
Pergamon 
ft. Steroid Biochem. Molec. Biol. Vol. 48, No. 5/6, pp. 481-486, 1994 

Copyright © 1994 Elsevier Science Ltd 
0 9 6 0 - 0 7 6 0 ( 9 3 ) E 0 0 4 4 - 8  Printed in Great Britain. All rights reserved 

0960-0760/94 $7.00 + 0.00 

The Unliganded Estrogen Receptor (ER) 
Transduces Growth Factor Signals 

Christopher J. Newton,* Rosa Buric,  Thorsten Trapp, Steffi Brockmeier ,  
Uberto  Pagotto  and Giinter K. Stalla 

Max-Planck-Institute of Psychiatry, Clinical Institute, Kraepelinstrafle 2-16, 80804 Munich, Germany 

In  the  a b s e n c e  o f  s e r u m  a n d  e s t r o g e n ,  we show t h a t  t he  g r o w t h  o f  the  p r o l a c t i n  s e c r e t i n g  p i t u i t a r y  
t u m o u r  cell  l ine,  G H  3 is s t i m u l a t e d  by  in su l in  a n d  insu l in - l ike  g r o w t h  f a c t o r - 1  ( IGF-1)  a n d  th i s  
r e s p o n s e  is b l o c k e d  by  t he  s t e r o i d a l  a n t i e s t r o g e n s ,  ICI  164384 a n d  ICI  182780. F r o m  c o n d i t i o n e d  
m e d i u m  (CM) e x p e r i m e n t s ,  g r o w t h  o f  low d e n s i t y  cells  (10k /cm 2) is i n c r e a s e d  by  the  a d d i t i o n  o f  C M 
f r o m  h igh  d e n s i t y  cells  (100k /cm 2) a n d  th is  g r o w t h  ef fec t  is a lso b l o c k e d  by  a n t i e s t r o g e n .  T r a n s f e c t i o n  
s tud ies  w i th  a A M T V - E R E - L U C  r e p o r t e r  p l a s m i d  show t h a t  in the  a b s e n c e  o f  e s t r o g e n  a n d  s e r u m ,  
b o t h  i n su l in  a n d  IGF-1  i n d u c e  l u c i f e r a s e  e x p r e s s i o n  a n d  th i s  is b l o c k e d  by  the  p u r e  a n t i e s t r o g e n s .  
No ef fec t  o f  t hese  t r e a t m e n t s  was  a p p a r e n t  w h e n  p a r a l l e l  e x p e r i m e n t s  w e r e  c o n d u c t e d  w i th  a 
p l a s m i d  c o n s t r u c t  l a ck ing  the  v i t e l l o g e n i n  e s t r o g e n  r e s p o n s e  e l e m e n t .  F r o m  these  a n d  o t h e r  d a t a  
d i s c u s s e d  in th i s  r e p o r t ,  we c o n c l u d e  t h a t  f o r  GH3 cells, in the  a b s e n c e  o f  e s t r o g e n  a n d  s e r u m ,  the  
E R  is t r a n s c r i p t i o n a l l y  a c t i v a t e d  by  i n t r a c e l l u l a r  p e p t i d e  f a c t o r  p a t h w a y s  a n d  by  th i s  m e a n s ,  ac t s  
as the  key  n u c l e a r  f a c t o r  i n d u c i n g  m i t o g e n e s i s  in r e s p o n s e  to  a u t o c r i n e  a n d  e x o g e n o u s l y  a d d e d  
g r o w t h  f a c to r s .  
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INTRODUCTION 

The  first event associated with mitosis induced by 
growth factors is the activation of the cell surface 
receptor by tyrosine phosphorylation. Phosphorylated 
tyrosine residues of the intracellular portion of the 
receptor are then used as docking sites for a number  of 
cytosolic proteins with regions (SH2 domains) homolo- 
gous to the c-src protooncogene product  [1]. These  
proteins continue the signalling cascade, generating 
diverse signals depending on the cell type and environ- 
ment. How these signals are transmitted to the nucleus 
is poorly understood, but  the first nuclear event associ- 
ated with growth factor action is the induction of the 
protooncogene c-los [2]. This  gene is also induced by 
a number  of other substances that give rise to a 
mitogenic response. Included amongst these is estra- 
diol (E2) [3]. For  a growth response to E2, it would 
appear that growth factors, like insulin and insulin-like 
growth factor-1 ( IGF-1)  are almost an absolute re- 
quirement in some cell systems [4]. Conversely it has 
been shown that E2 increases the growth stimulatory 
effect of IGF-1  on the breast cell line MCF-7  [5]. It 

*Correspondence to C. J. Newton.  
Received 17 June 1993, accepted 3 Dec. 1993. 

would appear from these data that the estrogen receptor 
(ER) is essential for the maximum mitogenic effect of 
IGF-1.  Th e  interdependency of these two signalling 
pathways suggests a common pathway of growth in- 
duction. Recently evidence has been accumulating for 
a cross-talk between peptide and steroid pathways. 
Therefore  based on the observation that the signalling 
pathway for the dopamine D1 receptor involves the 
progesterone receptor [6, 7], this might be achieved for 
the ER by a direct transcriptional activation of the 
receptor by the IGF-1  response pathway. Alternatively 
the ER could interact with other transcription factors 
induced by IGF-1 in an analogous manner  to Fos-Jun  
proteins that form the AP-1 complex [8]. Here we 
describe studies designed to test the idea that the ER 
is one of the nuclear factors responsible for the mito- 
genic effects of growth inducing peptides. 

EXPERIMENTAL 

Chemicals 

Materials and reagents, except where stated, were 
obtained from Gibco (Karlsruhe, Germany),  Flow 
(Meckenheim, Germany),  Falcon (Heidelberg, 
Germany),  Nunc  (Weisbaden, Germany) and Sigma 
(Deisenhofen, Germany).  E 2 w a s  dissolved in ethanol 
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Fig.  1. S e r u m  a n d  e s t r o g e n  f r e e  g r o w t h  s t i m u l a t i o n  o f  G H  3 cel ls  b y  i n s u l i n  a n d  IGF-1  a n d  b lock  o f  t h i s  effect  
by  ICI  182780. (a) F o l l o w i n g  s e e d i n g  a n d  m e d i u m  c h a n g e s  as  d e s c r i b e d  in  E x p e r i m e n t a l ,  ce l ls  w e r e  t r e a t e d  
w i t h  a c o n c e n t r a t i o n  r a n g e  o f  IGF -1  ( - - O - - )  o r  i n s u l i n  ( - - O - - )  a n d  a l l o w e d  to g r o w  fo r  5 d a y s  b e f o r e  
h a r v e s t i n g .  Al l  v a l u e s  fo r  cel l  n u m b e r  a r e  s h o w n  as  m e a n  _+ SD.  A t  t h e  t i m e  o f  t r e a t m e n t ,  cel l  n u m b e r s  
e s t i m a t e d  in  p a r a l l e l  wel ls ,  w e r e  46,000 + 7000. (b)  ICI  182780 w a s  a d d e d  to ce l ls  a l o n e  o r  in  c o m b i n a t i o n  w i t h  

IGF -1  (10 n M )  a n d  a c o n c e n t r a t i o n  r a n g e  (10 -11 to 10 -6 M)  o f  E2. 
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Fig.  2. D o s e  i n h i b i t o r y  e f fec ts  o f  t h e  s t e r o i d a l  a n t i e s t r o g e n s  
ICI  182780 (a) a n d  ICI  164384 (b) in  t h e  p r e s e n c e  o f  m a x i m a l  
g r o w t h  s t i m u l a t o r y  c o n c e n t r a t i o n  o f  I G F - 1  ( 1 0 n M ) .  Ce l l s  
w e r e  t r e a t e d  w i t h  a r a n g e  o f  a n t i - e s t r o g e n  c o n c e n t r a t i o n s  
a l o n e  ( - - I 1 - - ) ,  w i t h  a n t i e s t r o g e n  a n d  10 n M  IGF -1  ( - - [ 7 - - )  o r  
w i t h  a n t i e s t r o g e n ,  I G F - 1  a n d  100r iM E~ ( A ) .  V a l u e s  a r e  
e x p r e s s e d  as  p e r c e n t a g e  o f  t h e  no  t r e a t m e n t  c o n t r o l .  T h e  
e r r o r  b a r s  r e p r e s e n t  t h e  CV fo r  t h e  u n t r a n s f o r m e d  d a t a  a t  
e a c h  t r e a t m e n t  po in t .  ICs0 v a l u e s  f o r  ICI  182780 a n d  ICI  
164384 in  t h e  p r e s e n c e  o f  I G F - 1  w e r e  d e t e r m i n e d  as  0.6 n M  

a n d  6 n M ,  r e s p e c t i v e l y .  

growth stimulatory concentration of IGF-1 (10 nM), 
Fig. 2 shows the dose responses to ICI 182780 and ICI 
164384. Both compounds effectively blocked the 
growth effect of IGF-1 with ICs0 values similar to those 
reported for their antiestrogen effects in other systems 
[181. 

The clear ability of the antiestrogens to interfere with 
the basal growth rate of these cells in the absence of 
estrogen and serum was tested using medium con- 
ditioned for 24 h by high density GH3 cells (100 k/cm2). 
As Fig. 3 shows, the basal growth rate of GH 3 cells, 
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Fig.  3. T h e  ef fec t  o f  s e r u m  a n d  e s t r o g e n  f r ee  CM,  p r o d u c e d  
by  h i g h  d e n s i t y  GH~ (100 k / c m  2) cel ls ,  on  t h e  g r o w t h  o f  G H  3 
cel ls  s e e d e d  a t  low d e n s i t y  (10 k/cm~) .  Ce l l s  w e r e  s e e d e d  i n to  
48 wel l  p l a t e s  a t  a d e n s i t y  o f  10 k /we l l  a n d  t r e a t e d  as  i n d i c a t e d  
fo l l owing  t h e  s e r u m  f r ee  w a s h o u t .  Cel l  n u m b e r s  w e r e  in -  
d i r e c t l y  e s t i m a t e d  by  t h e  u s e  o f  t h e  M T T  m e t h o d .  

S F C S  = c h a r c o a l  s t r i p p e d  F C S .  
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when seeded at low density is markedly increased 
by the addition of conditioned medium (CM) from 
the high density cells and this is blocked by anti- 
estrogen. 

It  might  be argued that the effects of antiestrogen on 
IGF-1  and insulin induced growth, in the absence of 
an effect of  E2,  represents a non-specific interference of 
the antiestrogen-liganded ER with transcription of 
essential growth promot ing genes. Since the G H  3 cell 
line secretes prolactin [19] and the gene for this hor- 
mone is under  the control of  the ER [20], we have 
a t tempted to address the above by determining the 
effect of ICI  182780 and E2 on prolactin levels in 
conditioned medium under  a protocol that reflects its 
rate of  synthesis. Table  1 shows that in contrast to 
g r o w t h ,  E 2 markedly increases the concentration of 
prolactin detected in C M  and this increase and that of 
the basal secretion, is reduced to below the detection 
limit of the RIA (0.5 ng/ml). 

T o  determine whether  the effects on growth of 
insulin and IGF-1  in combination with antiestrogen 
reflected changes in the transcriptional state of  the 
estrogen free ER, cells were transfected under  serum 
and estrogen free conditions with reporter  plasmids 
containing or lacking the vitellogenin ERE. Over five 
experiments where cells were transfected with the 
A M T V - E R E - L U C  reporter,  t reatment  with E 2 o r  in- 
sulin and IGF-1  resulted in a marked induction of 
luciferase activity (1.6- to 4-fold, E2; 1.4- to 7-fold, 
insulin and IGF-1 )  above untreated controls and this 
was completely blocked by cotreatment with antiestro- 
gen. Results for one typical experiment where IGF-1  
was used are shown in Fig. 4. In contrast, no induction 
of luciferase expression in response to growth factors 
or E 2 was observed when cells were transfected with 
the A M T V - L U C  plasmid reporter  (not shown). For  
the series of  transfection studies conducted here 
with A M T V - E R E - L U C  reporter,  I C I  182780 added 
alone reduced the expression of luciferase to between 
65 and 10% of untreated control values; in most  cases 
this was to the level of  luciferase activity detected after 
transfection of cells with the A M T V - L U C  plasmid 
reporter.  Typically,  where the degree of basal inhi- 
bition was large, E2 or IGF-1  gave a poor induction of 
luciferase. 

Table 1. The effect of estradiol and I C I  182780 treatment on 
cell numbers and prolactin synthesis by GH3 cells 

Pro lac t in  
T r e a t m e n t  Cel l  n u m b e r  per  wel l  × 10 5 (ng /ml)  

Con t ro l  4.5 + 0.1 52 __+ 7 
E 2 10 13 4 . 4 + 0 . 2  6 8 + 1 7  

10 -t2 4 . 6 + 0 . 2  7 5 +  17 
10 t~ 4.6___ 0.3 308 + 63 

10 - t °  4.8 __+ 0.2 595 + 4 2  
10 -9 4.5 ___ 0.1 453 + 105 

I C I  10 8 3.3 + 0 . 3  N D  
I C I  (10 -8 ) + E 2 ( 1 0  to) 3 . 5 + 0 . 1  N D  

All t r e a tmen t s  are mo la r  concen t ra t ions  and  the  values  g iven  rep-  
resent  m e a n  + S D  (n = 4). N D  = not  de tec table .  
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F i g .  4. L u c i f e r a s e  e x p r e s s i o n  b y  GH~ cel l s  t r a n s f e c t e d  w i t h  t h e  
A M T V - E R E - L U C  r e p o r t e r  p l a s m i d  a n d  /~ -ga lac tos idase  e x -  

p r e s s i o n  v e c t o r  in  r e s p o n s e  to t r e a t m e n t s  i n d i c a t e d .  L u c i f e r -  
ase  a c t i v i t y  w a s  c o r r e c t e d  for  t r a n s f e c t i o n  e f f i c i enc ie s  a n d  
data  p o i n t s  a r e  e x p r e s s e d  as  p e r c e n t  c o n t r o l  for  m e a n  v a l u e s  
(n  = 3), w i t h  e r r o r  b a r s  as CV for  the  u n t r a n s f o r m e d  data .  
T r e a t m e n t s  w e r e  a d d e d  to t r a n s f e c t e d  ce l l s  to g ive  f ina l  
c o n c e n t r a t i o n s  o f  the  f o l l o w i n g :  E2, 1 n M ;  I C I  182780, 10 n M ;  

I G F - 1 ,  10 n M .  

DISCUSSION 

A considerable body of evidence is now accumulating 
for a cross-talk between peptide and steroid pathways 
[21]. Indeed for some cell systems described previously 
in this report,  growth factors appear to be essential for 
the mitogenic effects of estrogens. On the other hand, 
where the growth response to E2 is lost, cell growth can 
still be inhibited by antiestrogens [22]. Our  early 
findings with the pituitary cell line G H  3, were similar 
to those of the latter study and indicated that the ER 
was involved in the growth of these cells but not in 
response to E 2. These  cells were therefore chosen to test 
the hypothesis that the ER was a potential nuclear 
factor mediating growth factor induced mitogenesis. 
Our  studies presented here strongly suggest that even 
in the absence of estrogen, the ER is essential for the 
mitogenic effects of  insulin, IGF-1  and as yet, uniden- 
tified autocrine factors produced by these G H  3 cells. 
We make the claim that the ER is without any known 
ligand, as extensive experiments (data not shown) were 
conducted to excluded the presence of estrogens in the 
medium used for these experiments.  

Since growth is a complex process and very few of 
the genes involved have been characterized, it is poss- 
ible that in the absence of a growth response t o  E2 ,  the 
antiestrogen-liganded receptor interferes in a non- 
specific way with the transcription of an essential 
growth promot ing gene. Our  data on the secretion of 
prolactin, the gene for which ER is regulated [20], 
strongly implies that the above is not the case for this 
gene. Our  transfection data, discussed below, may also 
be cited as further  support  against a non-ERE mediated 
effect of antiestrogen. Also, the hypothesis of interfer- 
ence of the antiestrogen-liganded receptor with tran- 
scription of essential growth promot ing gene(s) by 
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peptide factors ultimately acting at a further 5' respon- 
sive element, only holds if growth of  the cells is truly 
estrogen unresponsive. We have recently shown that 
when cells are transferred from the stock condition to 
phenol red free D M E M  or Hams F 1 2 / D M E M  with 
5% SFCS for one passage prior to seeding and treat- 
ment, a mitogenic response to E2 is observed at concen- 
trations as low as 1 pM (unpublished data). 

Although it is still possible for other cellular systems 
that the ER is essential for a transcriptional response 
via a D N A  element other than the ERE, our trans- 
fection data strongly indicate that for GH3 cells, the 
growth response to insulin and IGF-1  is mediated via 
the ERE. Therefore it would appear that the activation 
of growth factor pathways results in the conversion of 
the ER to a transcriptionally active state. In effect 
therefore, under circumstances where estrogen concen- 
trations are low or these compounds are completely 
absent, the ER in these cells is the nuclear component 
transducing the growth factor signal. Tha t  estrogen 
fails to give a mitogenic response under the growth 
conditions employed here, is consistent with our obser- 
vations from transfection studies that under some 
conditions, E2 is a poor inducer of the reporter gene. 
Therefore it would appear that even the endogenous 
growth inducing peptides are sufficient to activate 
transcription driven by the powerful palindromic vitel- 
logenin ERE of the A M T V - E R E - L U C  construct. 
As indicated above and supported by others [23, 24] 
growth can be exquisitely sensitive to estrogen, there- 
fore our data for G H  3 cells, indicates that the trans- 
activating activity of  the ER induced by peptide 
factors, is alone sufficient for a maximum growth 
response via the ER pathway. It is likely that the loss 
of estrogen sensitivity, on removal of serum and estro- 
gen, results from the upregulation of autocrine growth 
factor synthesis or that of their receptors. In this 
regard, it has already been established that these cells 
secrete IGF-1  [25]. In contrast to growth, our data 
would suggest that for prolactin, induction of synthesis 
can only be achieved by E2 acting in synergism with 
autocrine/paracrine factors. It has been observed that 
the ERE of the rat prolactin gene is a non-palindromic 
sequence [26]. Where such an imperfect responsive 
element exists, it has been suggested that the influence 
of other transcription factors, at adjacent sites, is 
required for the activation of  the promoter sequence 
[27]. This is indeed the case for the rat prolactin gene 
since the pituitary specific transcription factor, Pi t - l ,  is 
required for its full activation [20]. In view of  this, it 
is highly likely that the interaction between Pit-1 and 
the ER requires the latter to be liganded by estrogen. 
These data therefore suggest a marked promoter de- 
pendence for the transactivating potential of the ER 
activated by growth factors alone, in comparison to 
estrogen and peptide factors together- -an  idea now 
supported for the synergistic activation of the ER by E2 
and protein kinase activators [28]. 

During the preparation of this manuscript data 
has been presented for two in  v i t r o  studies [29, 30] 

suggesting that the mechanism of transcriptional acti- 
vation of the ER reported here, is applicable to other 
cellular systems. By extrapolation, it is possible that a 
non-ligand binding form of the ER is used by growth 
factor pathways in cell types where the ER is not 
detected by conventional biochemical or immunologi- 
cal methods. It  is perhaps by the upregulation of  a 
non-ligand binding form of the ER that some breast 
tumours progress from an estrogen sensitive, to an 
estrogen and antiestrogen insensitive state. Recently it 
has been demonstrated that a non-ligand binding form 
of ER exists in meningioma [31]. It remains to be 
established whether this aberrant receptor, possibly 
constitutively activated by growth factor pathways, is 
responsible for the high levels of progesterone receptor 
often observed in these tumours [32]. 

This study has provided new information as to the 
nuclear events that occur in response to growth factor 
binding to cell surface receptors and also raises funda- 
mental questions as to the way steroid receptors can be 
converted to a transcriptionally active state. In terms of 
the clinical situation, because of  dietary intake, it is 
clearly not possible to exclude every source of estrogen, 
even with the powerful aromatase inhibitors now avail- 
able. These data strongly suggest that even if this was 
possible, the ER can still function as a transcription 
factor involved in growth. For this reason, careful 
regard should be paid to this observation when future 
strategies are being designed for the treatment of 
tumours whose growth are sensitive to the ' transcrip- 
tionally active ER'.  
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