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Studies in human beings, animals, and cell systems show that the rate-limiting step in steroidoge-
nesis is the conversion of cholesterol to pregnenolone. In the adrenals and gonads, this step is subject
to both acute and chronic regulation. Chronic regulation is primarily, but not exclusively at the level
of gene transcription, leading to the production of more steroidogenic machinery and thus
increasing the cellular capacity for steroidogenesis. Chronic regulation can be inhibited by inhibit-
ing protein synthesis with cycloheximide, but this response varies among various cell types and
species. Although the P450scc enzyme system that converts cholesterol to pregnenolone is inherently
very slow, the principal site of acute regulation is at the delivery of free cholesterol to mitochondria,
rather than at the delivery of reducing equivalents to P450scc. Even when the V. of the P450scc
system is increased 6-fold by genetic engineering, delivery of cholesterol to the enzyme remains
rate-limiting. Targeting of a genetically engineered fusion of the P450scc system to either mitochon-
dria or to the endoplasmic reticulum of non-steroidogenic cells demonstrates that the mitochondrial
environment is absolutely required for the conversion of cholesterol to pregnenolone, and that this
absolute requirement is not based on either the nature of the available electron donors for P450scc
or the availability of substrate. Various factors have been proposed as the essential mediator for the
transport of cholesterol into mitochondria to initiate steroidogenesis. A recently identified protein
termed Steroidogenic Acute Regulatory protein (StAR) has the necessary properties of enhancing
steroidogenesis, rapid cAMP inducibility and rapid cycloheximide sensitivity that characterize the
long-sought acute regulator of steroidogenesis. StAR is expressed in steroidogenic tissues exhibiting
an acute response but not in steroidogenic tissues (placenta, brain) that do not exhibit this response.
Mutations in StAR are now shown to cause Congential Lipoid Adrenal Hyperplasia, the last
unsolved form of CAH. The actions of StAR can be circumvented by the use of hydroxycholesterols
that can freely diffuse into mitochondria, proving that StAR functions as an acute regulator of
cholesterol access to mitochondria.
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INTRODUCTION discussion see [1]). By contrast, the chronic response is
slow. Administration of ACTH for days and weeks will
result in an increase in adrenocortical mass, cell num-
ber (hyperplasia), cell size (hypertrophy) and of the
absolute amount of the steroidogenic enzymes present
per cell. Thus the chronic response entails adrenal
growth and the synthesis of more steroidogenic ma-
chinery per cell. ACTH-induced adrenal cell growth
and induction of steroidogenesis are separate events.
Human fetal adrenal cell growth is mediated by insulin-
like growth factor II [2] in conjunction with basic

Physiologic studies in intact animals and human beings
have long recognized two forms of regulation of the
adrenal secretion of glucocorticoids: the acute and
chronic responses. The acute response is very rapid.
When ACTH is administered intravenously to normal
human beings, plasmid cortisol concentrations begin to
rise within 1S min and are maximal by 60 min. This
response entails the activation of preexisting adrenal
steroidogenic machinery, and thus can be used as a

measure of adrenal steroidogenic reserve (for a full
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fibroblast growth factor [3] and possibly epidermal
growth factor [4], but ACTH-induced adrenal cell
growth in adult rats does not appear to be dependent
on IGF-I or IGF-II [5]. However, as the chronic
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response entails an increase in the synthesis and ac-
cumulation of steroidogenic enzymes per cell, the cell
growth component does not need to be considered in
examining the chronic regulation of the steroidogenic
enzymes.

When the adrenal is stimulated, either chronically or
acutely, the rate-limiting step in steroidogenesis is the
conversion of cholesterol to pregnenolone [6-11]. Con-
version of cholesterol to pregnenolone involves three
distinct steps: 20a-hydroxylation, 22-hydroxylation,
and cleavage of the bond between carbon atoms 20 and
22 on the cholesterol side-chain, yielding pregnenolone
and isocaproaldehyde. All three of these reactions occur
in the single substrate-binding pocket of P450scc, a
Type I (mitochondrial) cytochrome P450scc enzyme
[12]. Like all Type I P450 enzymes, P450scc must
receive electrons from NADPH through the intermedi-
acy of two electron transfer proteins. Ferredoxin re-
ductase, also termed adrenodoxin reductase, is a
flavoprotein that accepts electrons from NADPH and
then transfers them to ferredoxin, also termed adreno-
doxin, an iron/sulfur protein that then interacts with
the P450scc. It is the P450scc that catalyzes the
conversion of cholesterol to pregnenolone, and hence
this enzyme (or its mRNA) can only be found in
steroidogenic tissues [13, 14]. By contrast ferredoxin
and ferredoxin reductase are generic electron transfer
factors used by all type I P450 enzymes, and hence
these proteins and their mRNAs are found in every
tissue examined [15-17]. Thus the chronic induction
of steroidogenesis is mediated by the synthesis and
accumulation of these three proteins.

THE CHRONIC RESPONSE

Numerous experiments, both in whole animals and
in cell culture systems, have shown that inhibition of
protein synthesis with cycloheximide can inhibit both
basal and hormonally-stimulated steroidogenesis. Ex-
periments with bovine adrenal cells showed that the
mRNAs for various steroidogenic enzymes could ac-
cumulate within 4h of stimulation with ACTH or
cAMP, that this stimulation increased gene transcrip-
tion, and that this increased gene transcription could be
blocked by cycloheximide [18]. These results suggested
that the cycloheximide-sensitive ‘‘labile factor” re-
quired for ACTH-induced steroidogenesis was a tran-
scription factor termed steroid-hormone inducing
protein [10]. However, other results were inconsistent
with this hypothesis. The gonadotropin or cAMP-in-
duced accumulation of mRNAs for P450scc and
adrenodoxin in human granulosa was not inhibited by
cycloheximide [19], while in human placental cytotro-
phoblasts cycloheximide did inhibit cAMP-induction
of P450scc but potentiated the induction of adreno-
doxin [16, 20]. Similarly cycloheximide potentiated the
cAMP-induced accumulation of adrenodoxin mRNA
but has no effect on P450scc gene transcription in
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mouse Leydig MA-10 cells [21, 22]. Thus the effects of
cycloheximide on the chronic steroidogenic response
are variable, depending on the species, tissue, and gene
examined. It now appears clear from intensive investi-
gation of the transcription of the genes for the
steroidogenic enzymes that there is at least one factor,
steroidogenic factor I (SF-1) that is required for the
transcription of all these genes [23-26], but that such
transcription factors are not the basis for the cyclohex-
imide sensitivity of the steroidogenic response to tropic
factors.

In most systems, the chronic induction of the syn-
thesis of a specific protein is mediated at the level of
increased gene transcription. This appears to be the
case for adrenodoxin, which has only been studied in
human placental cells and mouse adrenal cells [27, 28]
and is clearly the case for P450scc, where the human,
bovine, and rat genes have been studied in many
different tissues (for reviews see [29, 30]). By contrast
adrenodoxin reductase appears to represent a special
case. The accumulation of adrenodoxin reductase pro-
tein is hormonally inducible in human placental cells
and mouse adrenal cells [31] but the transcription of the
adrenodoxin reductase gene appears to be constitu-
itively turned on at high levels, and that the action of
cAMP is to reduce the abundance of the corresponding
mRNA post-transcriptionally, by unknown means [17].

Studies of P450scc gene transcription are especially
illuminating. The gene is clearly inducible by cAMP in
many species and tissues [18, 22, 27, 28, 32—40]. How-
ever, the human P450scc gene is induced by cAMP in
two completely different ways in different tissues. In
the adrenals and gonads, induction by cAMP is medi-
ated by a typical cAMP-response element (CRE) lo-
cated 1620-1676 bases from the transcriptional start
site [27, 28, 34, 35, 39], whereas placental cAMP re-
sponsiveness is mediated by sequences between 89 and
108 bases from the cap site, which bear no resemblance
to those between - 1620 and - 1676 [28, 36, 40].
Similarly, the adrenal and gonadal expression of
P450scc requires sequences between — 110and — 127
[30, 34, 39] but these sequences do not function in
placental cells, which instead use sequences between
—142 and — 153 to achieve placental-specific ex-
pression [27, 28, 36, 40]. Thus P450scc transcription in
the adrenals and gonads, the steroidogenic tissues
that derive from the embryologic gonadal ridge [41],
differs fundamentally from P450scc transcription in
the placenta. Similarly, while cycloheximide dimin-
ishes P450scc gene transcription and mRNA accumu-
lation in human placental [37] and bovine adrenal cells
[18], cycloheximide has no effect on adrenodoxin gene
transcription and induces adrenodoxin mRNA ac-
cumulation in human placental cells [37] while it
reduces adrenodoxin gene transcription in bovine
adrenal cells [18]. Thus fundamental differences are
found in the biochemical basis of the chronic response
in placental versus adrenal/gonadal cells. As we shall
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see below a similar fundamental difference is seen in the
acute response in these two classes of cells as well.

EFFICIENCY OF P450scc

The conversion of cholesterol to pregnenolone in the
mitochondria of steroidogenic cells is the first and rate
limiting step in steriodogenesis. Because this step is
both rate-limiting [42] and hormonally regulated
[2, 13,43-47] it has been the subject of intense study.
The conversion of cholesterol to pregnenolone entails
three distinct steps: 20a-hydroxylation, 22-hydroxyl-
ation and scission of the C20-22 carbon bond, all in the
single substrate-binding pocket of P450scc. This is an
extremely slow reaction, requiring about 1s for a
molecule of P450scc to convert a single molecule of
cholesterol to pregnenolone [48], so that the reaction
intermediates, 20o«-hydroxycholesterol, 22-hydroxy-
cholesterol and 20,22 dihydroxycholesterol, can be
isolated in appreciable quantities. Two possible expla-
nations can be offered for the unusually slow rate of this
reaction, either the availability of the cholesterol sub-
strate is limiting or the availability of reducing equiva-
lents from NADPH is limiting. Early studies focussed
on the availability of cholesterol and its acute stimu-
lation by ACTH and cAMP, i.e. the acute response.

Unlike the chronic response, where cycloheximide
induces different effects on various genes in different
species and cell types, cycloheximide appears to abolish
the acute adrenal and gonadal response in all systems
examined [44, 49-52]. This acute inhibition does not
appear to affect the P450scc enzyme system directly,
but rather blocks the movement of cholesterol from the
outer mitochondrial membrane, which is in contact
with the cytosol, to the inner mitochondrial membrane,
which harbors the P450scc system {53—55]. Thus many
studies indicate that the rate-limiting step in steroido-
genesis is the availability of cholesterol to the P450scc
enzyme, rather than the behaviour of the enzyme itself.

However, other data suggest that the availability of
reducing equivalents can be limiting. For example,
when non-steroidogenic COS-1 monkey kidney cells
are transfected with vectors expressing bovine or hu-
man P’450scc, the endogenously available adrenodoxin
reductase is adequate to support maximal P450scc
activity, but the endogenously available adrenodoxin is
not. Co-transfection with vectors expressing adreno-
doxin will amplify P450scc activity substantially
[56,57]. Double transfection of vectors expressing
P450scc and adrenodoxin reductase yields no more
cholesterol side-chain cleavage activity than transfec-
tion with P450scc alone, and triple transfection with all
three components yields no more activity than double
transfection with P450scc and adrenodoxin [57]. Thus
the abundance of adrenodoxin can substantially regu-
late the activity of a constant amount of P450scc.
P450scc, adrenodoxin and adrenodoxin reductase
are all associated with the matrix surface of the inner
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mitochondrial membrane, and can freely move on this
surface, as they are not found in a fixed stoichiometric
ratio and are never found as a ternary (3-component)
complex [55, 58, 59]. Thus both the abundance and
diffusability of adrenodoxin within the mitochondrion
appear to be able to regulate P450scc activity.

In addition to the failure to observe ternary com-
plexes by electron microscopy [55] theoretical con-
siderations indicate that a ternary complex could not
function, as the same surface of the adrenodoxin mol-
ecule appears to interact with both P450scc and
adrenodoxin [58, 59]. To determine if such a ternary
complex could function and to bring the adrenodoxin
moiety into intimate contact with the P450scc, we built
a series of vectors that express monomolecular fusion
proteins consisting of human P450scc, adrenodoxin,
and adrenodoxin reductase in a variety of organizations
[57,60] (Fig. 1). In all cases, the P450scc moiety was
positioned at the amino terminus because this is the
arrangement in the naturally occurring Type II P450

II]- P450 scc
E Adx
: AdRed
DN OR
M1 -
e -
T -
F

ER-P450 scc

i

cl7 WT

\

S,

2B-c17

Fig. 1. Constructions used in this study. Leader sequences at
the amino-terminus (5" end, left) are the 39 amino acid mito-
chondrial leader sequence of human P450scc ([), or the 23
amino acid microsomal (endoplasmic reticulum) leader
sequence of rat P450IIB1 (&). Coding regions follow the leader
sequences: [ll, P450scc; B, adrenodoxin (Adx); [], adrenodoxin
reductase (AdRed); N, P450 oxidoreductase (OR). The
P450c17 constructions are shown at the bottom. c17WT
expresses the wild-type human P450c17 protein (2), and
2B-c17 has the same P450IIB1 microsomal leader sequence
used in ER-P450scc and F5-8. Also shown in this diagram are
the constructions expressing wild-type human adrenodoxin
and adrenodoxin reductase, which use their own endogenous
mitochondrial leader sequences, and the construction express-
ing human P450 oxidoreductase, which uses its own endogen-
ous microsomal leader sequence. For further details see [60].
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fusion protein P450BM3 of Bacillus megaterium
[61-63] and appears to be the only effective location in
artificially created fusions of Type II P450 enzymes
[64]. Thus the mitochondrial leader sequence of
P450scc was retained while the leader sequences of
adrenodoxin and adrenodoxin reductase and the 3’
untranslated regions of all three mRNAs were deleted
[57]. These constructions were cloned into an ex-
pression vector, transfected into non-steroidogenic
COS-1 cells and incubated with 22R-cholesterol, a
polar, freely diffusible cholesterol analogue which does
not require a mitochondrial cholesterol transport sys-
tem. Initial studies transfecting COS-1 cells with the
constructions F1, F2 and F3 (Fig. 1), or triply trans-
fecting these cells with equimolar amounts of vectors
expressing 450scc, adrenodoxin and adrenodoxin re-
ductase individually showed that the F2 construct
generated substantially more pregnenolone than any of
the other systems [Fig. 2(a)]. Kinetic analysis showed
that the F2 fusion enzyme had a VV_,, of 9.1 ng preg-
nenolone per ml of culture medium per 24 h, compared
to 1.7 for the triply transfected cells [Fig. 2(b)]. Thus
the F2 fusion construction is a superior cholesterol
side-chain cleavage enzyme that permits one to study
the P450scc system in a covalently fixed 1:1:1 stoi-
chiometric ratio of the three components of the system.

It has been reported that cholesterol side-chain
cleavage activity can be found in microsomes and
cytosol, as well as in mitochondria (for review and
references see [11]). Because all cellular fractionation
and protein purification experiments are subject to
contamination, a definitive test of the location of
P450scc cannot be done by disrupting cells. Thus we
have investigated the requirements for the mitochon-
drial environment for P450scc function by placing
appropriate leader sequences upstream from the pro-
tein-coding region of vectors that then target the ex-
pressed protein to mitochondria or to the endoplasmic
reticulum in intact cells [60]. By adapting this approach
to the F2 fusion, we can direct the P450scc enzyme and
its attendant electron transfer proteins to the endoplas-
mic reticulum, and maintain the three components in
a fixed stoichiometric ratio and in a functional spatial
relationship to one another. When mitochondrial
P450c27 is targeted to the endoplasmic reticulum of
yeast co-transfected with vectors that express adreno-
doxin and adrenodoxin reductase in soluble, cyto-
plasmic forms, the P450c27 is active [65] suggesting
that P450scc might also be active when targeted to the
endoplasmic reticulum. By using 22-hydroxycholes-
terol as a substrate, rather than cholesterol, we can
ensure that the substrate is freely accessible to all
cellular compartments and is not subject to an active
mitochondrial transfer system, as is the case with
cholesterol {44, 66]. Finally, we could test whether the
nature of the electron donor was crucial by re-engin-
eering the vectors to substitute the microsomal
flavoprotein P450 oxidoreductase that is used by
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Fig. 2. Production of pregnenolone by transfected COS-1 cells.
Cultures at about 60% confluence were transfected with plas-
mids in masses varied to yield amounts of P450scc sequences
equivalent to 2 pmol of the vector expressing P450scc alone. (a)
Time-course. Incubations with 5uM 22-hydroxycholesterol
were for the times shown, followed by immunoassay of preg-
nenolone. The data are from three independent transfections,
each done with different plasmid preps and measured in trip-
licate. Pregnenolone values in ng/ml of culture medium are
shown +SEM. (b) Lineweaver-Burke analysis. Cells triply
transfected with equimolar amounts of vectors expressing
P450scc, Adx, and AdRed (@) or transfected with an equi-
molar amount of vector expressing F2 ((]) were incubated
with 0.5-5.0 gM 22R-hydroxycholesterol. Data are averaged
from three individual transfections, each done with different
plasmid preps and assayed in triplicate. For further details
see [57].

microsomal (Type IT) P450 enzymes in place of the
adrenodoxin/adrenodoxin reductase system used by
mitochondrial (Type I) P450 enzymes.

Transfection of COS-1 cells with F6, a vector that
directs the F2 fusion to the endoplasmic reticulum,
results in no detectable conversion of 22-hydroxy-
cholesterol to pregnenolone (Fig. 3). When a P450
oxidoreductase moiety is substituted for adrenodoxin
reductase and adrenodoxin in the construct termed F4,
some steriodogenesis persists in mitochondria, but when
the F8 construct that directs this fusion protein to the
endoplasmic reticulum is transfected, no steroidogene-
sis is detectable. Thus, in the mitochondria, P450scc
can receive electrons effectively from a wide variety of
donors, including adrenodoxin, adrenodoxin reductase,
P450 oxidoreductase, and various fusions of these.
However when directed to the endoplasmic reticulum
neither the three individual components of the P450scc
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system nor PP450scc, plus P450 oxidoreductase nor
any of the P450scc fusion constructions could produce
any detectable pregnenolone. Thus the mitochondrial
environment is absolutely mandatory for the enzymatic
activity of P450scc.

THE ACUTE RESPONSE: MITOCHONDRIAL
CHOLESTEROL TRANSPORT

As cholesterol can be converted to pregnenolone only
in mitochondria, the transport of cholesterol from
cytoplasmic stores into mitochondria is of paramount
importance. Early work showed that cycloheximide and
other inhibitors of protein synthesis can block ACTH-
induced steroidogenesis in the adrenal or gonado-
tropin-induced steroidogenesis in ovarian granulosa
cells [49, 67-69]. This has led to the search for various
cycloheximide-sensitive ‘““labile factors’ that are re-
quired for the acute steroidogenic response. As dis-
cussed in the section on “The Chronic Response”, it is
now clear that such a factor is not a nuclear factor
needed for the transcription of the genes for the
steroidogenic enzymes. In fact most attention has been
focussed on the transport of cholesterol into mitochon-
dria; as we shall see below, this is indeed where the
acute cycloheximide-sensitive regulator of adrenal and
gonadal steroidogenesis lies.

Steroidogenic tissues can synthesize cholesterol
directly from acetate [70], but prefer to use pre-formed
cholesterol delivered to the cell as lipoproteins. Human
steroidogenic cells receive most of their cholesterol from
low density lipoproteins (LLDL) while rodent tissues
receive their cholesterol primarily from high-density
lipoproteins (HDL) [71-73]. Human LDL carries
cholesterol as cholesterol esters, which are taken up by
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Fig. 3. Biological activity of the fusion proteins. Conversion
of 22-hydroxycholesterol to pregnenolone was measured by
RIA and is displayed as ng pregnenolone per mg of cellular
protein. COS-1 cells were transfected with various expression
vectors as designated in Fig. 1. For further details see [60].
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receptor-mediated endocytosis and then stored in lipid
droplets [72]. Cholesterol esters can also be produced
from free cholesterol by cholesterol ester synthetase,
and conversely free cholesterol is produced by the
cholesterol ester hydrolase action of lysosomal acid chol-
esteryl ester hydrolase; mutations in this enzyme cause
Wolman’s Disease, a cholesterol ester storage disease
affecting virtually all tissues [74]. Free cholesterol is
insoluble in the aqueous cytosol, and must be trans-
ported to mitochondria in association with a protein.

The nature of the cytoplasmic cholesterol transport
system is not completely clear, and several factors
have been proposed to participate in this transport. It
appears that Sterol Carrier Protein-2 (SCP-2) is an
important factor [75-78]. Transfection of vectors ex-
pressing SCP-2 into cells will enhance steroidogenesis;
SCP-2 can be induced by cAMP; and addition of
SCP-2 to isolated mitochondria will enhance steroido-
genesis [76], but it responds slowly to cAMP stimu-
lation or inhibition by cycloheximide [79]. Thus SCP-2
appears to be a key component in targeting cholesterol
to mitochondria, but is not the cycloheximide-sensitive
“‘labile factor”. Another protein called SCP has a very
short half-life, is quite sensitive to cycloheximide, and
shows a marked, ACTH-induced diurnal rhythm [80].
However, SCP functions primarily as a fatty acid-
binding protein and not as a cholesterol-binding
protein, and hence may not be involved in the acute
steroidogenic response [78]. A 30-amino acid peptide
termed Steroidogenesis Activator Peptide (SAP) has
also received considerable attention. SAP is derived
from the carboxy terminus of a 78 kDa protein termed
glucose-regulated protein or BiP [81, 82]. SAP is found
only in steroidogenic tissues; it has a short half-life and
hence is very sensitive to cycloheximide, and it appears
to facilitate the movement of cholesterol across the
outer mitochondrial membrane [83, 84], but it does not
appear to facilitate access of cholesterol to P450scc
[53]. Thus the role of SAP remains uncertain. More
recently substantial interest has been directed toward
the mitochondrial benzodiazepine receptor (mBzR)
and its endogenous ligand, termed diazepam-binding
inhibitor (DBI) or endozepine. The mBzR appears to
be composed of three subunits. An 18 kDa protein
termed the peripheral benzodiazepine receptor (PBR)
is associated with a 32 kDa voltage-dependent anion
channel (VDAC) and a 30kDa adenine nucleotide
carrier. Both PBR and VDAC are found in the outer
mitochondrial membrane, especially at ‘“‘contact sites’’,
where the outer and inner membranes are brought into
contact, obliterating the aqueous intracisternal space
[85]. By contrast, adenine nucleotide carrier is found on
the inner mitochondrial membrane and may form a
complex with PBR and VDAC [86], although this is
somewhat controversial [87]. The endogenous ligand of
this receptor complex is a 10 kDa peptide termed DBI
or endozepine [88-90]. This protein was initially
purified from brain [88, 89] but a derivative lacking 2
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carboxy-terminal amino acids was also purified from
bovine adrenal cells, where it facilitated the transport
of cholesterol into mitochondria [91,92]. There ap-
pears to be excellent evidence that the binding of
endozepine to PBR will facilitate increased cholesterol
transport into mitochondria and will increase steroido-
genesis [87], but none of the components of this system
appear to exhibit the exquisitely rapid response to
cAMP and inhibition by cycloheximide that character-
ize the acute response.

A series of proteins generally termed pp30 is rapidly
induced in adrenal and gonadal cells in response to
tropic stimulators of steroidogenesis [93-95] and are
transported to mitochondria {96, 97]. This protein ap-
pears as 37, 32 and 30kDa forms in a precursor-
product series and are rapidly phosphorylated in
response to cAMP [96, 97]. This protein family is very
rapidly induced by cAMP and inhibited by cyclohex-
imide, they are localized to mitochondria and are found
in the acutely regulated steroidogenic tissues: adrenal
cortex, testicular Leydig cells and ovarian granulosa
cells. The cDNA for this protein was recently cloned
by Dr Douglas M. Stocco and colleagues from mouse
MA-10 cells and was dubbed Steroidogenic Acute
Regulatory Protein (StAR) [98]. Transfection of MA-
10 cells with a vector expressing this protein increased
conversion of cholesterol an average of 2.7-fold in the
absence of hormonal stimulation [98], but this was on
a background of StAR protein endogenously produced
by the MA-10 cells. Thus this StAR protein is an
excellent candidate for the mediator of the acute
response.

One of the most effective ways of understanding the
role of an anatomical structure or of a gene is to
examine the effect on the organism when it is ablated.
Conversely, genetic disease of unknown cause can be
regarded as a genetic ablation experiment in which the
responsible gene is unknown. In the past decade,
virtually all of the genetically determined disorders of
steroidogenesis have been solved. Virtually all have
been disorders of the genes for the steroidogenic en-
zymes, which together comprise the various forms of
congenital adrenal hyperplasia (for review see [1]), but
this group also includes the gene for peroxisomal
lignoceroyl-CoA ligase, that is disordered in
adrenoleukodystrophy [99] and the DAX-1 gene disor-
dered in congential adrenal hypoplasia [100]. The last
remaining disorder of steroidogenesis to be solved,
congential lipoid adrenal hyperplasia, (lipoid CAH)
held the key to the acute response. In this rare disorder,
the adrenals and gonads can make no steroids at all, and
the adrenals become massively enlarge and engorged
with cholesterol esters [101, 102]. The disorder is rare,
with under 40 reported cases, but long-term survival is
possible with early diagnosis and hormonal replace-
ment therapy [102]. Mitochondria isolated from
affected adrenal or gonadal tissue are unable to convert
cholesterol to pregnenolone [102-104] so that the dis-
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ease has been thought to be due to a disorder in
P450scc [101-104]. It is particularly noteworthy that in
1972, Degenhart et al. showed that 22R-hydroxy-
cholesterol, unlike cholesterol, could serve as substrate
for steroidogenesis in affected mitochondria [103]. This
result was interpreted as suggesting that the lesion in
lipoid CAH was in a hypothetical 20a-hydroxylase.
The demonstration that 20a- and 22-hydroxylase ac-
tivity as well as C20-22 lyase activity all reside in one
protein, P450scc, invalidated this conclusion, and
Degenhart’s work was largely forgotten. As we shall see
below, this experiment actually demonstrated that the
lesion in lipoid CAH was at a mitochondrial cholesterol
transporter, but this was not understood until the
recent, definitive work showing that the lesion in lipoid
CAH was in a cholesterol transporter that could be
circumvented by hydroxysterol substrate [105].

Early studies showed that the gene for P450scc was
structurally intact in these patients [106] and more
recently the sequencing of both the gene and cDNA
from affected patients proved definitively that lipoid
CAH was not due to a mutation in P450scc [107]. As
P450scc was not involved and as the affected tissue
accumulated large amounts of cholesterol ester, we
postulated that lipoid CAH might be due to a mutation
in a factor necessary to transport cholesterol to the
mitochondria, i.e. a factor in the pathway distal to the
cholesterol esterase that is involved in Wolman’s dis-
ease and proximal to P450scc [107]. Northern blots of
RNA from affected tissue of one patient showed that
the sizes and abundances of the mRNAs for adreno-
doxin, adrenodoxin reductase, SCP-2, GRP-78 (the
precursor to SAP) and endozepine were all normal,
suggesting that these factors were not responsible
[107]. Cloning of PBR gene and ¢cDNA from an
affected individual ruled out the peripheral benzo-
diazepine receptor [108]. Thus the basis of lipoid CAH
was unknown, but appeared to involve a cholesterol
transporter of unknown nature.

Recently, we had the opportunity to evaluate two
subsequent pregnancies in the woman who had borne
the affected child in whom we had studied the genes for
P450scc and PBR [107,108]. By a combination of
examining amniotic fluid steroids and examining the
fetal genitalia by ultrasonography, we correctly diag-
nosed one pregnancy as unaffected and a later preg-
nancy as affected [109]. The fetal umbilical vein
steroids in the affected fetus showed that there was no
fetal adrenal or gonadal steroidogenesis as expected,
but surprisingly showed that the placenta (a fetal
tissue) still produced pregnenolone and progesterone
[109]. This showed, for the first time, that the lesion in
lipoid CAH did not affect all steroidogenic tissues, but
instead was confined to the adrenals and gonads. Thus
candidate genes could be more easily screened simply
by examining their tissue distribution of expression. At
about this time, the laboratory of Dr Jerome F. Strauss
ITI cloned the human homologue of StAR and showed,
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Table 1. Loss of StAR activity due to
nonsense mutations

Pregnenolone production (ng/dish)

F2
Co-transfection chol 20x
Vector 17+ 3 60 + 7
StAR 131 +23 60+ 11
Patient 1 18 +5 56 + 7
Patient 2 or 3 22+4 7547

Using lipofectamine, nonsteroidogenic
COS-1 monkey kidney cells were
transfected with pSPORT (Vector) or
with pSPORT expressing normal
human StAR or patient mutants.
The cells were co-transfected with
the vector expressing fusion protein
F2. The substrate was either the cel-
lular and serum cholesterol (chol).
or added (5ug/ml) 20x-hydroxy-
cholesterol (20a). After 48 h of incu-
bation, the medium was collected
and assayed for pregnenolone by
immunoassays. Values are the
means + standard deviations from
four separate transfections. For fur-
ther details see [105].

for the first time, that StAR was expressed in the
adrenals and gonads, but not in the placenta or brain
[110]. Thus, in collaboration with Drs Strauss and
Stocco, we examined the StAR cDNA and gene in
three patients affected with lipoid CAH, and found that
each was homozygous for a premature translation-ter-
mination (stop) codon, that disrupted StAR synthesis
[105]. Thus StAR, a candidate factor for the acute
response, was the basis of absent steroidogenesis in the
adrenals and gonads, the tissues that exhibit the acute
steroidogenic response, but was not expressed in nor-
mal placenta or brain, two steroidogenic tissues which
apparently do not exhibit an acute response.

The definitive proof that StAR is the mitochondrial
cholesterol transporter that mediates the acute re-
sponse, however, comes from transfection experiments.
We used non-steroidogenic COS-1 cells, so that we
could examine the effects of StAR in the absence of a
background of endogenous StAR expression. The
COS-1 cells were either doubly transfected with vec-
tors expressing P450scc and adrenodoxin, or trans-
fected with the vector expressing the F2 construct [57]
described above. Incubation of these COS-1 cells with
cholesterol yielded no steroidogenesis unless they were
transfected with the vector expressing wild-type, but
not mutant, StAR. More importantly, all of the cell
transfectants with or without normal or mutant StAR,
could produce equivalent amounts of pregnenolone
when given 20x-hydroxycholesterol as substrate rather
than cholesterol [105] (Table 1). This experiment in
whole cells effectively repeats Degenhart’s experiment
with isolated affected mitochondria, but now yields a
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different interpretation. The requirement for StAR was
for access of the cholesterol to mitochondria, a
transport process that can be circumvented by polar
hydroxysterols such as 20« -hydroxycholesterol or the
22R -cholesterol used in our fusion protein studies
above [57,60]. Thus the studies with lipoid CAH
definitively establish StAR as the factor that is respon-
sible for the acute steroidogenic response.

The human StAR gene has now been cloned [111],
additional StAR mutations causing lipoid CAH have
been described [112], and the hormonal and develop-
mental regulation of mouse StAR have been character-
ized [113] further confirming StAR’s role in
steroidogenesis. However, the mechanism of StAR
action remains unclear. The StAR precursor is rapidly
synthesized in the cytoplasm in response to cAMP, and
thence undergoes two proteolytic cleavage events as it
traverses the mitochondrial membranes. Once inside
the mitochondria, it is degraded rapidly. Thus the
function of StAR may simply be to traverse the mito-
chondrial membranes. In doing so, it may function by
generating contact sites between the outer and inner
mitochondrial membranes, thus facilitating the flow of
cholesterol from the outer to the inner membrane [98].
This would be consistent with the observation that the
mitochondria have two pools of cholesterol, one which
is stable and cannot be used as substrate for steroidoge-
nesis, and the other which is labile, and becomes the
steroidogenic substrate [114]. Much remains to be
learned about StAR and the acute response, and roles
for SCP-2, PBR, and SAP have not been excluded.
The field of intracellular and intra-mitochondrial
cholesterol transport promises to be one of the most
exciting areas of research in steroidogenesis in the next
several years.
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