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INVESTIGATION INTO THE MECHANISM OF 

INDUCTION 
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Summary--P450scc catalyses the first and rate-limiting reaction in steroidogenesis and is 
hormonally regulated. By Northern analysis, using a bovine eDNA probe, we have studied 
the regulation of P450scc mRNA in pig granulosa cells cultivated/n vitro. Using transcription 
and translation inhibitors, we show that the gonadotropin-induced accumulation of P450scc 
mRNA mainly results from increased transcription, and that this stimulation, at least in part, 
is protein synthesis-dependent. Although transcriptional regulation of P450scc gene ex- 
pression is found in other steroidogenie cells, cycloheximide-sensitivity of this regulation is not 
widespread. Pig granulosa cells thus would constitute a useful model to study this mechanism 
of regulation. 

INTRODUCTION EXPERIMENTAL 

In pig granulosa cells, as in other steroidogenic 
tissues, the first step of steroid synthesis, 
the cholesterol side chain cleavage, is rate- 
limiting and hormonally regulated. Recent 
results demonstrate that, in pig granulosa 
cells, gonadotropins and agonists of the cAMP 
pathway increase the mRNA level of this side 
chain cleavage enzyme, P450scc [1, 2]. The 
question then arises as to whether the gonado- 
tropin-induced accumulation of P450scc 
mRNA results from an increased transcription, 
and as to what may be the underlying 
mechanisms. 

Using inhibitors of transcription and trans- 
lation, we show that (i) the gonadotropin- 
induced accumulation of P450scc mRNA 
results from increased transcription, and (ii) 
that this transcription is protein synthesis- 
dependent. 

Taken together with results already pub- 
lished our data suggest that in cycloheximide- 
sensitive models, P450scc gene transcription 
could be dependent on cis-acting sequence(s) 
regulated by labile protein(s) or protein 
complex. 
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Cell cultures 

Ovaries were collected at a local slaughter- 
house, and granulosa cells were scraped out 
from 3 mm diameter healthy follicles, after 
opening the follicles in the culture medium. 
Cells were plated at 6 follicle-equivalents per 
flask in a serum-containing medium in 75 cm 2 
Coming culture flasks and grown to confluency 
(5 days after plating, about 6 × l0 s cells). 
Culture medium was a 1:1 mixture of GC3 [3] 
and Eagle's minimum essential medium, sup- 
plemented with 6% foetal calf serum (Gibco 
BRL, Cergy Pontoise, France) and 1% 
serum substitute Ultroser SF (Sepracor IBF, 
Villeneuve la Garenne, France). At the end of 
the growing period, medium was replaced by 
serum-free GC3 medium containing the differ- 
ent agents and incubated as indicated in the 
figures. Each treatment was repeated at least 
twice in independent experiments. 

Northern analysis 

Total RNA was extracted by a LiCl/urea 
method[4] and 5/~g were size-fractionated 
through methyl mercury hydroxyde denaturing 
1.2% agarose gels [5], blotted by capillary trans- 
fer with 0.2 × SSC (1 × SSC=0 .15M NaC1, 
0.015 M sodium citrate) onto a nylon membrane 
(Hybond N, Amersham France, Les Ulis) and 
fixed by u.v. irradiation (0.140 J/cm2). 

869 



870 F. HATEY et al. 

28 S 

18S 

C on t ro l  FSH F o r s k o l i n  

Fig. 1. P450scc m R N A  induction in pig granulosa cells. 
Cells were treated for 48 h with 300ng/ml  FSH or 
3 x 10 -5 M forskolin. Positions of  ribosomal R NAs  are 

indicated. 

The probe was a bovine cDNA [6] 32p-labelled 
using random hexanucleotide primers and the 
Klenow fragment of E. coli DNA polymerase [7] 
(Random Primed DNA Labeling Kit, 
Boehringer Mannheim, France). 

Following an overnight prehybridization step 
at 42°C, the membranes were hybridized with 
probe (2--4 x 106 cpm/ml) for 24-36 h. Hybridiz- 
ation medium was 50% formamide, 5 x SSPE 
(1 x SSPE = 0.18 M NaCI, 0.01 M sodium phos- 
phate, 0.001 M EDTA pH 7.4), 5 x Denhardt's 
solution, 1% SDS and 250/~g/ml sonicated 
denatured salmon sperm DNA. After hybridiz- 
ation, membranes were rinsed at room tempera- 
ture in 0.1 × SSC, 0.1% SDS, then at 45°C for 
10 rain in the same solution. Hybridization sig- 
nals were detected by exposure to Kodak X- 
OMAT S films at -70°C with intensifying 
screens for 3 to 7 days. Intensities of autoradio- 
graphic bands were measured by densitometric 
scanning. As a control, membranes were methyl- 
ene blue stained. The autoradiograms presented 
are representative of at least two independent 
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Fig. 3. Effect of  actinomycin D treatment on P450scc 
transcription. Cells were treated as in Fig. 2. (actinomycin 
D: I/~g/ml, FSH: 100 ng/ml, forskolin: 3 x 10 -5 M). Mean 
values of  3 independent experiments. ( - ) :  without, ( + ) :  

with actinomycin. 

experiments, and the size of the P450scc tran- 
script is the same in all analysis. 

Chemicals 

Purified ovine FSH (sp. act. 20-30 x NIH- 
FSH S1, <3% LH) was given by Dr Y. Com- 
barnous; ~-amanitin was from Boehringer 
Mannheim; [~32p]dCTP was from Du Pont de 
Nemours NEN (Les Ulis, France) and other 
biochemicals were from Sigma (L'Isle d'Abeau 
Chesnes, France). 

RESULTS 

Gene expression and regulation 

Hybridization of total pig granulosa cell RNA 
with bovine P450scc probe reveals a transcript 
of 2 kb, and treatment of the cells for 48 h with 
FSH or forskolin results in an increase in 

FSH - + - + - + 

A c t i n o m y c i n  - - + + 

C y c l o h e x i r n i d e  . . . .  + + 

Fig. 2. Effect o f  actinomyein D and cycloheximide on FSH-induced accumulation of  P450scc m R N A .  
Cells were cultured during 8 h with treatments as indicated (FSH: 100 ng/ml, actinomycin D: 1/ ,g/ml,  

cycloheximide: 0.15 #g/ml).  
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Forskolin 18 h - + + + + 

+ actinomycin 8 h - + - 

+ cycloheximide 8 h - - + 

Fig. 4. Effects of actinomycin D and cycloheximide on the stability of induced P450scc mRNA. Pig 
granulosa ceils were incubated for 18 h with or without forskolin (3 x 10 -5 M). Forskolin was then 
withdrawn and cells either harvested or further treated with either actinomycin D (1 #g/ml) or 

cycloheximide (0.15/ag/ml) for 8 h. 

P450scc m R N A  level (Fig. 1). As already de- 
scribed [2], this induction is time- and dose-de- 
pendent: after 3 h, P450scc m R N A  level is 
slightly increased, and goes up further until 
48 h. Maximum response for FSH is obtained 
with 100 to 300 ng/ml. 

Transcription inhibition 

Transcription inhibition by actinomycin D, at 
1 #g/ml for 8 h, nearly abolishes FSH-induced 
m R N A  levels with a slight effect, if any, on 
basal level (Fig. 2). Densitometric analysis indi- 
cates that actinomycin treatment reduces the 
stimulation from 7.3-fold over control to 1.3, 
without effect on control values (Fig. 3). 

The same inhibition of P450scc gene ex- 
pression by actinomycin is observed when 
cells are stimulated by forskolin, the reduction 
being from 12.9- to 1-fold over control (Fig. 3). 
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control(-)' F.~-I(.)' ~oesk. (-)'control(+)' Fed..t(+)' fo~k.(+) 

Fig. 5. Effect of cycloheximide treatment on P450scc tran- 
scription. Cells were treated as in Fig. 2. (cycloheximide: 
0.15 #g/ml, FSH: 100 ng/ml, forskolin: 3 × 10 -5 M). Mean 
values of 3 independent experiments. ( - ): without, ( + ): 

with cycloheximide. 

The use of  another transcription inhibitor, ct- 
amanitin, also results in an inhibition of  the 
FSH-induced accumulation of P450scc m R N A  
(not shown). 

In order to check that actinomycin D does 
not reduce P450scc m R N A  stability, cells were 
induced with forskolin for 18 h, then forskolin 
was withdrawn, and cells treated or not with 
actinomycin D for 8 h. During this 8 h period, 
in the absence of treatment, there is a decrease 
in m R N A  level. During this period, actinomycin 
does not contribute to m R N A  degradation, but 
rather stabilizes P450scc m R N A  (Fig. 4). The 
same effect is observed after FSH induction (not 
shown). 

Protein synthesis inhibition 

Protein synthesis inhibition by cycloheximide 
at 0.15 #g/ml for 8 h clearly results in an import-  
ant reduction of  FSH-induced m R N A  level, 
with a slight stimulatory effect on basal level 
(Fig. 2). In the presence of cycloheximide, the 
stimulating effect of  FSH is reduced to 2.6 as 
compared to 8.2 in the absence of  inhibitors, 
and the stimulating effect of  forskolin is reduced 
from 11.3 to 1.6 (Fig. 5). 

I f  the same cells are analysed for the ex- 
pression of another inducible gene, insulin 
growth factor I ( IGFI) ,  there is only a slight 
effect of  cycloheximide on both basal and FSH- 
or forskolin-induced I G F I  m R N A  (not shown), 
indicating that the effect of  cycloheximide of 
P450scc m R N A  level does not result f rom a 
general interference of cycloheximide with tran- 
scription. 

In order to detect a negative effect of  cyclo- 
heximide on P450scc m R N A  stability, we used 

SBMB 43/g--J 
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the same experimental design as for actinomycin 
D, that is stimulation of mRNA accumulation 
by forskolin, then treatment by the inhibitor. In 
these conditions, the presence of cycloheximide 
does not result in a reduction, but rather in a 
stabilization of P450scc mRNA (Fig. 4). The 
same effect is observed after FSH induction (not 
shown). 

DISCUSSION 

Our data suggest that the gonadotropin in- 
duction of P450scc mRNA is of transcriptional 
nature, and that this regulation is partially 
protein synthesis-dependent. They also confirm 
the results of Mulheron et al. [1] and Urban 
et al. [2] who have shown that gonadotropins 
and cAMP agonists stimulate P450scc mRNA 
accumulation in pig granulosa cells. 

Transcriptional regulation 

mRNA accumulation could result from an 
increased transcription, an increased stability, 
or both. 

We used actinomycin D to detect an effect of 
FSH or forskolin on transcription. To avoid as 
much as possible toxic or side effects associated 
with actinomycin, we used it in short term 
experiments (8 h). Control experiments indi- 
cated that, in pig granulosa cells, more than 
90% inhibition of uridine incorporation is ob- 
tained with 1 pg/ml for 8 h. 

In these conditions, we show that the gonado- 
tropins-induced accumulation of P450scc 
mRNA results from increased transcription. 
Moreover, the experiment of Fig. 4 shows that, 
after the 8 h period, P450scc mRNA levels are 
higher in actinomycin-treated cells than in un- 
treated cells indicating that not only does acti- 
nomycin not reduce P450scc mRNA stability 
but rather it slows down P450scc mRNA decay. 
However, a stabilization of the mRNA by 
gonadotropins should be directly appreciated by 
measuring P450scc mRNA half-life after label- 
ling of the cells. 

Using actinomycin D, a transcriptional 
stimulation has been reported for aromatase 
mRNA in the same pig granulosa cell model [8], 
and for P450scc mRNA in forskolin-stimulated 
rat granulosa cells [9]. An increased transcrip- 
tion of the P450scc gene in response to cAMP 
has also been demonstrated in other models, 
either by nuclear run-on transcription as in the 
murine Leydig cell line MA-10 [10] or again by 

using actinomycin D as in the human chorio- 
carcinoma cell line JEG-3 [11]. 

In bovine adrenocortical cells, transcriptional 
stimulation is likewise involved in the regulation 
of the expression of P450scc[12] and other 
genes of the steroidogenic pathway, P450c17, 
P450cl I, P450c21 and adrenodoxin [13], but, in 
addition, there is an increase in P450scc mRNA 
stability [14]. 

Thus, even if not exclusive, increased tran- 
scription seems to be a general response to 
hormonal stimulation in steroidogenic tissues. 

Protein synthesis inhibition 

Our data demonstrate that, in pig granulosa 
cells, the inhibition of protein synthesis reduces 
the hormonally-induced accumulation of 
P450scc mRNA. This effect does not seem to 
result from mRNA half-life reduction or from a 
side effect of cycloheximide, as this inhibitor 
seems to stabilize preinduced P450scc mRNA 
(Fig. 4). An analogous situation is found in 
bovine adrenocortical cells, where cyclo- 
heximide inhibits the ACTH-induced P450scc 
mRNA synthesis [12, 13], and is interpreted by 
the intervention of short-lived, cAMP-induced 
proteins which activate the transcription of the 
P450scc gene. These hypothetical proteins, 
termed SHIP (steroid hydroxylase inducing pro- 
teins) [13], would confer cycloheximide sensi- 
tivity to P450scc mRNA induction. However, 
sequences conferring cAMP responsiveness 
have since been found in the 5' region of the 
bovine P450scc gene [15] indicating that cAMP 
can directly activate transcription without the 
intervention of an inducible protein. 

If the SHIP hypothesis can be ruled out, the 
cycloheximide inhibitory effect on P450scc 
mRNA accumulation remains to be explained: 
it is also found in a human cytotrophoblastic 
cell line JEG-3 [11] and in a mouse tumor 
Leydig line MA-10 [16]. By contrast, P450scc 
gene expression is not inhibited by cyclo- 
heximide in human granulosa cells[17], rat 
follicles in vitro [18], and also, according to 
Mellon and Vaisse [10], the same MA-10 cells. 

Interestingly, in JEG-3 cells, cycloheximide 
inhibits the cAMP-induced accumulation of 
P450scc mRNA, but stimulates adrenodoxin 
mRNA accumulation. All these data indicate 
that the mechanisms of regulation of the en- 
dogenous expression of P450scc vary according 
to the cell model under study. 

To identify the 5' region required for cAMP 
induction, transient expression of chimeric 
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plasmids containing the promoter/regulatory 
region of P450scc gene in various cell lines has 
been analysed: the human gene expressed in the 
transformed murine adrenal cell line Y1 was 
found insensitive to cycloheximide [19], as well 
as the bovine gene expressed in either Y1 or 
bovine adrenocortical cells [15]. This last result 
is surprising as, in this model, endogenous 
stimulation of P450scc gene expression is cyclo- 
heximide-sensitive [12,13]., Similarly, in the 
same cells, P450c17 constructs are cyclo- 
heximide-insensitive, although the endogenous 
gene is inhibited by cycloheximide [20]. 

So, cycloheximide results are rather contro- 
versial, and the link between cycloheximide and 
cAMP stimulation of P450scc gene expression 
remains to be determined. Multiple cAMP re- 
sponsive regions or sequences are present in the 
5' region of the human P450scc gene [19, 21] 
and possibly in the bovine P450scc gene [15]. If 
such multiple cAMP responsive regions are 
found in the 5' region of the pig P450scc gene, 
some (but not all) proteic trans-acting factors 
which interact with these regions could be short- 
lived and thus confer a partial cycloheximide- 
sensitivity to the model. 

Thus, as far as P450scc is concerned, pig 
granulosa cells provide a useful model to 
study this particular mechanism of regulation. 
Nuclear run-on should be used to confirm the 
transcriptional regulation and the protein- 
synthesis dependence of the cAMP regulation, 
and when P450scc genomic clones will be avail- 
able, transient expression of chimeric constructs 
will be used to analyse this mechanism. 
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