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Abstract Steroid hormones are synthesized in response
to signaling cascades initiated by the trophic peptide
hormones derived from the anterior pituitary. The mech-
anisms by which these peptide hormones regulate steroid
hormone production are multifaceted and include con-
trolling the transcription of steroidogenic genes, regulating
cholesterol (substrate) uptake and transport, modulating
steroidogenic enzyme activity, and controlling electron
availability. Cytoskeletal polymers such as microfilaments
and microtubules have also been implicated in regulating
steroidogenesis. Of note, steroidogenesis is a multi-step
process that occurs in two organelles, the endoplasmic
reticulum (ER) and the mitochondrion. However, the
precise mechanism by which substrates are delivered
back and forth between these two organelles is unknown.
In this review we will discuss the role of components
of the cytoskeleton in conferring optimal steroidogenic
potential. Finally, we present data that identifying a novel
mechanism by which sphingosine-1-phosphate induces
mitochondrial trafficking to promote steroidogenesis.
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Introduction

Steroid hormones are key regulators of a diverse array of
physiological processes, including the maintenance of
carbohydrate metabolism, sodium and fluid homeostasis,
reproduction, and the development of secondary sex
characteristics. These molecules allow tissues to respond in
a coordinated manner to changes in the internal and
external environments by functioning as ligands for both
nuclear and plasma membrane receptors. Steroid hormones
are synthesized from cholesterol by members of the cyto-
chrome P450 superfamily of monooxygenases and steroid
dehydrogenases [1, 2]. Because steroid hormones control
the expression of numerous genes in virtually all cell types,
steroidogenic cells utilize multiple mechanisms that ensure
tight control of the synthesis of these molecules. Further,
the central role that these molecules play in facilitating
communication between different organs and tissues
necessitates multiple regulatory mechanisms. Although a
significant amount is known about both steroidogenesis and
the effects of steroid hormones on cellular processes, many

&) Springer ANOCS &



1110

Lipids (2008) 43:1109-1115

aspects of the factors that control hormone production are
unknown. For example, steroid hormone biosynthesis is a
step-wise process that requires several enzymes that are
compartmentalized in mitochondria and the endoplasmic
reticulum (ER) (Fig. 1). However, the molecular mecha-
nisms underlying inter-organelle substrate delivery are
largely unexplored. Research carried out over the past
several decades have provided evidence for a key role of
the cytoskeleton in mediating steroidogenesis. The goal of
this review is to provide a brief summary of studies
investigating the role of components of the cytoskeleton in
controlling steroidogenic capacity.

The Cytoskeleton

The cytoskeleton plays a key role in varied cellular pro-
cesses, including motility and migration, organelle and
vesicular transport, cell-cell communication and gap
junction formation, mitosis and meiosis, and maintenance
of cellular morphology. In eukaryotic cells there are three
major cytoskeleton components: microfilaments, interme-
diate filaments, and microtubules. Microfilaments are
comprised of polymerized actin and are integral in the
formation of cleavage furrows during cytokinesis and in
cytoplasmic streaming. Intermediate filaments are larger
in diameter than microfilaments and serve to maintain

Fig. 1 Steroidogenic
biosynthetic pathways
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cellular structural architecture and spatial distribution of
organelles. Intermediate filaments are comprised of lamins
(form the nuclear envelope), keratin, and vimentins.
Microtubules are formed when tubulin polymerizes and
the dynamic assembly and disassembly of these fibers is
largely regulated by the hydrolysis of GTP. Consistent
with the role of GTP in microtubule function, these
polymers are typically associated with motor proteins
such as kinesin and dynein. Microtubules play a well-
established role in the formation of cilia and flagella and
are gaining much attention for their role in the intracel-
lular transport of vesicles and organelles, particularly
mitochondria in neurons.

Due to the multifaceted roles of cytoskeletal proteins in
general cellular processes, it is not difficult to ascribe
functions for these proteins in the biosynthesis of steroid
hormones in the adrenal cortex and gonads. In fact, four
decades ago observations made on Y1 mouse adrenal cells
that underwent morphological changes in response to
adrenocorticotropin (ACTH) provided clues into the role of
the cytoskeleton architecture in controlling the response of
steroidogenic cells to trophic hormone stimulation [3, 4].
These marked changes in steroidogenic cell morphology
have been confirmed by several researchers [5-7] and
have been subsequently attributed to cAMP-dependent
rapid dephosphorylation of the focal adhesion protein
paxillin [8, 9].
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Cholesterol Trafficking

The first and rate-limiting step in steroid hormone bio-
synthesis is the delivery of the substrate cholesterol to the
inner mitochondrial membrane, the site of the first enzy-
matic reaction. Efficient delivery of cholesterol requires the
coordination of several steps. First, two receptors, low-
density lipoprotein receptor (LDLR) and scavenger recep-
tor BI (SR-BI), import lipoprotein particles containing
esterified cholesterol molecules into steroidogenic cells. In
humans, the primary source of cholesterol for steroid hor-
mone production is LDL, which is imported via LDLR.
However, SR-BI has been shown to be a major provider of
cholesterol for hormone biosynthesis, particularly in the
rodent [10, 11]. Unlike lipoproteins imported by SR-BI,
both LDL and LDLR are internalized and transported to
lysosomes for processing.

Studies carried out by Crivello and Jefcoate three dec-
ades ago indicated a role for cytoskeletal proteins in
adrenocortical steroidogenesis [12]. Various chemical
inhibitors of microfilament and microtubule formation
have been shown to inhibit corticosterone biosynthesis in
rat adrenal glands [12]. Notably, these studies also found
that inhibitors of microtubule and microfilament polymer-
ization decreased the delivery of cholesterol to P450 side
chain cleavage enzyme (P450scc), suggesting that cyto-
skeleton proteins regulate steroidogenesis by facilitating
the trafficking of substrate to mitochondria. A role for
microtubules in steroidogenesis was also shown by Rajan
and Menon where lipoprotein-stimulated progesterone
synthesis was found to be inhibited by the tubulin poly-
merization inhibitors colchicine and nocodazole [13].
Significantly, the authors demonstrated that microtubule
polymerization inhibitors decreased the degradation of
radiolabeled LDL and high density lipoprotein (HDL) in
cultured rat luteal cells. The role of the cytoskeleton in
facilitating the uptake of HDL for steroidogenesis was also
demonstrated in studies using cytochalasin B, an inhibitor
of actin polymerization [14] and also in experiments using
the endonuclease DNase I [15].

In a series of elegant experiments employing laser
scanning coherent anti-Stokes Raman scattering (CARS)
microscopy it was recently shown that lipid droplets move
along microtubule tracts in Y1 mouse adrenal cells [16].
Interestingly, when CARS and two-photon fluorescence
microscopy were simultaneously used to image lipid
droplets and mitochondria, the investigators found that the
mitochondria interacted with lipid droplets that were highly
motile. In contrast to these studies establishing a role for
microtubules in cholesterol transport in steroidogenic cells,
it has also been found that while colchicine disrupts both
lipid droplet capsules and microtubules, it stimulates cor-
ticosterone biosynthesis in rat adrenocortical cells [17].

Colchicine has also been found to stimulate corticosterone
secretion from wild type Y1 protein kinase A (PKA)
deficient kin-8 mouse adrenal cell lines [18], suggesting
that preventing microtubule polymerization promotes ste-
roidogenesis in a cAMP/PKA-independent manner. These
studies also showed that taxol, an agent that stabilizes
microtubules, inhibits ACTH- and colchicine-stimulated
corticosterone biosynthesis [18].

A role for actin polymerization into microfilaments has
also been demonstrated in Y1 murine adrenal cells. Treat-
ment of Y1 cells with acrylamide to disrupt microfilaments
stimulates corticosterone production in a cAMP-indepen-
dent manner [19]. The stimulatory effect of acrylamide on
adrenal steroidogenesis was shown to be mediated at a step
prior to the conversion of cholesterol to pregnenolone [19],
thus implicating the cytoskeleton in assuring efficient
substrate delivery.

After lipoproteins are processed, cholesterol movement
out of lysosomes is facilitated by Niemann-Pick type C1
(NPC). NPC1 is localized in late endosomes along with the
lipid transfer proteins MLN64 and NPC2 that travel along
microtubules tracks [20, 21]. Thus, the cytoskeleton plays a
key role in directing the positioning of cholesterol in ste-
roidogenic cells. The processing of stored cholesterol esters
is mediated by hormone sensitive lipase (HSL), a neutral
cholesterol ester hydrolase that cleaves the ester bonds to
form free cholesterol substrate [22]. While HSL trafficking
has not been studied in steroidogenic cells, the lipase is
rapidly translocated to the surface of lipid droplets in 3T3-L1
adipocytes upon treatment with the beta-adrenergic receptor
agonist isoproteranol [23]. This translocation, however, is
not dependent on microtubules and microfilaments [23].
Collectively, these studies demonstrate the pivotal role that
the cytoskeleton plays in assuring efficient uptake, process-
ing, and transport of cholesterol in steroidogenic cells.

Steroid Hormone Biosynthesis

As mentioned above, upon delivery of cholesterol to the
inner mitochondrial membrane of human adrenocortical
cells, this substrate is subjected to the sequential actions of
several steroid hydroxylases (cytochrome P450s) and
3-hydroxysteroid dehydrogenase (3fHSD) leading to the
production of steroid hormones (Fig. 1). In the human
adrenal cortex, production of these steroid hormones
occurs in specific zones, where aldosterone is formed in the
outermost zone (glomerulosa), cortisol in the zona fascic-
ulata (middle zone), and adrenal androgens in the zona
reticularis (inner zone). As shown in Fig. 1, three P450s are
localized in mitochondria (P450scc, P450 11, P450aldo),
while P450c17, P450c21, and P450c19 are expressed in the
ER, and 3BHSD expressed in both organelles.
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In the first enzymatic process, P450scc (encoded by
CYP11A1) catalyzes the conversion of 27-carbon choles-
terol to a 21- carbon pregnenolone. Once pregnenolone is
formed, it enters the ER where it can be hydroxylated on
carbon-17 by P450c17 (encoded by CYP17) to form 17-
hydroxy pregnenolone or converted to progesterone by
3PHSD (Fig. 1). Importantly, optimal steroid hormone
production requires the movement of pregnenolone out of
mitochondria and into the ER. However, the factors that
regulate inter-organelle delivery of pregnenolone to the ER
are largely unexplored.

In the ER P450c17 also catalyzes a 17,20 lyase reaction
to form the adrenal androgens dehydroepiandrosterone
(DHEA) and androstenedione. Also, both progesterone and
17-hydroxy progesterone can be hydroxylated at the
21-carbon by P450c21 to yield deoxycorticosterone and
11-deoxycortisol, respectively (Fig. 1). The final reactions
in adrenocortical steroid hormone biosynthesis occur in
mitochondria, where 11-deoxycortisol and deoxycorticos-
terone are converted to cortisol and corticosterone,
respectively, by P450 115 hydroxylase (encoded by
CYPI11B1). As is the case for the movement of
pregnenolone into the ER, regulated transport of deoxy-
corticosterone and 11-deoxycortisol is also required
for glucocorticoid and mineralocorticoid biosynthesis.
While inter-organelle trafficking of metabolites produced
in the ER back to mitochondria plays a key role in the
biosynthesis of glucocorticoids and mineralocorticoids,
adrenal androgens only depend on the movement of preg-
nenolone out of mitochondria and to ER. In the human
adrenal cortex, expression of P450aldo (encoded by
CYPI11B2) in the zona glomerulosa allows for the con-
version of corticosterone to aldosterone in a series of
hydroxylation steps. In the gonads, all reactions except the
initial conversion of cholesterol to pregnenolone, which
takes place in the inner mitochondrial membrane, occur in
the ER (Fig. 1).

Regulation of Steroid Hormone Production
by the Cytoskeleton

The relationship between steroidogenesis and the cyto-
skeleton has been studied in several laboratories that have
used microtubule depolymerization agents to demonstrate
that steroid hormone production is impaired [13, 18, 24—
28]. Immunostaining of microtubules in sheep follicles has
revealed decreases in the amount of polymerized tubulin
prior to ovulation followed by subsequent increases
in microtubule formation as progesterone biosynthesis
increases [29]. Moreover, colchicine prevents increased
progesterone production in these follicular cells [29], pro-
viding support for the importance of dynamic changes in
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microtubule structure in response to changing demands for
steroid hormone production. In contrast to the inhibitory
effect of colchicine on progesterone production in sheep
[29], this microtubule polymerization inhibitor has been
shown to stimulate progesterone biosynthesis in porcine
luteal cells [30]. Stabilization of microtubules in porcine
granulosa cells using taxol suppresses both basal and
human choriogonadotropin-stimulated progesterone and
17 f-estradiol [31].

In human adrenocortical slices, preventing microtubule
polymerization has been shown to reduce ACTH-stimu-
lated cortisol biosynthesis [32]. However, Benis and
Mattson have also found that stabilizing microtubules
inhibits ACTH-stimulated steroidogenesis in cultured
murine adrenocortical cells [27, 28]. While collectively the
studies described have demonstrated an integral role for
cytoskeletal proteins in controlling hormone biosynthesis,
the use of chemical inhibitors to manipulate cytoskeletal
protein polymer formation has resulted in conflicting
results being found with regard to the specific role of these
proteins. Although it is likely that many of these incon-
sistencies can be attributed to species and cell specific
differences, further investigation is needed to resolve these
conflicting findings. Additionally, more detailed interro-
gation of each of the steps involved in steroidogenesis is
warranted to determine if the cytoskeleton also regulates
processes in hormone production that occur after choles-
terol uptake and transport.

Regulation of Organelle Positioning
by the Cytoskeleton

As discussed earlier, components of the cytoskeleton
function in a wide variety of cellular processes. Extensive
research has provided compelling evidence for the critical
roles of microtubules and microfilaments in cholesterol
transport and steroid hormone secretion [33, 34], however,
less is known about the role of cytoskeletal proteins in the
transport of substrates (pregnenolone, deoxycorticosterone,
and 11-deoxycortisol) between mitochondria and the ER or
increasing the proximity of mitochondria and ER.

Given the well-established role of mitochondrial trans-
port in neurons [35-38], we sought to characterize the role
of dynamic mitochondrial movements in steroidogenesis.
Mitochondria have been visualized in association with
microfilaments [35], microtubules [39, 40], and interme-
diate filaments [41, 42] in various cells types. Further,
mitochondria-bound motor proteins, such as kinesins,
facilitate the movement of these organelles along cyto-
skeletal fibers [43-47].

We postulated that components of the cytoskeleton
facilitate steroidogenesis by promoting inter-organelle
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substrate delivery. We envisioned that agents that induce
steroid hormone biosynthesis might regulate a discrete set
of factors that act to promote the transport of substrates
between mitochondria and the ER. To begin examining
these processes, we employed time-lapsed video micros-
copy of H295R human adrenocortical cells. H295R cells
were plated onto cover slips, labeled with MitoTracker
Red, and mounted into a chamber for microscopic analysis.
Cells were then treated with the bioactive lipid sphingo-
sine-1-phosphate (S1P). S1P was used because we have
previously demonstrated that S1P increases CYP17 gene
expression and steroidogenesis in H295R human adreno-
cortical cells [48]. Several other laboratories have also
shown that S1P stimulates hormone secretion from various
steroidogenic cell types [49-52]. Further, S1P is a well-
established inducer of cell migration [53-57] and chemo-
taxis [58, 59].

As shown in Fig. 2a, administration of S1P to H295R
cells resulted in a 3-fold increase in the rate of mitochondrial
movement. The increase in S1P-stimulated mitochondrial
movement was attenuated when cells were pre-treated with
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Fig. 2 S1P stimulates mitochondrial movement and cell migration. a
H295R cells were cultured on cover slips, incubated with MitoTrac-
ker Red (Invitrogen), and then placed in a chamber for time lapsed
video microscopy. Cells were treated with S1P (1 uM) and/or 1 pM
colchicine (colc.) and data was collected for 1 h using an LSM510
confocal microscope system (Carl Zeiss Inc., Thornwood, NY)
equipped with a krypton-equipped with a helium-neon Coherent laser
with an excitation wavelength of 543 nm MitoTracker Red. Emis-
sions were collected with a C-apochromast 40 1.3 NA oil immersion
objective (Zeiss) using a 560-nm long pass filter. b Cells expressing
GFP-labeled tubulin were monitored by time lapsed video micros-
copy. Shown are frames during time course after exposure to 1 pM
SIP

25 T 1 T .
1 O cortisol
4 B DHEA
20- -
@~
s 15F e
[0}
£Es
2s
(o))
8 E
S 1of -
5<
5—
L 1

control S1P S1P colc.
+colc.

Fig. 3 Colchicine alters the ratio of cortisol and DHEA secreted in
response to S1P. Media was collected from cells treated with S1P
(1 upM) and/or colc. (1 uM) and cortisol and DHEA released
determined in triplicate against standards made up in DME/F12
medium using a 96-well plate enzyme-linked immune assay (Diag-
nostic Systems Corporation, Houston, TX). Results are expressed as
nanomoles per milligram cellular protein

colchicine, indicating that microtubule polymerization is
required for S1P-dependent mitochondrial trafficking. In
addition to an increase in the rate of mitochondrial traf-
ficking, S1P also promoted cell migration (Fig. 2b).

We also determined the effect of SIP and colchicine on
the secretion of cortisol and DHEA into the cell culture
media. SIP increased the amounts of cortisol and DHEA
produced by the H295R cells while colchicine prevented
this increase (Fig. 3). Interestingly, colchicine did not
decrease the amount of DHEA secreted into the media,
suggesting that the increase in the rate of mitochondrial
trafficking evoked by S1P is dependent on microtubule
polymerization and required for SIP-induced -cortisol
secretion. Studies are underway to determine the effect of
ACTH and other agents known to stimulate adrenocortical
steroidogenesis on the positioning of mitochondria in
adrenal cells. Ongoing experiments are also aimed at
defining the precise molecular mechanism by which S1P
(and other inducers of steroidogenesis) promote mito-
chondrial trafficking and at identifying the factors involved
in controlling the microtubule-dependent mitochondrial
movement.

Conclusions and Future Directions
Significant advances have been made in understanding the

complex and multi-faceted mechanisms used to control
steroid hormone biosynthesis. Further, the use of chemical
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agents that perturb the polymerization of cytoskeletal pro-
teins has shed light on a key role for microfilaments and
microtubules in regulating the uptake and transport of cho-
lesterol in steroidogenic cells. Our data presented herein
describing that S1P induces rapid increases in the trafficking
of mitochondria in a manner that is dependent on microtu-
bules suggests that the cytoskeleton is also involved in
steroid hormone production at steps subsequent to choles-
terol delivery to mitochondria. It is tempting to speculate that
the increased rate of mitochondrial movement in response to
S1P promotes cortisol biosynthesis by bringing mitochon-
dria in close proximity to the ER, thereby maximizing the
delivery of 11-deoxycortisol to mitochondria for the final
step of steroidogenesis. However, further studies are
required to elucidate the precise role of mitochondrial traf-
ficking in steroidogenesis. Additionally, it is equally likely
that a macromolecular complex containing an unidentified
11-deoxycortisol binding transport protein may mediate this
response. The use of approaches such as RNA interference,
mass spectrometry, and time-lapsed video microscopy are
likely to provide insight into the precise molecular parame-
ters that underlie the role cytoskeletal proteins play in steroid
hormone biosynthesis.
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