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Abstract
Steroidogenic factor (SF1, NR5A1, Ad4BP) is an orphan nuclear receptor that is essential for steroid
hormone-biosynthesis and endocrine development. Studies have found that the ability of this receptor
to increase target gene expression can be regulated by post-translational modification, subnuclear
localization, and protein-protein interactions. Recent crystallographic studies and our mass
spectrometric analyses of the endogenous receptor have demonstrated an integral role for ligand-
binding in the control of SF1 transactivation activity. Herein, we discuss our findings that sphingosine
is an endogenous ligand for SF1. These studies and the structural findings of others have
demonstrated that the receptor can bind both sphingolipids and phospholipids. Thus, it is likely that
multiple bioactive lipids are ligands for SF1 and that these lipids will differentially act to control SF1
activity in a context-dependent manner. Finally, these findings highlight a central role for bioactive
lipids as mediators of trophic-hormone stimulated steroid hormone biosynthesis.
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1. Regulation of SF1 activity
Steroid hormone biosynthesis involves the concerted action of a group of proteins that regulate
substrate delivery and metabolism. Both the activity and expression of these enzymes is
controlled by the integration of signaling pathways. One of these signal transduction pathways
involves the activation of the cAMP-dependent protein kinase (PKA). A consequence of PKA
activation is increased transcription of steroidogenic genes. This increase in transcription is
mediated by the binding of various transcription factors, including SF1, to cAMP responsive
sequences in the promoters of steroidogenic genes (Sewer and Waterman, 2001; Sewer and
Waterman, 2003). SF1 is a nuclear receptor that plays a key role not only in steroidogenesis
(Bakke et al., 2001), but also in endocrine development and sex differentiation (Hammer et
al., 2005; Parker et al., 2002).

Many laboratories have carried out research to determine the mechanism by which SF1
activates steroidogenic gene transcription. Although transcription of steroidogenic genes
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proceeds through activation of PKA, SF1 is not directly phosphorylated by PKA (Aesoy et al.,
2002). PKA has been shown, however, to increase the half-life of SF1 (Aesoy et al., 2002).
We have shown that phosphatase activity is required for SF1-dependent transcription of several
steroidogenic genes (Sewer and Waterman, 2002a; Sewer and Waterman, 2002b) and that
cAMP induces dephosphorylation of SF1 (Sewer and Waterman, 2002a). Phosphorylation of
serine-203 is key for coactivator binding and the transactivation potential of the receptor
(Hammer et al., 1999). The ability of SF1 to activate target gene expression is also regulated
by SOMUylation (Chen et al., 2004; Komatsu et al., 2004; Lee et al., 2005), acetylation (Chen
et al., 2005; Ishihara and Morohashi, 2005; Jacob et al., 2001), and interaction with various
coregulatory proteins (Chen et al., 2005).

Previous studies to discern the role of ligand binding in the ability of SF1 to activate gene
expression found that the ligand binding domain (LBD) of murine SF1 adopts an active
conformation, with helices 1 and 12 packed against the predicted alpha-helical bundle, in the
apparent absence of ligand, predicted ligand-independent activation (Desclozeaux et al.,
2002). However, subsequent crystallographic studies carried out by three laboratories have
shown that phospholipids are ligands for SF1 (Ingraham and Redinbo, 2005; Krylova et al.,
2005; Li et al., 2005; Wang et al., 2005). The interaction of phosphatidylinositol phosphates
(PIPs) with the LBD of murine SF1 has been shown to be required for maximal activity of the
receptor (Krylova et al., 2005). Li et al. found that the receptor has a large LBD (approximately
1600 Å) that interacts with phospholipids that have fatty acid side chains between twelve and
eighteen carbons and thus inferred that SF1 may readily exchange its ligands to respond to
different phospholipid species (Li et al., 2005).

3. Bioactive sphingolipids in steroidogenesis
Sphingolipids are a diverse family of amphiphatic molecules that are comprised of a long-chain
sphingoid base backbone, a polar head group, and an amide-linked, long-chain fatty acid. Due
to the large concentration of sphingolipids such as sphingomyelin in the plasma membrane, it
was held that these molecules only served structural roles. However, over the past few decades,
many studies have demonstrated that these molecules, notably ceramide and sphingosine-1-
phosphate (S1P), play integral roles in mediating varied cellular processes (Hannun and Obeid,
2002; Igarashi et al., 2003; Merrill Jr. et al., 1997; Spiegel and Milstien, 2002; Spiegel and
Milstien, 2003; Strasberg and Callahan, 1988; Tilly and Kolesnick, 2002; Vesper et al.,
1999). Ceramide is a second messenger for events as diverse as differentiation, senescence,
proliferation, cell cycle arrest, and apoptosis (Hannun, 1994; Hannun et al., 2001; Kolesnick,
2002). S1P also modulates a wide variety of physiological functions, including cell
proliferation and survival (Castillo and Teegarden, 2001; Olivera and Spiegel, 1993; Olivera
A et al., 1999; Spiegel and Milstien, 2002), chemotaxis (Hla et al., 1999), and in protection
against ceramide-mediated apoptosis (Cuvillier et al., 1996). In addition to the numerous roles
for S1P as an intracellular effector, S1P also regulates cellular processes by binding to a
subfamily of S1P G-protein-coupled receptors (Goetzl and An, 1998; Hla et al., 2001; Pyne
and Pyne, 2000; Spiegel and Milstien, 2000).

We have identified a role for S1P in mediating adrenocorticotropin (ACTH)-stimulated CYP17
transcription (Ozbay et al., 2004; Ozbay et al., 2006). Treatment of H295R cells with ACTH
or dibutyryl cAMP rapidly induces the catabolism (pathway shown in Figure 1) of complex
sphingolipids such as sphingomyelin and ceramides and results in the secretion of S1P into the
media (Ozbay T et al., 2004; Ozbay T et al., 2006). S1P activates a cascade of events
culminating in the binding of the sterol regulatory element binding protein-1 (SREBP-1) to the
promoter of CYP17, the activation of transcription, and increased cortisol biosynthesis. Others
have shown that S1P stimulates cortisol secretion in zona fasciculata bovine adrenal cells in a
PKC and Ca2+-dependent manner (Rabano et al., 2003). In addition to stimulating cortisol
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secretion, S1P has been recently found to increase aldosterone production via a protein kinase
C and phospholipase D-dependent pathway (Brizuela et al., 2006).

There have been many other reports of the stimulatory and inhibitory effects of bioactive
sphingolipids on steroid hormone biosynthesis in both gonadal and adrenal cell lines (Budnick
et al., 1999; Degnan et al., 1996; Kwun et al., 1999; McClellan et al., 1997; Meroni et al.,
2000; Porn et al., 1991; Rabano et al., 2003; Santana et al., 1996). Increased ceramide levels
stimulate progesterone synthesis in both MA-10 murine Leydig cells (Kwun et al., 1999) and
JEG-3 human choriocarcinoma cells (McClellan et al., 1997). Tumor necrosis factor-α inhibits
steroidogenic acute regulatory (StAR) protein expression and testosterone biosynthesis by
increasing intracellular ceramide concentrations (Budnick et al., 1999). In rat granulosa cells,
ceramide inhibits follicle stimulating hormone-stimulated progesterone biosynthesis and the
mRNA expression levels of CYP11A1 and 3β-hydroxysteroid dehydrogenase (Santana et al.,
1996). Collectively, these studies highlight the intimate relationship between sphingolipid
metabolism and steroidogenesis.

4. Sphingosine is a ligand for SF1
Based on our previous findings demonstrating a role for S1P in activating SREBP1-mediated
CYP17 transcription (Ozbay et al., 2004; Ozbay et al., 2006), we also characterized the role
of S1P and other sphingolipids in SF1-dependent CYP17 expression. Although S1P had no
effect on SF1-mediated CYP17 reporter gene expression, we did identify a role for sphingosine
(SPH) as an endogenous ligand for SF1 (Urs et al., 2006). These studies were carried out by
performing mass spectrometric analysis on SF1 that was immunoprecipitated from H295R
cells. As shown in Table 1, SPH is bound to SF1 isolated from H295R cells. Interestingly, the
amount of SPH bound to the receptor decreased when cells were stimulated with Bt2cAMP.
SPH attenuated SF1-dependent CYP17 reporter gene expression and inhibited the ability of
steroid receptor coactivator-1 (SRC-1) to stimulate CYP17 transcriptional activity (Urs et al.,
2006). We also found that SPH significantly decreased cAMP-stimulated occupancy of SF1
on the CYP17 promoter and SPH CYP17 mRNA expression (Figure 2).

These findings led us to hypothesize that SPH was an antagonist for SF1 and acted to maintain
the receptor in an inactive conformation. We further postulated that activation of the cAMP
signal transduction pathway led to a series of events that altered the conformation of SF1,
thereby promoting disassociation of SPH and activation of the receptor. As mentioned
previously, since phosphorylation (Hammer et al., 1999) and acetylation (Chen et al., 2005;
Ishihara and Morohashi, 2005; Jacob et al., 2001) of SF1 are key for receptor activation, it is
probable that the binding of SF1 to target genes involves one or more post-translational
modifications. Additionally, based on the receptor’s large ligand binding pocket (Li et al.,
2005), it is also likely that cAMP promotes the exchange of SPH for an activating ligand. This
hypothesis is supported by studies using the scintillation proximity assay in which we
demonstrated that SF1 binds to various phospholipids and sphingolipids, including PE,
phosphatidylcholine (PC), phosphatidic acid (PA), PIPs, and S1P. Various mixtures of PE, PA,
and PIPs were identified as ligands in crystallographic studies (Krylova et al., 2005; Li et al.,
2005; Wang et al., 2005), further supporting a potential role for multiple phospholipids and
sphingolipids in regulating SF1 function.

4. Future Directions
Our findings demonstrating SPH as an endogenous ligand for SF1 give rise to several areas of
research that need to be examined in the future. First, since we have found that ACTH (and
Bt2cAMP) activate sphingolipid catabolism increase the activity of enzymes, such as
sphingosine kinase, in the sphingolipid metabolic pathway (Ozbay et al., 2006), it is possible
that trophic hormone stimulation may also regulate the expression of these enzymes. We have
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found that Bt2cAMP induces the transcription of sphingosine kinase-1 in H295R cells
(unpublished observations), so it is plausible that ACTH/cAMP-stimulated signaling may
regulate the transcription of other enzymes in the sphingolipid metabolic pathway. The
potential transcriptional regulation of sphingolipid enzymes by trophic hormones may establish
a feedback loop that maintains steroid hormone output at optimal levels

Our findings that both sphingolipids and phospholipids can bind to the receptor suggest that
SF1 may have multiple ligands and that these ligands may be selectively produced in a tissue-,
developmental-, species-, and/or target gene-specific manner. Studies directed at identifying
activating ligands for SF1 are underway. Additionally, further research into the mechanism by
which ACTH (or other trophic hormones) increase the production and degradation of these
lipids is warranted. The liver homologue receptor-1 is also a member of the NR5 subfamily,
and crystallographic analysis of this receptor also identified phospholipids in the ligand binding
pocket (Wang et al., 2005), suggesting the SPH may also act to antagonize the actions of this
receptor. Finally, since SF1 is also expressed in the pituitary and ventromedial hypothalamus,
SPH and other bioactive ligands may play an important role in regulating the expression of
SF1 target genes. In conclusion, our findings demonstrate and integral role for SPH in
controlling SF1 activity and underscore the importance of integrating multiple signaling
pathways and regulatory mechanisms in controlling steroid hormone biosynthesis.
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Fig. 1.
Sphingolipid metabolic pathway.
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Fig. 2.
SPH inhibits the initiation of SF1-dependent transcription. A, H295R cells were treated with
1 mM Bt2cAMP in the presence and absence of 1 μM SPH for 1 h. Cells were incubated with
1% formaldehyde, harvested, sonicated, and immunoprecipitated with an anti-SF1 antibody.
Cross-links were reversed and the purified DNA subjected to quantitative PCR using primers
spanning the SF1 binding site on the human CYP17 promoter (−147/+25). PCR products were
resolved on a 2% agarose gel and appear in the following order: lane 1, control; lane 2,
Bt2cAMP; lane 3, Bt2cAMP +SPH; lane 4, SPH. B, Cells were treated for time points ranging
from 1 h to 12 h with 1 mM Bt2cAMP in the presence and absence of 1 μM SPH. Total RNA
was purified and subjected to real time RT-PCR using primers for CYP17 and β-actin. Data
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graphed represents mean ± SEM of four separate experiments performed in triplicate with
CYP17 mRNA expression normalized to β-actin mRNA content. Asterisk (*) denotes
statistically significant difference from untreated control p<0.05.
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Table 1
Mass spectrometric analysis of sphingolipids bound to SF1. H295R cells were treated for 4 h with 1 mM
Bt2cAMP and SF1 immunoprecipitated. The purified receptor was subjected to lipid extraction and tandem mass
spectrometric analysis.

Amount of sphingolipid bound to SF1(pmol/mg total cellular protein ± STD)
Sphingolipid Molecular Species control Bt2cAMP

Sphingosine 277 ± 62 154 ± 49
Ceramides 1 ± 0.5 0.5 ± 0.3
Sphingosylphosphorylcholine 321 ± 43 208 ± 37
Sphingomyelin 4 ± 0.9 10 ± 3
Sphingosine-1-phosphate 12 ± 0.3 4 ± 0.1
Ceramide-1-phosphate 14 ± 0.9 10 ± 2
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