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Abstract

The ®rst and rate-limiting step in the synthesis of all steroid hormones is the conversion of cholesterol to pregnenolone by the
mitochondrial enzyme, P450scc. Tropic hormones such ACTH and gonadotropins induce steroidogenesis via cAMP by
elaborating intracellular cAMP which stimulates P450scc activity in two distinct ways. Chronic stimulation (h to days) occurs

through the induction of P450scc gene transcription leading to increased P450scc protein and consequent increased steroidogenic
capacity. Acute regulation, over minutes, occurs through the phosphorylation of preexisting StAR and the rapid synthesis of
new StAR protein. StAR, the steroidogenic acute regulatory protein, increases the ¯ow of cholesterol into mitochondria, thus
regulating substrate availability to whatever amount of P450scc is available. In the absence of StAR, up to 14% of maximal

StAR-induced level of steroidogenesis persists as StAR-independent steroidogenesis. Congenital lipoid adrenal hyperplasia, an
autosomal recessive disorder in which conversion of cholesterol to pregnenolone is severely impaired, results in female genitalia
in 46,XY genetic males, variable onset of a severe salt-losing crisis in the ®rst months of life, but normal feminization and

cyclical vaginal bleeding in 46,XX females. Lipoid CAH was once thought to be due to P450scc mutations, but in fact
homozygous P450scc mutations cannot exist in human beings as they would prohibit placental progesterone production, causing
spontaneous abortion of the a�ected fetus. Lipoid CAH is caused by StAR mutations, which result in tropic hormone-induced

intracellular accumulation of cholesterol in the adrenals and gonads. Our two-hit model, which considers the persistence of
StAR-independent steroidogenesis and the di�erences in the fetal and postnatal ages at which the testis, adrenal zona
glomerulosa, adrenal zona fasciculata and ovary are stimulated, predicts and explains all of the various clinical manifestations of

lipoid CAH.
Structure±function studies of StAR show that the critical domains for biological activity reside in the protein's carboxy-

terminus. When the N-terminal mitochondrial targeting sequences are deleted and the resulting N-62 StAR remains in the
cytoplasm, it retains the ability to stimulate steroidogenesis both in intact cells or when added to isolated mitochondria in vitro.

These observations suggest that StAR acts on the outer mitochondrial membrane to promote sterol translocation to P450scc,
and that the importation of StAR into mitochondria terminates its action. Data from circular dichroism and Fourier-transform
infrared spectroscopy show that the mutant StAR proteins in lipoid CAH are misfolded, suggesting disrupted interaction with

another protein. Preliminary data suggest that StAR facilitates cholesterol desorption from membranes, stimulating transfer
from the outer mitochondrial (donor) membrane to the inner mitochondrial (acceptor) membrane. # 1999 Elsevier Science Ltd.
All rights reserved.

1. Introduction

The ®rst, rate-limiting and hormonally regulated

step in the biosynthesis of all steroid hormones is the

conversion of cholesterol to pregnenolone. Because

steroidogenic cells do not have a mechanism to store

signi®cant quantities of steroids, hormone secretion is

directly related to the rate of steroid synthesis. Steroid

synthesis is regulated both chronically and acutely.

The chronic response takes hours to weeks, such as in

ACTH-induced Cushing Disease or gonadotropin-

induced gonadal development at puberty, and is
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mediated by increased transcription of the various
genes encoding the steroidogenic enzymes largely
through the intermediary of cAMP (for review see
Ref. [1, 2]). The acute stimulation of steroidogenesis
occurs within minutes, such as in the rapid rise in
serum cortisol in response to intravenously adminis-
tered ACTH. This acute response is mediated by the
steroidogenic acute regulatory protein, StAR, which
facilitates the movement of cholesterol into mitochon-
dria for conversion to pregnenolone (for review
see [3, 4]). Mutations in StAR cause congenital lipoid
adrenal hyperplasia [5]. The history of the study of
lipoid CAH, the demonstration that StAR mutations
cause this disease, and the mechanisms by which the
cell biology of StAR results in the lipoid CAH pheno-
type were reviewed recently [6, 7]. This article will sum-
marize these prior ®ndings and incorporate newer
®ndings, with a speci®c emphasis on lipoid CAH.

2. Mitochondria and cytochrome P450scc

The conversion of cholesterol to pregnenolone is cat-
alyzed by mitochondrial P450scc, where scc designates
side chain cleavage. This single enzyme is encoded by
a single gene [8, 9] on chromosome 15q23±q24 [10],
and catalyzes three distinct sequential reactions on a
single active site. Cholesterol sequentially undergoes
20-hydroxylation, 22-hydroxylation and scission of the
20,22 carbon±carbon bond to yield pregnenolone and
isocaproaldehyde (for review see Ref. [11]). The cataly-
sis of each of these three reactions requires a pair of
electrons. NADPH donates electrons to a ¯avoprotein
termed adrenodoxin reductase (or ferredoxin re-
ductase), which then passes them to an iron/sulfur pro-
tein termed adrenodoxin (or ferredoxin), which in turn
passes through to any mitochondrial form of P450
such as P450scc. There is only one type of ferredoxin
reductase and ferredoxin, each encoded by unique-
copy genes [12±15], hence, these are generic electron
transfer proteins that donate electrons to all of the var-
ious mitochondrial P450 enzymes. Thus the same elec-
tron-transport proteins are used by the two isozymes
of P450c11 (P450c11b and P450c11AS) [16] and by the
enzymes involved in the activation and inactivation of
vitamin D [17±19]. P450scc is active only when it is
bound to the inner mitochondrial membrane [20],
hence, delivery of cholesterol from the outer to the
inner mitochondrial membrane is a crucial step. The
exact mechanism of this cholesterol movement is
unclear; recent data show that StAR is not mandatory
for this step, but StAR does accelerate it substantially.

It has long been known that ACTH can induce
adrenal steroidogenesis very rapidly, but that this in-
duction could be inhibited by inhibitors of protein syn-
thesis, such as cycloheximide, suggesting that a short-

lived protein was essential for the acute response [21±
24]. That factor was eventually identi®ed [25±27] and
then cloned and named StAR [28]. Strong evidence for
StAR's role came from transfecting a rat StAR cDNA
expression vector into mouse Leydig MA-10 cells and
®nding a six-fold increase in steroidogenesis [28]. The
de®nitive proof of StAR's crucial role then came from
®nding mutations resulting in an absence of functional
protein in congenital lipoid adrenal hyperplasia (lipoid
CAH), thus providing the same kind of powerful gen-
etic data normally derived from `knockout' mice [5].

3. Congenital lipoid adrenal hyperplasia and the biology
of StAR

Lipoid CAH severely disrupts the synthesis of all
adrenal and gonadal steroids. A�ected 46,XY genetic
males are born with normal female external genitalia,
re¯ecting an absence of fetal testicular testosterone
synthesis between 6 and 12 weeks of gestation, when
normal male sexual di�erentiation requires testoster-
one. At birth the adrenals are massively enlarged and
engorged with the cholesterol and cholesterol esters
that have been termed `lipoid' deposits. A�ected new-
borns generally have low but measurable levels of ster-
oid hormones due to StAR-independent
steroidogenesis (see below). If appropriate steroid hor-
mone replacement therapy is not provided, these
infants will soon die from glucocorticoid and mineralo-
corticoid de®ciency. However, with proper hormonal
replacement, these patients can survive to
adulthood [29, 30]. Because cholesterol accumulates in
the adrenals and because virtually no steroids were
detected in the patients' blood or produced from
patient tissues incubated in vitro, it was previously
thought that lipoid CAH was due to a mutation in the
enzyme that converts cholesterol to pregnenolone; for-
merly termed `20,22 desmolase' and now known to be
P450scc [29±34]. However, the P450scc gene has a nor-
mal size and RFLP pattern in patients with lipoid
CAH [34], and in 1991 Lin et al. showed that P450scc
mRNA of normal sequence was expressed in normal
abundance in a�ected lipoid CAH tissues, de®nitively
ruling out P450scc mutations as the potential cause of
lipoid CAH [35]. Although this initial report was dis-
believed by some, it was later con®rmed by three inde-
pendent groups [36±38]. Furthermore, the placenta, a
fetal rather than maternal tissue, continues to produce
progesterone in a�ected lipoid CAH fetuses, demon-
strating that the entire P450scc system is biologically
normal in lipoid CAH [39]. It is now clear that mu-
tations in P450scc, ferredoxin, ferredoxin reductase or
3bHSD-I will never be found in a liveborn human
being, as mutation in any of these genes would prevent
placental production of progesterone, which is needed
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to maintain the second and third trimesters of human

pregnancy [40]. Thus, mutations in any of these genes
would result in spontaneous abortion at the end of the

®rst trimester, when the pregnancy normally undergoes

the `luteo-placental shift' of progesterone production

away from the corpus luteum to the placenta.

A clear understanding of the biology of StAR, but

not of its mechanism of action, has emerged from

clinical and genetic studies of lipoid CAH and basic

studies of StAR biochemistry. Water-soluble hydroxys-

terols such as 20-hydroxycholesterol or 22R-cholesterol
traverse the mitochondrial membranes readily, thus

their conversion to pregnenolone can be used to

measure maximal P450scc activity in a cell [41]. In the

presence of StAR, su�cient cholesterol reaches

P450scc to approach this maximal capacity, but in the
absence of StAR, low levels of StAR-independent ster-

oidogenesis persist. The realization that adrenal and

gonadal cells had both StAR-dependent and StAR-

independent modes of steroidogenesis permitted us to
explain all of the clinical ®ndings in lipoid CAH [42].

When nonsteroidogenic COS-1 cells are transfected

with vectors expressing P450scc, ferredoxin and ferre-

doxin reductase, or a vector for a fusion protein of all

three components, the cells make small amounts of
pregnenolone [5, 20, 43], even though COS-1 cells lack

StAR. The level of this StAR-independent steroidogen-

esis in COS-1 cells is about 14% of what is seen in the

presence of StAR [5, 42, 44±47]. The brain [48] and pla-

centa both make steroid hormones, but neither of
these tissues expresses StAR [44, 49], thus StAR-inde-

pendent steroidogenesis is of substantial physiologic

importance. It is not known whether this physiologic

StAR-independent steroidogenesis proceeds by the
same mechanism as the StAR-independent steroido-

genesis seen in transfected COS-1 cells. One potential

mechanism is that small amounts of cholesterol reach

the inner mitochondrial membrane without any special

e�ector molecule. Alternatively, other molecules such
as MLN-64, which is structurally related to StAR and

is expressed in the placenta and brain, may exert

StAR-like actions [50]. This latter mechanism is attrac-

tive, as it provides an additional level of control of

steroidogenesis in these tissues. The regulation of mito-
chondrial cholesterol transport is crucial, as the spon-

taneous P450scc gene knockout in the rabbit proves

that P450scc is the only enzyme that can convert cho-

lesterol to pregnenolone [51], and cell transfection ex-
periments prove that P450scc can function only when

it is bound to the inner mitochondrial membrane [20]

(for review see [52]). The rabbits lacking the P450scc

gene survive to term because in the rabbit, unlike in

human females, the mother's corpus luteum of preg-
nancy continues to secrete large amounts of progester-

one until the time of delivery [40].

4. Clinical ®ndings in lipoid CAH

The clinical features of lipoid CAH are summarized

in Table 1. The ®rst review of the clinical ®ndings in

lipoid CAH was by Hau�a in 1985, summarizing the

32 cases reported in the world's literature at that

time [30]. Hau�a found that all the patients had phe-

notypically normal female external genitalia irrespec-

tive of chromosomal sex (indicating a severe defect in

fetal testicular synthesis of testosterone), hyponatre-

mia, hyperkalemia, low urinary 17-hydroxycorticoster-

oids and 17-ketosteroids (indicating a profound lesion

in adrenal steroid biosynthesis), hyperpigmentation

(due to overproduction of ACTH), and an excellent re-

sponse to glucocorticoid and mineralocorticoid repla-

cement. Fourteen of 28 patients were genetic males,

identi®ed by karyotype, buccal smear, gonadal appear-

ance or gonadal histology, as expected for an autoso-

mal recessive disease. Although 21 of these patients

had died, two reports on long-term survival [29, 30]

showed that patients with lipoid CAH could do well if

diagnosed early in infancy and treated with appropri-

ate glucocorticoid and mineralocorticoid replacement

therapy. Hau�a et al. were also the ®rst to point out

the genetic clustering of lipoid CAH, with 18 of the in-

itial 32 patients being of Japanese heritage. Although

Hau�a et al. did not question the then-prevailing,

incorrect idea that lipoid CAH was caused by a mu-

tation in `20,22 desmolase' (P450scc), they did point

out certain inconsistencies in the clinical presentations

and hormonal ®ndings. Only 15 of 28 patients had

clinical signs of adrenal insu�ciency at 2 weeks of age,

when patients with severe 21-hydroxylase de®ciency

are usually having severe salt-wasting episodes; fur-

thermore, several patients did not become clinically ill

Table 1

Clinical features in lipoid CAH

Normal placental steroidogenesis

Normal term gestation and parturition

Normal development at birth (except genitalia in 46,XY genetic

males)

Female external genitalia in 46,XY genetic males

Hypergonadotropic hypogonadism

Low serum cortisol and other steroids in newborns, absent later on

Low to absent urinary steroid excretion

High ACTH; hyperpigmentation in most neonates

Variable onset of hyponatremia and hyperkalemia (1 day to

6 months)

High plasma renin activity

Adrenal hyperplasia with `foamy' appearing cells containing `lipoid'

(cholesterol ester) deposits

Minimal histologic changes in Leydig cells

Spontaneous feminization in 46,XX genetic females at appropriate

age of puberty

Anovulatory monthly vaginal bleeding in postpubertal 46,XX genetic

females
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until after 3 months of age. Also, many patients had
low, but measurable levels of adrenal steroids in the

newborn period, but these steroids became unmeasur-
able after a few years.

These clinical inconsistencies with a presumed lesion
in P450scc were ignored or explained away in a variety

of ways. However, the demonstration that P450scc was
wholly normal in lipoid CAH [35] initiated a reexami-

nation of lipoid CAH clinically and conceptually.
Tanae et al. [53] and Matsuo et al. [54] reported that
46,XX genetic females with lipoid CAH underwent

spontaneous breast development and vaginal bleeding
at the normal age of puberty associated with serum

estradiol levels ranging from 22 to 85 pg/ml. These
preliminary reports raised important questions, but
were largely overlooked until our demonstration that

StAR mutations caused lipoid CAH triggered intensive
study of the disease. In a comprehensive worldwide

study of the clinical and genetic ®ndings in lipoid
CAH, Bose et al. [42] found that all infants were born
at term gestation and that none were postmature, rul-

ing out a role of fetal adrenal steroids in the timing of
the onset of parturition. These 20 patients were of nor-

mal size, only ®ve had mild neonatal hypoglycemia
and none had true hyaline membrane disease due to
diminished production of pulmonary surfactant. These

data provide powerful evidence that feto-placental glu-
cocorticoids and estrogens are not required for the

maturation of hepatic gluconeogenic enzymes or the
expression of surfactant apoproteins, even though this

is widely concluded from the ®ndings in mice with glu-

cocorticoid receptor knockouts [55]. The onset of
hyponatremia and hyperkalemia varied considerably,

from 1 day to 2 months of age, and most infants who
were tested had measurable levels of cortisol; further-

more, some 46,XY males had measurable testosterone,
which failed to rise following tropic stimulation

(Table 1). This picture of an incomplete lesion in ster-
oidogenesis, which was inconsistent with the tra-

ditional view of lipoid CAH, was con®rmed in a
subsequent study of 19 patients by Nakae et al. [47].

Most remarkably, many infants survived for extended

periods of time without hormonal replacement
therapy: among our 20 cases, treatment was not begun

until after age 2 months in seven infants, and one sur-
vived for 6 months without glucocorticoid or mineralo-

corticoid replacement; similarly, although only two of
the 19 patients reported by Nakae et al. [47] received

initial treatment at or after 2 months of age, one of
these survived to 10 months before experiencing a salt-

wasting crisis (see Section 5). Thus, these clinical stu-
dies showed that although the adrenal lesion in lipoid

Table 2

StAR mutations causing lipoid CAH (51 patients 90 alleles)

Mutation No. Nucleotide change Amino acid change A�ected alleles Activitya (% of wild-type StAR)

1 C898T Q258X 39 12±17

2 G671T R182L 7 11

3 A632G E169G 1 13

4 593delTT Frame 3 9

5 940del3bp DR272 2 11

6 947insA Frame 2 10

7 650delC Frame 2 10

8 548insTT Frame 2 20

9 C703T R193X 2 14

10 T 4 A@-11 I4/E5 Frame 2 20

11 C779T A218V 5 14±20

12 T950C L275P 1 24

13 G631A E169K 1 14

14 246insG Frame 6 ÿ
15 DNA insertion Frame 1 ÿ
16 261delT Frame 2 ÿ
17 838delA Frame 2 ÿ
18 189delG Frame 1 ÿ
19 T800C M225T 1 44

20 C759T Q212X 1 ÿ
21 564del13bp Frame 1 ÿ
22 InsT@+3 E2/I2 Frame 2 ÿ
23 none foundb 3 ÿ

control vector 13±15

ÿ
a Primarily from the studies of Bose et al. [42] with some data from [5, 45, 47].bStAR alleles in which no mutation was found, even though the

patient's other allele had an identi®ed mutation, thus these must represent unidenti®ed mutant StAR alleles. The three alleles indicated do not

include patient 14 in Bose et al. [42] in which no mutation was found on either allele.
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CAH eventually becomes more severe than in any
other form of CAH, some steroid synthesis persists in
infancy so that the onset of clinically apparent gluco-
corticoid and mineralocorticoid de®ciency may be
delayed for quite some time. By contrast, except for
Nakae's patient who became ill at age 10 months, all
46,XY patients with lipoid CAH have had wholly nor-
mal female external genitalia, even though the age of
onset of glucocorticoid and mineralocorticoid de-
®ciencies varies substantially. Thus the testicular lesion
appears to be more severe than the adrenal lesion, and
manifests at a much earlier stage of development.

5. Mutations in the StAR gene and genotype/phenotype
correlations

The molecular lesions in at least 51 patients with
lipoid CAH have been identi®ed and
described [5, 38, 42, 45±47, 56±58]; these mutations and
the activities of the corresponding mutant StAR pro-
teins are summarized in Table 2. Of these 51 patients,
36 are of Japanese or Korean ancestry, among whom
the Q258X mutation accounts for 39 of 58 a�ected
alleles (67%). Numerous other patients have been
reported in abstracts and oral presentations, but the
identi®ed mutations duplicate those in Table 2. We
have devised rapid PCR-based RFLP diagnostic tactics
for ten of these mutations, including the common
Q258X mutation found in the Japanese/Korean popu-
lations, and the R182L mutation found in Palestinian
Arabs [42]. When the mutations in Table 2 are com-
pared to the structure of the StAR gene, it is apparent
that mutations can be found anywhere in the gene
(Fig. 1). Mutations causing premature translational
termination or altering of the StAR reading frame are
common, and, as they substantially alter the structure
of the StAR protein, it is not surprising that these mu-
tations have no StAR activity, as they induce no
greater than the 014% background conversion of cho-
lesterol to pregnenolone (Table 2). However, amino
acid replacement (missense) mutations are found only
in carboxy-terminal 40% of the 285 amino acid StAR
protein. Most of these amino acid changes (E169G,
E169K, R182L, A218V, and DR272) eliminate all
StAR activity, but L275P and M225T respectively con-
verted 24 and 44% as much cholesterol to pregneno-
lone as the wild-type StAR. After subtracting the
StAR-independent background of 14%, the L275P
mutant retained 10% of activity and the M225T
mutant retained 30% of activity. Four of these mutant
proteins have been characterized biophysically by sedi-
mentation equilibrium ultracentrifugation, near- and
far-ultraviolet circular dicroism (CD) spectroscopy and
Fourier transform infra-red (FTIR) spectroscopy [59].
Both the wild-type and mutant proteins exist as mono-

mers in solution, and are composed primarily of a-heli-
cal structures; however, all four mutant proteins are

misfolded. Of particular note, the partially active

L275P mutant has an FTIR spectrum that resembles

the wild-type, while the wholly inactive E169G, R182L

and DR272 mutants have FTIR spectra that resemble

one another, but are substantially di�erent from the

wild-type [59]. The patient carrying the L275P mutant

(patient 13 in [42] and [6]) did not begin to receive

steroidal replacement therapy until the age of

4 months, at which time the clinical picture was com-

paratively mild (Na 123 mEq/L, K 6.9 mEq/L). The

M225T mutant was found in a patient also carrying

the common Japanese mutant Q258X [47]. This is the

only established case of lipoid CAH in which a 46,XY

patient had mild virilization of the external genitalia,

consisting of mild cliteromegaly, minimal posterior

labial fusion and mild rugation of the labia. Because

of these ®ndings, this infant was followed closely and

had normal basal and ACTH-stimulated cortisol

values at 1 and 3 months of age, but eventually experi-

enced a salt-losing crisis at 10 months, associated with

hyponatremia, hyperkalemia and grossly elevated

ACTH and plasma renin values [47]. Thus, there is an

excellent correlation between the severity of the StAR

mutation as assessed in vitro with the age of onset of a

clinical salt-wasting crisis, and possibly also with geni-

tal virilization.

An initially unexpected phenotypic manifestation of

lipoid CAH is that even the most severely a�ected

46,XX female patients undergo spontaneous feminiza-

tion, breast development and cyclical vaginal bleeding

at the usual age of puberty [46, 53, 54, 56]. This is not

correlated with the molecular severity of the mutation,

but is explained by our two-hit model of the cellular

pathophysiology of lipoid CAH [42].

Fig. 1. Diagram of the human StAR gene. The sizes of the introns

and exons and the base numbering system are as described by

Sugawara et al. [70]. The StAR mutations published as of mid-1998

are shown; all of the amino acid replacement mutations shown have

been studied in transfected cells by Bose et al. [42] or Nakae et

al. [47] using the F2 P450scc fusion protein of Harikrishna et al. [43];

the quantitative results of these experiments are shown in Table 1.
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6. The two-hit model of lipoid CAH

The conceptualization of StAR-independent steroi-
dogenesis led directly to our formulation of the two-
hit model of lipoid CAH [42]. The ®rst hit is mutation
of the StAR gene and the elimination of StAR-depen-
dent steroidogenesis (Fig. 2). This substantially reduces
the cell's total steroidogenic capacity and eliminates
the acute response, but permits StAR-independent ster-
oidogenesis to continue. The preservation of StAR-
independent steroidogenesis permits normal placental
steroidogenesis and term gestation; StAR-independent
steroidogenesis also explains the low, but detectable
levels of steroid hormones seen in the sera of a�ected
patients in the ®rst month of life [30, 42] and their in-
itial survival without treatment for 1±2 months [30, 42],
whereas untreated patients with other forms of salt-
wasting CAH do not survive that long. However,
StAR-independent production of adrenal steroids is
subnormal, and concentrations of these steroid hor-
mones are low. Consequently, there is increased se-
cretion of the corresponding tropic hormones: ACTH,
the gonadotropins and angiotensin II. These tropic
hormones stimulate increased cellular uptake of LDL
cholesterol and increased de novo cellular synthesis of

cholesterol from acetate. This tropic hormone stimu-
lation results in the accumulation of cholesterol esters
constituting the second hit of the two-hit model. The
accumulated cholesterol and cholesterol esters even-
tually disrupt the cell, either via physical engorgement
of the cell with lipid droplets or by a chemical action
of cholesterol oxidation products, or both. This second
hit destroys the cell's low levels of StAR-independent
steroidogenesis, accounting for the wholly unmeasur-
able levels of steroid in the serum of older children
with lipoid CAH and for the total absence of circulat-
ing testosterone in 46,XY fetuses.

The two-hit model also explains why a�ected 46,XX
patients undergo spontaneous feminization and cyclical
vaginal bleeding at the usual age of puberty. Normal
fetal ovaries do not express the genes for the steroido-
genic enzymes and hence do not make steroids [60].
Unlike the testes and adrenals, the ovaries only start
to make steroid hormones when they are ®rst stimu-
lated by gonadotropins at the onset of puberty.
Human preovulatory granulosa cells do not even
express StAR [49, 61]. Consequently, the ovaries of
46,XX female infants with lipoid CAH have received
only the ®rst hit: they lack the capacity to mount an
acute steroidogenic response (e.g. the pulse of pro-

Fig. 2. Model of lipoid CAH in an adrenal cell. (a) Under normal conditions, cholesterol is derived from endogenous synthesis in the endoplas-

mic reticulum (ER), from cholesterol esters in lipid droplets and from LDL cholesterol which is taken up by receptor-mediated endocytosis and

processed in lysosomes. Cholesterol is transported to the outer mitochondrial membrane by as-yet unde®ned processes. StAR promotes the

movement of cholesterol from the outer to the inner mitochondrial membrane, but may also be mediated by StAR-independent mechanisms. (b)

In the absence of StAR in early lipoid CAH, StAR-independent mechanisms can still move some cholesterol into the mitochondria, resulting in

a low level of steroidogenesis. Decreased adrenal steroidogenesis results in increased corticotropin secretion, stimulating further production of

cholesterol and its accumulation as cholesterol esters in lipid droplets. (c) As lipid droplets accumulate they engorge the cell, damaging its

cytoarchitecture both through physical displacement and by the chemical action of cholesterol autooxidation products. Steroidogenic capacity is

destroyed, although tropic stimulation continues. In the ovary, follicular cells remain unstimulated and undamaged until they are recruited at the

beginning of each cycle. Small amounts of estradiol are produced by StAR-independent steroidogenesis, as in panel B, resulting in feminization

and withdrawal bleeding, but the cycles are anovulatory, resulting in infetility and progressive hyperogonadotropic hypogonadism.
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gesterone made in mid-cycle in response to the LH
surge) but these ovaries retain a capacity for low-level
StAR-independent steroidogenesis. Thus, when pub-
erty begins, the a�ected ovary can produce some estro-
gen, which then produces spontaneous and temporally
appropriate breast development. However in the
ovary, unlike the adrenal or testis, only a small num-
ber of cells, a single follicle, is `recruited' and stimu-
lated by gonadotropins in each monthly cycle, while
the remaining follicles remain unstimulated. This gon-
adotropin stimulation quickly results in cholesterol ac-
cumulation in these cells (the second hit in lipoid
CAH) so that the secretion of large amounts of pro-
gesterone in the later phases of the ovarian cycle does
not occur [56]. Meanwhile, the follicles that were not
recruited remain unstimulated and have not been
forced to accumulate cholesterol esters and hence con-
stitute a reservoir of steroidogenic cells undamaged by
the second hit of lipoid CAH. With each monthly
cycle, a new undamaged follicle is recruited, producing
estrogen in temporally normal monthly cycles, as the
timing is hypothalamic and largely independent of
ovarian events. This leads to cyclic uterine estrogen
withdrawal bleeding that resembles normal menses
but, as there is no progesterone [56], these cycles are
probably anovulatory. All 46,XX lipoid CAH females
who have reached the age of puberty have experienced
this spontaneous feminization and
cycling [42, 46, 47, 54, 56], as predicted by our two-hit
model.

Thus, lipoid CAH is the StAR gene knockout of
nature [6], and study of lipoid CAH has revealed how
the StAR protein functions in physiology. It is of
interest that recently-described StAR gene knockout
mice have precisely the same phenotypic ®ndings as
those found in lipoid CAH patients, serving to con®rm
our two-hit model [62]. This mouse model of lipoid
CAH may clarify the one remaining question concern-
ing the pathophysiology of lipoid CAH, the highly
variable age of onset of the mineralocorticoid-de®cient
salt-wasting crisis. We have previously suggested that
the level of intrauterine stimulation of the mineralocor-
ticoid pathway may depend on the mother's salt bal-
ance and state of hydration [6, 42]. The patients with
the earliest age of salt-loss tended to come from hot
dry climates, while those with the later ages of onset
tended to come from cool moist climates, suggesting
that in hot climates maternal chronically compensated
hypovolemia stimulated the fetal renin/angiotensin sys-
tem in utero, provoking early development of the sec-
ond hit in cells destined to become the zona
glomerulosa. Knockout mice can be bred nearly to
genetic homogeneity, eliminating potentially confound-
ing variables in the maternal background.
Prospectively manipulating the thermal environment
and the availablity of salt and water to congenic ani-

mals harboring StAR-knockout fetuses may provide a
test for this hypothesis, although it must be remem-
bered that the human and mouse adrenals exhibit im-
portant di�erences.

7. Mechanism of StAR action

7.1. Structure and function: C-terminal domains are
essential for StAR's steroidogenic activity

Although it is clear that StAR plays a key role in
regulating steroid hormone synthesis at the cholesterol
side-chain cleavage step, the exact mechanism of
StAR's participation in this process remains unknown.
It was initially suggested that StAR must be imported
into mitochondria to promote steroidogenesis and that
during the import process contact sites formed between
the outer and inner mitochondrial membranes allowing
cholesterol to ¯ow down a chemical gradient to reach
P450scc [3, 28]. This notion was inconsistent with the
observation that deletion of only 27 carboxy-terminal
amino acids in the Q258X mutant could cause lipoid
CAH, and was refuted by the discovery that StAR
lacking the mitochondrial targeting sequence (N-62
StAR), and thus incapable of being imported into
mitochondria, was as e�ective as wild-type StAR in
stimulating pregnenolone production by COS-1 cells
transfected with the side-chain cleavage system [63, 64].
Immuno-electron microscopy showed that N-62 StAR
was distributed throughout the cytoplasm in trans-
fected COS-1 cells, while the processed 30 kDa product
of full-length StAR was almost exclusively located
inside mitochondria. This result could be duplicated in
vitro, where N-62 StAR was also incapable of being
imported into isolated mitochondria, whereas full-
length StAR was imported and processed to the
mature 30 kDa protein [63, 64].

In contrast, truncations of the C-terminus StAR
resulted in biologically inactive protein, demonstrating
that C-terminal domains of StAR are critical to the
protein's steroidogenic activity. These observations are
in agreement with the StAR gene mutations found in
patients with lipoid CAH, which to date have revealed
amino acid replacement clustered in exons V±VII of
the gene encoding the C-terminus, but not in exons
encoding the N-terminus (Table 2). Moreover, the
amino acid sequence similarity of the C-terminal
domains of MLN64 and the C-terminal domains of
StAR reinforces the concept that the C-terminus is
essential for biological activity. Amino acid replace-
ments causing lipoid CAH a�ect conserved residues in
both proteins [50] and site-directed mutagenesis of
other residues conserved in StAR and MLN64 ablate
or signi®cantly reduce StAR's steroidogenic activity.
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7.2. StAR acts on the outer mitochondrial membrane

The ability of StAR to stimulate steroidogenesis
when it is primarily localized to the cytoplasmic com-
partment raised the possibility of two di�erent mech-
anisms of action: StAR could act on the outer surface
of the mitochondria or it could act in the cytoplasm
on some other molecule which then a�ected the mito-
chondria. To explore these two options, recombinant
human N-62 StAR protein was produced in E. coli
and tested for steroidogenic activity on isolated bovine
corpus luteum mitochondria [64]. A mutant recombi-
nant protein was also produced as a control in which
the A218V mutation (mutation 11 in Table 2) was
introduced into the N-62 StAR protein. The recombi-
nant wild-type N-62 StAR stimulated pregnenolone
production by the isolated mitochondria in a dose and
time-dependent fashion: signi®cant increases in steroid
production were observed within minutes at concen-
trations of recombinant protein in the nanomolar
range. In contrast, the mutant recombinant protein
was completely inactive. Recombinant N-62 StAR pro-
tein, but not the mutant recombinant protein, also
increased the conversion of exogenous 3H cholesterol
into 3H-pregnenolone. These observations are most
consistent with a direct e�ect of StAR on the outer
mitochondrial membrane.

Recent experiments indicated that StAR can func-
tion as a sterol transfer protein (Kallen, Billheimer and
Strauss, unpublished observations). Recombinant N-62
StAR, but not the recombinant mutant StAR, pro-
motes transfer of cholesterol from unilamellar vesicles
to an acceptor at nanomolar concentrations. The sterol
transfer does not involve fusion of liposomes with the
acceptor, suggesting that StAR acts by stimulating de-
sorption of cholesterol from the donor vesicle. In con-
trast to sterol carrier protein 2, StAR's activation of
lipid transfer is restricted to cholesterol; phospholipid
transfer is not stimulated. These new ®ndings raise the
possibility that StAR acts on the relatively cholesterol-
rich outer mitochondrial membrane to eject cholesterol
which gravitates to the cholesterol-poor inner mem-
brane.

The nature of the interaction between StAR and the
outer mitochondrial membrane remains to be clari®ed.
Studies by Papadopolous et al. [65±67] suggest an
essential function for the peripheral benzodiazepine
receptor (PBR), an abundant protein in the outer
mitochondrial membranes, in the cholesterol transloca-
tion process. Work from this group suggests that
StAR is incapable of stimulating steroidogenesis in the
absence of PBR [68]. These data could be interpreted
as placing StAR upstream from PBR and raise the
possibility that StAR is a PBR ligand. However, the
immunohistochemical and electron microscopic dem-
onstration that N-62 StAR is not selectively accumu-

lated by mitochondria suggests that mitochondria lack
abundant high a�nity receptors for the C-terminus of
StAR [64]. Hence, either very few high a�nity sites or
transient interactions are su�cient to promote choles-
terol movement. Preliminary studies demonstrating
that StAR can transfer cholesterol from unilamellar
liposomes to trypsin-treated, heat-inactivated mito-
chondria suggest that StAR may be acting through a
nonprotein (or at least a trypsin-insensitive) molecule
on the mitochondrial outer membrane (Kallen,
Bilheimer and Strauss, unpublished observations). The
rather modest degree of misfolding of the partially
active L275P and the wholly inactive E169G
mutants [59] would seem to favor the model of transi-
ent interactions rather than the presence of a small
number of high-a�nity binding sites on the outer
mitochondrial membrane.

While the experiments summarized above seem to
suggest that the StAR N-terminus is not a critical part
of the protein, it must be remembered that the struc-
ture/function studies have been carried out in trans-
fected COS-1 cells in which large amounts of StAR
protein are proceed, greatly exceeding the amount of
StAR produced in steroidogenic cells under physiologi-
cal conditions. The N-terminus is probably critical to
ensure that StAR can act e�ciently at low concen-
trations since it directs the protein to mitochondria,
where the C-terminus can exert biological e�ects
(Fig. 3).

7.3. StAR import and StAR inactivation

If StAR acts on the outer surface of the mitochon-
dria, then import of the protein into the mitochondria
removes it from its putative site of action. Thus,
instead of being a critical step in stimulation of steroi-
dogenesis, import is now thought to be the mechanism
by which StAR's action is rapidly terminated.
Consistent with this idea are pulse-chase studies exam-
ining the half-life of StAR in transfected COS-1
cells [64]. Wild-type StAR is rapidly imported into
mitochondria and processed to mature protein with a
half-life of 10 to 15 min. The mature intramitochon-
drial protein has a much longer half-life. Thus, the
rapid fall in steroidogenesis following treatment of
cells with protein synthesis inhibitors probably results
from cessation of new translation and the rapid import
of StAR into mitochondria where it so no longer
active.

7.4. The role of phosphorylation

StAR was originally identi®ed as a
phosphoprotein [25] and initial experiments demon-
strated a correlation between phosphorylated forms of
StAR and steroidogenesis [26, 27]. The phosphoryl-
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ation of StAR was induced by cAMP, suggesting that

it was catalyzed by protein kinase A. All of the known

StAR protein sequences contain two conserved consen-

sus protein kinase A phosphorylation motifs which in

human StAR are located on serine 57 and serine

195 [69] Human StAR is rapidly phosphorylated on

both of these serine residues in response to 8-bromo-

cAMP, but only serine 195 appears to be functionally

signi®cant. Mutation of this residue to a nonphosphor-

ylatable alanine residue reduces the steroidogenic ac-

tivity of the mutant protein by more than 50%

compared to wild-type StAR in COS-1 cells transfected

with cholesterol side-chain cleavage enzyme. In con-

trast, mutation of serine 195 to an aspartic acid resi-

due, which mimics the charge e�ect of

phosphorylation, modestly increases the activity of the

protein in COS-1 cells. These observations suggest that

post- or cotranslational modi®cation of StAR can

increase the activity of existing or newly made StAR

protein, providing a mechanism by which tropic hor-

mones acting through the intermediacy of cAMP can

rapidly increase pregnenolone synthesis.
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