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Snmmary--Maintenance of optimal steroidogenic capacity in the adrenal cortex requires the 
action of the peptide hormone ACTH. Upon binding to its cell surface receptor ACTH 
activates adenylate cyclase leading to elevated levels of intracellular cAMP which in turn 
enhances transcription of  the genes encoding the enzymes involved in the conversion of 
cholesterol to the steroid hormones. By deletion analysis of  their upstream regions, the genes 
encoding the steroid hydroxylases P450c17, P450c21 and P450scc (CYP17, CYP21B and 
CYPI 1A, respectively) were found to contain unique cAMP-responsive sequences (CRSs). 
These sequences are unique in the sense that they have not previously been described to be 
associated with other genes whose transcription is regulated by cAMP. Furthermore they 
appear to bind unique nuclear proteins or transcription factors not previously associated with 
cAMP-dependent transcription. This review summarizes the relatedness of these CRSs in the 
bovine CYPI7 and C Y P l l A  genes and the human CYP21B gene and provides an up-to-date 
summary of  the properties of their nuclear DNA-binding proteins. 

INTRODUCTION 

Almost 20 years ago it was shown that follow- 
ing hypophysectomy, the levels of steroid 
hydroxylase activities and proteins decreased 
in the adrenal cortex[l]. Administration of 
ACTH to hypophysectomized animals restored 
the levels of the steroid hydroxylases. These 
experiments clearly established a role for 
ACTH in the maintenance of steroidogenic 
activity in the adrenal cortex. With the advent 
of the techniques of molecular biology and 
their application to investigation of steroido- 
genesis the details of the mechanisms by which 
ACTH regulates steroid hydroxylase gene 
expression are being elucidated. Binding of 
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ACTH to its cell surface receptor activates 
adenylate cyclase leading to elevated levels of 
cAMP. ACTH through cAMP has both acute 
and chronic actions in the adrenal cortex. The 
acute action involves the mobilization of 
cholesterol into the steroidogenic pathway and 
is very rapid, occurring within minutes. The 
chronic action of ACTH is to coordinately 
enhance the transcription of the genes encoding 
enzymes involved in the steroidogenic pathway 
and this is a longer term process taking several 
hours to become manifest. Once the cDNAs 
encoding the steroid hydroxylases were cloned 
(work of several laboratories summarized 
in [2]), it was shown that ACTH enhances ster- 
oid hydroxylase gene expression at the tran- 
scriptional level[3]. Furthermore this event 
appears to be coordinated in the sense that 
transcription of the genes encoding P450c17, 
P450c21, P450scc and P450cll (the four 
adrenocortical steroid hydroxylases in most 
species) is activated at the same time. Recently 
it has been shown that transcriptional acti- 
vation via cAMP may not be the only mechan- 
ism by which ACTH enhances levels of the 
steroidogenic enzymes[4], but transcription 
appears to be a major mechanism. 
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The coordinated transcriptional activation of 
the CYP17, CYP21, CYPl lA  and CYPl lB 
genes suggested that a common mechanism 
possibly involving the same c/s-regulatory se- 
quence(s) which bind common DNA-binding 
protein(s) was involved in the cAMP-dependent 
increase of the transcription of all these genes. 
The details of this and other aspects of steroid 
hydroxylase gene expression (i.e. tissue-specific, 
developmental, cAMP-independent) are being 
investigated by several laboratories. In Dallas 
we have focused primarily on cAMP-dependent 
transcription of the CYP17, CYP21 and 
CYPIIA genes and this review represents a 
progress report of studies addressing the mech- 
anism of this chronic action of ACTH. 

cAMP-RESPONSIVE DNA SEQUENCES (CRSs) IN 
STEROID HYDROXYLASE GENES 

Using the now standard techniques of coup- 
ling Y-flanking regions of the genes encoding 
steroid hydroxylases to a reporter gene (rabbit 
~-globin in this case [5]), the CRSs in the bovine 
CYP17, bovine CYP11A, and human CYP21B 
genes have been identified. These CRS elements 
are shown in Fig. 1. Within the Y-flanking 
regions studied, the bovine CYP17 gene has two 
CRS elements while the bovine CYPI 1A and 
human CYP21B genes have single CRS se- 
quences. The information in Fig. 1 provides the 

Bovine CYP17 

-243 -225 
CRS I TTGATGGACAGTGAGCAAG 

-76 -40 
CRSII AGCATTAACATAAAGTCAAGGAGAAGGTCAGGGG 

Bovine CYP11A 

- 1 1 8  -83 
ACTGAGTCT~GGAGCTGTGTGCK3C TGGAGTCAG 

Human CYP21B 

- 129 -96 
G i G C C A C T C T G T ~ T C G G T ~ G C K ~ T A C C  

CYP11A VS CYP21B 

-118 -108 -100 -91 -83 
CYP11 A ACTGAGTCTGGGAGGAGC TGTG TGGGCTGGAGTCAG 

-107 -101 
GYP21B TGGGAGG C T C T G T ~  

-124 -112 

Fig. !. CRSs found in the bovine CYPI7 and CYPIlA 
genes and the human CYP21B gene. This figure also shows 
the relatedness of the CRSs between CYP1 IA and CYP21B. 
Note that the sequence between -107 and -I01 of CYP21B 
aligns with -109 and -104 of CYP11A while that between 
-124 and -112 of CYP21B aligns with -98 to -89 of CYPI 1A. 

first surprise in this study. While sequence relat- 
edness is apparent between the CRS elements 
from CYP21B and CYP11A, there is no related- 
ness between the two CRS elements in CYPI7 
and between them and CRS elements in 
CYP21B and CYP11A. This suggests that even 
though transcription in response to cAMP ap- 
pears to be coordinated, it does not appear that 
the same system functions in each gene. This is 
particularly surprising based on the evolution- 
ary profile developed for the CYP (P450) 
genes [6]. This profile suggests that CYP17 and 
CYP21 evolved from a common progenitor 
gene diverging from one another approx. 800 
million years ago. The divergence of CYPll  
from the path leading to the CYP17/CYP21 
progenitor occurred much longer ago than that 
and, therefore, it is surprising that the CRS 
elements of CYP21B and CYPl lA are more 
closely related than are the CYP21B CRS and 
CRSI from CYP17. However, the simple com- 
parison of DNA sequences does not absolutely 
establish the lack of relatedness of the mechan- 
ism of cAMP responsiveness of transcription of 
these genes. Investigation of the nature of the 
proteins binding to these DNA sequences is 
crucial to a detailed understanding of the mech- 
anism(s) by which cAMP enhances steroid 
hydroxylase gene expression. 

CHARACTERIZATION OF PROTEINS BINDING TO 
STEROID HYDROXYLASE CRS ELEMENTS 

The nuclear proteins which bind to the 
CYP17 CRSI, the CYP21B CRS and the 
CYPl lA CRS have been examined by DNA 
binding studies (gel shift and DNase I footprint- 
ing analysis) and by in vitro transcription. 

CYP17  CRSI  

P450c17 is expressed in several different 
steroidogenic tissues including adrenal cortex, 
placenta, ovary and testis. It is not present in 
nonsteroidogenic tissues including liver, kidney 
and lung. Gel shift analysis using the -243/- 
225 bp fragment (CRSI) from bovine CYP17 
indicates that the protein(s) binding to this 
DNA element is found in all tissues examined 
and is perhaps ubiquitously distributed [7, 8]. 
Since CYP17 is expressed in only a limited 
subset of these tissues, we determined whether 
the ubiquitously expressed CYP17 CRSI bind- 
ing protein was functional in all tissues. By 
in vitro transcription analysis we found that 
CYP17 CRSI activated the transcription of the 
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reporter gene in extracts from mouse adrenal Y 1 
tumor cells. Extracts from SVT2 cells (non- 
steroidogenic mouse 3T3 fibroblast cells) by 
contrast were inactive, although as estimated by 
gel shift analysis the concentration of  CRSI 
binding protein in SVT2 and Y1 nuclear ex- 
tracts was approximately the same. Therefore, it 
is possible that Y1 extracts contain a functional 
CRSI binding protein while SVT2 cells do not. 
To test this hypothesis we partially purified this 
binding protein from Y1 nuclear extracts by 
affinity chromatography. Addition to SVT2 ex- 
tracts and in vitro transcription analysis demon- 
strated that indeed the CRSI binding protein 
fraction from adrenal cells can complement the 
functional deficiency in nonsteroidogenic 
(SVT2) ceils [7]. Thus, we believe that the CRSI- 
binding protein of  SVT2 and probably other 
nonsteroidogenic cells cannot enhance CYP17 
CRSI-dependent transcription, suggesting it to 
be in an inactive form. Thus tissue-specific as 
well as cAMP-dependent CYP17 expression ap- 
pear to involve CRSI and its transcription fac- 
tor. Perhaps activation of  the CRSI-binding 
protein involves a tissue specific kinase, but 
further investigation of  this point is required. 

Figure 2 shows the results of  a gel shift 
competition analysis in Y1 adrenal nuclear ex- 
tracts using CRSI as the probe and double 
stranded oligonucleotide competitors for a 
variety of  cis-elements associated with cAMP- 
responsive gene transcription. As none of  these 
competitors had an effect, we conclude that 
CRSI is not related to either the CRS elements 
found in other steroid hydroxylase genes, nor to 
other cAMP response elements such as the 
somatostatin CRE or the AP2 binding site. As 
shown in Fig. 1, the bovine CYP17 gene con- 
tains a second CRS. However, at this point in 
time the nature of  the DNA-binding proteins 
for CYP17 CRSII has not been examined. 

CYP21B CRS 

As noted above, CYPI7 and CYP21B are 
predicted to have arisen from a common CYP 
progenitor gene. Based on this hypothesis we 
would have imagined that there could be relat- 
edness in the cAMP responsive systems associ- 
ated with these two genes. Obviously as seen in 
Fig. 1 such relatedness was not apparent be- 
tween CYP17 CRSI and CYP21B CRS. Using 
the CYP21B -129/-96 bp fragment in gel shift 
analysis, a more complex pattern than that 
observed for CYP17 CRSI is found to result 
from the binding of  two proteins[9]. The 
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Fig. 2. Gelshift competition analysis of the bovine CYP17 
CRSI in Y1 adrenoeortical nuclear extracts. A double 
stranded oligonucleotide -243 to -225 of bovine CYPI7 was 
used as probe and the indicated double stranded oligonucle- 
otides were added as competitors in a 500 x molar excess. 
sCRE, consensus CRE from the rat somatostatin gene; AP1 
and AP2, consensus binding sequences for activator protein 
1 purchased from Stratagene; CYP11A CRS, -118 to -83 bp 
from the bovine gene; CYP21 CRS, -129 to -96 bp from the 
human gene; CYP11B CRS, oligonucleotide for the cAMP 
response element Ad4[19] of the bovine CYPI1B gene; 

kindly provided by Dr Ken Morohashi. 

CYP21B CRS contains a GC-box sequence 
(consensus = G / T G G G C / A G G G / A G / A C / T )  
which is known to bind the ubiquitous tran- 
scription factor Spl [10, 11]. Bands a and c of  
the 3-banded pattern observed with -129/-96 
result from Spl binding and are observed in all 
tissues tested, both steroidogenic and non- 
steroidogenic. Band b, however, was observed 
only in cells of  adrenal origin and we have 
designated this protein to be ASP (adrenal 
specific protein). Gel shift analysis suggests that 
ASP binds more 5'-ward in -129/-96 than does 
Spl,  however, the binding sites are presumed to 
overlap significantly[9]. DNase I footprint 
analysis with purified samples of  ASP and Spl 
show clearly how great the overlap between 
these two binding sites is (Fig. 3). The difference 
between proteins binding to CYP17 CRSI and 
CYP21B CRS was clearly established by gel 
shift competition analysis. Excess CYP 17 CRSI 
oligonucleotides had no effect on the gel shift 
pattern observed with CYP21B CRS and excess 
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Fig. 4. Schematic comparison of Spl and ASP-binding sites 
within the CRSs from CYPI 1A and CYP21B. 

CRS [14]. More recently we have localized the 
CRS to -118/-83 bp [15] as shown in Fig. 1. Gel 
shift analysis has shown that excess CYP21B 
CRS competitor DNA abolishes binding of 
proteins to CYP11A CRS and vice versa, clearly 
establishing that the same or very closely related 
proteins bind to both CRSs, namely ASP and a 
GC-box-binding protein which is presumably 
also Spl. However, the two protein binding sites 
appear to be in the reverse orientation in 
CYP11A to that found in CYP21B in that the 
GC-box related sequence is at the 5'-side of the 
ASP-binding site (Fig. 1) [15]. A schematic com- 
parison of the binding sites for ASP and Spl to 
the CYP11A CRS and the CYP21B CRS is seen 
in Fig. 4. More importantly, the presumed Spl 
binding site is required for cAMP-responsive- 
ness in CYPllA, whereas in CYP21B we find 
that ASP seems to mediate this process. In 
CYP11A, ASP seems to serve a role in attenu- 
ating the cAMP enhanced transcription. 
The role of Spl in cAMP-dependent transcrip- 
tion is a novel observation, although interest- 
ingly, it has been reported that Spl can be 
phosphorylated [16]. 

Fig. 3. DNase I footprint produced by purified Spl or 
purified ASP on the 5'-flanking region of the human 
CYP21B gene containing the CRS sequence shown in Fig. 
1. The G lane is the G-ladder produced from this DNA by 
Maxim-Gilbert sequencing. The lanes designated Cont are 

control with no added protein. 

DNA containing CYP21B CRS had no effect on 
the gel shift pattern observed with CYP17 CRSI 
([12] and Fig. 2). Thus, although these two genes 
are predicted to have arisen from a common 
progenitor gene, and are related both with 
respect to intron/exon boundaries and primary 
sequence [13], the mechanisms by which they are 
transcriptionally regulated in response to cAMP 
are very different. 

CYP11A CRS 

Our original studies on the CRS in the bovine 
P450scc (CYPllA) gene identified a 100bp 
fragment -183/-83 bp as containing the 

SUMMARY OF THE RELATEDNESS OF CRS 
ELEMENTS ASSOCIATED WITH STEROID 

HYDROXYLASE GENES 

It is now clear that each steroid hydroxylase 
gene in the adrenal cortex is regulated at the 
transcriptional level by cAMP via a unique 
mechanism. In addition to the three steroid 
hydroxylase genes described here, that encoding 
P4501 lfl (CYP11 B) is also expressed in adrenal 
cortex, cAMP-dependent transcription of 
CYP11B appears to involve an element closely 
related to the consensus CRE which presumably 
binds a member of the CREB/ATF family 
[17, 18]. Transcription of CYP17, CYP21B, 
CYP11A and CYP11B is activated in a coordi- 
nated fashion but through different mechanisms 
upon binding of ACTH to its cell surface recep- 
tor. The reason that each steroid hydroxylase 
gene has its own unique mechanism for cAMP- 
responsiveness is not obvious. We know that 
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CYPllB and CYP21B are expressed solely in 
adrenal cortex while CYP17 and CYPl lA are 
expressed in other steroidogenic tissues as well. 
Also CYPl lA and CYP11B encode mitochon- 
drial proteins while CYP17 and CYP21 encode 
microsomal proteins. Finally, based on evol- 
utionary considerations, CYP17 and CYP21 
arose from a common progenitor CYP gene 
while CYPl lA and CYPllB arose from a 
different progenitor CYP gene. None of these 
obvious comparisons shed any light on why the 
mechanisms involved with cAMP-dependent ex- 
pression of CYP21 and CYPl lA seem to be 
related while those for CYP17 and CYP11B are 
different. Perhaps the detailed characterization 
of the relatedness, or lack thereof, of the tran- 
scription factors interacting with these different 
CRS elements will shed some light on this 
question. However, at this point in time the 
origin of the diversity of the mechanisms in- 
volved the cAMP-dependent transcription of 
the steroid hydroxylase genes and the physio- 
logical reasons for this diversity remain an 
enigma. 
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