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Abstract
Acid ceramidase (encoded by ASAH1) is a lipid hydrolase that catalyzes the conversion of
ceramide (cer) into sphingosine (SPH) and a free fatty acid. Adrenocortical steroidogenesis is
regulated by the trophic peptide hormone adrenocorticotropin (ACTH), which induces the
expression of steroidogenic genes in the human adrenal cortex primarily via a cAMP/protein
kinase A (PKA)-dependent pathway. ACTH also stimulates sphingolipid metabolism in H295R
adrenocortical cells leading to changes in steroidogenic gene expression. Based on our previous
data identifying SPH as an antagonist for the nuclear receptor steroidogenic factor 1 (SF-1) and
the role of ACTH-stimulated changes in sphingolipid metabolism on steroidogenic gene
transcription, the aim of the current study was to determine the role of ACTH signaling in
regulating the expression of the ASAH1 gene in H295R cells. We show that activation of the
ACTH signaling pathway induces ASAH1 gene expression by stimulating the binding of the
cAMP-responsive element binding protein (CREB) to multiple regions of the ASAH1 promoter.
CREB binding promotes the recruitment of the coactivators CREB binding protein (CBP) and
p300 to the CREB-responsive regions of the promoter. Consistent with transcriptional activation,
we show that cAMP signaling increases the trimethylation of Lys 4 on histone H3 (H3K4) along
the ASAH1 promoter. Finally, RNA interference (RNAi) experiments demonstrate that CREB is
indispensable for cAMP-induced ASAH1 transcription. These data identify the ACTH/cAMP
signaling pathway and CREB as transcriptional regulators of the ASAH1 gene in the human
adrenal cortex.
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1. Introduction
Sphingolipids are a large family of lipids, many of which have bioactive properties. An
expanding body of literature has demonstrated roles for sphingolipids in varied cellular
processes, including cell proliferation, cell migration, and apoptosis [1–11]. ASAH1
encodes one of three ceramidases (N-acylsphingosine amidohydrolase) expressed in
mammalian cells. These lipid hydrolases catalyze the degradation of cer into SPH and a free
fatty acid, therefore dynamically regulating the cellular concentrations of these bioactive
sphingolipids.
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Bioactive sphingolipids such as cer, SPH, and sphingosine-1-phosphate (S1P) have all been
implicated in steroidogenesis. Cer suppresses progesterone secretion in ovarian granulosa
cells [12] and rat luteal cells [13], decreases testosterone production in rat Leydig cells
[9,14], modulates P450c17α enzymatic activity (encoded by CYP17) in rat Leydig cells [9],
and inhibits human choriogonadotropin-induced aromatase activity and estradiol production
in ovarian granulosa cells [15,16]. We have shown in the H295R human adrenocortical cell
line that suppression of ASAH1 expression leads to increased transcription of the CYP17
gene, indicating a role for this ceramidase in adrenocortical steroidogenesis [17]. Further, we
have also demonstrated that SPH inhibits CYP17 transcription and cortisol biosynthesis by
acting as an antagonistic ligand for SF-1, the nuclear receptor that regulates the transcription
of most steroidogenic genes [18,19]. SPH can be rapidly phosphorylated by sphingosine
kinases (SKs) to form S1P, which mediates cAMP-stimulated CYP17 transcription in
H295R cells [20], increases cortisol secretion in bovine fasciculata cells [10], and stimulates
aldosterone secretion in bovine glomerulosa cells [3,21]. In addition to studies
demonstrating that sphingolipids regulate steroidogenesis, trophic factors that activate
steroid hormone biosynthesis (for example ACTH) have been found to modulate
sphingolipid metabolism. In H295R cells, ACTH stimulates sphingolipid metabolism by
rapidly promoting the catabolism of sphingomyelin (SM) and cer. ACTH acutely activates
SK activity, thus increasing S1P concentrations [17,20,22]. Collectively, these data highlight
the intimate, reciprocal relationship between sphingolipid metabolism and steroid hormone
biosynthesis.

CREB proteins are leucine zipper-containing transcription factors that regulate the
expression of several genes by binding to cAMP-responsive element (CRE) sequences at
target promoters [23,24]. In response to cAMP signaling, PKA phosphorylates CREB at
Ser133, a post-translational modification that is essential for its transcriptional activity
[23,25,26]. CREB binds to the promoter of target genes and facilitates the recruitment of
coactivators, including CBP/p300 [27–29] and transducer of regulated CREB binding
proteins (TORCs) [30,31] by a mechanism that is either dependent (e.g. CBP/p300) or
independent (e.g. TORCs) of Ser133 phosphorylation. In addition to activating target gene
transcription, CREB can also mediate transcriptional repression by partnering to repressor
proteins. For instance, Kibler and Jeang reported that a CREB/ATF (activating transcription
factor)-dependent cyclin A repression occurs through a protein–protein interaction with the
human T cell leukemia virus type 1 Tax protein [32]. Further, the transcription factor YY1
represses c-fos transcription by forming a complex with CREB/ATF on the DNA [33].

Based on our previous data identifying SPH as an antagonist for SF-1 and the effect of
ACTH-stimulated sphingolipid metabolism on steroidogenic gene transcription and
hormone output, we sought to determine the role of ACTH/cAMP signaling in regulating the
expression of the ASAH1 gene in H295R adrenocortical cells. We identify ASAH1 as a
CREB-responsive gene and show that CREB is essential for cAMP-stimulated ASAH1
transcription. Moreover, CREB enrichment at multiple sites on the ASAH1 promoter
facilitates the recruitment of CBP and p300 as well as H3K4 trimethylation. Finally, we
demonstrate that cAMP-mediated ASAH1 transcription leads to a significant increase in
protein expression and enzymatic activity, thus supporting a role for ASAH1 as an important
enzyme in the regulation of cortisol biosynthesis.

2. Materials and methods
2.1. Reagents

Dibutyryl cAMP (Bt2cAMP) was obtained from Sigma (St. Louis, MO).
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2.2. Cell culture
H295R adrenocortical cells [34,35] were generously donated by Dr. William E. Rainey
(Medical College of Georgia, Augusta, GA) and cultured in Dulbecco’s modified Eagle’s/
F12 (DME/F12) medium (Invitrogen, Carlsbad, CA) supplemented with 10% Nu-Serum I
(BD Biosciences, Palo Alto, CA), 1% ITS Plus (BD Biosciences, Palo Alto, CA), and
antibiotics.

2.3. Real time RT-PCR
Cells were sub-cultured onto 12-well plates and 48 h later treated with 0.4 mM Bt2cAMP for
1–24 h. Total RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA) and amplified
using a One-Step SYBR Green RT-PCR Kit (Thermo Fisher Scientific Inc, Waltham, MA)
and the primers listed in Table 1. ASAH expression was normalized to β-actin content and
calculated using the delta–delta cycle threshold (ΔΔCT) method.

2.4. Cloning of the human ASAH1 promoter and site-directed mutagenesis
The human ASAH1 promoter was cloned using LA Taq DNA polymerase (Takara,
Madison, WI), 500 ng of human genomic DNA (Promega, Madison, WI) and 300 nM of the
primers listed in Table 1. PCR fragments were then cloned into the pGL3 (Promega)
reporter gene plasmid at the Mlu I (5′) and Bgl II (3′) sites. The pGL3-ASAH1 constructs
were confirmed by sequencing prior to use in transient transfection experiments. In silico
analysis using the MatInspector software (Genomatix Software, Ann Arbor, MI) was used to
identify putative consensus binding sites for CREB on the ASAH1 promoter.

2.5. Transient transfection and reporter gene analysis
H295R cells were sub-cultured onto 24-well plates and transfected with 150 ng of pGL3-
ASAH1, 1.5 ng pRL-TK (Promega), and/or 5 ng of pCMV-CREB (BD Biosciences,
Franklin Lakes, NJ) or 5 ng of pCMV-K-CREB (BD Biosciences) using GeneJuice
(Novagen, Madison, WI). Twenty-four hours after transfection, the cells were treated with
0.4 mM Bt2cAMP for 16 h and the transcriptional activity of the ASAH1 reporter gene
determined using a dual luciferase assay kit (Promega). Firefly (pLG3-ASAH1) luciferase
activity was normalized to Renilla luciferase activity (pRL-TK) and expressed as fold
change over the mean of the untreated control group.

2.6. Electrophoresis Mobility Shift Assay (EMSA)
Nuclear extracts were isolated from H295R cells that were incubated with 0.4 mM
Bt2cAMP for 1 h using the NE-PER kit (Pierce, Rockford, IL). Double-stranded
oligonucleotides (Table 1) were labeled with [α-32P] dCTP (MP Biomedicals, Solon, OH)
using DNA polymerase I, Klenow fragment (Stratagene, La Jolla, CA). For EMSA
reactions, 5 μg of nuclear protein, 0.5 μg poly(dI•dC), 50 μg BSA, and 10,000 CPM of 32P-
labeled probe were mixed in 25 μL binding buffer [20 mM HEPES (pH 7.9), 80 mM KCl, 5
mM MgCl2, 2% Ficoll, 5% glycerol, 0.1 mM EDTA, and 0.2 mM dithiothreitol] at room
temperature. For supershift assays, 1 μg of anti-CREB antibody (sc-240X, Santa Cruz) was
incubated with nuclear extracts, BSA, and poly (dI•dC) for 20 min at room temperature.
Labeled probe was added and the reactions were incubated for an additional 15 min at room
temperature. In some reactions, 500 ng of recombinant CREB protein (Biomol International,
Plymouth Meeting, PA) was used instead of nuclear extracts. DNA–protein complexes were
resolved on 5% polyacrylamide/0.5% Ficoll/0.5× TBE gels and the dried gels exposed to a
phosphoimager screen. Complexes were visualized by phosphoimager scanning (Phospho/
Fluorimager, Fuji Film, Japan).
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2.7. Chromatin Immunoprecipitation (ChIP)
ChIP assays were performed as described in Dammer et al. [36]. Briefly, H295R cells were
sub-cultured onto 150 mm dishes and treated with 0.4 mM Bt2cAMP for 30 or 60 min. The
purified chromatin solutions were immunoprecipitated using 5 μg of anti-phospho-CREB
(Ser133), anti-CBP, anti-p300, and anti-trimethyl H3K4. All antibodies were obtained from
Millipore. Real-time PCR was carried out using the primer sets indicated in Table 1 and
output (immunoprecipitated promoter region) normalized to input DNA. Some reactions
were also subjected to agarose (4%) gel electrophoresis.

2.8. RNAi and real time RT-PCR
Cells were sub-cultured onto 12-well plates and 24 h later transfected with 75 nM of
nonspecific small interfering RNA (siRNA) oligonucleotides or siRNA oligonucleotides
directed against CREB (SI00299894, Qiagen, Valencia, CA) using HiPerfect Transfection
Reagent (Qiagen). After 48 h, cells were treated with 0.4 Bt2cAMP for 24 h. Total RNA was
extracted using TRIzol (Invitrogen) and ASAH1 mRNA expression was quantified using a
One-Step SYBR Green RT-PCR Kit (Thermo Scientific) and normalized to β-actin. Western
blotting was performed to confirm reduction of CREB protein expression.

2.9. Western blotting (WB)
H295R cells were treated with 0.4 mM Bt2cAMP for 24, 48, or 72 h and harvested into
RIPA buffer. Cells were then lysed by sonication (one 5 s burst) followed by incubation on
ice for 30 min. Lysates were centrifuged for 10 min at 4 °C and the supernatant collected for
analysis by SDS-PAGE. Aliquots of each sample (25 μg of protein) were run on 10% SDS-
PAGE gels and transferred to polyvinylidene difluoride (PVDF) membranes (Thermo
Scientific, Rockford, IL). Blots were probed with an anti-ASAH1 antibody (HPA005468,
Sigma, St. Louis, MO) and expression was detected using an ECF western blotting kit (GE
Healthcare, Piscataway, NJ) and visualized by scanning blots on a Typhoon Trio Scanner
(GE Healthcare). Protein concentrations were determined by bicinchoninic acid (BCA)
Protein Assay (Pierce).

2.10. In vitro Ceramidase Activity Assay
Activity assays were performed as described in Nikolova-Karakashian and Merrill [37].
H295R cells were sub-cultured in 100-mm dishes as treated for 24, 48, or 72 h with 0.4 mM
Bt2cAMP. After treatment, cells were harvested into lysis buffer (0.2% Triton X-100, 10
mM Tris–Cl, pH 7.4, 1 mM 2-mercaptoethanol, 1 mM EDTA, 15 mM NaCl) with protease
inhibitors (EMD Chemicals, Gibbstown, NJ) and sonicated 5 times for 2 s burst. Protein
concentrations were determined by BCA Protein Assay (Pierce). Acid ceramidase activity
was assayed by incubating 100 μL of cell lysate (at least 15 μg/μL of proteins) with 2 μL of
a 1 mM NBD-12-cer stock in 0.5 M acetate buffer (pH 4.5) for 2 h at 37 °C. Reactions were
terminated by the addition of 10 μL oleic acid (10 mg/mL), 1 mL chloroform:methanol (2:1,
v/v), and 1 mL Dole’s solution (isopropanol:heptane:2 N H2SO4, 40:10:1, v/v/v) followed
by vortexing and a 10 min incubation at room temperature. Four hundred microliters
heptane and 600 μL distilled H2O were added, the mixtures were vortexed for 2 min, and
then centrifuged for 10 min at 4000 rpm. The lower organic phase was dried under a stream
of nitrogen and spotted on Silica Gel 60 thin-layer chromatography (TLC) plates (EMD
Chemicals). Plates were developed in chloroform:methanol:25% NH4OH (90:20:0.5, v/v/v)
and visualized by fluorescence scanning on a Typhoon Trio Scanner (GE Healthcare). NBD-
dodecanoic acid formation was quantified by densitometry and normalized to the protein
content of each sample.
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2.11. Statistical analysis
One-way ANOVA, Tukey–Kramer multiple comparison, and unpaired student t-tests were
performed using GraphPad InStat software (GraphPad Software Inc., San Diego, CA).
Significant differences from a compared value were defined as p<0.05 and denoted by
asterisks (*) or carats (^).

3. Results
3.1. cAMP regulates ASAH1 mRNA expression

As discussed earlier, steroidogenesis in adrenocortical cells is activated by a cAMP-
dependent pathway. There are 3 genes that encode ceramidase enzymes (ASAH1, ASAH2,
ASAH3). Therefore, we determined the effect of increased intracellular cAMP on ASAH
gene expression in H295R cells by treating with 0.4 mM Bt2cAMP for 24 h. ASAH1 mRNA
expression is increased by 2.8-fold after 24 h treatment with Bt2cAMP (Fig. 1A).
Conversely, no increase in expression in response to Bt2cAMP was observed for both
ASAH2 and ASAH3 (Fig. 1A), indicating that the cAMP signaling pathway differentially
regulates the expression of these genes. Of note, similar results were obtained for mouse Y1
adrenocortical cells (data not shown). Next, we assessed the kinetics of the ASAH1 response
to Bt2cAMP by treating H295R cells for 1 to 24 h. These temporal experiments revealed that
Bt2cAMP evoked a rapid and transient decrease in ASAH1 mRNA expression within 1 h,
followed by a chronic increase in mRNA expression (Fig. 1B). A maximal 4-fold increase in
ASAH1 mRNA expression was observed at the 18 h time point.

3.2. CREB increases ASAH1 reporter gene activity
To further define the mechanism by which Bt2cAMP modulates ASAH1 mRNA expression,
we cloned 2.7 kb of the human ASAH1 promoter and ligated the amplified product into the
pGL3 vector. H295R cells were transfected with this reporter construct for 24 h followed by
exposure to 0.4 mM Bt2cAMP for 16 h. As shown in Fig. 2, Bt2cAMP treatment
significantly increased the transcriptional activity of the 2.7 kb reporter gene by 1.5-fold.
Because we observed a significant increase in ASAH1 transcription in response to Bt2cAMP
treatment, we performed in silico analysis of the 2.7 kb ASAH1 promoter and found 6
putative CREs (Fig. 2). Overexpression of CREB increased luciferase activity of the 2.7 kb
construct by 2.3 fold when compared to cells transfected with only pGL3-ASAH1(−2740).
Bt2-cAMP stimulation resulted in a further 30% increase in reporter gene activity over the
CREB-mediated activation in luciferase expression.

To define the cAMP-responsive region(s) of the ASAH1 promoter, deletion constructs were
generated and assayed in transfection assays. While deletion of region −2740 to −906 had no
significant effect on the ability of Bt2cAMP to stimulate reporter gene activity, removal of
410 base pairs (−496 construct) completely attenuated the cAMP response (Fig. 2). Deletion
of the region encompassing −2740 to −1430 decreased the stimulatory effect of CREB
overexpression by approximately 33% in both control and Bt2cAMP-treated cells and
deletion of the region encompassing −1430 to −906 completed ablated the CREB response.
The integral role of CREB was confirmed in reporter gene studies using a dominant-
negative CREB (pCMV-K-CREB) [38] which completely attenuated the stimulatory effects
of both CREB and Bt2cAMP (Fig. 3). Notably, dominant-negative CREB also reduced basal
luciferase activity by 50%, suggesting that CREB may play a role in regulating the
constitutive expression of ASAH1.

3.3. CREB is required for cAMP-stimulated ASAH1 mRNA expression
In order to investigate if CREB was required for ASAH1 transcription, we used RNAi to
suppress CREB translation (Fig. 4A) and assessed the effect of reduced CREB expression

Lucki and Sewer Page 5

Biochim Biophys Acta. Author manuscript; available in PMC 2014 April 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



on cAMP-stimulated ASAH1 transcription. As shown in Fig. 4B, H295R cells transfected
with CREB siRNA oligonucleotides lose the ability to respond to Bt2cAMP.

3.4. CREB binds to the ASAH1 promoter in vitro and cAMP strengthens this binding
Our reporter gene assay with ASAH1 deletion constructs indicated that CREs located
between −2750 and −906 confer CREB responsiveness (Fig. 2). Therefore, we carried out
EMSA to determine which of the putative CREs interacted with CREB. Radiolabeled
double-stranded oligonucleotides corresponding to the 6 regions depicted in Fig. 5A
(sequences in Table 1) were incubated with either recombinant CREB or nuclear extracts
isolated from control or Bt2cAMP-treated cells. As shown in Fig. 5B, specific DNA–protein
complexes were found with 4 of the 6 probes tested (−1861/−1841, −1776/−1756,
−969/−949, −281/−261). The putative CREs at −1861/−1841 (panel 1, lane 1) and
−1776/−1756 (panel 2, lane 1) exhibited weak interaction with recombinant CREB when
compared to the −969/−949 (panel 3, lane 1) probe.

A weak upper and more intense lower band was revealed in reactions containing
recombinant CREB and −1861/−1841 or −1776/−1756 (lane 1 in panels 1 and 2), suggesting
the interaction of monomeric (lower band) and dimeric (upper band) CREB with these
regions of the ASAH1 promoter. In contrast, the −969/−949 probe exhibited one major
DNA–protein complex when incubated with recombinant CREB (panel 3, lane 1). A
supershift was observed when anti-CREB antibody was added to the reaction containing
recombinant CREB and the −969/−949 probe (panel 3, lane 4). Further, when nuclear
extracts were incubated with the −969/−949 probe in the presence of anti-CREB antibody, a
significant reduction in DNA–protein complex formation was observed (panel 3, lanes 5 and
6). Notably, the mobility of DNA–protein complexes formed when the −969/−949 region
was incubated with nuclear proteins (panel 3, lanes 3 and 4) was significantly retarded when
compared to reactions containing recombinant CREB (panel 3, lane 1). This difference in
mobility suggests that CREB may be a component of a multi-protein complex.

A weak supershift was also found when the antibody was added to reactions containing the
−1861/−1841 probe and nuclear extracts isolated from Bt2cAMP-treated cells (panel 1, lane
6). Bt2cAMP treatment increased the affinity of nuclear proteins for the −281/−261 region
(compare lanes 1 and 2 in panel 4) and the CREB antibody decreased cAMP-stimulated
complex formation (compare lanes 2 and 4 in panel 4). No significant binding to
−1565/−1545 and −1110/−1086 oligonucleotides was observed (data not shown).
Additionally, we did not observe changes in the formation of DNA–protein complexes when
reactions contained antibodies against ATF-1 or ATF-2 (data not shown).

3.5. cAMP promotes the recruitment of CREB and other coregulatory proteins to the
ASAH1 promoter

We next examined the effect of cAMP stimulation on the recruitment of CREB and
coactivator proteins to the endogenous ASAH1 promoter (Fig. 6A) by performing ChIP
assays using chromatin isolated from H295R cells that were treated with 0.4 mM Bt2cAMP
for 30 or 60 min. Our results indicate that CREB is enriched by 2.6-fold at region A
(−1779/−1596) and 15-fold at region D (−325/−214) in cells treated with Bt2cAMP for 30
min (Fig. 6B). One h exposure to Bt2cAMP increased CREB recruitment to region A by 4.9-
fold. Region A is also shown in the agarose gel in the panel B inset. Bt2cAMP had no
significant effect on CREB binding in the other three regions (B, C, and E) of the ASAH1
promoter that were examined.

We also assessed the effect of cAMP signaling on coactivator association with the regions
(A and D) of the ASAH1 promoter that exhibited enriched CREB binding. Both CBP and
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p300 were recruited to region A in cells exposed to Bt2cAMP for 60 min (Fig. 6C). Finally,
since activated gene transcription is associated with the increased presence of specific
histone modifications, we determined the effect of Bt2cAMP on the amount of trimethylated
H3K4, a modification associated with active transcription [39], in regions A and D of the
ASAH1 promoter. As shown in Fig. 6D (region A shown in agarose gel inset), Bt2cAMP
evoked an increase in the trimethylation of H3K4, indicating that cAMP-stimulated CREB
binding occurs concomitantly with histone H3 modification.

3.6. cAMP increases ASAH1 protein expression and enzymatic activity
Because Bt2cAMP increased ASAH1 mRNA levels, we sought to investigate if this effect
translates into an increase in protein expression. We carried out western blotting analysis in
H295R cells treated for 24, 48, or 72 h with Bt2cAMP. As shown in Fig. 7A and B,
Bt2cAMP significantly increased ASAH1 protein levels by 1.81- and 1.96-fold after 48 and
72 h treatment, respectively. In addition, to determine if the increase in protein expression
was functionally significant, we quantified ASAH activity in Bt2cAMP-treated H295R cells.
As shown in Fig. 7C, Bt2cAMP significantly increased total ceramidase activity by 3.7- and
5.6-folds after 48 and 72 h.

4. Discussion
ACTH/cAMP signaling regulates cortisol biosynthesis in the human adrenal cortex by
chronically stimulating the transcription of multiple genes required for cholesterol
metabolism and transport [18]. In addition, ACTH acutely increases sphingolipid
metabolism in H295R cells, resulting in changes in the cellular concentrations of bioactive
sphingolipids that regulate steroidogenic gene transcription [22]. Herein we show that
ACTH/cAMP induces ASAH1 gene transcription by promoting the binding of CREB to
multiple regions on the ASAH1 promoter.

We show that cAMP differentially regulates ASAH genes (Fig. 1A) and that the transcription
of the ASAH1 gene is modulated by cAMP in a time-dependent manner with maximal
induction of the gene at the 18 h time point (Fig. 1B). Interestingly, cAMP acutely reduces
ASAH1 mRNA expression within 1 h. These data indicate that ACTH/cAMP signaling
evokes a biphasic pattern of ASAH1 mRNA expression, with an initial decrease followed by
transcriptional induction. The rapid decrease in the mRNA expression ASAH1 suggests that
cAMP may regulate the stability of ASAH1 transcripts and possibly promote the acute
degradation of ASAH1 mRNAs. Regulation of RNA stability is a fundamental mechanism
of gene regulation.

MicroRNAs (miRNA) and 3′UTR AU-rich elements (AURE) are two types of regulatory
molecules capable of destabilizing transcripts [40–42]. miRNAs are single-stranded RNA
molecules that down-regulate gene expression by binding to complementary regions of
mRNA molecules and either targeting them for degradation or blocking the assembly of the
translational machinery [42]. AUREs contain clustered or distributed AUUUA pentameric
motifs or an U-rich sequence where interacting proteins bind to either stabilize (e.g. HuR) or
destabilize (e.g. TTP, KSRP) the transcript by signal transduction pathways [43,44]. Of
note, these regulatory elements have been shown to regulate the expression of genes
involved in steroidogenesis including SK1 [45] and steroidogenic acute regulatory protein
(StAR) [46]. We have found multiple miRNA target sites and 3′UTR AU-rich regions on the
ASAH1 mRNA (Lucki and Sewer, unpublished observation). Thus, it is possible that these
regulatory mechanisms are involved in the observed ASAH1 mRNA decrease induced by
cAMP. Interestingly, a similar acute decrease in mRNA expression was also observed for
ASAH2 and ASAH3 in response to ACTH and Bt2cAMP, suggesting that a similar
regulatory mechanism may be involved (Lucki and Sewer, unpublished observation).
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Studies aimed at defining the mechanism by which cAMP promotes the acute decrease in
mRNA expression of ASAH transcripts are underway.

Luciferase assays using deletion constructs of the ASAH1 promoter identified a role for
CREB in increased reporter gene activity that was localized to the region encompassing
−2740 and −906 base pairs upstream of the transcription start site (Fig. 2). ChIP (Fig. 6) and
EMSA (Fig. 5B) studies support a role for cAMP in stimulating the association of CREB
with the ASAH1 promoter. Our ChIP experiments (Fig. 6) revealed that CREB is enriched
at region −325/−214 (region D) of the ASAH1 promoter, however we did not observe a
stimulatory effect of CREB overexpression on reporter gene activity when cells were
transfected with the pGL3-ASAH1(−496) plasmid that contains the −325/−214 region (Fig.
2). It is possible that although cAMP promotes CREB recruitment to the endogenous
promoter, an increase in transcription requires the coordinate binding of CREB to multiple
regions of the ASAH1 promoter. It is equally likely that cAMP signaling increases the
binding of additional transcription factors in conjunction with CREB to the promoter.
Nonetheless, RNAi (Fig. 4) and the use of a dominant-negative CREB expression plasmid
(Fig. 3) confirm the integral role of CREB in conferring increased gene expression in
response to cAMP. Trimethylation of H3K4 and the recruitment of CBP and p300 to both
the distal (region A) and proximal (region D) regions of the promoter further support a role
for CREB in activating ASAH1 gene transcription.

Functional promoter characterization has been reported for some of the genes encoding
sphingolipid metabolizing enzymes, including S1P phosphatase 2 [47], subunit 2 of serine
palmitoyltransferase [48], ganglioside GM3 synthase [49], ceramide glucosyltransferase
[50], and ASAH2 [51]. However, few studies have identified the transcription factors
involved in the regulation of these genes. Sobue et al. reported a nerve growth factor-
mediated induction of the SK1 gene via binding of Sp1 (specificity protein 1) to a specific 5′
region of the promoter [52] and Mechtcheriakova et al. demonstrated that NF-κB is
necessary for induction of the S1P phosphatase 2 gene in response to inflammatory stimuli
[47].

Although previous studies have defined the structural units of the ASAH1 gene [53,54], to
our knowledge there is only one report that investigates the transcriptional regulation of an
ASAH gene. Park et al. characterized a 1931 base pair region of the murine ASAH1
promoter and demonstrated that Kruppel like factor 6, Sp1, and AP2 (activator protein 2)
can bind the promoter in vitro [55]. Our findings herein provide functional characterization
of the ASAH1 promoter and establish the factors that facilitate ACTH/cAMP-dependent
ASAH1 gene expression.

We also show that the effect of ACTH/cAMP signaling on ASAH1 transcription results in a
significant increase in protein expression (Fig. 7). Increased protein concentration is, in turn,
concomitant with an upregulation in ceramidase enzymatic activity. These data herein,
coupled with our previous findings establishing the role of ACTH/ cAMP signaling in
acutely modulating sphingolipid metabolism [56], demonstrate that activation of the ACTH
signaling pathway elicits two temporally distinct effects on sphingolipid metabolism; a rapid
response and a chronic, transcriptional response. In addition, these data supports a role for
ASAH1 as an important enzyme for the regulation of sphingolipid metabolism in response
to ACTH/cAMP signaling that consequently modulates cortisol biosynthesis.

We have previously demonstrated that ACTH promotes rapid changes in sphingolipid
intracellular concentrations, including a decrease in cer [22]. Thus, our data indicating an
ACTH-regulated transcription and activity of ASAH1 is in agreement with such previously
finding and suggests that ACTH signaling is directly regulating intracellular SPH and S1P
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concentrations. Given that SPH is an antagonist ligand for SF-1 and S1P promotes CYP17
expression, it is tempting to speculate that the transcriptional regulation of the ASAH1 gene
by ACTH/cAMP signaling is part of a regulatory mechanism through which ACTH
modulates cortisol production. In summary, we identify CREB as a central regulator of
ASAH1 gene transcription and demonstrate that activation of the cAMP signaling pathway
promotes the coordinate interaction of CREB and the coactivators CBP and p300 to multiple
regions of the ASAH1 promoter, concomitant with the trimethylation of H3K4.
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Fig. 1.
Bt2cAMP increases ASAH1 mRNA expression. (A) H295R cells were cultured onto 12-well
plates and treated for 24 h with 0.4 mM Bt2cAMP. Total RNA was isolated for analysis of
ASAH1, ASAH2, or ASAH3, and β-actin mRNA expression by qRT-PCR. Data is graphed
as fold change in ASAH mRNA expression and normalized to the mRNA expression of β-
actin. Data graphed represent the mean±SEM of three separate experiments, each performed
in triplicate. Statistically different from untreated control group, p<0.05. (B) H285R cells
were treated for 1 to 24 h with 0.4 mM Bt2cAMP and ASAH1 and β-actin mRNA
expression quantified by real time RT-PCR. Data is graphed as fold change in ASAH1
mRNA content and is normalized to the mRNA expression of β-actin. Data graphed
represent the mean±SEM of three separate experiments each performed in triplicate.
Statistically different from untreated control group, p<0.05.
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Fig. 2.
Localization of the cAMP- and CREB-responsive region(s) of the ASAH1 promoter. H295R
cells were transfected with reporter gene plasmids (pGL3-ASAH1) containing varying
regions of the ASAH1 promoter and a CREB expression plasmid using Gene Juice as
described in Materials and methods. Twenty-four hours after transfection, cells were treated
with 0.4 mM Bt2cAMP for 16 h and luciferase activity in the cell lysates quantified by
luminometry. Statistical difference from untreated control within each transfection group or
between control and Bt2cAMP-treated cells transfected with CREB is denoted by * and ^,
respectively; p<0.05.
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Fig. 3.
Dominant-negative mutant CREB abrogates ASAH1 reporter gene activity. H295R cells
were transfected with pGL3-ASAH1(−2740), wild type (pCMV-CREB) or dominant-
negative mutant (pCMV-K-CREB) CREB expression plasmids, and pRL-TK. Luciferase
activity in lysates isolated from control and Bt2cAMP-treated cells was quantified by
luminometry. Data are expressed as the fold change in pGL3-ASAH1 (−2740) reporter gene
activity over the untreated control group mean and represent the mean±SEM of three
separate experiments, each performed in triplicate. Asterisks (*) and carats (^) denote a
statistically significant difference (p<0.05) from the untreated control group and the
untreated CREB-transfected group, respectively.
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Fig. 4.
Silencing CREB decreases cAMP-stimulated ASAH1 transcription. (A) H295R cells were
transfected with 75 nM CREB or scrambled siRNA oligonucleotides for 72 h and total cell
lysates were isolated for SDS-PAGE and western blotting. Blots were hybridized to an anti-
CREB antibody. (B) RNA isolated from untreated or Bt2cAMP-stimulated cells that were
transfected with CREB siRNA were subjected to qRT-PCR. Data is graphed as fold change
in ASAH1 mRNA expression and is normalized to the mRNA expression of β-actin and
represent the mean±SEM of three separate experiments, each performed in triplicate. −,
Control; +, Bt2cAMP. (*) indicates a statistically significant difference compared to
untreated controls (p<0.05).
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Fig. 5.
CREB binds to the ASAH1 promoter in vitro. (A) Depiction of the regions of the ASAH1
promoter corresponding to each oligonucleotide probe. Ovals indicate putative CREB
binding sites. (B) Nuclear extracts isolated from cells treated with 0.4 mM Bt2cAMP for 1 h
or recombinant CREB (0.5 μg) were incubated with 32P radiolabeled oligonucleotides
(10,000 cpm) corresponding to the following regions of the ASAH1 promoter:
−1861/−1841, −1776/−1756, −969/−949, and −281/−261. Lanes in panels 1–3: 1)
recombinant CREB, 2) control nuclear extracts, 3) Bt2cAMP-treated nuclear extracts, 4)
recombinant CREB+anti-CREB antibody, 5) control nuclear extracts+anti-CREB antibody,
and 6) Bt2cAMP-treated nuclear extracts+anti-CREB antibody. Panel 4: untreated nuclear
extracts (lane 1), Bt2cAMP-treated nuclear extracts (lane 2), untreated nuclear extracts+anti-
CREB antibody (lane 3), and Bt2cAMP-treated nuclear extracts+anti-CREB antibody (lane
4). Solid arrows indicate CREB binding and dashed arrow denotes shifted bands.
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Fig. 6.
CREB, CBP, and p300 bind to the ASAH1 promoter in vivo. (A) Diagram of the promoter
regions amplified by each primer set used for ChIP assay. (B) H295R cells were treated for
30 or 60 min with 0.4 mM Bt2cAMP, cross-linked with 1% formaldehyde, and the sheared
chromatin immunoprecipitated with antibodies against anti-phospho-CREB (Ser133). (C)
Chromatin isolated from cells treated for 60 min with 0.4 mM Bt2cAMP was
immunoprecipitated with antibodies against anti-CBP or anti-p300 and recruitment to region
A or D of the ASAH1 promoter assessed by qPCR. (D) H295R cells were treated for 30 min
with 0.4 mM Bt2cAMP and the isolated chromatin immunoprecipitated with an antibody
against trimethyl-H3K4. In panels B, C, and D, DNA purified was quantified by real time
PCR and normalized to the ΔCt values of input DNA. Data is expressed as fold change over
untreated control. Representative agarose gels of the PCR products obtained for region A are
shown as insets to panel B (control, 30, and 60 min Bt2cAMP treatment) and panel D
(control and 30 min Bt2cAMP treatment).
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Fig. 7.
Bt2cAMP increases ASAH1 protein expression and enzymatic activity. (A) Representative
western blot of H295R cells treated for 24, 48, or 72 h with 0.4 mM Bt2cAMP. Cell lysates
were harvested and separated in a 10% SDS-PAGE gel followed by western blotting using
anti-ASAH1 or anti-GAPDH antibodies. (B) Graphical analysis of data obtained in western
blotting studies of ASAH1 protein expression in cells treated for 24 to 72 h with 0.4 mM
Bt2cAMP. Data graphed represent the mean±SEM of two separate experiments, each carried
out in triplicate. Asterisks indicate a statistically significant difference compared to
untreated controls (p<0.05). (C) H295R cells were treated for 24 to 72 h with 0.4 mM
Bt2cAMP and cell lysates were isolated and for ceramidase assays as described in the
Materials and methods section. Plates were developed in chloroform:methanol:25% NH4OH
(90:20:0.5, v/v/v) and visualized by fluorescence scanning on a Typhoon Trio Scanner.
NBD-dodecanoic acid formation was quantified and normalized to the protein content of
each sample. Data graphed are the mean±STD of two experiments each performed in
duplicate. Asterisks indicate a statistically significant difference compared to untreated
controls (p<0.05).
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Table 1

Sequences of primers and oligonucleotides.

Method Region Forward primer Reverse primer

ChIP −1779/−1596 TTCCCGGGTTCACGCCAT GCGCGGTGGCTCACGCCTGTAA

−1475/−1364 CTCCCTTTTCCTCCACTGCATTTGT ACAATGTGCCAAGCATGTCTCCTGACAC

−1022/−899 CGGCAGCGTGCTGAGCTTCATCAAAGC CAGTCGCGCGGGTAGGTGACCGGGTTGG

−325/−214 ACGGGTGAAGCTCCCGGCCCCACCTA GAAAAGGGTGGCGTAGAGAAAGAGAGA

−123/+31 AGTCCCGCCTCCTCCGAGCGTTCCCCCT GACTAAGGCGACGCAACTCCGGCCCGGC

RT-PCR β-actin ACGGCTCCGGCATGTGCAAG TGACGATGCCGTGCTGCATG

ASAH1 GCACAAGTTATGAAGGAAGCCAAG TCCAATGATTCCTTTCTGTCTCG

EMSA −281/−261 CGAGGGGGATGGATCACGCCAGCCGC CGGCGGCTGGCGTGATCCATCCCCCT

−969/−949 CGCTGCTTGAGACGTCAGAGGCT CGAGCCTCTGACGTCTCAAGCAG

−1106/−1086 CGGAGTGTTGAGTTTTGTAAAGAAATAATACA CGTGTATTATTTCTTTACAAAACTCAACACTC

−1565/−1545 CGCCTGTCCCTCTTATTTAAAATTGTAACTCTACCACTTCTGATCTCCACAC CGGTGTGGAGATCAGAAGTGGTAGAGTTACAATTTTAAATAAGAGGGACAGG

−1776/−1756 CGTTCCCGGGTTCACGCCATTCTCCTGCCTCA CGTGAGGCAGGAGAATGGCGTGAACCCGGGAA

−1861/−1841 CGAGTTTCATTTTTATGTGACGGAGTCTCGCACTGGCGCGCA CGTGCGCGCCAGTGCGAGACTCCGTCACATAAAAATGAAACT

ASAH1 cloning −2739 CGAGCTCTTACGCGTTACCATTTTCTATGAACA CTTAGATCGCAGATCTGGCGGCAGCCAGGAGGAC

−1430 TCACCGAGAACATACGCCTCAG CTTAGATCGCAGATCTGGCGGCAGCCAGGAGGAC

−906 CTTTGAAATCCAACCCGGTCCC CTTAGATCGCAGATCTGGCGGCAGCCAGGAGGAC

−496 CGCTTTTCTCAGAGGGCAAAG CTTAGATCGCAGATCTGGCGGCAGCCAGGAGGAC

−120 TGGAATGGTGCGGTCCCAGGTC CTTAGATCGCAGATCTGGCGGCAGCCAGGAGGAC
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