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Abstract Steroid hormones are made from cholesterol,
primarily derived from lipoproteins that enter cells via re-
ceptor-mediated endocytosis. In endo-lysosomes, cholesterol
is released from cholesterol esters by lysosomal acid lipase
(LAL; disordered in Wolman disease) and exported via Nie-
mann-Pick type C (NPC) proteins (disordered in NPC disease).
These diseases are characterized by accumulated cholesterol
and cholesterol esters in most cell types. Mechanisms for
trans-cytoplasmic cholesterol transport, membrane insertion,
and retrieval from membranes are less clear. Cholesterol es-
ters and “free” cholesterol are enzymatically interconverted
in lipid droplets. Cholesterol transport to the cholesterol-
poor outer mitochondrial membrane (OMM) appears to
involve cholesterol transport proteins. Cytochrome P450scc
(CYP11Al) then initiates steroidogenesis by converting cho-
lesterol to pregnenolone on the inner mitochondrial mem-
brane (IMM). Acute steroidogenic responses are regulated
by cholesterol delivery from OMM to IMM, triggered by the
steroidogenic acute regulatory protein (StAR). Chronic ste-
roidogenic capacity is determined by CYP11Al gene tran-
scription. StAR mutations cause congenital lipoid adrenal
hyperplasia, with absent steroidogenesis, potentially lethal
salt loss, and 46,XY sex reversal. StAR mutations initially
destroy most, but not all steroidogenesis; low levels of StAR-
independent steroidogenesis are lost later due to cellular
damage, explaining the clinical findings. Rare P450scc mu-
tations cause a similar syndrome.lll This review addresses
these early steps in steroid biosynthesis.—Miller, W. L., and
H. S. Bose. Early steps in steroidogenesis: intracellular cho-
lesterol trafficking. J. Lipid Res. 2011. 52: 2111-2135.

Supplementary key words cytochrome P450 ® mitochondria ¢ Nie-
mann-Pick disease ® Wolman disease ® lipoid adrenal hyperplasia ® ste-
roidogenesis ® steroidogenic acute regulatory protein

This work was supported by National Institutes of Health Grants DK-37922 (to
W.L.M.) and HD-57876 (to H.S.B.). Its contents are solely the responsibility of
the authors and do not necessarily represent the official views of the National
Institutes of Health.

Manuscript recetved 20 April 2011 and in revised form 25 September 201 1.

Published, JL.R Papers in Press, October 5, 2011
DOI 10.1194/jlr.RO16675

Copyright © 2011 by the American Society for Biochemistry and Molecular Biology, Inc.

This article is available online at http://www.jlr.org

Steroidogenesis is the complex multienzyme process by
which cholesterol is converted to biologically active steroid
hormones. The enzymology of steroidogenesis from cho-
lesterol has been reviewed in detail recently (1). However,
steroidogenesis may also be conceptualized as beginning
with the cellular importation of cholesterol and entailing
its subsequent journey to the mitochondria, where the
first enzymatic conversion (to pregnenolone) occurs. This
review considers these “upstream events” in steroidogene-
sis; much has been learned since this area was reviewed by
Jefcoate et al. 20 years ago (2). Steroidogenesis is largely
confined to the adrenal cortex, testicular Leydig cells,
ovarian granulosa and theca cells, and placental syncy-
tiotrophoblast cells. However, most work elucidating these
“upstream events” prior to cholesterol’s arrival at the mito-
chondria have been studied in nonsteroidogenic systems
(e.g., liver and macrophages), so that the applicability of
these data to steroidogenic cells is somewhat inferential.
Thus, we emphasize principles that are known or thought
to be germane to steroidogenesis and have not attempted
to review all aspects of cholesterol trafficking.

Abbreviations: ACTH, adreno-corticotropic hormone; CAH, con-
genital adrenal hyperplasia; CERT, ceramide-transfer protein; CRAC,
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transfer; TSPO, mitochondrial transporter protein; VDAC, voltage-de-
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CHOLESTEROL IN MEMBRANES

Cellular bilayer membranes are mostly composed of
phospholipids arranged with their hydrophilic head groups
facing the aqueous medium and their fatty acyl tails form-
ing a hydrophobic membrane core. The principal membrane
phospholipids are the glycerol lipids cardiolipin, phos-
photidylcholine (PC), phosphotidylethanoloamine (PE),
and phosphatidylserine (PS), and a sphingolipid, sphingo-
myelin. PC is the major plasma membrane lipid in most
cells, with the other lipids varying substantially among dif-
ferent cell types (3, 4). Cholesterol (ergosterol in fungi) is
an essential and tightly regulated constituent of mem-
branes. The cellular pathways of cholesterol biosynthesis
and the human disorders that result from mutations in
this pathway have been elegantly reviewed by Porter and
Herman (5), and they are not addressed here. Cholesterol
is essentially insoluble in water, having a critical micellar
concentration of ~25-40 uM (6); hence, intracellular cho-
lesterol is mainly found in membranes, with smaller amounts
bound to proteins. The amount of cholesterol in human
fibroblasts remains constant during months in culture (7),
and the several pathways that regulate cell cholesterol have
been studied extensively (8-10). How cells determine the
amount of cholesterol they need and how they sense tran-
sient changes in the amount of cellular cholesterol is be-
ginning to be understood. Plasma membrane sterols form
complexes with phospholipids in the polar bilayer, mostly
phospholipids, with diverse affinities. The polar lipids bind
the cholesterol in the plasma membrane; cholesterol in-
tercalated between the phospholipid molecules of the lipid
membrane maintains membrane fluidity. Cholesterol in
excess of the complexing capacity of the membrane lipids
is the “active” cholesterol, which can then move to intrac-
ellular membranes, restoring plasma membrane choles-
terol to its resting level (11). This cholesterol is sometimes
referred to as “free” cholesterol; it is not “free” in the sense
that it is in solution but only in the sense that it is accessible
and moveable. The pool of “active” or “free” cholesterol
can be distinguished kinetically, but not chemically, from
the cholesterol tightly bound to the membrane (11). This
“active” cholesterol is the substrate for steroidogenesis.

The cholesterol-binding capacity of a membrane, as well
as the ability of cholesterol to enter and exit the mem-
brane, depends on the chemical nature of the membrane
phospholipids. Studies with model systems in vitro indi-
cate that the head group of the phospholipid constitutes
an “umbrella” that protects the cholesterol in the mem-
brane; the size of this polar head group determines the
size of the umbrella and the degree of protection (12)
(Fig. 1). Phospholipids with large head groups, such as PC
or sphingomyelin, are predicted to protect the buried
membrane cholesterol, whereas phospholipids with small
head groups, such as PE, provide less protection of mem-
brane cholesterol from cytoplasmic cholesterol-binding
proteins, and diacylglycerol or ceramide provide no pro-
tection (13). The number of double bonds (degree of un-
saturation) of the phospholipid’s acyl chain will affect
cholesterol-binding capacity (14). The saturated acyl
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Fig. 1. Interactions between cholesterol and membrane lipids, as
inferred from model systems in vitro. (A) Lipids that have a large
polar head group (N) protect the space between the phospholipids
from water. Diacyl glycerol and ceramide lack head groups and,
hence, provide no protection; as the size of the head group in-
creases to phosphatidyl ethanolamine (PE) and to phosphatidyl
choline (PC) or sphingomyelin (SM), the “umbrella” of protection
increases. (B) Bent acyl chains decrease protection. The level of
acyl chain saturation alters the shape of the phospholipid; acyl
chains containing carbon-carbon double bonds (e.g., dioleoyl
phosphatidylcholine, DOPC) create a “bend” in the acyl chain,
causing it to take up more space than phospholipids with saturated
chains (e.g., palmitoyl-oleoyl-phosphatidylcholine, POPC, or di-
palmitoyl phosphatidyl choline, DPPC), affording more exposure
to water. (C) Poorly protected cholesterol (e.g., cholesterol in a
DOPCcrich bilayer) can readily leave the membrane, so that it has
high chemical activity, whereas well-protected cholesterol (e.g., in
a membrane rich in phosphatidyl choline) is less readily available.
Reproduced from Ref. 13 with permission.

chains of dipalmitoyl phosphatidylcholine are essentially
straight, permitting them to associate closely, leaving little
room for cholesterol to be intercalated between these
phospholipid molecules. By contrast, unsaturated bonds,
such as in dioleoyl phosphatidylcholine, result in bent acyl
chains, providing room for intercalated cholesterol. The
cholesterol binds with its 33-hydoxyl group oriented to-
ward the external hydrophilic region of the membrane
with its hydrophobic side chain pointed toward the hydro-
phobic membrane core. In many eukaryotes, the amino-
glycerophospholipids PS, PE, and PC comprise 75-80% of
the total glycerophospholipids found within the cell (4).
As mitochondria have the capacity to synthesize the entire
PE pool required for cell growth (15), the flux of PS into
the mitochondria and its subsequent decarboxylation and
export as PE can account for the biosynthesis of the major-
ity of glycrophospholipids present in all cell membranes.

INTRACELLULAR DISTRIBUTION OF CHOLESTEROL

Cholesterol is transported within a cell by vesicular
and nonvesicular means (16). Membrane cholesterol can fa-
cilitate protein-protein interactions and protein trafficking



by forming lipid/protein rafts (17-19), which are primar-
ily a means of protein transport (20). “Vesicular transport”
typically refers to portions of a donor bilayer membrane
budding off to form a vesicle, which then fuses with an ac-
ceptor membrane, thereby delivering membrane lipids
and membrane-bound cholesterol as well as vesicular
cargo; by contrast, “nonvesicular transport” involves cho-
lesterol binding to proteins (21, 22). Cholesterol reduces
the mobility of phospholipid acyl chains, increasing mem-
brane rigidity (23). Interaction of phospholipid acyl chains
with cholesterol forces neighboring hydrocarbon chains
into a more extended conformation, increasing mem-
brane thickness and promoting segregation of vesicles
through hydrophobic mismatch (24). Both vesicular and
nonvesicular transport helps to maintain the appropriate
amount of lipids in an organelle or domain of an organ-
elle (22). Compared with vesicular trafficking, an obvious
advantage of nonvesicular trafficking is that it can rapidly
move lipids between specific cellular compartments with-
out also having to transfer integral membrane proteins.
Cells use a number of mechanisms to decrease cholesterol
levels rapidly when they are too high: cells can export cho-
lesterol to external lipoproteins, and they can esterify cho-
lesterol to cholesterol esters, which are then stored in lipid
droplets. Nonvesicular transport of cholesterol may pro-
vide a process to move cholesterol quickly and efficiently
to cholesterol-modifying enzymes (22, 25-27), such as
those involved in steroidogenesis.

The lipid and protein composition of membranes dif-
fers among cellular organelles, depending on their spe-
cific functions. Cholesterol, which represents about
30-40% of total cellular lipid, is unevenly distributed
among cellular membranes (26-28). Although various
studies differ in the exact numbers, all show that the
plasma membrane is highly enriched in cholesterol rela-
tive to other cellular membranes (28, 29). The endoplas-
mic reticulum (ER) contains about 0.5-1% of total cellular
cholesterol (30), even though the surface area of the ER
is greater than that of the plasma membrane. Many as-
pects of cholesterol regulation are under tight feedback
control and are sensitive to the concentration of choles-
terol in the ER. Cholesterol concentrations are higher in
the Golgi apparatus and highestin the plasma membrane,
which contains about 60-80% of total cellular cholesterol
(31). The endocytic recycling compartment, which con-
tains recycled membrane proteins and lipids (32), also
contains substantial amounts of cholesterol (33). Choles-
terol is more abundant in the plasma membrane than in
other cellular membranes (4, 13). The concentrations of
sphingolipids and sterols increase along the protein bio-
synthetic pathway from the ER to the trans-Golgi network
(34, 35). Membranes are fluid and, hence, can contribute
cholesterol and other membrane constituents by vesicu-
lar transport, so that the composition of the two mito-
chondrial membranes is not fixed (36). Instead,
phospholipid transport between the outer mitochondrial
membrane (OMM) and the inner mitochondrial mem-
brane (IMM) has been proposed to occur at contact sites
between the two membranes (37, 38). Experiments have

identified a mutant CHO cell with a lesion in phosphati-
dylserine transport between the OMM and IMM (39).
Several mechanisms have been found for the transport of
phospholipids (and possibly cholesterol) from special-
ized fractions of the ER that are in close proximity to the
mitochondria, termed mitochondrial-associated mem-
branes (MAM) (40). Therefore, the lipid composition of
mitochondria is variable.

STEROL REGULATORY ELEMENT BINDING
PROTEINS

The amounts of fatty acids and cholesterol present in
intracellular membranes are under constant surveillance
and are coordinated with lipid biosynthesis and import.
De novo biosynthesis is coordinated by sterol regulatory-
element binding proteins (SREBPs), a family of basic he-
lix-loop-helix leucine zipper transcription factors that
regulate key genes for lipid metabolism and adipocyte dif-
ferentiation (41). There are three isoforms of mam-
malian SREBP: SREBP-1a and SREBP-1c are encoded by a
single gene utilizing different promoters and alternative
splicing, whereas SREBP-2 is encoded by a different gene
(42). SREBP-1c targets genes that are involved in fatty
acid metabolism (43-45). SREBP-2 is responsible for cho-
lesterol-related genes, such as 3-hydroxy 3-methylglutaryl
coenzyme A (HMG-CoA) reductase, which catalyzes the
rate-limiting step in cholesterol biosynthesis, and the low-
density lipoprotein-receptor (LDLR), which imports cir-
culating cholesterol as LDL particles (29). SREBP-la
targets both sets of genes (45). SREBP-la and SREBP-2
are the predominant isoforms of SREBP in most cultured
cell lines, whereas SREBP-1c and SREBP-2 predominate
in the liver and most steroidogenic tissues. Large amounts
of SREBP-1a and SREBP-1c are also found in mouse adre-
nal gland and adipose tissues and in human liver and ad-
renal gland (44).

SREBPs have a large C-terminal domain containing two
closely spaced membrane-spanning helices that line up in
the ER membrane in a hairpin configuration. This juxta-
poses the N-terminal domain containing the transcrip-
tional activation and DNA-binding domains with the
C-terminal regulatory domain on the cytoplasmic side of
the membrane (46). The C-terminal domain of SREBPs
from yeast to humans interacts with the SREBP cleavage
activating protein (SCAP). When intracellular sterol lev-
els are low, SCAP escorts SREBP from the ER to the Golgi
via vesicles containing the coat protein II complex
(COPII), where SREBP is cleaved sequentially in a two-
step proteolytic process (47). The “mature” or “nuclear”
N-terminal portion of SREBP migrates to the nucleus
where it functions as a transcription factor, binding to
sterol-regulatory elements in the promoters of target
genes, thus ultimately increasing sterol accumulation by
both increased synthesis and increased import (10). SCAP
is an 8-transmembrane protein that senses cholesterol in
the ER. The 245 amino acid loop 1, which projects into
the lumen of the ER, contains the cholesterol-binding site
of SCAP, and the 78 amino acid loop 6, which projects
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into the cytosol, interacts with COPII proteins. Recombi-
nant loop 1 protein binds sterols with the same specificity
as the whole SCAP membrane domain. Mutation of Tyr
234 to Ala in loop 1 causes cytosolic loop 6 to assume its
cholesterol-bound conformation, even in sterol-depleted
hamster SRD-13A cells, a mutant that lacks SCAP (48), so
that full-length SCAP (Y234A) cannot mediate SREBP
processing in transfected cells (48). Thus, cholesterol
binding to SCAP loop 1 controls the conformation of
loop 6, thereby controlling interactions with COPII and
hence the transport of the active fragment of SREBP to
the nucleus, determining whether cells produce choles-
terol (49).

Metabolic factors regulate the SREBP system. Incubat-
ing human retinoic pigment epithelial cells with insulin
or constitutively activating Akt kinase rapidly induces
nuclear accumulation of SREBP-1a and SREBP-1c¢ and
the expression of lipogenic genes (50). The mechanism
by which insulin activates SREBP-1 is unknown. Insulin
and other growth factors increase Akt kinase activity,
which activates mTORCI by directly phosphorylating the
tuberous sclerosis complex 2 (TSC 2) and PRAS40 (51).
Inhibition of mTORI1 with rapamycin blocks Akt-induced
SREBP-1 nuclear localization, the expression of lipo-
genic genes, and the production of various classes of lip-
ids (50). Uncontrolled signaling caused by mutant
proteins involved in PI3K kinase and Ras signaling is
commonly observed in tumors and serves as a key signal-
ing mechanism to the activation of SREBP-1 and de novo
lipogenesis (45).

The tissue distributions of SREBP1a and SREBP1c dif-
fer. SREBPIc is the predominant isoform in vivo, being
most abundant in liver and adipose tissue, but it is also
found in the adrenal, brain, kidney, muscle, and pancreas
(44). SREBPla is the predominant isoform in cells in
vitro and in rapidly proliferating tissues such as spleen,
testis, and ileum. The ratio of SREBP1c to SREBP1a gene
expression varies in different tissues, with SREBPlc
mRNA being 3- and 9-fold higher than SREBPIla in adi-
pose tissue and liver, respectively (44). As the transcrip-
tional activity of SREBP1a is higher than that of SREBPIc,
the baseline ratio of SREBPla and SREBP1c may be par-
ticularly important in regulating gene expression. Introns
within the SREBP-1 and 2 genes also encode the mi-
croRNA miR-33, which has the opposite effect (52, 53);
miR-33 reduces the amount of mRNA encoding ABCI1
(ATP-binding cassette 1), a transporter in the plasma
membrane that regulates cholesterol efflux from cells
(54). When cellular cholesterol is depleted, both the
transcription of SREBPs and miR-33 rise moderately.
SREBPs may be involved in the hypertriglyceridemia of
the metabolic syndrome (55), which is characterized by
insulin resistance, obesity, hyperinsulinemia, hyperglyce-
mia, fatty liver, and increased plasma triglycerides sec-
ondary to elevated very low density lipoproteins (VLDL),
and decreased plasma high density lipoproteins (HDL)
(56). The hypertriglyceridemia of the metabolic syn-
drome appears to be caused by the insulin-induced in-
creases in SREBP-1c mRNA and protein.
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STEROIDOGENIC CHOLESTEROL: LDL,
LYSOSOMAL ACID LIPASE AND WOLMAN DISEASE

Steroidogenic cells can employ four potential sources of
cholesterol for steroidogenesis: i) de novo synthesis in the
ER; i) cholesterol stored in lipid droplets as cholesterol
esters; 47) uptake of circulating HDL via scavenger recep-
tor B1 (SR-B1); and ¢v) uptake of LDL via receptor-medi-
ated endocytosis. Although steroidogenic cells can
synthesize cholesterol de novo in the ER (5, 57), the high
demand for cholesterol in steroidogenic cells requires ef-
ficient import of cholesterol found in circulating lipopro-
teins, primarily derived from dietary sources (58). Thus,
steroidogenesis requires coordinated regulation of the cel-
lular uptake, transport, and utilization of cholesterol fol-
lowed by a series of unique biosynthetic steps. It is likely
that these steps are coordinated by the SREBP system, but
this has not yet been investigated in detail in steroidogenic
systems. Adequate concentrations of LDL will suppress
HMG-CoA reductase, the rate-limiting enzyme in choles-
terol synthesis (59). Cholesterol associated with LDL is
taken up by LDL receptors on the cell surface, providing
the primary source of intracellular sterol for most mam-
mals (60-63). Patients with low LDL cholesterol secondary
to congenital abetalipoproteinemia have normal basal cor-
tisol concentrations and mildly impaired cortisol secretion
in response to adreno-corticotropic hormone (ACTH) (64),
and those treated with high doses of statins have no im-
pairment in cortisol secretion (65), suggesting that endog-
enous synthesis can suffice (66). Rodents differ from most
other mammals in using cholesterol from circulating HDL
taken up by SR-B1 as their principal source of cholesterol
for steroidogenesis; HDL and SR-B1 appear to play minor
roles in human steroidogenesis (67-69) (Fig. 2).

LDL cholesterol esters are taken up by receptor-medi-
ated endocytosis, and then stored directly or converted to
free cholesterol and used for steroid hormone synthesis
(70). LDL particles bind to specific receptors on the
plasma membrane and are internalized by endocytosis;
the resulting endocytic vesicles then fuse with lysosomes,
where the protein portion of the LDL is hydrolyzed to free
amino acids, and cholesterol esters are hydrolyzed to free
cholesterol by a lysosomal acid lipase (LAL), encoded by
the LIPA gene on chromosome 10q23.31. LAL is one of
three structurally related acid lipase isozymes (71, 72).
Unesterified cholesterol can then be used as substrate for
steroidogenesis or be reesterified for storage in lipid drop-
lets by acyl-CoA:cholesterol acyl transferase (ACAT, also
known as sterol O-acetyltransferase, or SOAT1), whose
mRNA is increased in the presence of surplus cholesterol
(73). By contrast with the endocytic pathway from LDL
receptors, HDL (and LDL) cholesterol esters that enter
the cell via SR-B1 are acted on by hormone-sensitive neu-
tral lipase (HSL) (67), encoded by the LIPE gene on chromo-
some 19q13.1-q13.2 (74). HSL is widely expressed,
especially in adipose tissues, where it is involved in hydro-
lyzing triglycerides and phospholipids (75). Testicular
HSL differs from that of adipose tissue with regard to
structure and regulation during development (76, 77).
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Fig. 2. Import and transfer of cellular cholesterol. Human ste-

roidogenic cells take up circulating low-density lipoproteins (LDL)
by receptor-mediated endocytosis, directing the cholesterol to en-
dosomes; by contrast, rodent cells bind high-density lipoproteins
(HDL) via scavenger receptor Bl (SRB1). Cholesterol can also be
synthesized de novo in the endoplasmic reticulum. In endo-lyso-
somes, cholesterol esters are cleaved by lysosomal acid lipase (LAL)
toyield free cholesterol, which is then bound by NPC2, transferred
to NPC1, and exported. The MLN64/MENTHO system resides in
the same endosomes as the NPC system, but their roles in choles-
terol trafficking remain uncertain. Cholesterol can be reesterified
by acyl-CoA:cholesterol transferase (ACAT) and stored in lipid
droplets as cholesterol esters. Free cholesterol may be produced by
hormone-sensitive lipase (HSL), encoded by the LIPE gene. Cho-
lesterol may reach the outer mitochondrial membrane (OMM) by
vesicular traffic (not shown) or by nonvesicular means by cholester-
ol-binding transport proteins, such as those with START domains.
Movement of cholesterol from the OMM to the inner mitochon-
drial membrane (IMM) requires an OMM protein complex (repre-
sented by the black box), including the ubiquitously expressed
TSPO protein. In the adrenals and gonads, the steroidogenic acute
regulatory protein (StAR) is responsible for the rapid movement of
cholesterol from the OMM to the IMM, where it can be converted
to pregnenolone by the cholesterol side-chain cleavage enzyme
P450scc. Copyright © W. L. Miller.

ACAT, HSL, and LAL are thus in an equilibrium, regulat-
ing the relative distribution of cholesterol into its free and
esterified forms. ACTH acting on the adrenal and luteiniz-
ing hormone (LH) in the gonad elaborate intracellular
cAMP, stimulating HSL and inhibiting ACAT, thus increas-
ing the availability of free cholesterol for steroid hormone
synthesis. ACTH and LH also stimulate the activity of
HMG-CoA reductase, LDL receptors, and uptake of LDL
cholesterol (78, 79). When intracellular cholesterol con-
centrations are high, the genes for the LDL receptor,
HMG-CoA reductase, and LAL are repressed, whereas
ACAT is induced, thereby decreasing cholesterol uptake,
synthesis, and deesterification; conversely, when intracel-
lular cholesterol concentrations are low, this process is re-
versed (80). In addition to HSL, microsomal neutral
cholesterol ester hydrolase 1 (Ncehl) may also play a phys-
iologic role in cholesterol deesterification, at least in mice,
but a role has not been established for this enzyme in hu-
man steroidogenic tissues (81, 82).

Mutations in the LIPA gene cause Wolman disease and
its milder variant, cholesterol ester storage disease (83-88).
Wolman disease is characterized by accumulated cholesteryl

esters and triglycerides in the liver, spleen, lymph nodes,
and other tissues, consistent with the broad expression of
LAL. In the adrenal, the deficient lysosomal acid lipase ac-
tivity results in insufficient free cholesterol available for ste-
roidogenesis, causing adrenal insufficiency. Affected
infants are normal at birth but develop hepatospenomeg-
aly, vomiting, jaundice, anemia, diarrhea, failure to thrive,
developmental delay, and malabsorptive malnutrition,
sometimes beginning in the first week of life. Wolman dis-
ease is rare, causing about 3% of cases of primary adrenal
insufficiency in children (89). The diagnosis can be sug-
gested by a characteristic pattern of subcapsular adrenal
calcification that outlines the adrenals, and it is established
by finding deficient lysosomal acid lipase activity in leuko-
cytes, cultured fibroblasts, or cultured amniocytes (for
prenatal diagnosis). The disease is less severe than con-
genital lipoid adrenal hyperplasia (discussed in the section
Disordered StAR: Congenital Lipoid Adrenal Hyperplasia) with
respect to steroidogenesis, but as all cells store and utilize
cholesterol, it affects all tissues and is relentless and fatal.
Treatment by transplanting bone marrow or other he-
matopoetic cells appears to ameliorate the course of the
disease in about half of cases, but the mechanism of this
effect is unclear (90-92). In cholesterol ester storage dis-
ease, hypercholesterolemia is common, and accumulated
neutral fats and cholesterol esters in the arteries predis-
pose to atherosclerosis. Massive hepatomegaly and hepatic
fibrosis may lead to esophageal varices.

In contrast to LAL, no human disease has been associ-
ated with HSL deficiency. HSL knockout mice are pheno-
typically normal except that the males are oligospermic
and sterile, but they do not have hypogonadism or adrenal
insufficiency. The testes of these mice lack detectable HSL
activity and contain increased amounts of cholesterol es-
ters. HSL activities were completely absent from both
brown and white adipose tissue, and the adipocytes were
substantially enlarged, apparently with accumulated tri-
glycerides (93). However, in contrast to the normal adre-
nal glucocorticoid levels in the knockout mice, adrenal
cell cultures from these mice had a 50% reduction in cor-
ticosterone production (94). Thus, HSL participates in,
but is not absolutely essential for, the delivery of choles-
terol to the steroidogenic machinery in rodents; an essen-
tial role is not established in human steroidogenesis.

CHOLESTEROL EFFLUX FROM ENDOSOMES: NPC
PROTEINS AND NIEMANN-PICK TYPE C DISEASE

The mechanisms by which cholesterol and/or choles-
terol esters enter and exit endosomes and lipid droplets
are incompletely understood. Much recent work has con-
cerned four proteins: MLN64 (also known as StarD3),
MENTHO (also known as STARD3NL), and the two NPC
proteins, so-named because their disruption causes Niemann
Pick type C (NPC) disease. An essential role is established
only for the NPC proteins.

Niemann-Pick disease type C disease is a rare autosomal
recessive neurovisceral disorder of cholesterol traffick-
ing (95, 96), characterized by endosomal accumulation of
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LDL-cholesterol and glycosphingolipids, leading to pro-
gressive neurodegeneration and death and having an inci-
dence of about 1/150,000 (97). NPC disease is distinct
from Niemann-Pick disease types A and B, which have sim-
ilar neurohistopathology but are caused by deficient sphin-
gomyelinase activity. Classical NPC disease manifests in
early infancy and results in death within the first decade of
life, although the age of onset and clinical course may be
variable, so that infantile, juvenile, and adult forms are de-
scribed clinically. Although the clinical phenotype is highly
variable, patients typically appear neurologically normal
during infancy but develop ataxia, dementia, vertical su-
pranuclear gaze palsy, loss of speech, and spasticity be-
tween ages 2 and 4 years. Seizures, gelastic cataplexy, and
psychiatric manifestations can develop. Hepatosplenom-
egaly, liver dysfunction, and cholestatic jaundice may de-
velop early butresolve. The brain pathologyis characterized
by accumulation of cholesterol and other lipids, progres-
sive loss of neurons, especially Purkinje cells, and robust
glial infiltration. Characteristic foamy Niemann-Pick cells
and “sea-blue” histiocytes are found in the bone marrow.
Patients with classic NPC disease typically die in their sec-
ond decade of life, although some patients have a mild
disease presenting insidiously as adult neuropsychiatric ill-
ness (98). Two cholesterol oxidation products, cholestane-
3B,5a,6B-triol and 7-ketocholesterol, accumulate markedly
in the blood of patients with NPC disease (99), offering
promise of improved diagnosis and a potential tool for fol-
lowing experimental treatments (100).

A spontaneously occurring BALB/c mouse mutant pre-
senting clinical and biochemical features of NPC disease
helped to delineate its biochemistry and genetics (101).
Cell fusion studies using primary cultures of patients’ skin
fibroblasts and a cell line derived from the spontaneously
occurring mouse model of NPC identified NPC1 and
NPC2 as genetic complementation groups (102). Bio-
chemical studies of this mouse identified early peroxi-
somal impairment (by 18 days) in the development of its
disease (103). The responsible locus in the mouse was lo-
calized to chromosome 18 (104), and linkage was then es-
tablished in the syntenic region of human chromosome
18q11-q12 (105). Based on these data, the human disease-
causing NPCI gene was identified by linkage analysis and
complementation studies (106). Three years later, the
gene responsible for NPC2 was identified (107). Approxi-
mately 95% of NPC patients have mutations in the gene
encoding NPC1, and 5% have mutations in the gene for
NPC2; these two groups are clinically and biochemically
indistinguishable (107).

There are two NPC proteins: NPC1 and NPC2. NPC1, a
170-190 kDa polytopic glycoprotein containing 1,278
amino acids, is found in lysosomal membranes, contains
13 transmembrane domains, and binds both cholesterol
and oxysterols (108). NPC2, a soluble 18 kDa glycoprotein
containing 132 amino acids, processed from a precursor
of 151 amino acids, is found in the lysosomal lumen (107);
in vitro, NPC2 binds cholesterol and dehydroergosterol
with high affinity (109, 110) and binds fatty acids with
lower affinity (110). NPC2 contains a domain similar to
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the extracellular adaptor protein MD-2, which is similar to
that present in various lipid-binding proteins (111). Cho-
lesterol binds to the soluble N-terminal domain of NPC1,
which extends into the lysosomal lumen (112). In contrast
to NPC2, the N-terminal domain of NPC1 binds both cho-
lesterol and its oxygenated derivatives, 25-OH- and 27-OH-
cholesterol. Crystallographic studies show that NPCI and
NPC2 bind cholesterol in opposite orientations. When
bound by NPC2, the side-chain of cholesterol is buried in
a hydrophobic sterol-binding pocket with the polar 3OH
group exposed to the surface, so that NPC2 may bind cho-
lesterol esters prior to their cleavage by LAL (109, 114). By
contrast, when cholesterol is bound by the N-terminal do-
main of NPC1, the 3BOH group is coordinated by polar
residues in the otherwise hydrophobic sterol-binding
pocket, and the side chain is partially exposed (115). Con-
sistent with this binding mechanism, NPC1 does not bind
sterols with modified 3BOH positions, such as cholesterol
sulfate or epicholesterol (Fig. 3).

NPC2 binds cholesterol with micromolar affinity, result-
ing in rapid bidirectional transfer of cholesterol between
lipid bilayers in vitro, particularly in the acidic environ-
ment of lysosomes (116). By contrast, NPC1 binds choles-
terol with nanomolar affinity (108) and mediates the
transfer of cholesterol between liposomes more slowly
than NPC2. However, cholesterol movement between
NPC1 and liposomes is enhanced >100-fold when NPC2 is
present (117). The cholesterol-binding pocket of the
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R Membrane

Fig. 3. Cell biology of NPC proteins in the endo-lysosome. Cir-
culating LDL is taken up by receptor-mediated endocytosis, and
the resulting endosomes fuse with lysosomes containing lysosomal
acid lipase (LAL) and NPC proteins. Intra-lysosomal NPC2 binds
cholesterol with the side-chain buried in the NPC2 protein and
the ester attached to the 3B-hydroxyl group extending into the
lysosomal matrix. LAL appears to be able to cleave the ester moi-
eties from the cholesterol either before or after binding to NPC2.
NPC2 with bound deesterified cholesterol interacts with the C-
terminal cholesterol-binding domain of the NPC1 protein, so that
the 3B-hydroxyl group is now buried and the cholesterol side-
chain is exposed. The precise mechanism by which NPC1 then
inserts the cholesterol into the lysosomal membrane and the
means by which that cholesterol is taken up by other proteins re-
main under investigation. Cholesterol exiting the endo-lysosome
may reach the ER or other cellular membranes. Reproduced from
Ref. 115 with permission.



NPCI N-terminal domain contains 18 cysteine residues, all
of which participate in disulfide bonds, and the structures
of the apoprotein and cholesterol-bound form show little
movement of the a-carbon backbone, suggesting that the
N-terminal domain of NPC is fairly rigid (115). Transfer of
cholesterol from NPC2 to NPCl1 requires the movement of
two helices in this domain, enlarging the opening to per-
mit cholesterol entry. It appears that the interaction of
NPC2 with NPC1 results in a rearrangement of helix 7,
helix 8, and the loop between helix 8 and strand 7, thus
permitting cholesterol transfer. Alanine scanning muta-
genesis of NPC2 identified V81, L175, and L176 as essen-
tial for this process (118). Thus, NPC2 and NPC1 appear
to actin tandem so that NPC2 delivers cholesterol to NPC1
for subsequent egress from the lysosome or late endo-
some. The handoff from NPC2 to NPC1 apparently then
permits NPC1 to insert cholesterol into the lysosomal
membrane with the hydrophobic side-chain going in first,
whereas direct membrane insertion from NPC2 would be
energetically unfavorable because the 3OH group would
have to go in first.

There is no FDA-approved treatment for NPC disease;
however, four proposed approaches to treatment are of
interest. The first is N-butyldeoxynojirimycin (NB-DNJ, mi-
glustat), a 219 Da imino sugar that inhibits glucosylcer-
amide synthase (119), which catalyzes the first step in the
biosynthesis of glycosphingoloipids; NB-DNJ targets the
accumulation of the glycosphingolipids by reducing avail-
ability of substrate for their synthesis. NB-DNJ has been
approved for use in the European Union and elsewhere
for substrate reduction therapy in mild to moderate forms
of lysosomal storage diseases in which glycosphingolipids
accumulate, but clinical efficacy in NPC disease is modest
(120). Second, the neurosteroid allopregnanolone (ALLO),
delivered by a single subcutaneous injection at seven days
(well before onset of symptoms), increased Purkinje cell
survival, reduced accumulation of gangliosides, slowed the
progression of neurodegeneration, and doubled life span
in Npcl™/~ mice (121, 122). The ALLO was delivered via
hydroxypropyl-B-cyclodextrin (HPBCD), but treatment
with HPBCD alone had no effect in these studies. ALLO
appears to exert neuroprotective actions by mechanisms
other than a direct effect on lipid trafficking, including
activating GABA receptors (121) and pregnane X recep-
tors (123) and by reducing the accumulation of reactive
oxygen species (124). Third, it has been reported that
HPBCD alone accounts for the salutary effects initially
seen with ALLO treatment (125, 126). This model is mech-
anistically attractive, as cyclodextrins can act as scavengers
of cholesterol and gangliosides, and in vitro data indicate
that HPBCD provided in cell culture medium reaches the
lysosomal storage organelles of human fibroblasts defi-
cient in either NPC1 or NPC2 and lowers intracellular
cholesterol accumulation (127). It is difficult to reconcile
these two very different views, especially because the Npclf/ -
mice appear to behave differently, with dramatically differ-
ent, untreated survivals in these different laboratories, but it
would seem parsimonious to suggest that both a lipid-
scavenging action of HPBCD and an antineuroinflamatory

action of ALLO contribute to these promising results.
Fourth, several inhibitors of histone deacetylases reduce
the accumulation of cholesterol in two human fibroblast
cell lines carrying mutations in NPCI but not in a cell line
carrying a mutation in NPC2; however, the mechanism of
this effect is uncertain (128). Potential impacts on ste-
roidogenesis have not been reported for these experimen-
tal treatments.

MIN64 AND MENTHO

Metastatic lymph node, clone 64 (MLN64) is a choles-
terol-binding protein that colocalizes with the NPC pro-
teins, but its precise role remains unclear. MLN64 was
identified in a screen of clones prepared from the meta-
static lymph nodes of women with ductal breast carcino-
mas (129). The gene for MLN64 is located on chromosome
17q12-21, close to two other genes involved in breast can-
cer: it is distal to the c-erbB2 gene and proximal to the
BRCAI gene. Whether MLLN64 has a role in breast cancer
remains unclear. MLN64 and NPC1 colocalize in late en-
dosomes (130), suggesting that MLN64 may function
downstream from NPCI to facilitate cholesterol egress
from endosomes, but this remains unproven and further
work is needed.

MILN64 contains 445 residues divided into two domains:
the N-terminal half contains four apparent transmem-
brane regions and targets the protein to the membranes
of late endosomes (131), and the carboxy-terminal half is
structurally related to the steroidogenic acute regulatory
protein (StAR, discussed below) (132) (Fig. 4). The N-ter-
minal domain (residues 1-230) with its four transmem-
brane domains is structurally similar to a subsequently
cloned late-endosomal protein called MENTHO. It is
termed the MENTAL domain (for MLLN64 N-terminal do-
main homolog) (133). MENTHO and the MENTAL do-
main of MLN64 share 70% identity and 83% similarity
(133). The carboxy-terminal half of MLLN64 is structurally
related to StAR (134, 135), a mitochondrial protein that
regulates the acute production of steroids in the adrenal
and gonads in response to tropic hormones (136). This
carboxy-terminal domain of MLN64 (residues 231-445) is
called the StAR-related lipid transfer (START) domain
(133, 137) because it is 35% identical and 54% similar to
the putative lipid-binding domain of StAR (138, 139). The
MENTAL domains of MENTHO and MLN64 can interact
to form homo- and heterodimers and to bind cholesterol,
suggesting a role in endosomal cholesterol transport (140).
The gene structures of MLLN64, MENTHO, and StAR are
closely related. Exons 2-7 of MLLN64 encoding the MENTAL
domain have an identical organization to the correspond-
ing exons encoding the MENTAL domain of MENTHO.
Exon 8 of the MLLN64 gene encodes a nonconserved linker
region joining the MENTAL and START domains. The
boundaries of the exons encoding the START domains of
StAR and MLN64 are also conserved (141, 142). However,
whereas the START domain of StAR is encoded by five
exons (exons 3-7), the START domain of MLNG64 is en-
coded by seven exons (exons 9-15). Interestingly, the two
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Fig. 4. Structural relationships among MLN64, MENTHO, and StAR. The figure shows the human genes

for MLLN64 (top), MENTHO (middle)

, and StAR (bottom) as lines with the numbered boxes representing

exons (open boxes, noncoding regions; black boxes, coding regions). The encoded proteins are repre-
sented as rectangles with light lines connecting to the corresponding coding exon. Numbers in the protein
domains designate amino-acid positions. The four helices of the MENTAL domain of MLLN64 and MENTHO
that traverse the membrane are represented as gray boxes. The START domains of MLN64 and StAR are
indicated by hatched lines. The location of a CpG island in the 5" region of the MLLN64 gene is indicated by
a dotted line below exon 1. Reproduced from Ref. 132 with permission.

additional introns present in the MLN64-START domain
genomic sequence are also conserved. Because of these
similarities, MLN64 is also termed StarD3.

Consistent with these structural similarities, when ex-
pressed in nonsteroidogenic cells, full-length MLLN64 lacks
StAR-like activity, but MLN64 lacking the 234 N-terminal
amino acids of the MENTAL domain (N-234 MLLN64) has
about 50-60% of StAR-like activity in vitro (143). These
conserved START domains of both MLLN64 and StAR can
bind cholesterol, but whereas StAR acts as a cholesterol
transporter in mitochondria (144), MLLN64 participates in
cholesterol transport from endosomes to cytoplasmic
acceptor(s) (131). The mechanism of action of full-length
MLNG64 remains unclear, although the START domain of
MLNG64 is found as a cleavage protein in the placenta
(143), and a recent report suggests that the START domain
of MLN64 interacts with a cytoplasmic 60 kDa heat shock
protein (HSP60) to stimulate steroidogenesis in placental
mitochondria (145). Another recent study identified MLN64
as a lutein-binding protein in the retina and, hence, po-
tentially involved in preventing night blindness (146).

The structures, subcellular location, and cholesterol-
binding properties of MLN64 and MENTHO suggest an
action downstream from NPCI, so that one might predict
that their disruption would result in a similar phenotype.
However, disruption of the cholesterol-binding START
domain of MLN64 by homologous recombination in mice
yielded no obvious phenotype. Mice homozygous for the
MLNG64 mutant allele were viable, neurologically intact,
and fertile (147). There were no significant changes in
plasma lipid levels, the content and distribution of hepatic
lipids, or in the expression of genes involved in sterol
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metabolism, except for an increase in sterol ester storage
in mutant mice fed a high-fat diet. Embryonic fibroblasts
transfected with the cholesterol side-chain cleavage system
and primary cultures of granulosa cells from MLN64 mu-
tant mice showed defects in sterol trafficking as reflected
in reduced conversion of endogenous cholesterol to steroid
hormones. These observations suggest that the MLN64
START domain is largely dispensable for sterol metabo-
lism in mice (147), and no human genetic disorders of
MIN64 or MENTHO have been described. However, under
basal conditions in NPCl-deficient cells, endosomal cho-
lesterol accumulation leads to increased MLLN64-mediated
transport of cholesterol to mitochondria and a buildup of
cholesterol in the outer mitochondrial membrane (148).
Thus, cholesterol transport from endosomes to mitochon-
dria may involve MLN64.

TRANSPORT OF CHOLESTEROL TO
MITOCHONDRIA: CHOLESTEROL-BINDING
PROTEINS

Both vesicular and nonvesicular means of cholesterol
transport appear to be important in steroidogenic cells.
Nonvesicular cholesterol transport may involve protein-
protein interactions between lipid droplets and other or-
ganelles, including mitochondria (149-153). These
proteins include NSF, o-SNAP, SNARE, SNAP23, syn-
taxin-5, and VAMP4. Steroidogenic cells express high lev-
els of some members of the SNARE protein family, such as
Syntaxin-17, SNAP23, and SNAP25; these are hormonally
regulated in ovarian granulosa cells (154-158). SNARE



proteins may promote functional interactions between
lipid droplets and mitochondria, facilitating the transport
of cholesterol substrate from lipid droplets to steroido-
genic mitochondria.

Alternatively, cholesterol may be transported from lipid
droplets to the OMM by nonvesicular transport processes
involving high-affinity cholesterol-binding proteins (9, 13,
159). Early studies suggested that sterol carrier protein-2
(SCPy), a nonspecific lipid transfer protein, mediates cho-
lesterol transport to steroidogenic mitochondria and stim-
ulates steroid hormone biosynthesis (159). However, SCP,
appears to function mainly as a carrier for fatty acids, fatty
acyl CoAs, lysophosphatidic acid, phosphatidyl inositol,
and sphingolipids; it facilitates branched-chain fatty acid
oxidation, but it has a low affinity for cholesterol and ap-
pears to play a minor role in cholesterol trafficking (160,
161). The crystal structure of rabbit SCP, determined at
1.8 A resolution (162), and the NMR structure of human
SCP, at 2.2 A resolution both show a tunnellike cavity
lined primarily by hydrophobic residues, providing an en-
vironment for the binding hydrophobic ligands (163).
Knockout of the mouse SCP2 gene affects peroxisomal
function secondary to the loss of SCP-x, but the animals
are phenotypically and reproductively intact and their
cells do not accumulate cholesterol (164, 165).

A family of lipid-binding proteins termed StarD4,
StarD5, and StarD6 (166, 167) is structurally related to
StAR (StarD1), which is the prototype of the START do-
main protein superfamily (167-169) (MLN64 is StarD3).
This superfamily is evolutionarily conserved in plants and
animals (137, 138). Fifteen human proteins contain a
START domain, either alone or in association with other
domains. START domain proteins can bind a variety of
lipids: StAR and MLNG64 bind cholesterol; StarD5 binds
cholesterol and 25-hydroxycholesterol; phosphatidylcholine-
transfer protein (PCTP; StarD2) binds phosphatidylcholine;
StarD10 binds phosphatidylcholine and phosphatidyletha-
nolamine; and ceramide-transport protein (CERT) binds
ceramides. The oxysterol-binding protein (OSBP)-related
proteins (ORP) are conserved from yeast to man and are
implicated in regulating sterol pathways (170-173). OSBP
and other ORPs have been suggested as candidates for ox-
ysterol transport to other membrane compartments (174).

StarD4 and StarD5 are widely expressed in steroido-
genic cells, whereas StarD6 expression appears to be
mostly restricted to the testicular germ cells (169). In con-
trast to StarD1 and StarD3 (MLNG64), StarD4, StarDb5,
StarD6, StarD10, and CERT lack N-terminal sequences,
suggesting they are cytosolic proteins like StarD2 (PCTP)
(175), but direct evidence for this is lacking in most cases.
StarD4 and StarD5 bind cholesterol with high affinity and
specificity, facilitate cholesterol transport through an
aqueous environment, and appear to play important roles
in cellular cholesterol homeostasis (176, 177). StarD4 and
StarD5 have negligible StAR-like activity to stimulate the
movement of cholesterol from the OMM to the IMM; by
contrast, StarD6 has robust StAR-like activity and physico-
chemical properties that closely resemble StAR (StarD1)
(169). StarD7 is a phosphatidyl choline-binding protein

(178) abundantly expressed in trophoblast cells (179). In
THP-1 macrophages, StarD4 is found in cytoplasm and co-
localized with ACAT in the ER, where it appears to increase
ACAT activity, suggesting that StarD4 participates in direc-
tional, nonvesicular cholesterol transport (180). Because
StarD4 and StarD5 resemble a StAR molecule lacking its
mitochondrial leader peptide and because such leaderless
StAR molecules are fully active in transfected cells (144,
181) it seemed that StarD4 and/or StarD5 might function
to “load” cholesterol into the OMM, where it could be
acted upon by StAR itself. However, knockout of StarD4 in
the mouse resulted in minimal changes in weight and se-
rum lipids and no changes in steroidogenesis, so that any
role played by StarD4 appears to be compensated by other
factors (182). Human disorders of the StarD proteins, other
than StAR itself (see below), have not been reported.

ACUTE VERSUS CHRONIC REGULATION OF
STEROID BIOSYNTHESIS

Steroid secretion is constitutively linked to steroid syn-
thesis. Cells that produce polypeptides for export (e.g.,
insulin, growth hormone, digestive enzymes, etc.) first synthe-
size and then store large amounts of the protein in secretory
vesicles, ready for rapid release. By contrast, steroidogenic
cells store very little steroid hormone, so a rapid steroido-
genic response (e.g., adrenal secretion of cortisol in the
classic “fight or flight” response) requires rapid synthesis
of new steroid (183-185). The regulation of steroidogen-
esis is best described in the adrenal, but similar principles
apply in the gonad. ACTH acting on the adrenal (and LH
acting on the gonad) promotes steroidogenesis at three
distinct levels with substantially different timing. First, over
the course of months, long-term exposure to ACTH pro-
motes adrenal growth: ACTH via its second messenger,
cAMP, promotes the intra-adrenal synthesis of insulin-like
growth factor 2 (186, 187), basic fibroblast growth factor
(188), and epidermal growth factor (189), promoting cel-
lular hypertrophy and hyperplasia. Second, ACTH, acting
through cAMP in the adrenal zona fasciculata (and angio-
tensin II acting through the calcium/calmodulin pathway
in the zona reticularis), promotes transcription of genes
encoding the steroidogenic enzymes, especially the CYPI1A1
gene encoding the enzymatically rate-limiting enzyme
P450scc (190, 191). Third, ACTH rapidly stimulates the
production and activation of StAR. In response to ACTH,
cAMP stimulates phosphorylation of StAR at Ser195 almost
immediately, thus doubling its activity (192), and stimu-
lates transcription of the StAR gene within minutes (193).
StAR increases the flow of cholesterol from the OMM to
IMM, where it becomes substrate for P450scc, thus mediat-
ing the acute steroidogenic response. It was the physiologic
observation that ACTH exerts distinct acute and chronic
actions that led to the discovery and characterization of
StAR. The regulation of StAR expression is controlled by
multiple factors (194).

Studies in the 1960s showed that the acute steroidogenic
response could be blocked by inhibitors of protein synthesis,

Cholesterol and steroids 2119



such as puromycin or cycloheximide, indicating that a
short-lived protein species mediates this process (183—
185). Two-dimensional gel electrophoresis first showed
that this acute steroidogenic response was accompanied
by the rapid synthesis of a group of proteins ultimately
shown to be derived from a 37 kDa phosphoprotein (195-
198), leading to its cloning and designation as the ste-
roidogenic acute regulatory protein, StAR (199). The
history of the discovery of StAR as this long-sought acute
trigger of steroidogenesis was reviewed in detail shortly
after its discovery (136). StAR is synthesized as a 37 kDa pro-
tein that has a typical mitochondrial leader sequence that
directs it to the mitochondria; upon mitochondrial entry,
this leader peptide is cleaved off to yield the 30 kDa in-
tramitochondrial protein. In some cell types, this cleavage
takes place in two steps, yielding a 32 kDa intermediate.
Overexpression of StAR in mouse Leydig MA-10 cells
increased their basal rate of steroidogenesis (199), and
cotransfection of vectors expressing StAR and a fusion
protein of the P450scc enzyme system in nonsteroidogenic
COS-1 cells augmented pregnenolone synthesis above that
obtained with the P450scc system alone (200), providing
evidence that StAR is the acute regulator of steroidogene-
sis. The definitive proof of StAR’s essential role came when
it was shown that StAR mutations cause congenital lipoid
adrenal hyperplasia, in which very little steroid is made
(200, 201).

Some steroidogenesis is independent of StAR. Non-
steroidogenic cells transfected with the P450scc enzyme
system can convert some cholesterol to pregnenolone in
the absence of StAR (202, 203). Cotransfection with a vec-
tor that expresses StAR shows that this StAR-independent
steroidogenesis occurs at about 14% of the StAR-induced
rate (200, 201). In vivo, the human placenta utilizes mito-
chondrial P450scc to initiate steroidogenesis (191) but
does not express StAR (141), although the placentae of pigs
and cattle express low levels of StAR (204). The mecha-
nism of StAR-independent steroidogenesis is unclear; it
may occur without a triggering protein, or some other pro-
tein may exert StAR-like activity to promote cholesterol
flux but without StAR’s rapid kinetics. Some data suggest
that a 30 kDa proteolytic cleavage product of MLLN64 exerts
StAR-like activity in the placenta and elsewhere (143, 145).

STRUCTURE AND MECHANISM OF STAR’S ACTION

The mechanism of StAR’s action has been studied ex-
tensively, but it remains incompletely understood (205,
206). It was initially noted that the 37 kDa cytoplasmic
form possessing the mitochondrial leader sequence had a
short half-life of less than 15 min, suggesting it was a “pre-
cursor,” whereas the 30 kDa intramitochondrial “mature”
form of StAR had a half-life of several hours. It was first
suggested that importation of StAR into mitochondria
formed “contact points” between the OMM and IMM, per-
mitting cholesterol to flow down a chemical concentration
gradient (136, 199), and others concluded that the 30 kDa
“mature” StAR is the biologically active moiety, function-
ing as a cholesterol shuttle in the intramembranous space
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(207). However, deletion of the mitochondrial leader has
no effect on StAR’s activity in transfected cells (181), and
both the 37 and 30 kDa forms of StAR are equally active
when expressed in the cytoplasm or added to mitochon-
dria in vitro (144). Immobilizing StAR on the cytoplasmic
surface of the OMM, in the intramembranous space, or on
the matrix side of the IMM showed that StAR was constitu-
tively active on the OMM, but it was inactive when local-
ized to the intramembranous space or to the IMM (144)
(Fig. 5). Thus StAR acts exclusively on the OMM (144,
181). Similarly, constructs that could either speed up or
slow down the entry of StAR into the mitochondria showed
that faster import decreased activity, whereas slower im-
port increased activity (144). Thus, StAR’s activity to pro-
mote steroidogenesis is proportional to its residency time
on the OMM, and itis StAR’s cellular localization, and not
its cleavage from 37 to 30 kDa, that determines its activity.

The three-dimensional structure of StAR has been de-
duced from the crystal structure of the START domain of
MLNG64 (MLNG64 lacking its N-terminal 218 residues). This
protein (N-218 MLN64) is 37% identical and about 50%
similar to the sequence of StAR (134). N-218 MLN64 has
about half of the activity of StAR to promote steroidogen-
esis, both in transfected cells and when the bacterially
expressed, purified protein is added to steroidogenic mito-
chondria in vitro (135, 143). The crystal structure of N-216
MLNG64 shows a globular protein with an «/f helix-grip
fold and an elongated hydrophobic pocket measuring
about 26 A deep and 10 A across at its widest diameter
(207). Modeling indicates that N-216 MLN64 accommo-
dates a single molecule of cholesterol in this pocket, with
the 33-OH group coordinated by the two polar residues at
the bottom of the pocket. This structure, the crystal struc-
ture of the closely related protein StarD4 (208), and sev-
eral computational models of StAR (209-211) are all very
similar. Each is characterized by two long a-helixes at the
N- and C-termini, two short a-helixes, and a set of nine
antiparallel 3 sheets that form a helix-grip fold (Fig. 6A).
A recent, low-resolution (3.4 A) structure of human StAR
has confirmed the results of these models (212).

To determine which domains of the StAR protein inter-
act with the OMM, bacterially expressed human StAR was
incubated with small unilamellar vesicles having a lipid
composition designed to model that of the OMM. The
complex was then proteolyzed, and the StAR peptides pro-
tected from proteolysis were identified and characterized
by mass spectrometry (210). Only the exterior surface of
the C-terminal a-helix and small segments of the adjacent
O-loops were protected by the synthetic membrane, indi-
cating these domains probably interact with the OMM
(Fig. 6B). The Q-loops form hydrogen bonds with the
C-terminal helix; when these bonds are intact, the C-helix
obstructs access of cholesterol to StAR’s hydrophobic cho-
lesterol-binding pocket. Molecular Dynamics simulations
indicated that the C-helix can “swing open,” especially
when the surface residues are protonated, as would be ex-
pected when StAR interacts with the OMM (213). It is pre-
sumed that the interaction of StAR with the charged
phospholipid head groups on the OMM disrupts these



staR TOM/SHAR smn/su:n Del Star
B W

2500
2000 T -
] e
£ 1500
g
s
g
€ 1000
g
&
500 rl
o L m B A i &
& & & L S S S S S S S
& & & Q—'dz‘ & & F F F & T
O S A M P e
RS S P PO R
& F

Fig. 5. StAR acts on the outer mitochondrial membrane (OMM). The upper panel shows the experimen-
tal design (144), depicting the OMM, intramembranous space (IMS), inner mitochondrial membrane
(IMM), and various StAR constructs designed to test mitochondrial import and organellar localization. The
first 62 residues of StAR, which include the mitochondrial leader and pause sequences, are represented by
the corkscrew line, the protease-resistant domain (residues 63-188) by the yellow box, and the protease-
sensitive carboxyl-terminal domain by the yellow blob. Mitochondrial protein-import proteins are repre-
sented by red ovals. Fusion of N-62 StAR to the C terminus of Tom20, an OMM protein, generates the Tom/
StAR construct, which immobilizes StAR on the OMM. Tim9/StAR, a fusion of StAR to an IMS protein, im-
mobilizes StAR in the IMS, and Tim44/StAR, a fusion of StAR to an IMM protein, immobilizes StAR on the
matrix side of the IMM. StAR/StAR is a construct that fuses 1-188 StAR to N-62 (63-285) StAR, thus dimeriz-
ing the protease-resistant domain (residues 63-188); Del StAR retains residues 1-30 but deletes a “pause” se-
quence at residues 31-62, and Scc/StAR replaces the StAR leader (either 1-30 or 1-62) with the 39 amino acid
leader sequence of human P450scc. The lower panel shows the activity of the constructs illustrated in the
upper panel, when transfected into COS-1 cells cotransfected with the F2 fusion of the cholesterol side-chain
cleavage system. A low level of StAR-independent steroidogenesis is seen with the vector control, but full-
length (1-285) or N-62 StAR increase steroidogenesis 6-fold. The hydroxysterol 22R-OH-cholesterol bypasses
the action of StAR, providing an index of the maximal level of steroidogenesis that can be achieved in this
system. Transfection with the Tom/StAR fusion or the StAR/StAR dimer achieves this maximal level of ste-
roidogenesis. By contrast, when StAR is placed at the N-terminus rather than the C terminus of Tom20
(StAR/Tom), when it is localized to the matrix side of the IMM (Tim44/StAR), or when it is confined to the
IMS (Tim9/StAR), it is inactive. Replacing StAR’s leader peptide with that of P450scc also reduces activity.
Cellfree transcription/translation linked to mitochondrial import assays show that the level of activity seen
with the leader mutants is inversely proportional to their speed of import (144). Copyright © W. L. Miller.

hydrogen bonds, permitting the C-helix to swing open
and closed, governing access of cholesterol to the sterol-
binding pocket. To test the role of the movement of the
C-helix, residues were computationally identified that
could be changed to Cys without altering the protein’s
conformation. Immobilizing the C-helix by forming disul-
fide bonds with the adjacent loops ablated activity, whereas
reducing these artificial disulfide bonds restored activity,
showing that it was the immobilization of the C-helix, and
not the amino acid changes, that were responsible for the

lost activity (213). Thus, the activity of StAR on the OMM
requires an acid-induced disruption of hydrogen bonds
and a consequent conformational change in StAR to per-
mit it to bind and release cholesterol.

StAR has a hydrophobic pocket that binds one molecule
of cholesterol (207, 213). The interaction of StAR with the
OMM involves conformational changes (213-218) that are
needed for it to accept and discharge cholesterol mole-
cules. StAR can transfer cholesterol between membranes
in vitro (219), suggesting that other protein molecules are
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Fig. 6. Model of N-62 StAR. (Left) Ribbon diagram showing the N terminus in the upper right-hand cor-
ner and the C-terminal helix in the lower center, extending out of the plane of the diagram. Residues that
contribute to the associations between this C-terminal helix and adjacent structures are shown as ball-and-
stick representations: carbon atoms are in white, nitrogen are in blue, oxygen in red, and hydrogen bonds
in green. Reprinted from (210) with permission. (Right) Model showing the orientation of StAR as it inter-

acts with the OMM (cover picture of Ref. 210).

not needed for its action; however, the mutant R182L.,
which is biologically inactive (201, 220), can also transfer
cholesterol to membranes in vitro (221), and other pro-
teins are known to interact with StAR. Thus, StAR’s action
to promote steroidogenesis is distinct from its cholesterol-
binding and cholesterol-transfer activity; cholesterol bind-
ing is necessary but not sufficient for StAR activity.

StAR appears to interact with a protein complex on the
OMM (222); different experiments have identified multi-
ple StAR “partner proteins,” whose roles remain under
study. It has long been known that the peripheral benzodi-
azepine receptor (PBR) plays a key role in the hormonally
induced entry of cholesterol into steroidogenic cells (223),
and several lines of evidence now indicate that this 18 kDa
protein (now also called the mitochondrial transporter
protein, TSPO) (224) acts downstream of StAR on the
outer mitochondrial membrane (225-227). PBR/TSPO,
which is localized to the OMM and binds benzodiazepines
and the test drug PK11195, has a cytoplasmic domain con-
taining a cholesterol recognition amino acid consensus
(CRAC) domain (228). PBR/TSPO ligands stimulate ste-
roid synthesis and promote translocation of cholesterol
from OMM to the IMM in several steroidogenic cell types
(229-231). Mutagenesis of the CRAC domain interferes
with cholesterol binding and transfer of cholesterol to the
IMM (228), and blocking the binding of cholesterol to the
CRAC domain prevents steroidogenesis (232). Targeted
deletion of the TSPO gene in a Leydig cell line blocked
cholesterol transport into the mitochondria and reduced
steroid production; reintroduction of TSPO into the defi-
cient cell line restored steroidogenic capacity (228).

It has long been known that PBR/TSPO interacts with
the voltage-dependent anion channel (VDAC) on the
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OMM, which in turn interacts with the adenine nucleotide
transporter (ANT) on the IMM (233). More recent data
showed that PBR/TSPO is a component of a 140-200 kDa
multiprotein complex consisting of PBR/TSPO itself, the
34 kDa VDACI, the 30 kDa ANT, a 10 kDa protein (pk 10),
the TSPO-associated protein-1 (PRAX-1), and the TSPO
and protein kinase A (PKA) regulatory subunit Rle-associated
protein 7 (PAP7, also known as acyl-CoA binding domain-
containing protein 3, or ACBD3) (234). MA-10 Leydig cells
that overexpress a fusion protein that affixes StAR to the
OMM (Tom20/StAR) and, hence, have maximal StAR ac-
tivity, produced steroids at a maximal level, but these cells
lost their steroidogenic capacity if exposed to PBR/TSPO-
antisense oligonucleotides (226). However, whereas the
functional interaction with PBR/TSPO appears clear, a
physical interaction has not been demonstrated. Instead,
physical interactions with VDACI and phosphate carrier
protein (PCP) have been described by protein cross-link-
ing studies (222), and VDACI also appears to interact with
PBR/TSPO (227, 235). The role of VDAC-1 is unclear;
VDAC-1 has a ring-like structure with a hydrophilic inte-
rior that is well-suited to anion transport, but it is a seem-
ingly poor candidate to form a channel for hydrophobic
cholesterol (236, 237).

The phosphorylation of StAR on Ser 195 approximately
doubles StAR’s activity (192), but the precise mechanism
of this phosphorylation remains under investigation. StAR
has been reported to interact with PAP7 and be phospho-
rylated by cAMP-dependent protein kinase regulatory
subunit la (PKA-RIa) (227, 235), but more recent data indi-
cate that the PKA anchor protein AKAP121, one of four
AKAP proteins arising from the alternately spliced AKAPI
gene (238), recruits the type II PKA regulatory subunit o



(PKAR2A), which phosphorylates StAR, whereas the type
I kinase drives StAR transcription (239, 240). A physical
interaction between the 37 kDa cytoplasmic form of StAR
and HSL has also been reported (241). StAR is recycled,
with each molecule moving hundreds of molecules of cho-
lesterol into the mitochondria before StAR is imported
into the mitochondria and hence inactivated (242). Low
levels of steroidogenesis will persist in the absence of StAR
at about 14% of the StAR-induced rate (200, 201), ac-
counting for the steroidogenic capacity of tissues that lack
StAR (e.g., the human placenta). Physical studies and par-
tial proteolysis indicate that residues 63-193 of StAR are
protease resistant and constitute a “pause-transfer” sequence,
which permits the bioactive loosely folded carboxy-termi-
nal molten globule domain to have increased interaction
with the outer mitochondrial membrane (214).

DISORDERED STAR: CONGENITAL LIPOID
ADRENAL HYPERPLASIA

Congenital lipoid adrenal hyperplasia (lipoid CAH) is a
very severe disorder of steroidogenesis, characterized by
minimal or absent serum concentrations of all steroids;
high basal ACTH and plasma renin activity; absent steroi-
dal responses to long-term treatment with high doses of
ACTH or chorionic gonadotropin; and grossly enlarged
adrenals filled with cholesterol and cholesterol esters
(243-246). Because these findings indicate a lesion in the
conversion of cholesterol to pregnenolone, lipoid CAH
was initially thought to result from a disorder in an en-
zyme involved in this conversion; hence, before the role of
P450scc was understood, lipoid CAH was mis-termed
20,22-desmolase deficiency (246-251). However, the
CYP11A1 gene for P450scc is not mutated in these patients
(251), and placental steroidogenesis persists in lipoid
CAH, permitting the synthesis of the progesterone needed
for term gestation; this would not be expected to happen
if P450scc were involved (252). The normally functional
P450scc system in conjunction with the accumulation of
cholesterol esters in the affected adrenal suggested that
the lesion lay in an upstream factor involved in cholesterol
transport into mitochondria (251). Mutations in the gene
for PBR/TSPO were then sought but not found (253).
The identification of disease-causing StAR mutations in li-
poid CAH proved StAR’s indispensable role in adrenal
and gonadal steroidogenesis. Thus, lipoid CAH is the StAR
gene knockout experiment of nature (254), and the initial
studies of lipoid CAH showed that StAR promotes ste-
roidogenesis by increasing the movement of cholesterol
into mitochondria (200, 201, 255, 256). The observation
that cells could make some steroids in a StAR-independent
fashion led to the two-hit model of lipoid CAH (201) (Fig. 7).
The first hit is the loss of StAR activity, resulting in a loss
of most, but not all steroidogenesis. Diminished ste-
roidogenesis causes a compensatory rise in ACTH and go-
nadotropins, eliciting increased intracellular cAAMP, which
increases biosynthesis of LDL receptors, the uptake of
LDL cholesterol, and de novo synthesis of cholesterol.

Consequently, in the absence of StAR, intracellular choles-
terol accumulates, causing the second hit, which is the loss
of all steroidogenic capacity caused by mitochondrial and
cellular damage resulting from the accumulated choles-
terol, cholesterol esters, and their auto-oxidation prod-
ucts (201).

The two-hit model (128), which has been confirmed
clinically (257, 258) and in StAR knockout mice (259,
260), explains the findings in lipoid CAH. The same ab-
normal physiology seen in adrenal cells occurs in fetal
testicular Leydig cells, which normally make the large
amounts of testosterone needed for development of male
external genitalia. Consequently, an affected 46,XY fetus
cannot produce testosterone and is born with female ex-
ternal genitalia. The Sertoli cells are undamaged and pro-
duce Mullerian inhibitory hormone normally, so that the
phenotypically female 46,XY fetus lacks a cervix, uterus, or
fallopian tubes. The steroidogenically active fetal zone of
the adrenal is similarly affected early in development, dis-
rupting its biosynthesis of dehydroepiandrosterone, which
is converted to estriol by the placenta, so that midgestation
maternal and fetal estriol levels are very low (252). By con-
trast, the fetal adrenal produces very little aldosterone be-
cause fetal salt and water balance are governed by the
placenta, so that stimulation of the aldosterone-producing
zona glomerulosa generally does not begin until birth.
Consistent with this, many newborns with lipoid CAH do
not have a salt-wasting crisis until after several months of
life, when chronic stimulation then leads to cellular dam-
age (201, 261).

The two-hit model explains the perplexing adolescent
feminization of affected 46,XX females who received ste-
roid replacement therapy in infancy and hence survived
(257, 258). Unlike the fetal testis, the fetal ovary makes
little or no steroids (262). In the absence of tropic hormone
induction of steroidogenesis, the affected ovary remains
undamaged until it is stimulated by gonadotropins. At the
onset of puberty, the ovary in lipoid CAH produces small
amounts of estrogen by StAR-independent steroidogene-
sis. However this low level of steroidogenesis cannot gener-
ate adequate progesterone in response to the midcycle LH
surge, and continued stimulation results in cholesterol ac-
cumulation and cellular damage, so that biosynthesis of
progesterone in the latter part of the cycle is impaired.
Gonadotropin stimulation only recruits individual follicles
and does not promote steroidogenesis in the whole ovary;
hence, most follicles remain undamaged and available for
future cycles. Monthly cyclicity is determined by the hypo-
thalamic-pituitary axis, and remains normal. A new follicle
is recruited with each successive cycle, and more estradiol
is produced by StAR-independent steroidogenesis. Al-
though ovarian steroidogenesis is impaired, enough estro-
gen is produced to induce breast development; hence, the
patient experiences general feminization, monthly estro-
gen withdrawal, and cyclic vaginal bleeding (201, 257).
Because little progesterone is produced in the latter half
of the cycle, the cycles are anovulatory. Measurements of
estradiol, progesterone, and gonadotropins throughout
the cycle in affected adult females with lipoid CAH confirm
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Fig. 7. Two-hit model of lipoid CAH. (A) In a normal human adrenal cell, cholesterol is primarily derived
from low-density lipoproteins. The rate-limiting step in steroidogenesis is the flow of cholesterol from the
outer to the inner mitochondrial membrane. (B) In early lipoid CAH, StAR-independent mechanisms can
still move some cholesterol into the mitochondria, yielding a low level of steroidogenesis. ACTH secretion
increases, stimulating further accumulation of cholesterol esters in lipid droplets. (C) As lipid droplets ac-
cumulate, they engorge and damage the cell through physical displacement and by the action of cholesterol
auto-oxidation products. Steroidogenic capacity is destroyed, and tropic stimulation continues. In the ovary,
follicular cells remain unstimulated and undamaged until puberty, when small amounts of estradiol are
produced, as in panel B, causing partial feminization, with infertility and hypergonadotropic hypogonadism.

Modified from Ref. 201, with permission.

this model (258). Similarly, examination of the ovaries of
StAR-knockout mice confirms the two-hit model (260). Un-
derstanding this physiology has permitted successful in
vitro fertilization in affected female patients (263, 264).

Lipoid CAH is a rare disorder in most populations, but
is especially common in Japan and Korea. Many StAR mu-
tations have been found in lipoid CAH patients, but about
65-70% of affected Japanese alleles and virtually all
affected Korean alleles carry the mutation Q258X (200,
201, 220, 246, 265-267). The Q258X carrier frequency in
these countries is about 1 in 300 (201, 266, 267) so that 1
in every 250,000 to 300,000 newborns is affected, or about
500 patients in Japan and Korea. Other genetic clusters
are found among Palestinian Arabs, carrying the mutation
RI82L (201), in eastern Saudi Arabia, carrying R182H (261),
and in parts of Switzerland, carrying the mutation L260P
(268).

An attenuated form of the disease called “non-classic li-
poid CAH” is caused by mutations that retain about 10-
25% of normal StAR activity (269, 270). These patients
typically experience adrenal insufficiency several years af-
ter infancy; the 46,XY individuals may masculinize nor-
mally, and mineralocorticoid secretion may be affected
minimally. The most common mutation causing this phe-
notype is R188C. Thus the spectrum of clinical presenta-
tion of mutations in the StAR protein is substantially
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broader than that of classic lipoid CAH, and many affected
patients may not be diagnosed correctly (270).

STEROIDOGENESIS AND CYTOCHROME P450

Once StAR and its interacting partners deliver choles-
terol to the IMM, the cholesterol can be used as the sub-
strate for steroidogenesis. Most steroidogenic enzymes are
isoforms of “cytochrome P450,” a term that designates a
group of oxidative enzymes sharing similar chemical prop-
erties: all have about 500 amino acids, contain a single
heme group, and absorb light at 450 nm in their reduced
states (271). P450 means pigment 450, because of their
yellow color in solution. The human genome encodes 57
cytochrome P450 enzymes; this is a small number: Droso-
phila have 83 functional P450 genes (272), mice have 102
(273), and rice has 356 (273). These genes are formally
termed CYP genes; the encoded proteins may be given the
same name without the use of italics (thus, the CYPI1AI
gene encodes CYP11Al), but most biochemists and endo-
crinologists continue to use the traditional P450 names for
the proteins (thus the CYPIIAI gene encodes P450scc).
Seven human cytochrome P450 enzymes are targeted to
the mitochondria and are termed “Type 17; the other 50
human P450 enzymes are targeted to the endoplasmic



reticulum and are termed “Type 2.” All P450 enzymes acti-
vate molecular oxygen using their heme center and
electrons donated by NADPH. The two types of P450 en-
zymes are distinguished by the different mechanisms by
which they receive electrons from NADPH, as well as by
their intracellular locations. Type 1 enzymes lie at the end
of an electron transfer chain consisting of a flavoprotein
termed ferredoxin reductase (also termed adrenodoxin
reductase) (274) and a small iron-sulfur protein termed
ferredoxin (also termed adrenodoxin) (275) (Fig. 8).
Type 2 P450 enzymes receive electrons via a single 2-flavin
protein termed P450 oxidoreductase (POR) (213). Each
P450 enzyme can catalyze multiple reactions, often with
chemically different substrates; hence, they are designated
by their P450 name (e.g., P450c21 or CYP21A1l) rather
than by a reaction-based name (e.g., 21-hydroxylase).

Six P450 enzymes are involved in steroid hormone bio-
synthesis (1). The first of these is mitochondrial P450scc,
which converts insoluble cholesterol to soluble preg-
nenolone by removing the hydrophobic 6-carbon acyl
chain by cleaving the 20,22 bond. A cell is said to be “ste-
roidogenic” if it expresses P450scc and hence can catalyze
this first and rate-limiting reaction; many cells can trans-
form steroids produced in other cells, but only cells pro-
ducing P450scc are steroidogenic. Pregnenolone may be
converted to progesterone by a non-P450 enzyme, 383-
hydroxysteroid dehydrogenase (3HSD, HSD3B) in asso-
ciation with the inner mitochndrial translocase Timb50
(276), or it may exit the mitochondrion and be acted on
by P450c17 (CYP17Al) in the endoplasmic reticulum,
which catalyzes both 17a-hydroxylase and 17,20 lyase ac-
tivities. Pregnenolone appears to exit the mitochondrion
unaided; no transport protein has been found, and physi-
ologic evidence does not suggest the presence of such a
transporter. Following the activities of 3BHSD and

NADPH

Fig. 8. Functional organization of mitochondrial P450 enzymes.
NADPH first donates electrons to the FAD moiety of ferredoxin
reductase (FeRed); positively charged residues in ferredoxin re-
ductase interact with negatively charged residues in ferredoxin
(Fedx), permitting the electrons to be transferred to the Fe,S, cen-
ter (ball and stick diagram). Ferredoxin then dissociates from
ferredoxin reductase and diffuses through the mitochrondrial ma-
trix. The same surface of ferredoxin that received the electrons
from ferredoxin reductase then interacts with the redox-partner
binding site of a mitochondrial P450, such as P450scc. The elec-
trons from the Fe,S, center of ferredoxin travel to the heme ring of
the P450. The heme iron then mediates catalysis with substrate
bound in the P450. Copyright © W. L. Miller.

P450c17, P450c21 (CYP21Al) catalyzes the 21-hydroxyla-
tion of both glucocorticoids and mineralocorticoids. The
final steps in the synthesis of both glucocorticoids and
mineralocorticoids again takes place in the mitochondria,
where the two isozymes of P450cll, P450c11f (11p-
hydroxylase, CYP11B1) and P450c11AS (aldosterone
synthase, CYP11B2) reside. P450c11f catalyzes the 113-
hydroxylation of 11-deoxycortisol to cortisol, and P450c11AS
catalyzes the 11B-hydroxylase, 18-hydroxylase, and 18-methyl
oxidase activities needed to convert deoxycorticosterone
to aldosterone. Another type 2 enzyme, P450aro, catalyzes
aromatization of androgens to estrogens. Histologic and
electron microscopic examination of steroidogenic cells
suggests that the smooth endoplasmic reticulum contain-
ing the type 2 steroidogenic P450 enzymes comes into
physical contact with the OMM during hormonally in-
duced steroidogenesis (222), forming a steroidogenic
complex, so that the movement of steroidal intermediates
from mitochondrion to endoplasmic reticulum involves
very small distances and should not be visualized as steroid
hormones having to travel great distances across the cyto-
plasm. The biochemistry, genetics, human physiology, and
disease states of all these enzymes have been reviewed in
detail recently (1).

CHOLESTEROL SIDE-CHAIN CLEAVAGE
ENZYME P450scc

Conversion of cholesterol to pregnenolone by mito-
chondrial P450scc is the first, rate-limiting, and hormon-
ally regulated step in the synthesis of all steroid hormones
(277-279). This process involves three chemical reactions,
the 22-hydroxylation of cholesterol, 20-hydroxylation of
22(R)-hydroxycholesterol, and oxidative scission of the
C20-22 bond of 20(R),22(R)-dihydroxycholesterol (the
side-chain cleavage event), to yield pregnenolone and iso-
caproaldehyde. Of these three reactions, the binding of
cholesterol and 22-hydroxylation are rate limiting, as the
efficiencies (k.,/ K, ratios) are much higher for the subse-
quent reactions, and the high K of ~3000 nM drives the
dissociation of pregnenolone from P450scc (280, 281).
Nevertheless, soluble hydroxysterols such as 22(R)-hy-
droxycholesterol can enter the mitochondrion readily, by-
passing the action of StAR and the cholesterol-import
machinery (282), providing a useful experimental tool for
studying these processes (200, 202). The overall side-chain
cleavage reaction catalyzed by P450scc is slow, with a net
turnover number of about 6 (283) to 20 (281) molecules
of cholesterol per molecule of P450scc per second. Be-
cause 20-hydroxycholesterol, 22-hydroxycholesterol, and
20,22-hydroxycholesterol can all be isolated from bovine
adrenals in significant quantities and because 3 mol of NA-
DPH are required per mole of cholesterol converted to
pregnenolone, it was initially thought that three separate
enzymes were involved. However, protein purification and
reconstitution of enzymatic activity in vitro showed that a
single protein, P450scc, converted cholesterol to preg-
nenolone (284, 285). These three reactions occur on a
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single active site that is in contact with the inner mitochon-
drial membrane; the crystal structures of bovine (286) and
human (287) P450scc, the latter in complex with its elec-
tron donor, ferredoxin, have been determined recently.

The cDNA (288) and gene (289) for human P450scc
were cloned in the mid 1980s, showing that the 9-exon
gene lies on chromosome 15q23-q24, spanning about 20
kb. The P450scc mRNA encodes a preprotein of 521 amino
acids, including a 39 amino acid mitochondrial leader
peptide that is cleaved off during its entry into mitochon-
dria. A spontaneously occurring deletion of the gene for
P450scc in the rabbit (290), knockout of P450scc in the
mouse (291), and rare patients with P450scc gene muta-
tions (292-294) result in the loss of all steroidogenesis,
showing that all steroidogenesis is initiated by this one en-
zyme. Thus, itis the presence of P450scc that renders a cell
“steroidogenic” and able to make steroids de novo, as op-
posed to modifying steroids produced elsewhere, which
occurs in many types of cells. Transcription of the CYPI1A1
gene determines the amount of P450scc synthesis and,
hence, the steroidogenic capacity of a cell. CYPI1AI tran-
scription is regulated by tissue-specific and hormonally re-
sponsive factors, and it can be induced by both the PKA
and PKC second messenger systems acting through differ-
ent CYPI1A1I promoter sequences (190). The expression
of P450scc and other steroidogenic enzymes in the adre-
nal and gonad requires the action of steroidogenic factor
1 (SF1) an orphan zinc-finger transcription factor (295,
296). By contrast, the expression of P450scc in the human
placenta is constitutive (191) and independent of SFI;
however, it requires members of the CP2 (graineyhead)
family of transcription factors (also known as LBP pro-
teins) (297-300) and TreP-132 (301, 302). Thus, long-
term cellular stimulation over the course of days will
increase the content of P450scc and the level of basal ste-
roid produced, as well as the capacity of the cell to mount
a steroidogenic response.

ELECTRON TRANSFER TO P450scc: FERREDOXIN
AND FERREDOXIN REDUCTASE

P450scc and other mitochondrial P450 enzymes are ter-
minal oxidases in an electron transport system consisting
of two proteins, ferredoxin and ferredoxin reductase
(210). Electrons from NADPH are accepted by ferredoxin
reductase (also known as adrenodoxin reductase), a flavo-
protein bound to the inner mitochondrial membrane,
which then transfers the electrons to ferredoxin (adreno-
doxin), an iron/sulfur protein found in the mitochondrial
matrix or loosely adherent to the inner mitochondrial
membrane; ferredoxin then transfers the electrons to
P450scc (Fig. 8). Ferredoxin forms a 1:1 complex with
ferredoxin reductase, then dissociates, then subsequently
reforms an analogous 1:1 complex with a mitochondrial
P450 such as P450scc, thus functioning as an indiscrimi-
nate diffusible electron shuttle mechanism. The relative
abundances of ferredoxin reductase and ferredoxin are
critical for determining the catalytic activity of P450scc
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(202, 303). Mutations in the human genes for ferredoxin
and ferredoxin reductase have not been described, and
mouse knockouts have not been reported, but mutation of
the Drosophila ferredoxin reductase homolog dare causes
developmental arrest and degeneration of the adult ner-
vous system due to the loss of ecdysteroid production
(304).

The human FDXR gene (305) on chromosome 17q24-
q25 (306) yields two alternatively spliced mRNA species
differing by 18 bp (274), but only the ferredoxin re-
ductase encoded by the shorter mRNA is active (307).
This alternative splicing may be regulated in some tu-
mor tissues (308). Ferredoxin reductase mRNA is found
in all tissues examined, but its abundance is two orders
of magnitude higher in steroidogenic tissues (309).
Ferredoxin reductase is a 54.5 kDa flavoprotein consist-
ing of two domains, each comprising a B-sheet core sur-
rounded by a-helices (310). The NADP(H)-binding
domain is compact, whereas the more open FAD do-
main binds the dinucleotide portion of FAD across a
Rossman fold with the redox-active flavin isoalloxazine
ring abutting the NADP(H) domain. By analogy to the
structures of glutathione reductase and thioredoxin re-
ductase, the nicotinamide ring of NADPH appears to lie
adjacent to the flavin ring in a position to transfer elec-
trons to the FAD. Thus, intramolecular electron transfer
occurs in the cleft formed by the angled apposition of
these two domains. This cleft is characterized by basic
residues that interact with acidic residues on ferredoxin
(311, 312).

The FDXI gene (313) on chromosome 1122 (306) en-
codes ferredoxin (also termed Fdx1), a 14 kDa, soluble,
iron/sulfur (Fe,Sy) electron shuttle protein that resides
either free in the mitochondrial matrix or loosely bound
to the inner mitochondrial membrane (314). There are
two human ferredoxins, Fdx1 and Fdx2, but only Fdx1 ap-
pears to support mitochondrial P450 enzymes that partici-
pate in steroidogenesis, whereas Fdx2 participates in the
synthesis of heme and Fe/S cluster proteins (315). Ferre-
doxin consists of a core region and an interaction domain
(316). The core region contains the four cysteines that
tether the Fe,S, cluster, which lies in a protuberance at the
junction of its two domains. The interaction domain con-
tains a helix with numerous charged residues, giving ferre-
doxin a highly negatively charged surface above the Fe,S,
cluster that interacts with P450scc (817). Thus, the same
surface of ferredoxin interacts with both ferredoxin re-
ductase and the P450 (311, 318).

Despite this constraint, creation of a three-component
fusion protein of the general structure HyN-P450scc-
FerredoxinReductase-Ferredoxin-COOH (termed F2) in-
creases the enzyme’s maximum velocity (V,,) (202).
Other fusion proteins have been tested, but catalysis ap-
pears to require that the ferredoxin moiety be tethered to
the carboxy-terminus by a hydrophilic linker that permits
rotational freedom, so that the same surface of the ferre-
doxin moiety can access both the P450 and the ferredoxin
reductase (202, 203, 319). The requirement for ferre-
doxin reductase and ferredoxin is not absolute, as fusion



of P450scc to microsomal P450 oxidoreductase and tar-
geting of this fusion to the mitochondria yields an active
enzyme (203). However, when P450scc, the F2 fusion, or
other P450scc constructs are targeted to the ER, they are
wholly inactive (203). Inactivity in the ER is unrelated to
cholesterol delivery by StAR and availability of substrate,
as P450scc constructs targeted to the ER remain inactive
when soluble 22(R)-hydroxycholesterol is provided as
substrate. Thus, the mitochondrial location is essential for
the enzymatic activity of P450scc (320). The F2 fusion pro-
tein has been invaluable in studies of StAR, as it fixes the
molar ratio of P450scc, ferredoxin reductase, and ferre-
doxin at 1:1:1, thus eliminating variation in cofactor avail-
ability as a potential confounding factor when assessing
steroidogenic capacity.

HUMAN P450scc DEFICIENCY

Progesterone is needed to suppress uterine contractility
during pregnancy in all mammals; absence of progester-
one or interference with its action causes abortion (1). In
some animals, including rodents and rabbits, the proges-
terone needed to maintain pregnancy is produced by the
mother’s corpus luteum, an ovarian steroidogenic struc-
ture that develops as a consequence of pregnancy. How-
ever, primates, ungulates, and most other mammals
undergo a “luteo-placental shift” at the end of the first tri-
mester, wherein the maternal corpus luteum involutes
and placental steroidogenesis takes over as the source of
progesterone. Because the placenta is a fetal tissue, one
would expect that human P450scc deficiency would be in-
compatible with life, as it would prevent placental proges-
terone production, causing spontaneous abortion around
the middle of pregnancy. Nevertheless, a few patients have
now been described with mutations in P450scc that ablate
virtually all P450scc activity (292, 294, 321, 322). It is most
likely that these few fetuses with P450scc mutations
reached late gestation because of unusually protracted
maintenance of the maternal corpus luteum of pregnancy,
which normally involutes in the second trimester. How-
ever, this has not been investigated directly. As these pa-
tients lack P450scc, they cannot produce any steroids.
Absence of fetal testosterone results in 46,XY genetically
male fetuses being born with female-appearing external
genitalia, although the internal reproductive structures
are male, not female, because the action of the anti-Mular-
ian hormone remains normal. Absence of glucocorticoids
(cortisol) may result in poor glycemic control and poor
response to stress, but it is generally compatible with life.
Absence of mineralocorticoids (aldosterone) results in
loss of sodium and retention of potassium and hydrogen
ions, leading to hyponatremia, hyperkalemia, acidosis, de-
hydration, and death within a month or two of birth, if not
diagnosed. Appropriate steroid hormone replacement
therapy leads to long-term survival. A milder “nonclassical
form” of P450scc deficiency caused by missense mutations
that retain 10-20% of normal activity has been described
recently (323, 324).

CONCLUSIONS AND FUTURE DIRECTIONS

Because atherosclerotic disease is so common and dev-
astating, most research concerning cholesterol has cen-
tered on inhibiting its biosynthesis and understanding its
plasma carrier proteins and their cellular uptake. Under-
standing the intracellular cholesterol economy, especially
in steroidogenic cells, is taking longer, but the study of
rare diseases, such as Wolman disease, Niemann-Pick type
C disease, and congenital lipoid adrenal hyperplasia, has
contributed substantially to this effort by leading to the
discovery of StAR, START-domain proteins, and their rela-
tives. The precise roles for many of the START-domain
proteins, especially StarD4 and StarD5, remain under in-
vestigation, as do the molecular mechanisms by which
StAR and its partners work at the OMM or by which MLN64
and its partners work at the endosomal membrane. Such
an understanding is needed to permit a description of the
molecular itinerary of a cholesterol molecule as it makes
its way from an imported lipoprotein molecule to the guil-
lotine of P450scc, permitting the initiation of the steroido-
genic processes required for life and reproduction Bl

The authors thank Drs. Forbes D. Porter and Jerome F. Strauss
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