r a t s  w ith  median eminence le s io n s  (e le v a ted  p ro la c t in )  and which have

a ls o  been ovariectom ized , p re se n ts  a complex problem which may be

in te rp re te d  as fo llo w s . Even though th e  adrenal glands a re  in ta c t  in  

th e se  h o s ts , th e  r e q u is i te  minimal lev e l of e s tro g en  cannot be 

sy n th esized  because o f a s id e  e f f e c t  o f th e  median eminence le s io n s . The 

in te r ru p t io n  of th e  median eminence p rev en ts  th e  a c t io n  of th e  

hypothalam ic re le a s in g  f a c to r s .  Thus in  th e  absence o f p ro la c t in  

in h ib ito ry  f a c to r ,  p ro la c t in  r e le a s e  i s  e le v a te d . However, r e le a s e  of 

a l l  th e  o th e r p i tu i ta r y  hormones in c lu d in g  ACTH i s  decreased  due to  th e  

absence of t h e i r  s p e c if ic  re le a s in g  f a c to r s .  The decrease  in  ACTH may

lead  to  a decrease in  th e  sy n th e s is  o f ad rena l s te r o id s ,  in c lu d in g

e s tro g e n . T h ere fo re , even th e  basal source o f e s tro g en  i s  e lim in a te d , 

ex p la in in g  why ovarian  g r a f ts  in  th e  anim als a re  a b s o lu te ly  necessary  fo r  

th e  m aintenance o f tumor growth (Sinha e t  a l ,  1973). The s tu d ie s  

perform ed in  hypophysectomi zed-ova r i  ectomi zed r a t s  a l s o  i l l u s t r a t e  th e  

in ç o rtan ce  of p ro la c tin  to  th e  growth of th e se  tumors (Manni e t  a l ,  1977; 

Arafah e t  a l ,  1980) but f a i l  to  ta k e  in to  account th e  ad renal gland as a 

source o f basal le v e ls  o f e s tro g en .
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Thus i t  I s  concluded th a t  p ro la c t in  i s  an  e s s e n t ia l  s tim u la n t to  th e  

growth of DM BA-induced mammary tum ors, bu t p ro la c tin  w ill  not support th e  

growth of th e se  tumors in  th e  absence o f basal le v e ls  of e s tro g e n .

The in c re a se  of PGE2 l e v e ls  in  hormone dependent mammary tumors 

from ovariectom ized  r a t s  compared to  PGE2 le v e ls  in  comparable tumors 

from in t a c t ,  non-ovariectom ized  r a t s  suggests  t h a t  hormones th a t  a re  

d ep le ted  by ovariectom y a re  involved in  th e  re g u la tio n  of p ro s tag lan d in  

sy n th e s is  in  m alignant mammary t i s s u e .  This p o s tu la te  is  c o n s is te n t  w ith 

th e  work o f  Knazek e t  a l  (1980), who showed th a t  p ro s ta g la n d in  sy n th e s is  

in  normal murine mammary t i s s u e  v a r ie s  w ith  th e  s tag e  of th e  e s tru s  

cy c le .

Although a d i r e c t  and causal connection  between th e  a l t e r a t i o n  in  

hormone le v e ls  and th e  m odulation of tumor p ro s ta g la n d in  sy n th e s is  cannot 

be f irm ly  concluded from th e  p re sen t d a ta ,  th e re  i s  s tro n g  c irc u m sta n tia l 

ev idence th a t  t h i s  i s  so . On th e  b as is  o f th e se  r e s u l t s ,  th e re  appears 

to  be a c le a r  in v e rse  r e la t io n s h ip  between p ro la c t in  le v e ls  and 

p ro s ta g la n d in  s y n th e s is .  This i s  th e  f i r s t  re p o r t  th a t  p ro la c t in  

suppresses p ro s ta g la n d in  sy n th e s is  in  mammary tum ors.

Cho-Chung's ( a t  th e  NCI, Bethesda, MD) in te r p r e ta t io n  of th e  even ts 

in  growth and re g re s s io n  of hormone-dependent mammary tum ors, a lthough  

s im ila r  to  th e  one proposed h e re , a ss ig n s  c e n tra l ro le s  to  es tro g en  and 

cAHP on ly , p roposing t h a t  th e  e s tro g en  re c e p to r  p ro te in s  and cAMP binding  

p ro te in s  must both be fu n c tio n a l in  o rd e r  f o r  mammary tumor growth to  be 

t r u ly  hormone dependent (Bodwin e t  a l ,  1978). Thus, Cho-Chung im plies  

th a t  e s tro g en  i s  o f prim ary im portance in  th e  i n i t i a l  sequence of even ts 

involved  in  growth co n tro l o f DMBA-induced mammary tum ors. In  c o n t ra s t ,  

our r e s u l t s  suggest t h a t  th e  e a r ly  even ts  in  th e  sequence which lead s  to
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th e  p hosphory la tion  o f th e  re g re s s io n  a s s o c ia te d  p ro te in ,  which was 

i n i t i a l l y  id e n t i f ie d  by Cho-Chung and her c o lle a g u e s , may be p ro la c tin  

w ithd raw al, fo llow ed  by an in c re a se  in  p ro s ta g la n d in  (PGE2 ) s y n th e s is ,  

which s tim u la te s  an in c re a se  in  cAMP, le ad in g  u lt im a te ly  to  p ro te in  

p h ospho ry la tion .

T his study re p re s e n ts  one o f th e  f i r s t  r e p o r ts  o f s p e c if ic  binding 

of p ro s ta g la n d in s  to  hormone dependent mammary tum ors. We have 

dem onstrated s p e c if ic  b ind ing  of PGE2 to  DMBA-induced and MTW9-A 

mammary tum ors. Very re c e n tly  b inding  of PGF2* and PGE2  to  mammary 

tumors induced by n itrosom ethyl urea (NMU) was re p o rte d  by Liu and Knazek 

(1982). Based on our r e s u l t s ,  s p e c if ic  b ind ing  o f PGE2 appears to  be 

a s s o c ia te d  w ith  s tim u la tio n  o f cAMP s y n th e s is .  In  re g re s s in g  tum ors, in  

which PGE2 sy n th e s is  i s  e le v a te d , cAMP sy n th e s is  i s  e le v a te d  to g e th e r  

w ith  o th e r changes o u tl in e d  above. The s tim u la tio n  o f cAMP sy n th e s is  by 

p ro s ta g la n d in s  in  mammary t i s s u e  i s  c o n s is te n t  w ith  th e  re p o r t  th a t  

a rac h id o n ic  a c id  m e tab o lite s  caused a sharp  t r a n s i e n t  in c re a se  in  cAMP 

sy n th e s is  in  prim ary e p i th e l ia l  c e l l  c u l tu re s  o f  C3H mouse mammary tumors 

(B u rste in  e t  a l ,  1977).

The cAMP c o n c e n tra tio n s  observed in  th e se  s tu d ie s  in  grow ing, s ta b le  

and re g re s s in g  tum ors a re  c o n s is te n t  w ith  r e p o r ts  by M atusik and H ilf  

(1976) and Ip and Dao (1980). M atusik and H ilf  (1976) re p o rte d  th a t  cAMP 

co n ten t was low est in  growing hormone dependent mammary tum ors, 

in te rm ed ia te  in  s ta b le  tumors and h ig h e s t in  tum ors which were re g re ss in g  

subsequent to  ovariectom y, e rg o lin e  tre a tm e n t, in s u l in  d e p le tio n  or 

spontaneous re g re s s io n . However, a s  might be ex p ec ted , tre a tm e n t w ith  

cyclophosphamide stopped tumor growth w ithou t an e le v a tio n  in  cAMP.

Thus, i t  seems th a t  horm onally-induced and spontaneous re g re s s io n  of
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DMBA-induced mammary tumors a re  a s s o c ia te d  w ith  e le v a tio n s  o f cAMP, 

whereas in h ib i t io n  o f tumor growth by th e  g en e ra lize d  to x ic  e f f e c t s  of 

cyclophosphamide i s  n o t.

Ip  and Dao (1980) a l s o  re p o rte d  th a t  cAMP co n ten t i s  e le v a te d  in  

re g re s s in g  and s ta b le  tumors compared to  growing hormone dependent 

mammary tumors due to  an in c re a se  in  aden y la te  cyc lase  a c t i v i t y  as  well 

a s  decreased  phosphod ieste rase  a c t iv i t y .  Based on th e  o b se rv a tio n  th a t  

th e  cAMP co n ten t was th e  same in  tumors of the  same growth s t a t u s ,  

w hether th e  tumors were o b ta in ed  from in t a c t  o r ovariectom ized r a t s .  Ip 

and Dao suggested  th a t  cAMP m etabolism  was independent o f th e  es tro g en  

s ta tu s  o f th e  h o st (Ip  and Dao, 1980). This hypothesis i s  in  c o n tra s t  

w ith  th a t  o f Cho-Chung, who suggests  th a t  th e  e s tro g en  and cAMP system s 

a re  in te rd ep en d en t and in v e rse ly  r e la te d  (Cho-Chung e t  a l ,  1978, Bodwin 

e t  a l ,  1978). In  mammary tumors which a re  re g re ss in g  subsequent to  

ovariectom y or d ib u ty ry l cAMP tre a tm e n t, c y to so lic  es tro g en  b ind ing  

a c t iv i t y  decreases w hile cAMP-binding in c re a s e s . Furtherm ore, cAMP and 

es tro g en  a re  a n ta g o n is t ic  towards one an o th er in  th e  tr a n s lo c a t io n  of 

th e i r  re sp e c tiv e  s p e c if ic  b ind ing  p ro te in s  to  the  nucleus (Bodwin e t  a l ,  

1981).

Our o b serv a tio n  th a t  an e le v a tio n  o f cAHP in  re g re s s in g  tumors is  

a s s o c ia te d  w ith a d i f f e r e n t ia l  phosphory la tion  of p ro te in s  in  th e  

nucleus, s p e c i f i c a l ly ,  an  in c re a se  in  th e  phospho ry la tion  of th e  75,000 

dal ton  re g re s s io n  a s s o c ia te d  p ro te in  (RAP), which was dem onstrable in  

in t a c t  tumor t i s s u e ,  i s  c o n s is te n t  w ith  th e  work of Cho-Chung, who 

id e n t i f i e d  RAP in  v i t r o .  Cho-Chung has ex te n s iv e ly  s tu d ie d  th e  

r e la t io n s ip  of th e  e le v a tio n  of cAMP to  tumor re g re ss io n  in  th e  mammary 

tumor system .
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The p ro te in  k in ase  a c t i v i t y  re sp o n s ib le  f o r  th e  phospho ry la tion  o f 

RAP i s  a cAMP-dependent p ro te in  k inase  (Cho-Chung e t  a l ,  1979). This 

conclu sion  i s  supported  on th e  b as is  o f in  v i t r o  s u b s tra te  s p e c i f i c i ty  

(the  p re fe rre d  in  v i t r o  s u b s tra te  i s  h is to n e )  and on th e  b a s is  of 

in h ib i t io n  by a n a tu ra l in h ib ito ry  p ro te in  which i s  s p e c if ic  f o r  th e  

c a t a ly t i c  subun it o f th e  cAMP-dependent p ro te in  k in ase  (Ashby and Walsh,

1972).

Cho-Chung proposes on th e  b as is  o f her data th a t  cAMP dependent 

p ro te in  k inase  is  tr a n s lo c a te d  in to  th e  nucleus as a te rn a ry  complex 

c o n s is tin g  o f cAMP, th e  cAMP re c e p to r  p ro te in  and th e  c a ta ly t ic  su b u n it 

o f p ro te in  k in a se . This occurs coneommita n t  w ith  phosphory la tion  of th e  

re g re s s io n  a s so c ia te d  p ro te in  (Cho-Chung e t  a l ,  1979; Cho-Chung, 1980). 

The tra n s lo c a tio n  o f th e  cAMP-receptor te rn a ry  complex may be a 

t r ig g e r in g  event in  tumor re g re s s io n  (Cho-Chung, 1980).

The autoradiogram  (R e su lts , P la te  I I )  a ls o  showed th a t  a 56,000 

d a lto n  phosphoprotein i s  in  much g r e a te r  abundance in  th e  nuclei o f 

re g re s s in g  than  growing mammary tum ors. This band may re p re se n t th e  

re g u la to ry  subunit o f th e  cAMP-dependent p ro te in  k inase  type I I ;  th e  

su b u n it has a rep o rte d  m olecu lar w eight o f 56,000 (Corbin e t  a l ,  1978). 

Cho-Chung has rep o rte d  th a t  i t  i s  th e  cAMP dependent p ro te in  k in ase  type 

I I  which undergoes tr a n s lo c a tio n  in to  th e  nucleus (Cho-Chung e t  a l ,

1979). The band observed a t  38,000 d a lto n s  in  P la te  I I  may in  tu rn  

re p re s e n t th e  p ro te o ly t ic  fragm ent of th e  56,000 d a lto n  re c e p to r  from 

p ro te in  k in ase  type  I I  (Cho-Chung e t  a l ,  1981).

Both p ro te in  k in ases  type  I and ty p e  I I  a re  p re se n t in  DMBA-induced 

tum ors, as  evidenced by th e  id e n t i f i c a t io n  of t h e i r  reg u la to ry  su b u n its  

in  th e se  tum ors. More s p e c i f i c a l ly ,  cAMP re c e p to r  p ro te in s  o f  56,000,
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48,000 (which i s  th e  re g u la to ry  su b u n it o f p ro te in  k in ase  type  I (Hoffman 

e t  a l ,  197 5 )), and 39,000 dal to n s  a re  p re se n t in  DMBA-induced mammary 

tumors (Cho-Chung e t  a l ,  1981). However, only phosphoproteins o f 56,000 

and 38,000 d a lto n s  a r e  d e te c ta b le  in  th e  nuclei o f th e se  tum ors. There 

i s  no ev idence f o r  th e  p resence of th e  48,000 dal ton  type I re g u la to ry  

su b u n it (which would only be d e te c te d  i f  i t  were phosphory lated) in  th e  

n u c le i o f re g re s s in g  tum ors.

The au to -p h o sp h o ry la tio n  of th e  56,000 d a lto n  p ro te in  occurs by 

p h o spho ry la tion  of th e  re g u la to ry  su b u n it by th e  c a ta ly t ic  s u b u n it,  and 

i s  e s s e n t ia l  f o r  tr a n s lo c a t io n  o f th e  holoenzyme in to  th e  nucleus 

(Cho-Chung e t  a l ,  1981).

The fu n c tio n  of th e  76,000 dal to n  RAP i s  unknown, but i t s  

p h ospho ry la tion  i s  always observed in  re g re s s in g  tum ors. S ince 

p h o spho ry la tion  o f a p ro te in  is  u su a lly  a s s o c ia te d  w ith  a m odulation o f 

th e  p ro te in  a c t i v i t y  (f re q u e n tly  an in c re a se  in  a c t i v i t y ) ,  i t  i s  q u ite  

p robab le  t h a t  th e  a l t e r a t i o n  o f th e  a c t i v i t y  o f RAP p lays some ro le  in  

th e  re g re s s io n  p ro cess .

The knowledge o f the  ro le  t h a t  p ro s ta g la n d in s  p lay  in  th e  co n tro l of 

c e l l  p r o l i f e r a t io n  may a s s i s t  in  th e  design  of e f f e c t iv e  th e ra p e u tic  

p ro to c o ls .  The r e s u l t s  of t h i s  d i s s e r ta t io n  support th e  ro le  of 

p ro s ta g la n d in s , e s p e c ia l ly  PGE2 ,  as n eg a tiv e  m odulators of hormone 

dependent mammary tumor growth. Several s tu d ie s  which were r e fe r re d  to  

in  th e  In tro d u c tio n  d id  in  f a c t  dem onstrate th a t  non-mammary tumor growth 

and c e l l  p r o l i f e r a t i o n  could be in h ib i te d  by a d m in is tra tio n  of 

p ro s ta g la n d in s , g e n e ra lly  of th e  E and A f a m il ie s .

The r e s u l t s  of our in  v ivo  s tu d ie s  complement th e  s tu d ie s  

a s s o c ia t in g  growth in h ib i t io n  w ith  exogenous p ro s tag lan d in  a d m in is tra tio n
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w ell as o th e r  s tu d ie s  which dem onstrate th a t  in h ib i t io n  o f non-mammary 

tumor or c e l l  growth i s  dependent on endogenous p ro s tag lan d in  sy n th e s is . 

Thus, an im portan t conclusion  o f th e se  s tu d ie s  i s  t h a t  PGE2 fu n c tio n s  

a s  an endogenous m ed iato r o f  tumor growth in h ib i t io n  in  hormone dependent 

mammary can cer. An example in  agreem ent w ith  our s tu d ie s  on th e  a c t io n  

o f endogenously produced PGE2 a s  a negative  m odulator o f c e l l  

r e p l i c a t io n ,  bu t in  a system  o th e r  th an  hormone dependent mammary cancer 

has been rep o rte d  by C laesson and cow orkers. A ddition o f exogenous 

a rach id o n ic  a c id  leads to  a s tim u la tio n  of p ro s ta g la n d in  and cAMP 

sy n th e s is  in  normal 313 c e l l s  (C laesson e t  a l ,  1977; C laesson , 1980). The 

cycloo\ygenase p roduct re sp o n s ib le  f o r  th e  cAMP s tim u la tio n  in  

untransform ed 3T3 c e l l s  i s  p ro s ta c y c lin  (PGI2 ) .  In 3T3 f i l b r o b la s t s  

which have been transform ed by polyoma v ir u s ,  th e  m ajor p ro s ta g la n d in  

product i s  PGE2 . PGEi and PGI2 a re  sy n th esized  a t  o n e-ten th  th e  

r a te  o f PGE2 .  S ince th e  potency of s tim u la tio n  of cAMP sy n th e s is  by 

th e  th re e  p ro s tag lan d in  sp ec ie s  when added exogenously i s  approxim ately 

e q u a l, th e  s tim u la tio n  o f  cAMP sy n th e s is  i s  p rim a rily  a t t r ib u t e d  to  

endogenous PGE2 in  th e  polyoma v iru s  transform ed  3T3 c e l l s  (Goldyne e t  

a l ,  1980). The endogenously produced PGE2 a c ts  as a n egative  m odulator 

through cAMP s tim u la tio n  on growth r a t e i  as  evidenced by th e  f a c t  th a t  

indom ethacin trea tm e n t o f th e  py3T3 c e l l s  preven ted  sy n th e s is  o f PGE2 , 

lowered cflMP le v e ls  and s tim u la te d  th e  growth ra te  of th e  transform ed 

c e l l s  (Goldyne e t  a l ,  1980).

As s ta te d  e a r l i e r ,  th e  experim ental r e s u l t s  in  t h i s  d is s e r ta t io n  

lend  support to  an in h ib ito ry  ro le  f o r  PGE2 in  mammary tumor growth.

This in fo rm ation  may a s s i s t  in  th e  eventual design o f th e ra p e u tic  

p ro to co ls  fo r  diagnosed hormone dependent mammary carcinoma where i t  i s
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d e s ira b le  to  induce re g re s s io n  o f a lo c a l l iz e d  tum or. To examine th e  

p o s s ib i l i ty  t h a t  th e  in h ib i to ry  e f f e c t s  o f PGE2 m ight be used 

th e r a p e u t ic a l ly ,  fu tu r e  in v e s t ig a t io n s  in to  th e  re g re s s io n  of 

DMBA-induced r a t  mammary tumors m ight inc lude  a ttem p ts  to  modify th e  

growth o f e s ta b l is h e d  tumors by p e rfu s io n  d i r e c t ly  in to  th e  tumor o f 

PGE2 o r a more s ta b le  analogue , such as 16 ,16-d im ethy l-PGE2 » To 

f u r th e r  e s ta b l is h  t h a t  th e  in c re a se  in  p ro s ta g la n d in  sy n th e s is  i s  

e s s e n t ia l  to  hormone-induced re g re s s io n , th e  growth response of th e  

tum ors could  be m onitored a f t e r  trea tm e n t of ovariectom ized r a t s  w ith  a 

p ro s ta g la n d in  sy n th e s is  in h ib i to r ,  such as  indom ethacin o r a s p ir in .  

However, th e re  a re  c o n p lic a tio n s  involved in  th e  in te r p r e ta t io n  o f 

experim ents in vo lv ing  th e  a d m in is tra t io n  of n o n -s te ro id a l 

an ti- in fla m m a to ry  a g e n ts . F i r s t  of a l l ,  th e se  in h ib i to r s  suppress 

p ro s ta g la n d in  sy n th e s is  in  a l l  t i s s u e s ,  not j u s t  tumor t i s s u e .  Secondly, 

th e se  in h ib i to r s  may a c t  a t  biochem ical s i t e s  o th e r than  cyclooxygenase, 

co m plica ting  th e  in te r p r e ta t io n  of experim ental r e s u l t s .

As G ullino  and co-w orkers (NIH, Bethesda, Md.) have e s ta b l is h e d ,  

re g re s s io n  o f DMBA-induced mammary tumors is  an e n d o c e llu la r  even t. 

Whereas th e  immune system  had to  be subverted  in  th e  e s tab lish m en t of 

th e se  tum ors, th e  a c t io n  of th e  immune system p lay s  only a minor ro le  in  

th e  re g re s s io n  o f e x is t in g  DMBA-induced mammary tum ors, as evidenced by 

th e  f a c t  th a t  no m o b iliz a tio n  o f lymphocytes or macrophages in to  

re g re s s in g  tumors i s  observed (G ullino  and L a n g e ro tti ,  1972). Cell ly s is  

in  re g re s s in g  tum ors i s  not due to  the  a c t io n  of d eg rad a tiv e  enzymes of 

e x t r a c e l lu la r  o r ig in  (G ullino  and L a n z e ro tt i ,  1972). The sy n th e s is  o f 

new p ro te in ,  and e s p e c ia l ly  th e  id e n t i f i c a t io n  of a s p e c if ic  p ro te in  

m o d ifica tio n  (phosphory la tion ) w ith in  th e  tumor c e l l s ,  lend  s tro n g
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su pport to  th e  co n c lu sio n  th a t  re g re s s io n  o f  DMBA induced mammary tumors 

i s  an  e n d o c e llu la r  ev en t. I t  i s  on th i s  prem ise th a t  Cho-Chung ( a t  NCI) 

has a l s o  based th e  design o f her experim ents on th e  m olecular b a s is  o f 

hormone-induced tumor re g re s s io n . I t  i s  a l s o  th e  b a s is  of th e  

in t e r p r e ta t io n  o f th e  r e s u l t s  o f t h i s  stucty.

Some d isc u ss io n  o f non-mammary tum ors i s  in  o rd e r , s in ce  sev era l 

in v e s t ig a to rs  had e a r l i e r  sought to  modify th e  r a te  of tumor growth by 

m odulating tumor p ro s ta g la n d in  s y n th e s is .  A ttem pts to  modify tumor 

growth by th e  use of in h ib i to r s  o f p ro s ta g la n d in  sy n th e s is  in  tumor 

system s o th e r th a n  th e  hormone dependent mammary carcinoma have given 

c o n f l ic t in g  r e s u l t s .  Thus, a ttem p ts  to  co n tro l th e  growth of e x is t in g  

tum ors by trea tm en t w ith  in h ib i to r s  o f p ro s ta g la n d in  sy n th es is  have 

r e s u l te d  in  e i th e r  s tim u la tio n  o f tumor growth ( c f .  In tro d u c t io n ) ,  no 

e f f e c t  on th e  course of tumor grow th, o r  tumor growth in h ib i t io n  (see 

below ). This ap paren t d iscrepancy  may be r e c o n c ila b le .  In  some cases 

th e  in h ib i t io n  o f tumor growth may be ex p la in ed  by th e  in h ib ito ry  e f f e c t  

of indom ethacin on p ro s ta g la n d in  p roduction  by th e  tumor w ith  subsequent 

e f f e c t s  on th e  immune system . There is  evidence th a t  some of th e  

immunosuppressive e f f e c t s  of tumors a re  due to  p ro s tag lan d in  p roduction  

by th e  tum ors.

There a re  sev era l examples where tre a tm e n t w ith  indom ethacin was 

a s s o c ia te d  w ith  in h ib i t io n  of non-mammary tumor growth in  v ivo . T ash jian  

e t  a l ,  (1973) re p o rte d  th a t  a d m in is tra t io n  of indom ethacin to  mice 

b e a rin g  HSDMi fib ro sarcom as dim inished tumor s iz e ,  in  c o n tra s t  to  th e i r  

p rev io u s s tu d ie s  which showed th a t  indom ethacin had no e f f e c t  on th e  

growth of HSDfix c e l l s  in  v i t r o .  Along th e  same l in e  Humes and 

co-w orkers (1974) re p o rte d  th a t  indom ethacin suppressed  th e  growth of



115

Moloney sarcoma v iru s-in d u ced  tumors in  v ivo . Indom ethacin or a s p i r in  

a d m in is tra t io n  a ls o  in h ib ite d  growth of th e  P815 a s c i t e s  tumor and Lewis 

lung carcinoma in  mice (Hial e t  a l ,  1976).

The grow th-m odulating e f f e c t  o f  indom ethacin which r e s u l t s  in  tumor 

growth in h ib i t io n  can be understood in  l i g h t  of a decreased  a b i l i t y  o f 

tumor c e l l s  to  sub v ert immune su rv e il la n c e  through immunosuppression as a 

r e s u l t  o f decreased p ro s ta g la n d in  p roduction  (P le sc ia  e t  a l ,  1975). That 

th e  immunodeficiency which i s  o fte n  a s s o c ia te d  w ith  tum origenesis is  a

d i r e c t  a c tio n  of th e  tumor i s  suggested  by th e  re p o r t  th a t  tumor c e l l s

can d i r e c t ly  in h ib i t  th e  fo rm ation  o f plaque-form ing c e l l s  by sheep red  

blood c e l l  s tim u la ted  sp leen  c e l l s  in  v i t r o  (P le sc ia  e t  a l . ,  1975). At 

l e a s t  some of th i s  in h ib i t io n  of th e  immune system  appears to  be due to  

p ro s ta g la n d in  ou tpu t by th e  tum or, s in ce  p ro s tag lan d in s  o f E s e r ie s  have 

been shown to  be n egative  m odulators o f humoral and c e l lu la r  immunity 

(Goodwin and Webb, 1980; Goodwin e t  a l ,  1977, P le sc ia  e t  a l ,  1975). 

Indom ethacin blocks th e  immunosuppression caused by tumor c e l l s  in  v i t r o .  

len d in g  f u r th e r  support to  th e  a c tio n  o f PGE2 a s  a p o ss ib le  mechanism 

o f tumor suppression  (P le sc ia  e t  a l ,  1975). S tra u s s e r  and Humes (1975) 

a ls o  re p o rte d  th a t  indom ethacin co u n te ra c ts  th e  p ro s tag lan d in -in d u ced  

supp ressio n  o f th e  imimine system in  v iv6 . Furtherm ore, indom ethacin 

trea tm e n t a lso  enhances th e  im m unotherapeutic e f f e c t s  o f C. parvum and 

BCG in  tum or-bearing  mice (Lynch and Salomon, 1979). T h ere fo re , i t

appears  t h a t  PGEg i s  one o f a number of p o te n t immunosuppressive

products of tum ors.

Thus, in  th e  use of in h ib i to r s  o f p ro s tag lan d in  sy n th e s is  in  v iv o . 

i t  must be kept in  mind th a t  p ro s tag lan d in s  a c t  to  in h ib i t  host immunity 

as  well as in h ib i t in g  tumor p r o l i f e r a t io n .  The b e n e f i ts  ob ta ined  from
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removing th e  PG-induced su p p ressio n  o f th e  immune system may be overcome 

by th e  f a c t  th a t  th e  tumor i t s e l f  w ill  p r o l i f e r a te  more su c c e ss fu lly  in  

th e  p resence o f lowered p ro s ta g la n d in  le v e ls .  The balance which i s  

ach ieved  between th e  two opposing a c t io n s  on tumor growth w il l  determ ine 

what th e  f in a l  outcome o f trea tm e n t w ith  in h ib i to r s  o f p ro s tag lan d in  

sy n th e s is  w ill  be.

P le sc ia  and o th e rs  (1975) proposed th a t  th e  immune system may 

p rev en t th e  development o f  s tro n g ly  a n t ig e n ic  tumors and slow th e  growth 

of weakly a n tig e n ic  tum ors. The immune system may be of l e s s e r  

consequence in  tumors of very low a n t ig e n ic i ty .

There a re  o th e r re p o r ts  o f in h ib i t io n  o f c e l l  r e p l ic a t io n  by 

n o n -s te ro id a l an ti-in flam m ato ry  a g e n ts  which cannot be exp la ined  by 

in te r a c t io n s  w ith  th e  immune system . Hial e t  a l (1977) re p o rte d  th a t  

a s p i r in  o r indom ethacin in h ib ite d  th e  p r o l i f e r a t io n  o f two c e l l  l in e s  in  

v i t r o ,  a r a t  hepatoma c e ll  l in e  and a human f ib r o b la s t  c u l tu re .  That th e  

c y to s ta t i c  a c t io n  of n o n -s te ro id a l an ti-in flam m ato ry  agen ts  on th ese  

c e l l s  was not due to  in h ib i t io n  o f p ro s ta g la n d in  sy n th es is  was proposed 

by de M ello e t  a l (1980). The evidence suppo rting  t h e i r  proposal was th e  

fo llo w in g : i )  th e  co n c e n tra tio n  of indom ethacin req u ire d  to  in h ib i t

grcwth of r a t  hepatoma c e l l s  and human f ib r o b la s t s  was 30-500 tim es th a t  

re q u ire d  to  in h ib i t  p ro s ta g la n d in  s y n th e s is ,  i i )  p ro s tag lan d in s  and 

a rac h id o n ic  a c id  d id  not rev e rse  th e  e f f e c t s  of indom ethacin, and i i i )  

th e  degree of c y to s ta t i c  a c t i v i t y  o f th e  an ti-in flam m ato ry  ag en ts  

c o r re la te d  poorly  w ith t h e i r  a b i l i t y  to  in h ib i t  p ro s tag lan d in  s y n th e s is .  

However, th e  most convincing evidence th a t  in h ib i t io n  of PG sy n th e s is  was 

not involved was th e  f a c t  th a t  th e  r a t  hepatoma c e l l  l in e  lacked  th e  

c a p a c ity  f o r  p ro s tag lan d in  s y n th e s is .  Thus, th e  in h ib it io n  o f c e l l
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growth by indom ethacin , and p robab ly  o th e r an ti-in flam m ato ry  ag en ts  a s  

w e ll ,  may be m ediated  by pathways not invo lv ing  p ro s ta g la n d in s .

Whenever an in h ib i to r  i s  used to  id e n tify  th e  fu n c tio n  o f a 

b io lo g ic a l component o r a c t i v i t y  by c o r re la t in g  absence o f sy n th e s is  o r 

a c t iv i t y  w ith  th e  absence o f a subsequent a c t io n s ,  i t  must be kept in  

mind th a t  th e  in h ib i to r  may have more than  one s i t e  of a c t io n .  Thus, 

each o f th e  n o n -s te ro id a l an ti- in fla m m a to ry  a g e n ts  may have b io lo g ic a l 

a c t io n s  o th e r  th an  in h ib i t io n  o f cycloo)ygenase a c t i v i t y .  When using  a 

PG sy n th e ta se  in h ib i to r  to  dem onstrate a s p e c if ic  p ro s tag lan d in  fu n c tio n , 

one should  probably t e s t  two or more s t r u c tu r a l ly  u n re la te d  in h ib i to r s ,  

and in  a d d i t io n ,  dem onstrate r e s to r a t io n  of a c t i v i t y  by adding back th e  

a p p ro p r ia te  p ro s tag lan d in  o r in te rm e d ia te .

For exam ple, in  a d d i tio n  to  i t s  a c tio n  as  a cyclooxygenase 

in h ib i to r ,  indom ethacin has been rep o rte d  to  in h ib i t  c y c lic  n u c leo tid e  

phosph o d ieste rase  a c t i v i t y  (Ciosek e t  a l ,  1974; F lo res and Sharp, 1972), 

phospholipase A2 a c t i v i t y  (Kaplan e t  a l ,  1978) and d éacy la tio n  of 

c e l lu la r  l i p id s  (Ohuchi and L evine, 1978). Indom ethacin a ls o  in h ib i t s  

cAMP-dependent p ro te in  k in ase  a c t i v i t y  in  submicromolar co n ce n tra tio n s  

(Kantor and Hampton, 1978). A ll th e se  o th e r p o ss ib le  a c tio n s  of 

indom ethacin must be considered  in  th e  in te r p r e ta t io n  o f experim ental 

r e s u l t s  reg a rd in g  indom ethacin and a l t e r a t io n s  o f  c e ll r e p l ic a t io n .

In  co n c lu sio n , th e  r e s u l t s  of th i s  d is s e r ta t io n  re p re se n t an 

in te g ra te d  s tudy  o f  th e  a c t io n s  o f p ro s ta g la n d in s , cAMP and nuclear 

p ro te in  phospho ry la tion  in  re g re s s in g  hormone dependent r a t  mamary 

can cer. I t  i s  proposed on th e  b a s is  of th e se  r e s u l t s  th a t  th e  e le v a tio n  

of PGE2 p roduction  a s so c ia te d  w ith  e s tro g en  and p ro la c t in  withdrawal i s  

an e a r ly  even t in  th e  sequence of biochemical ev en ts  which r e s u l t s  in
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re g re s s io n . W ithin th e  framework of t h i s  h y p o th e s is , th e  e le v a tio n  in  

PGEg and th e  in c reased  PGE2 b ind ing  which fo llow  d e p le tio n  of 

e s tro g en  and p ro la c t in  a c t  d i r e c t ly  to  s tim u la te  an  e le v a tio n  in  cAMP 

c o n te n t, le ad in g  to  tumor re g re s s io n . The t r a n s lo c a t io n  to  the  nucleus 

o f th e  cAHP-dependent p ro te in  k inase  holoenzyme, a s  dem onstrated by 

Cho-Chung (1980; Cho-Chung e t  a l ,  1979), secondary to  th e  e le v a tio n  in  

cAMP c o n te n t, preceeds an in c re a se  in  s p e c if ic  n u c lea r p ro te in  

phosphory la tion  w ith in  th e  tumor c e l l s .  I t  i s  hypothesized  th a t  t h i s  

s e r ie s  o f biochem ical ev en ts  may m ediate th e  tumor re g re s s io n  induced by 

withdrawal of e s tro g e n  and p ro la c t in .
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A B S T R A C T

The fo llow ing  study  was c a r r ie d  out to  determ ine th e  p o s s ib i l i ty  of 
c a ffe in e  being a prom oter o f b re a s t cancer development in  anim als 
consuming v egetab le  f a t .  A c o n tro l le d  s tu d y , comparing th e  tim e of tumor 
development and th e  number o f tumors as  w ell as th e  growth r a te  o f b re a s t 
cancer in  Sprague-Dawley r a t s  (which had been given 50mg of DMBA a t  seven 
weeks of age) ev a lu a te d  th e  tumor prom otional e f f e c t s  o f c a ffe in e  a lo n e , 
c a f fe in e  and u n sa tu ra te d  f a t t y  a c id s  in  com bination, u n sa tu ra te d  f a t t y  
ac id s  a lo n e , and a s tan d ard  r a t  chow d ie t .  The r e s u l t s  show th a t  th e  
r a t s  which consumed c a f fe in e  and u n sa tu ra ted  f a t t y  a c id s  ted  th e  e a r l i e s t  
development o f tumor and th e  most m u ltip le  tumor occurrence . Average 
tim e to  development was 95 days. The f a t  and w ater r a t s  te d  an average 
tim e to  development o f  134 and 140 days re s p e c t iv e ly . The c a ffe in e -a lo n e  
r a t s  ted  a mean tim e to  tumor development of 188 days. The com bination 
o f an  u n sa tu ra te d  f a t  d ie t  and c a ffe in e  s ig n if ic a n t ly  sh o rtened  th e  tim e 
to  tumor development when compared w ith th e  o th e r th re e  groups.

D ie ta ry  f a c to r s  had been shown to  modulate th e  inc idence  of b re a s t 
cancer in  humans as w ell as chem ically -induced  mammary tumors in  an im als . 
Several s tu d ie s  have im p lic a ted  f a t  in  th e  enhancement and development of 
mammary ca rc in o g en es is  (1 -6 ). Me have a ls o  re p o rte d  p rev io u s ly  th a t  
c a f fe in e  consumption i s  an e t io lo g ic a l  f a c to r  in  the  development of 
f ib r o c y s t ic  b re a s t  d ise a se  (7 -9 ) , some forms of which a re  c h a ra c te r iz e d  
a s  being prem alignant because o f p r o l i f e r a t iv e  e p i th e l ia l  h is to lo g y  
(10-12). Although th e  e f f e c t s  o f f a t  have been e x te n s iv e ly  s tu d ie d  in  
r e la t io n  to  mammary tumor developm ent, th e  e f f e c t  of c a f fe in e  and /o r 
c a ffe in e  and f a t  on th e  p ro g ress io n  o f b re a s t d ise a se  to  cancer has not 
been re p o r te d . Like f a t ,  c a f fe in e  a lone  is  not ca rc in o g en ic  but has been 
shown to  be a prom oter o f cancer in d u c tio n  and development. Several 
w orkers re p o rte d  t h a t  c a f fe in e  p o te n tia te s  th e  e f f e c t  of a lk y la t in g  
ag en ts  on DMA (13-15) and enhances both v iru s  and chemical 
carc inogen-induced  c e l l  tran s fo rm a tio n  (16-18).

Both c a ffe in e  and f a t  appear to  a f f e c t  th e  tum origenesis process a t  
th e  prom otional s ta g e . In  view of th e  w ell known e f f e c t s  o f c a f fe in e  on 
f a t  m o b iliz a tio n  and d e p o s itio n , th e  in te r a c t io n  o f c a f fe in e  and f a t  may 
a c t  s y n e r g is t ic a l ly  in  th e  prom otional development o f b re a s t  cancer. 
C affe ine-induced  l i p o ly s is  may con tinuously  in c re a se  th e  f r e e  f a t t y  a c id  
pool p o ssib ly  from th e  a d ja c e n t ad ipose  t i s s u e  in  th e  e x t r a c e l lu la r  f lu id  
surrounding  transfo rm ed  b re a s t e p i th e l i a l  c e l l s .  Free f a t t y  a c id s  have 
been shown to  s tim u la te  mammary e p i th e l i a l  p r o l i f e r a t io n  and growth (19). 
The l ip o ly t i c  e f f e c t s  o f c a f fe in e  on f a t  may be of s ig n i f ic a n t  im portance 
in  th e  prom otion o f b re a s t  cancer e s p e c ia lly  in  view of th e  f a c t  th a t  th e  
mammary gland in  th e  human is  encased in  a m a trix  o f ad ipose  c e l l s  (20) 
p rov id ing  an immediate source o f f r e e  f a t t y  a c id s .  The in c reased  
a v a i l a b i l i t y  o f the  f r e e  u n sa tu ra te d  f a t t y  a c id s  through c a f fe in e  
l ip o ly s is  and t h e i r  p r o l i f e r a t i v e  e f f e c t s  on tumor c e l l  growth may r e la t e  
to  th e  w ell documented s e le c t iv e  e f f e c t s  of u n sa tu ra ted  f a t t y  a c id s  on 
enhanced mammary ca rc in o g en es is  in  experim ental anim als (1 ,4 -6 ,2 1 ) .
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In  view o f th e se  c o n s id e ra tio n s  and th e  p o ss ib le  e f f e c t s  o f c a f fe in e  
on f a t  in  v iv o , we were prompted to  in v e s t ig a te  how c a f fe in e  in te r a c t s  
w ith  endogenous and exogenously supp lied  f a t  on mammary tumor development 
in  c a rc in o g e n - tre a te d  r a t s .  The experim ents were designed to  study  th e  
e f f e c t  o f  c a f fe in e  a lo n e , c a f fe in e  and f a t ,  and f a t  a lone on tumor 
p ro d u c tio n , a s  measured by tumor la te n c y , in  c a rc in o g e n - tre a te d  r a t s .

MATERIALS AND METHODS

Mammary tumors were induced in  fem ale Sprague-Dawley r a t s  by g a s t r i c  
in tu b a tio n  of 20mg of d im ethy lbenz(a)an thracene (DMBA) in  1 ml o f sesame 
o il  a t  50 days o f age . E ighty  r a t s  were randomly d iv id ed  in to  fo u r  
groups of tw enty . One group was given s tan d ard  r a t  chow and ta p  w ater ad 
l i b .  The second group rece iv ed  s tan d ard  chow, but th e  only source o f 
f l u i d  a v a i la b le  to  th e  r a t s  was a c a f fe in e  s o lu tio n . The amount of 
c a f fe in e  which each r a t  rece iv ed  per day was eq u iv a le n t to  500 mg of 
c a f fe in e  in  a 50 kg woman, based on su rface  a re a .  S ince su rface  area  i s  
p ro p o rtio n a l to  w eight (SA w 2/3), th e  b a s is  f o r  c a lc u la t io n  waS:

500 mg C affe ine  _ mg C a f f e in e ,( r a t )  
(50,000 g )^ /^  (W r a t  (g ))^ /^

The co n c e n tra tio n  of c a f fe in e  in  th e  w ater was c a lc u la te d  based on th e  
volume of f l u i d  consumed d a ily  per r a t .  The c o n c e n tra tio n  o f t h i s  
s o lu tio n  was a d ju s te d  w eekly, a s  th e  body w eights and f lu i d  consumption 
of th e  r a t s  changed. A th i r d  group of r a t s  rece iv ed  ta p  w ater along w ith  
a d ie t  which was 20% v egetab le  f a t  (ICN N u tr it io n a l B iochem icals, 
C leveland , O hio). The com position of th e  20% veg e tab le  f a t  d ie t  is  shown 
in  Table 1. The com position of th e  v egetab le  f a t  i s  shown in  Table 2.
The fo u r th  group of r a t s  was m ain tained  on th e  20% veg e tab le  f a t  d ie t  and 
th e  c a f fe in e  s o lu tio n . The r a t s  were weighed and examined f o r  tumors 
w eekly. When tumors appeared , th e  r a te  o f growth was measured by v e rn ie r  
c a l ip e r s  in  two dim ensions.

RESULTS

Tumor la te n c y , th a t  i s ,  th e  tim e between exposure to  th e  carc inogen 
and th e  appearance o f  a tumor, was compared among th e  fo u r trea tm e n ts  
groups. Table 3 . The group exposed to  both c a f fe in e  and f a t  had th e  
s h o r te s t  tumor la te n c y . The mean la te n c y  o f th e  group on f a t  a lo n e  was 
s h o r te r  th an  th e  co n tro l group, bu t the  d iffe re n c e  was not s ig n i f i c a n t ,  
w hile  th e  group m ain tained  on c a ffe in e  a lone had th e  lo n g est tumor 
la te n c y  and th e  low est tumor inc id en ce .

The com bination of c a f fe in e  w ith  a high f a t  d ie t  not only promoted 
th e  e a r ly  appearance o f mammary tumors in  th e  ro d en t model bu t a ls o  
r e s u l te d  in  a h igher inc idence o f m u ltip le  tumors per r a t  (Table 4 ) . 
compared to  th e  co n tro l group o r th e  groups fe d  f a t  a lone o r c a ffe in e  
a lo n e .

Our r e s u l t s  on th e  e f f e c t  o f high f a t  d ie t  on tumor p ro d u c tio n , a s  
measured by tumor la te n c y , i s  s im ila r  to  th e  r e s u l t s  rep o rte d  by Hopkins
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e t  a l (2 2 ) ,  where la ten cy  was s h o r te r  than  th e  co n tro l group bu t not 
s t a t i s t i c a l l y  s ig n i f i c a n t .

DISCUSSION

Concern th a t  c a f fe in e  consumption could in flu en ce  th e  development of 
human cancer has rece iv ed  some a t te n t io n  in  recen t y e a r s .  Hardly any 
commonly consumed drugs a f f e c t  th e  g en e tic  m a teria l in  a s  many d if f e r e n t  
ways as c a f fe in e .  I t  not only produces m utational and chromosomal 
a b e r r a t io n s ,  bu t a l s o  s tro n g ly  enhances th e  le th a l m utagenic and 
chromosome damaging e f f e c t s  of o th e r  a g e n ts . The p o te n tia t in g  e f f e c t s  of 
c a f fe in e  have been re p o rte d  to  be th e  r e s u l t  of i t s  d i r e c t  b ind ing  to  
DMA, a s  w ell as  i t s  a b i l i t y  to  in h ib i t  r e p a ir  of th e  damage caused by th e  
o th e r ag e n ts  to  chromosomal DNA (23-27).

I n d ir e c t  ev idence lin k in g  c a f fe in e  w ith  human cancer came from a 
number o f ca se -c o n tro l s tu d ie s  on th e  epidemiology o f cancer th a t  suggest 
an a s s o c ia t io n  between c o ffe e  d rin k in g  and cancer (28-32). On th e  o th e r 
hand, some in v e s t ig a to rs  (33 ,34) were unable to  c o r r e la te  th e  occurrence 
o f can cer w ith  th e  consumption o f c a ffe in e -c o n ta in in g  beverages.

Although th e  l i t e r a t u r e  is  r e p le te  w ith  in form ation  on th e  mutagenic 
e f f e c t s  o f c a f f e in e ,  hard ly  any experim ental evidence l in k s  c a ffe in e  
a lo n e  w ith  human o r  animal can cer. However, evidence th a t  c a ffe in e  may 
a c t  as a prom oter of cancer development o r induc tion  came from sev era l 
s tu d ie s  o f in  v i t r o  c e l l  tra n s fo rm a tio n . Several w orkers (16 ,17 ,18 ,35) 
re p o rte d  th a t  c a f fe in e  enhances both  v iru s  and chemical 
carc inogen -induced  c e l l  tra n s fo rm a tio n . The general p ro p e r tie s  of th e  
tran sfo rm ed  c e l l s  c o r re la te  w ell w ith  m alignant growth. O ther workers 
(13-15) have a ls o  shown th a t  th e  e f f e c t  of a lk y la tin g  ag en ts  on DNA i s  
s tro n g ly  p o te n tia te d  by th e  sim ultaneous a d m in is tra tio n  o f c a f fe in e .
These s tu d ie s  su ggest t h a t  a lthough  c a ffe in e  by i t s e l f  i s  not a 
ca rc in o g en , i t  i s  capab le o f enhancing th e  carc inogen ic  e f f e c t  of o th e r 
a g e n ts .

Our i n i t i a l  r e s u l t s  showed th a t  c a ffe in e  consumption enhances th e  
e p i th e l i a l  p r o l i f e r a t io n  of th e  b re a s t  t i s s u e  and th e  development of 
f ib r o c y s t i c  b re a s t  d is e a se . Me have a lso  found th a t  f ib r o c y s t ic  b re a s t  
d is e a s e , deemed p rem alignan t by i t s  p r o l i f e r a t iv e  h is to lo g y , com pletely 
re so lv e s  w ith  to t a l  a b s te n tio n  from c a ffe in e  consumption (7 -9 ). This 
d ise a se  r e s o lu t io n  by d ie ta ry  m o d ifica tio n  alone decreased  th e  need f o r  
su rg ic a l and ra d io lo g ic a l procedures and may reduce th e  r is k  of b re a s t 
cancer developm ent. I t  has been rep o rte d  th a t  b re a s t  cancer occurs in  
p a t ie n ts  w ith  f ib r o c y s t ic  b re a s t  d ise a se  4 to  6 tim es more o ften  than  in  
women w ith  normal b re a s ts  (10 - 1 2 ) .

S evera l mechanisms e x i s t  which may ex p la in  th e  p o te n tia t in g  ro le  of 
c a f fe in e  as a prom oter o f b re a s t  cancer development. In  a d d itio n  to  i t s  
known e f f e c t s  on DNA damage and in h ib i t io n  o f DNA r e p a i r ,  most o f i t s  
biochem ical and endocrine  e f f e c ts  in  vivo p o in t to  a p o ss ib le  ro le  in  th e  
p r o l i f e r a t io n  and growth of mammary e p i th e l ia l  c e l l s .  Thus, i f  th e  IDNA 
o f mammary e p i th e l i a l  c e l l s  i s  damaged by physical o r chemical a g e n ts .
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and th en  Induced to  p r o l i f e r a te  in  response to  c a f fe in e  consumption, 
th e re  may be no chance f o r  an  a p p ro p r ia te  DNA r e p a i r  and a g rea t r i s k  o f 
can ce r development. This p rocess o f enhancing th e  p ro l i f e r a t io n  of 
DNA-damaged mammary e p i th e l i a l  c e l l s ,  to g e th e r  w ith  c a f f e in e 's  e f f e c t  on 
in h ib i t io n  of DNA r e p a i r ,  may ex p la in  th e  p o te n tia l  ro le  o f c a ffe in e  as a 
prom oter o f human o r animal b re a s t can cer. Several re p o r ts  show th a t  th e  
tu m o rig e n ic ity  o f  chemical carc inogens i s  enhanced by th e  s tim u la tio n  of 
t a r g e t  t i s s u e s  to  p r o l i f e r a te  (36-38).

Several b io lo g ic a l a c t io n s  o f c a f fe in e  may be d i r e c t ly  involved in  
th e  prom otion of e p i th e l i a l  p r o l i f e r a t io n  in  th e  b re a s t.  Recent re p o r ts  
in d ic a te  th a t  th e  r e le a s e  o f c e r ta in  se ru m -c irc u la tin g  hormones i s  
s tim u la te d  by c a f fe in e  consumption and some of th e se  hormones a re  
invo lved  in  th e  pathogenesis  o f b re a s t  d is e a s e . Serum s tu d ie s  in  anim als 
have shown th a t  c a f fe in e  causes an in c re a se  in  serum p r o la c t in  (39 ), 
in s u l in  (4 0 ) , and c o r tic o s te ro n e  (41) l e v e l s ,  as well as  a decrease in  
TSH, Tg and T4  (3 9 ). In  o th e r  s tu d ie s ,  th e se  hormones a re  rep o rted  
to  p lay  a ro le  in  th e  pathogenesis o f b re a s t  c y s t fo rm ation  and in  th e  
growth o f the  mammary gland (42-44). There a re  no re p o r ts  on th e  e f f e c t  
o f  c a f fe in e  on e s tro g e n , p ro g es te ro n e , FSH, o r LH, which a re  key hormones 
in  th e  development o f mammary e p ith e liu m . O ther au th o rs  have shown 
in c re a se d  re le a s e  o f catecholam ines (45-47) in  response to  c a f fe in e  
consum ption. Catecholam ines can modify th e  i n t r a c e l lu l a r  m etabolic 
a c t i v i t i e s  by th e  s tim u la tio n  of th e  p roduction  o f cAMP and cGMP (48 ,4 9 ). 
P a t ie n ts  w ith  benign b re a s t  d isease  and b re a s t cancer have h igher u rin e  
le v e ls  o f catecholam ines th an  normal woemn (50). We have documented a 
p ro g re ss iv e  in c re a se  in  cAMP and cGMP le v e ls  from normal b re a s t  t i s s u e  to  
f ib r o c y s t ic  d isea se  to  b re a s t cancer (8 ,5 1 ,5 2 ) . Because of th e se  
endo crin e  e f f e c t s ,  we b e lie v e  th a t  the  ca ffe in e -ca tech o lam in es  and o the r 
hormone re la t io n s h ip s  a re  th e  key to  understand ing  b re a s t e p i th e l ia l  
p r o l i f e r a t io n .

In  a d d itio n  to  th e se  endocrine e f f e c t s ,  th e  l i p o ly t i c  e f f e c t s  of 
c a f fe in e  can a lso  enhance th e  p r o l i f e r a t io n  o f  mammary e p i th e l ia l  c e l l s .  
S everal s tu d ie s  showed a s ig n if ic a n t  re le a s e  of f r e e  f a t t y  a c id s  
(46 ,5 3 ,5 4 ) in  response to  c a f fe in e  w hich, in  tu r n ,  have been shown to  
s tim u la te  th e  p r o l i f e r a t io n  and growth of normal and n e o p la s tic  mammary 
c e l l s  (19 ). These l i p o ly t i c  e f f e c t s  may be o f s ig n i f ic a n t  im portance, 
e s p e c ia l ly  in  view of th e  f a c t  th a t  th e  mammary gland of humans is  
encased  in  a m a trix  o f f a t  th a t  p rov ides  c lo se  prox im ity  of ad ipocy tes to  
th e  gland (20 ). Such an anatom ical s t r u c tu re  makes th e  f r e e  f a t t y  a c id s  
from c a f fe in e  l i p o ly s is  of th e  b re a s t ad ipose  t i s s u e  r e a d i ly  a v a i la b le  to  
th e  mammary e p i th e l ia l  c e l l s .  The a v a i l a b i l i t y  o f f r e e  u n sa tu ra ted  f a t t y  
a c id s  and th e i r  e f f e c t s  on tumor c e l l  growth may r e la t e  to  th e  well 
documented s e le c t iv e  e f f e c t s  o f u n sa tu ra ted  f a t t y  a c id s  on enhanced 
mammary ca rc in o g en es is  in  experim ental anim als (1 ,4 ,6 ,2 1 )  as  well as to  
th e  ep id em io lo g ica lly  defin ed  ro le  o f d ie ta ry  l i p id s  in  human mammary 
can cer (2 ,3 ,5 5 ) .

We b e lie v e  th a t  c a ffe in e  in  th e  presence of excessive  u n sa tu ra ted  
f a t  has an  enhancing e f f e c t  on b re a s t cancer development. In d ire c t  
supp o rt t o  our experim ents comes from ep idem io log ical s tu d ie s  which have
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shown independen tly  a c o r re la t io n  w ith  b re a s t  cancer p roduction  in  
c o u n tr ie s  where th e re  i s  documented high c a f fe in e  consumption (56 ,57) or 
h igh f a t  consumption (5 8 ). Our an a ly se s  o f t h e i r  independent re p o r ts  
show th a t  th e  c o u n tr ie s  re p o r tin g  th e  h ig h e s t inc id en ce  o f  b re a s t and 
o th e r  can cers  a re  c o u n trie s  where both high f a t  d ie ts  and high c a f fe in e  
consum ption have occurred  s im u ltan e o u sly /.
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Table 1: Composition o f 20% V egetable F at D iet

C asein 20%
M ethionine 0 .3
Corn S tarch 15
Sucrose 35
F ib e r 5
M ineral Mix 3 .5
Vitamin Mix 1
C holine B i ta r t r a te 0 .2
V egetable F at 20

Table 2: Composition o f V egetable Fat

O leate  43-47%
L in o lea te  39-42
P alm ita te  7-8
S te a ra te  3-4
A rach idonate 0 .5
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Table 3: E f fe c t o f D ie ta ry  M od ifica tions on Latency of 
DMBA-induced Rat Mammary Tumors

Group___________  Avq. Latency (davs)^
mean ± SD

S tandard  Chow 
20% F at D ie t
C affe in e  + S tandard  Chow 
C affe in e  + 20% F at D ie t

140 ± 63 
134 ± 44
188 ± 58 (p<0.05) 

95 ± 32 (p<0.05)

*Tumor la te n c y  i s  th e  tim e between exposure to  th e  
carc inogen  and appearance of a tum or.

Table 4: E ffe c t of D ie ta ry  M od ifica tions  on Mammary Tumor
Incidence in  Rats

Group_________

Standard  Chow 
20% F at D iet 
C affe in e  + 
S tandard  Chow 
C affe in e  +
20% F a t D iet

Tum or-bear. R a ts / Tumor/
T otal No. Tumors Rat

12/15 1 .2
9/11 1.2
5/8 1 .6

11/26 ' 2 .4

Tumor-bear. 
r a ts  w ith 
m ult, tumors

16%
22%

40%

73%
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