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A m o n g  t he  l a r g e  n u m b e r  o f  i m m e d i a t e  e a r l y  genes ,  n u c l e a r  p r o t o - o n c o g e n e s  o f  the  Fos  a n d  J u n  
famil ies ,  have been pos tu la ted  to be involved  in t he  l o n g - t e r m  effects of  several  growth  factors  on 
cell  d i f f e r e n t i a t i o n  a n d / o r  m u l t i p l i c a t i o n .  S ince  a d r e n a l  cell  d i f f e r e n t i a t e d  f u n c t i o n s  a p p e a r  to be  
regulated  by specific h o r m o n e s  and growth  factors,  the effects of  these factors  on p r o t o - o n c o g e n e  
m R N A  levels were a n a l y s e d  in b o v i n e  a d r e n a l  f a s c i c u l a t a  cel ls  ( B A C )  in c u l t u r e .  C o r t i c o t r o p i n  
(ACTH) a n d  i n s u l i n - l i k e  g r o w t h  f a c t o r  I i n c r e a s e d  c-los andjun-B m R N A ,  b u t  h a d  no  ef fec t  on  c-jun 
m R N A  and these  early changes  w e r e  a s s o c i a t e d  with a l a t e r  i n c r e a s e  in BAC specific funct ion  [ACTH 
r e c e p t o r s ,  c y t o c h r o m e  P450  17~) a n d  3 f l - h y d r o x y s t e r o i d  d e h y d r o g e n a s e  (3 f l -HSD) ]  a n d  a n  e n h a n c e d  
s t e r o i d o g e n i c  respons iveness  to both  ACTH and angiotens in-II  (A-II). O n  the  o t h e r  h a n d ,  A-II 
increased the three  p r o t o - o n c o g e n e  (c-los, c-jun andjun-B)  m R N A s ,  i n d u c e d  a d e c r e a s e  o f  P450  17~ 
a n d  3fl -HSD a n d  c a u s e d  a m a r k e d  h o m o l o g o u s  a n d  hetero logous  (ACTH) densi t izat ion.  Tra n s form -  
ing g r o w t h  f a c t o r  fl~ w h i c h  on ly  i n c r e a s e d  j un -B  m R N A ,  m a r k e d l y  reduced BAC d i f f e r e n t i a t e d  
funct ions  and the s tero idogenic  respons iveness  to both  ACTH and A-II. Thus,  it is postu lated  t h a t  
the p r o t o - o n c o p r o t e i n s  encoded  by t he  i m m e d i a t e  e a r l y  genes m a y  p l a y  a ro l e  in t he  l o n g - t e r m  
effects of  pept ide  h o r m o n e s  a n d  g r o w t h  f a c t o r s  on B A C  d i f f e r e n t i a t e d  f u n c t i o n s .  
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I N T R O D U C T I O N  

Most  nucleated eukaryotic cells constantly respond to a 
variety of  factors, such as growth factor and peptide 
hormones,  that bind to cell surface t ransmembrane  
receptors and which, in addition to acute effects, induce 
long- term transcr ipt ion-dependent  changes in pheno-  
type. One mechanism which has been proposed to link 
l igand-receptor  interaction with long- term effects is the 
induction of transcription regulatory proteins, which are 
encoded by "p r imary  response genes" or " immedia te  
early genes",  the induction of which is independent  of  
protein synthesis but requires only the post- t ranscrip-  
tional modification of pre-exist ing transcriptional fac- 
tors [1]. Until  recently, it was thought  that the 
ligand-specific response in a cell type and the distinct 
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responses to a same ligand among different cell types 
were related to restricted patterns of  gene expression. 
However,  it has now been clearly shown that a variety of  
l igand-induced long-term phenotypic changes, either 
ligand-specific for a given cell type, or cell-specific in 
response to a common ligand, are associated with an 
initial induction of many common genes. Therefore ,  the 
biological diversity in response to alternative inductive 
signals might  be a consequence of varied combinatory 
utilizations of  a common pool of pr imary response genes, 
rather than the result of the induction of transcripts 
specific to a particular ligand or cell type [1]. 

Among the very large numbers  of immediate early 
genes, cellular nuclear proto-oncogenes,  in particular 
members  of the Fos and Jun families, appear to play a 
crucial role in linking the initial l igand-receptor  inter- 
action to the promot ing effects on growth, development  
and/or differentiation of such ligands [1-3]. Nuclear  
proto-oncogenes share many  common features such as 
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rapid and transient expression in response to peptide 
hormones and growth factors, short half-life o f m R N A s  
and proteins, and post-translational modification of 
proto-oncoproteins,  mainly by serine phosphorylation. 

Members  of  the Fos and Jun families of proto-  
oncoproteins interact at their leucine zipper to form 
homodimers  or heterodimers [4, 5]. The  Fos/Jun dimers 
bind a specific D N A  sequence (the AP-1 site) found in 
the 5' regulatory region of many genes including c-los 
and c-jun [2]. Heterodimers  composed of one member  of 
the Fos family and one of the Jun family exhibit much 
higher affinity for AP-1 sites and more potent transcrip- 
tion regulating activity than homo- and heterodimers 
composed solely of  members  of the Jun family. These 
differing D N A  binding affinities and transcriptional 
activation suggest a mechanism by which the relative 
concentration of Fos and Jun proto-oncoproteins may 
have regulatory effects [4, 6, 7]. 

In steroidogenic cells, the specific protein hormones 
induce two well-established types of  responses: (a) acute 
steroid output,  which does not require transcription, 
and (b) long-term trophic effects on cell differentiation. 
In addition, r ecen t  data indicate that growth factors, 
including insulin-like growth factor I ( I G F - I )  and 
transforming growth factor fl (TGFf l ) ,  which have no or 
very small acute steroidogenic effects, can regulate posi- 
tively or negatively the state of  steroidogenic cell differ- 
entiation. In  order to determine the role of nuclear 
proto-oncogenes in the long-term effects of peptide 
hormones and growth factors in steroidogenic cells, we 
have investigated the induction by these factors of  nu- 
clear proto-oncogenes of  the Jun and Fos families using 
a well-defined steroidogenic model, bovine adrenal fas- 
ciculata-reticularis cells (BAC) in pr imary culture. 
These  cellws contain specific membrane  receptors for 
corticotropin ( A C T H )  [8], angiotensin-II  (A-I I )  [9, 10], 
I G F - I  [ 11 ] and T G F f l  [ 12] and these factors regulate the 
expression of specific functions of BAC. Therefore,  we 
have analysed the relations between the initial effects of  
these factors on proto-oncogenes and their long-term 
effects. 

E F F E C T S  OF A C T H  A N D  A-II ON B A C  
P R O T O - O N C O G E N E  m R N A s  

The  t ime-course effects of  both hormones on proto-  
oncogene m R N A  are shown in Fig. 1. A C T H  increased 
c-los and jun-B m R N A  but had no effect on c-jun 
m R N A ,  whereas A- I  I enhanced the m R N A s  of the three 
proto-oncogenes.  The  accumulation of m R N A  was 
transient, reaching maximal values between 1 and 2 h 
after hormonal  stimulation and decreasing thereafter. 
The  effect of  both hormones on proto-oncogene m R N A  
accumulation was dose-dependent  [13]. T h e  concen- 
trations of A C T H  required to induce half-maximal and 
maximal proto-oncogene m R N A  levels were about 
10 -H and 1 0 - 9 M ,  respectively, whereas the corre- 
sponding A - I I  concentrations were about 10 -9 and 
10 -TM,  respectively. These  concentrations for both 
hormones are similar to those required to induce maxi- 
mal and half-maximal cortisol secretion [13]. 

These  results confirm and extend previous studies. In 
vivo studies in the rat have shown that A C T H  treatment  
produced a rapid but transient increase in adrenal c-los 
m R N A  levels [14] and that either acute stress [15] or 
A C T H  administration [16] enhanced the number  of  
adrenal cells containing c-los-like immunoreact ive ma-  
terial. Moreover,  A C T H  also increased c-fos m R N A  
levels in Y-1 adrenocortical cells [17], cultured rat 
adrenal cells [18] and cultured bovine glomerulosa cells 
[19]. Similarly, the effect of A - I I  on proto-oncogene 
m R N A  levels in BAC is consistent with a recent report,  
showing that A - I I  increases the three proto-oncogene 
m R N A  levels in bovine adrenal glomerulosa cells [19]. 

The  stimulatory action of A C T H  on proto-oncogene 
m R N A s  as well as in steroid product ion is mediated 
through protein kinase activation, since cAMP agonist 
mimicked the effects of  A C T H  [13, 18] and since a 
selective inhibitor of protein kinase A suppressed the 
effects of  A C T H  on rat adrenal cells [18]. 

Since BAC contain two A - I I  receptor subtypes AT1 
and AT2 [10], we have investigated which receptor 
subtype was involved in the effects of A - I I  or BAC 
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Fig. 1. T i m e - c o u r s e  of  A- I I  (10 -7 M) and  A C T H  ( 1 0  - 9  M) effects on  B A C  p r o t o - o n c o g e n e  m R N A s .  
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Fig. 2. Effects o f  A- I I  and  its a n t a g o n i s t s  on c-fos, c-jun and  
j un -B  m R N A  levels. BAC w e r e  t r e a t e d  wi th  A- I I  10 S M in 
the  absence  (17) o r  p r e s e n c e  o f  L o s a r t a n  10 SM ( [ ] )  or  C G P  
42112 5 × 10 SM (RI). P r o t o - o n c o g e n e  m R N A  levels w e r e  
eva lua t ed  l h l a t e r  by N o r t h e r n  blot .  The  r e su l t s  a r e  

m e a n  + S E M  of  t h r e e  i n d e p e n d e n t  e x p e r i m e n t s .  

proto-oncogene m R N A .  Trea tmen t  of BAC with either 
Losartan,  a specific AT1 antagonist or C G P  42112, a 
specific ligand of AT2  receptor, did not change proto-  
oncogene m R N A  levels [20]. However ,  Losartan 
blocked almost completely the st imulatory effects of  
A - I I  on the three proto-oncogene m R NAs ,  whereas 
C G P  42112, at 5 × 1 0 - S M ,  a concentration at which 
this compound  occupied most  of  the AT2  receptors 
[21], had no effect on the st imulatory action of A - I I  
(Fig. 2). These  results indicate therefore that the effects 
of  A - I I  on proto-oncogene m R N A s  were mediated 
exclusively by the AT1 receptor subtype. 

T h e  steroidogenic effects of A - I I  on BAC are medi-  
ated exclusively by AT1 receptor subtype [21], through 
activation of the two branches of the phosphoinosit ide 
pathway, protein kinase C and Ca2+/calmodulin [13]. 
Therefore ,  we have investigated whether  these two 
branches are also required to induce the expression 
of proto-oncogenes in BAC. T w o  approaches were 
used. First, we compared the st imulatory effects of  
A - I I  on proto-oncogene m R N A  with those produced 
by an activator of  either protein kinase C (phorbol 
ester PMA) or Ca 2÷/calmOdulin (calcium ionophore 
A23187) or both. P M A  alone was able to increase 
proto-oncogene m R N A  levels, but its effects were 
significantly lower than those induced by A - I I  (Fig. 3). 
In  contrast, A23192 either alone or together with PMA,  
had no st imulatory action on proto-oncogene mRNAs.  

In the second approach,  we used the specific inhibi- 
tots of  each branch of the phosphoinosit ide pathway. 
Staurosporine has been shown to be a potent  inhibitor 
of  protein kinase C (PKC)  in many  cell systems, 
including BAC [22], whereas trifluoroperazine (TFP)  is 
an inhibitor of  calmodulin in several cell types [23] 
including BAC [22]. As shown in Fig. 4, staurosporine 
inhibited the st imulatory action of A - I I  on proto-onco-  
gene m R N A  levels by 80--90%. On the other hand, 
T F P  either alone or together with P M A  produced a 
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Fig. 3. Effects of  A-I I ,  p h o r b o l  es te r  PMA,  a n d  c a l c i u m  
i o n o p h o r e  A28187 on p r o t o - o n c o g e n e  m R N A  levels in BAC. 
Cells we re  t r e a t e d  wi th  A- I I  1 0  - 7  M ,  P M A  1 0  - 7  M, or  A23187 
10 -7 M. The  p r o t o - o n c o g e n e  m R N A  levels w e r e  eva lua t ed  1 h 
l a te r  by N o r t h e r n  blot .  The  r e su l t s  a re  m e a n  + S E M  of  3 to 

9 e x p e r i m e n t s .  

small and not statistically significant inhibition of the 
effects of  A - I I  on proto-oncogene expression. The  low 
inhibitory action of T F P  might  be due to its ability to 
slightly inhibit P K C  at high concentrations [23]. Thus ,  
both sets of experimental  approaches indicate that the 
st imulatory action of A - I I  on proto-oncogene m R N A  
levels is mainly mediated through the action of PKC.  

EFFECTS OF GROWTH FACTORS ON 
P R O T O - O N C O G E N E  mRNA LEVELS IN BAC 

A proper ty  of most  growth factors is their ability to 
induce proto-oncogene expression in many cell types. 
This  early expression of proto-oncogenes has been 
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Fig. 4. Effects of  A- I I  (1O 7 M) in the  absence  or  p r e s e n c e  of  
S t a u r o s p o r i n e  (S tau)  (10 6M), t r i f l u o r o p e r a z i n e  (TFP)  
( 10 - S M)  o r  b o t h  on p r o t o - o n c o g e n e  m R N A  levels in BAC. 

The  r e su l t s  a r e  the  m e a n  _+ S E M  of  3 to 5 e x p e r i m e n t s .  
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Fig. 5. Effects oflGF-I (7.10-9M) and TGFflI (4 x 10 H M) on 
proto-oncogene mRNA levels in BAC. 

to its stimulatory effects on A C T H  receptor m R N A  
and binding sites ([8], A. Penhoat, C. Jaillard and J. M. 
Saez, submitted) and on the ~s subunit of G protein 
[36]. In contrast, A - I I  strongly reduced its own recep- 
tors ([19], R. Ouali and J. M. Saez, unpublished data) 
and P450 177 and 3fl-hydroxysteroid dehydrogenase 
(3fl-HSD) [30, 37]. I G F - I  and TGFf l  had also oppo- 
site effects on BAC differentiated function. Thus,  
I G F - I  increases A C T H  and A- I I  receptor m R N A  and 
binding sites [11 and unpublished data] as well as the 
mRNAs,  proteins and activities of P450 17c~ and 3fl- 
HSD ([37, 38], unpublished data), whereas TGFf l  has 
the opposite effects (27-31], D. Langlois, R. Ouali, M. 
C. Berthelon and J. M. Saez, submitted). 

thought to be required for the later mitogenic effect of 
growth factors [2]. In addition to their mitogenic effect, 
many growth factors have pleiotropic actions and are 
able to regulate cell differentiation positively or nega- 
tively [2]. Many groups have shown that differentiated 
functions of adrenal cells can be regulated by growth 
factors including I G F - I  [11,24-26], and TGFf l  
[12, 27-31]. Therefore, we have investigated the effects 
of these factors on proto-oncogene m R N A  in BAC 
(Fig. 5). I G F - !  significantly increased c-fos and jun-B 
but not c-jun, whereas TGFf l  increased jun-B, de- 
creased c-jun, and had no significant effect on c-fos. 
These observations are consistent with the results 
reported previously, showing that in all cell types 
studied, TGFf l  induced the expression of jun-B, 
whereas it had little effect on c-jun and c-fos [32-24]. 

EFFECTS OF ACTH, A-II, IGF-I  AND TGFfl ON BAC 
SPECIFIC FUNCTIONS AND STEROIDOGENIC 

R E S P O N S I V E N E S S  

DISCUSSION 

The  effects of peptide hormones and growth factors 
on BAC proto-oncogene and specific functions that 
have been discussed are summarized in Table 1. 
Although there was not a clear-cut relation between 
proto-oncogene and expression of differentiated func- 
tions, three patterns of response were observed. 

(1) Increased cAMP production induced by A C T H  
or cAMP derivatives [13, 18] caused an increase in 
c-fos and jun-B levels and thereafter an increase in 
ACTHR, P450 17c~ and 3f l -HSD m R N A  levels. This 
would suggest that the regulation of these three genes 
are cAMP-dependent .  Whether the 5'-flanking region 
of bovine ACTHR and 3f l -HSD genes contains consen- 
sus CRE cis-elements is unknown since this region has 
not been analysed yet. In bovine P450 17~ gene, the 
5'-flanking region contains cAMP-responsive se- 
quences but no consensus CREs have been identified 
[38]. Moreover, the cAMP stimulatory effects on P450 

The main specific function of BAC is to produce 
1000 cortisol in response to hormonal stimulation. This 

steroidogenic responsiveness depends upon the state of 
cell differentiation, in particular the number of mere- 800 
brane bound receptors for the specific hormone, the 
coupling of these receptors to intracellular effectors and 

o 600 o the activity of the enzymes involved in the '5 
steroidogenic pathway. Figure 6 shows the effect of a 
2-day pre-treatment with several factors on the ~ 400 
steroidogenic responsiveness to both A C T H  and A-I I .  "E 

o 
Clearly, pre-treatment with either A C T H  or I G F - I  w 200 
enhanced the steroidogenic responsiveness to both 
A C T H  and A- I I ,  whereas pre-treatment with A - I I  or 
TGFfl  blunted the response to both hormones. These 0 
changes in the steroidogenic responsiveness are associ- 
ated, and probably are dependent with marked changes 
in the expression of specific function of BAC. Thus,  
A C T H  is one of the few peptide hormones that in- 
creases rather than desensitizes the responsiveness of  
its target cells. This is not only due to its positive action 
on steroidogenic enzyme gene expression [35], but also 

[ ]  ACTH 

[ ]A -II 

Fig. 6. Effects of a 2 day pre-treatment with ACTH (10 -s M, 
A-II (10-7M),TGF/J (4x 10-HM) andIGF-I (7 × 10 9M) on 
BAC steroidogenic responsiveness. At the end of the exper- 
imental period, the medium was removed and cells were 
incubated in the presence of either ACTH (10 -8 M) or A-II 
(10-7 M). After 2 h the medium was removed and the cortisol 

measured (mean _+ SEM of 4 to 6 experiments). 
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Table 1. Effects of several factors on B A C  proto-oncogenes and differentiated 
functions 

c-fos c-jun jun-B ACTHR A-II R P450 17~ 3fl-HSD 

ACTH ~ - -  dl~ ~ 7  ~ ¢ ~  

A-II ~IT ~ ~IT ~ ~ ~ 

TGF-fl - -  - -  ~ ' ~  ~IL ~1~ ~IL 

IGF-I ~ - -  41~ J dl ~ ~ 

Abbreviations used: ACTH, corticotropin; ACTHR, ACTH recptor; A-I I, angiotensin I I; 
A-II R, A-II receptor type AT1; TGFfl, transforming growth factor ill; IGF-I, 
insulin-like growth factor I; P450 17~t, cytochrome P450 17ct hydroxylase; 3fl-HSD, 
3fl-hydroxysteriod dehydrogenase 5-en-4-en-isomerase. 

17:t and  3 f l - H S D  are  b locked  by  cyc lohex imide  
[39, 40]. T h e s e  f ind ings  sugges t  tha t  the  expres s ion  of  
these  genes is p r o b a b l y  not  m e d i a t e d  t h r o u g h  one o f  the  
m e m b e r s  o f  C R E B / A T F  fami ly ,  bu t  the  exact  na tu re  of  
these  t r an sc r i p t i ona l  fac tors  is u n k n o w n .  A s imi lar  
p a t t e r n  of  r e sponse  was o b s e r v e d  fo l lowing  s t imu la t i on  
wi th  I G F - I ,  b u t  its effect on p r o t o - o n c o g e n e  as well  as 
on  the  B A C  specific func t ion  were  lower  than  those  
p r o d u c e d  by  A C T H  or  c A M P .  

(2) Ac t iva t i on  o f  P K C  b y  P M A  or  A - I I  enhanced  
the  expres s ion  o f  the  th ree  p r o t o - o n c o g e n e  and  this  was 
assoc ia ted  wi th  a decrease  in the  m R N A  levels o f  A - I I  
r ecep to r ,  P 4 5 0  17:¢ and  3 f l - H S D .  T h e  5 ' - f l ank ing  
reg ion  o f  bov ine  A - I I  r ecep to r  ( A T 1 )  and  3 f l - H S D  has 
not  ye t  been  ana lysed  and  tha t  o f  P 4 5 0  17~ does  not  
con ta in  consensus  AP-1  b i n d i n g  sites [41]. H o w e v e r ,  it  
is k n o w n  tha t  the  p r o t o - o n c o p r o t e i n  h o m o d i m e r  (Jun)  
and  h e t e r o d i m e r  ( J u n / F o s )  can b i n d  to sequences  o the r  
than  the classical  AP-1  b i n d i n g  site and  tha t  F o s / c - J u n  
h e t e r o d i m e r  can r ep ress  the  expres s ion  o f  several  genes 

[21. 
(3) T G F f l  caused  an increase  i n j u n - B ,  a decrease  in 

c- jun  and  la ter  on a decrease  in the  m R N A  levels o f  the  
m a i n  genes  e n c o d i n g  B A C  d i f fe ren t ia ted  func t ions .  
A l t h o u g h  the effect o f  T G F f l  on j u n - B  express ion  has 
been  o b s e r v e d  in o the r  cell t ypes  [32, 33], how this  
p re fe ren t i a l  s t imu la t ion  can be  re la ted  to its p l e i t rop i c  
effects is u n k n o w n .  A T G F f l  i n h i b i t o r y  e l emen t  ( T I E )  
has been  d e s c r i b e d  in the  5 ' - f l ank ing  reg ion  o f  several  
genes,  the  expres s ion  o f  which  is i nh ib i t ed  by  T G F f l  
[32]. T I E  b i n d s  a p ro t e in  complex ,  i n d u c e d  in T G F f l -  
t r ea ted  cells,  tha t  con ta ins  Fos  and  p r o b a b l y  J u n - B  
[43]. A l t h o u g h  the  T I E  sequence  ( G n n T T G G t G a )  
and the  AP-1  sequence  ( T G A g / c T C A )  are di f ferent ,  
AP-1  sequence  can c o m p e t e  for  b i n d i n g  to T I E  by  the 
T G F f l  i nduc ib l e  nuc lea r  p ro t e in  [42, 43]. 

In  ano the r  s t e ro idogen ic  cell type ,  L e y d i g  cell ,  
p e p t i d e  h o r m o n e s  and  g r o w t h  factors  also r egu la te  
p r o t o - o n c o g e n e  express ion  [44, 45] and  la ter  on,  di f fer-  
en t i a t ed  func t ions .  T h u s ,  the  d i f ferent  r egu la t ion  of  
p r o t o - o n c o g e n e  express ion ,  the  m u l t i p l e  c o m b i n a t o r y  
f o r m a t i o n  o f  h o m o d i m e r s  and  h e t e r o d i m e r s  be tween  

Fos  and  Jun  [2, 3] and  be tween  Jun  and  some m e m b e r s  
o f  the  C R E B / A T F  fami ly  [46] and  the d i f ferent  t r an -  
sc r ip t iona l  ac t iv i ty  o f  h e t e r o d i m e r s  con ta in ing  c - J u n  or  
J u n - B  [7, 47, 48], i l lus t ra te  the  poss ib i l i t i es  for sub t le  
gene r egu la t ion  by  these  p r o t o - o n c o p r o t e i n s .  H o w e v e r ,  
to c lar i fy  the  role o f  these  p r o t o - o n c o p r o t e i n s  in the  
l o n g - t e r m  effect o f  p e p t i d e  h o r m o n e s  and g r o w t h  
factors  on s t e ro idogen ic  cell d i f fe ren t i a ted  func t ion ,  it 
w o u l d  be necessary  to comple t e  the  s tudies  on p r o t o -  
oncogene  express ion  by  o the r  app roaches ,  in pa r t i cu l a r  
by  t rans fec t ion  e x p e r i m e n t s  wi th  wi ld  or  m u t a t e d  
p r o t o - o n c o g e n e s  a lone or  in c omb ina t i on ,  and  by  us ing  
an t i sense  o l i godeoxynuc l eo t i de s  [49]. 
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