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Abstract
Ceramidases play a critical role in generating sphingosine-1-phosphate by hydrolyzing ceramide
into sphingosine, a substrate for sphingosine kinase. In order to elucidate its transcriptional
regulation, we identify here a putative promoter region in the 5’-UTR of the human neutral CDase
(nCDase) gene. Using human genomic DNA, we cloned a 3000 base pair region upstream of the
translational start site of the nCDase gene. Luciferase reporter analyses demonstrated that this
3000 bp region had promoter activity, with the strongest induction occurring within the first 200
bp. Computational analysis revealed the 200 bp essential promoter region contained several well-
characterized promoter elements, lacked a conical TATA box, but did contain a reverse oriented
CCAAT box, a feature common to housekeeping genes. Electrophoretic mobility shift assays
demonstrated that the identified candidate transcriptional response elements (TRE) bind their
respective transcription factors, including NF-Y, AP-2, Oct-1, and GATA. Mutagenic analyses of
the TRE revealed that these sites regulated promoter activity and mutating an individual site
decreased promoter reporter activity by up to 50%. Together, our findings suggest that regulation
of nCDase expression involves coordinated TATA-less transcriptional activity.
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1. Introduction
Ceramide (Cer) is the central molecule in most sphingolipid metabolic pathways [1–3]. Cer
is also the substrate for several enzymes, including, but not limited to, ceramide kinase,
glucosylceramide synthase, galactosylceramide synthase, and sphingomyelin synthase. Cer
has been shown to function as lipid-bound second messengers inducing apoptosis or cell
growth arrest [4]. Cer’s have also been linked to autophagy, differentiation, growth
senescence, anti-inflammatory responses, and regulation of gene transcription [5–9].
Differential effects of Cer in different tissues may reflect unique molecular species of Cer, in
terms of their fatty acid composition, altered metabolism of Cer species, or distinct
subcellular localization of Cer species. Cer can be metabolized by ceramidases (CDases) to
form sphingosine, which is subsequently phosphorylated by sphingosine kinase to form
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sphingosine-1-phosphate (So1P). The ceramide metabolite, So1P, promotes normal cell
growth and differentiation [10] and inhibits the apoptotic effects of Cer [11]. Based on these
and other findings, the rheostat model has been proposed in which the overall relative level
of Cer and So1P to each other drives a cell towards apoptosis or normal growth, survival,
and/or differentiation [10]. However, it is becoming apparent that this rheostat model is
perhaps too simplified. In fact, increasing evidence, aided in part by mass spectrometry-
based lipidomic strategies, have begun to show that changes in sphingolipid metabolism are
not linear and often involve several sphingolipid metabolic pathways and differential
regulation of fatty acid within a single class of sphingolipids [12–16]. Sphingosines also
appear to be a critical metabolic branch point as they can also be phosphorylated,
glycosylated, or re-acylated. In fact, CDase, is the predominant enzyme to generate
sphingosine, as sphingosine is not a metabolite in de novo synthesis of sphingolipids and the
role of sphingosine-1-phosphate phosphatases to generate sphingosine is still controversial
[17]. Moreover, the exact biological role(s) and biochemical regulation of sphingosine
metabolism have not been fully elucidated. Thus, a thorough understanding of the
transcriptional regulation of the enzyme that predominantly regulates ceramide to
sphingosine metabolism, is warranted.

Even though three families of distinct CDases have been cloned and classified based on their
pH optima: acidic (human [18] and mouse [19]), neutral (human [20], mouse [21], rat [22],
bacteria [23], and drosophila [24]), and alkaline (yeast [25], mouse [26]. and human [27], we
have chosen to focus the present work on the human neutral ceramidase (nCDase) for
several reasons. First, nCDases are integral membrane proteins, localizing predominantly to
the plasma membrane [28], in contrast to alkaline CDases that have been shown to localize
primarily within the endoplasmic reticulum or the golgi as well as acidic CDases,
predominantly localized to lysosomes. Second, nCDases have been reported to be regulated
by various cytokines and growth factors [29–32]. Third, recent studies support co-
localization of nCDase enzyme, substrate, and signaling elements within defined membrane
structures [22, 33], alluding to the importance of nCDase in modulating lipid-mediated
signaling in response to various cytokine and growth factor stimuli.

To date, nCDases have only been characterized by tissue and species expression. The
transcriptional mechanisms and unique response elements underlying this tissue and species
specificity have not, as yet, been defined. As examples, characterization of mouse nCDase
revealed that levels of nCDase mRNA were higher in liver than brain [21], indicative of
tissue specific neutral CDase regulation. Furthermore, in rats, nCDase mRNA levels were
highest in the kidney and brain, yet low in the liver [22]. Similarly, human nCDase mRNA
is likely regulated in a tissue specific manner. Although mRNA was ubiquitously expressed
in all tissues tested, skeletal muscle, heart, and kidney expressed high levels of neutral
CDase mRNA, whereas the liver and brain expressed significantly lower mRNA levels [20].
Thus, to better comprehend the regulation of the human neutral CDase gene, we
characterized the 5’-untranslated region for promoter function.

2. Materials and Methods
2.1 Cell Culture

Human embryonic kidney 293 (HEK 293) cells were obtained from American Type Culture
Collection (Rockville, MD), and were maintained in DMEM (Invitrogen, Carlsbad, CA)
supplemented with 10% fetal bovine serum (FBS).
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2.2 Cloning of 5’-Flanking Region of Human NCDase Gene
To obtain the 5’-flanking sequence of the human nCDase gene, human GenomeWalker kit
(Clontech, Mountain View, CA), containing four libraries of human genomic DNA, was
used according to manufacturer’s instructions. Human nCDase gene specific primers
GSwalk1 (5’-TTCAATGGTCCCACTGGTGATAAACAAG-3’) and GSwalk2 (5’-
AGAAGGGCCACTGTGATGGCACTCAT-3’) were designed and synthesized by
Integrated DNA Technologies (IDT, Coralville, IA). Primary polymerase chain reaction
(PCR) was carried out using 1 uL of genomic DNA, gene specific primer GSwalk1 and
adaptor primer AP1, and Advantage 2 Polymerase Mix (Clontech). The genomic library was
amplified by PCR (94°C for 2 sec, then 72°C for 3 min for 7 cycles, followed by 32 cycles
of 94°C for 2 sec, then 67°C for 3 min). A final extension step was done at 67°C for 4 min.
The primary PCR products were diluted 1:50 with sterile water and used as a template for a
second PCR reaction with the nested gene specific primer GSwalk2 and the nested adapter
primer AP2. The secondary PCR was performed at the same parameters as the primary
reaction with 5 and 20 cycles, respectively. The reaction was again held at 67°C for 4 min
for final extension. The final PCR products were separated by agarose gel electrophoresis,
cloned into pGEM-T Easy vector (Promega, Madison, WI), and sequenced in both directions
using pUC/M13 forward and reverse primers for pGEM-T and internally designed primers.

2.3 Sequence Analysis
Putative transcription factor binding sites were predicted with Transcriptional Element
Search Software (TESS) (http://cbil.upenn.edu/tess/). Sequencing comparisons between and
alignments of human and mouse nCDase putative promoter regions were accomplished
using ClustalW (http://www.ebi.ac.uk/Tools/clustalw2/index.html).

2.4 Construction of Reporter Genes
Specific sequences of the 5’-flanking regions of the human nCDase gene were amplified by
PCR. The nucleotide range of each amplified region and the respective 5’forward primers
used to amplify them are as follows: −3000/−1 TRE (CPF3-KpnI: 5’-
GAGCGGTACCTATCAATACTCTTTAATCTCATAC-3’), −2500/−1 TRE (CPF4-KpnI:
5’-GAGCGGTACCATATAATTATTGGCTTAGCTCTAC-3’), −2000/−1 TRE (CPF5-
KpnI: 5’-GAGCGGTACCAACTAGAGATACTGGGTTTGAAGT-3’), −1500/−1 TRE
(CPF6-KpnI: 5’-GAGCGGTACCCAGTGTCATCATATTTTACGAATT-3’), −1000/−1
TRE (CPF7-KpnI: 5’-GAGCGGTACCATAAGATGATCATAATCATATTCC-3’),
−500/−1 TRE (CPF8-KpnI: 5’-
AGTCGGTACCAGTCCATGACCACAGAGTACTGTC-3’), −400/−1 TRE (CPF-400-
KpnI: 5’-AGTCGGTACCAGCCCAGACCCATGTACAGATCCA-3’), −300/−1 TRE
(CPF-300-KpnI: 5’-AGTCGGTACCTCAGTGGCCAATGCTAAATCATGA-3’), −200/−1
TRE (CPF-200-KpnI: 5’-AGTCGGTACCAATTGATTGGTCTTGTCTGCCATG-3’),
−100/−1 TRE (CPF-100-KpnI: 5’-
AGTCGGTACCAGATATCTTAACCTCGGTTGGCTT-3’), −50/−1 TRE (CPF-50-KpnI:
5’-AGTAGGTACCTTCTTCCTCTTCAGTATTTCTTCT-3’). The 3’ reverse primer used
to amplify all regions was CPR1-XhoI (5’-
TGACCTCGAGTTCTTCTCAGGTACAGCAGAGATG). The underlined bases are
restriction digest sites for KpnI for the 5’ primers and XhoI for the 3’ primer. PCR’s were
performed using the pGEM-T vector containing the 5’-flanking region as a template.
PfuUltra High Fidelity DNA polymerase (Stratagene, La Jolla, CA) was used according to
manufacturer’s instructions. The cycling parameters were 95°C for 30 sec, 60°C for 30 sec,
and 72°C for 1 min/kb, for 30 cycles. The DNA fragments generated were cloned into a
TOPO vector using Zero Blunt TOPO PCR Cloning Kit (Invitrogen), propagated in Ecoli,
and followed by plasmid isolation with Qiaprep Spin Mini Kit (Qiagen, Valencia, CA). The
plasmids containing the 5’-flanking regions of DNA were digested with KpnI and XhoI, and
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the specific regions were purified by gel electrophoresis and cloned into the firefly luciferase
expression vector pGL3-Basic vector (Promega) using the same restriction sites.

2.5 Construction of Site-Directed Mutational Reporter Plasmids
Site-directed mutagenesis or deletion of the putative transcription factor binding sites was
done using Quikchange Site-Directed Mutagenesis Kit (Stratagene) according to
manufacturer’s protocol. Primers used to alter the binding sites were designed with the help
of Stratagene’s web-based primer design software program (http://labtools.stratagene.com/
QC). Sense primers used are given in Table 2; antisense primers (not shown) are the reverse
complement of the given sense primers. PCR was then performed with the appropriate
primers using 25 ng of PGL-200 (pGL3-basic vector with −200 to −1 bp of CDase
promoter) as a template. The cycling parameters were 95°C for 30 sec, 55°C for 1 min, and
68°C for 5 min, for 12 cycles. The parental DNA was then digested with 1 uL Dpn
restriction enzyme for 1 h at 37°C. The remaining mutated vectors from the digested DNA
were propagated by transformation of XL1-Blue supercompetent cells (Stratagene).

2.6 Preparation of Nuclear Extract
Nuclear extracts were prepared using the Pierce Nuclear and Cytoplasmic Extraction
Reagent Kit (NE-PER) (Pierce/Thermo Fisher Scientific, Rockford, IL) according to
manufacturer’s instructions with slight modifications. Briefly, HEK 293 cells were grown to
90% confluency in a T175 flask, detached with trypsin, and isolated by centrifugation to
yield a packed cell volume of approximately 300 uL. After the addition of 3 ml of CERI
(cytoplasm extraction reagent I) buffer, the pellet was vortexed and incubated on ice for 10
min. CERII (165 uL) was then added followed by vortexing and an additional incubation on
ice. The nuclear fraction was then separated by centrifugation and the supernatant
(cytoplasmic extract) was pipetted off. The pellet containing the nuclei was then
resuspended in 375 uL NER (Nuclear extraction reagent) buffer and incubated on ice for 40
min with periodic vortexing. The suspension was centrifuged a final time and the
supernatant (nuclear extract) was removed and dialyzed in 4% glycerol, 10 mM Tris (pH
7.5) buffer for two hours to remove excess salt. The nuclear extract was stored at −80°C,
and the protein concentration was measured using the Bio-Rad Protein Assay Kit.

2.7 Electrophoretic Mobility Shift Assays (EMSA)
All DNA oligonuceotides were synthesized by IDT (Table 1). The Gel Shift Assay System
(Promega) was used according to manufacturer’s instructions. Synthetic complementary
nucleotides were annealed, end-labeled with [γ-32P]ATP (7000Ci/mmol, American
Radiolabeled Chemicals, St. Louis, MO) and T4 polynucleotide kinase, and purified with
Sephadex G-25 Quick Spin Columns (Roche Diagnostics, Indianapolis, IN).

EMSA assays were performed with 35–40 fmol of double-stranded end-labeled probes and
12–15 ug of HEK 293 nuclear protein for 20 minutes at room temperature. For competition
assays, nuclear protein was preincubated with a 50-fold excess (except where noted) of
unlabeled double-stranded EMSA probes for 10 min before the addition of labeled probe.
Sequences of labeled probes are given in Table 1. Gel-loading buffer without dye was added
before the protein/DNA complexes were resolved on Novex 6% DNA retardation gels
(Invitrogen) using 0.5× TBE buffer (Sigma Aldrich, St. Louis, MO) at 200 V for 20 min. For
supershift assays, nuclear protein was preincubated with rabbit or goat polyclonal antibodies
against Oct-1 (sc-232×) and AP-2α (sc-184×) obtained from Santa Cruz (Santa Cruz, CA)
for 1 h on ice. After electrophoresis, gels were dried and autoradiographed.
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2.8 Transient Transfection and Luciferase Assays
Human embryonic kidney 293 (HEK 293) cells (40–60% confluent) were transfected with
each reporter construct (250 ng) and the Renilla luciferase expression vector phRL-null (100
ng, Promega) using Lipofectamine 2000 (3:1, µL Lipofectamine: µg DNA) (Invitrogen) in
250µL Opti-MEM (GIBCO-Invitrogen) in 12 well plates. HEK 293 cells were grown in 1 ml
DMEM supplemented with 10% FBS, and the media was not changed after the addition of
the transfection reagents. Twenty-four hours after transfection, cells were lysed by the
addition of 250 uL of Passive Lysis Buffer (Promega). For serum induced promoter activity,
30–40% confluent HEK 293 cells were transfected overnight and serum deprived with basal
media the next morning for 24 hours. FBS was then added to a final concentration of 10% v/
v, followed by lysing at the time points given in the results section. The luciferase activity in
the cell lysates was determined using the Dual Luciferase Reporter System (Promega).
Firefly luciferase activities of the human nCDase promoter and luciferase gene chimeras
were normalized to that of Renilla luciferase (or to total protein where noted) and expressed
relative to the activity of the pGL3-Basic plasmid. For overexpression of c-Jun and c-Fos,
500 ng of each vector was co-transfected with the reporter vectors, while maintaining a 3:1
ratio (µL: µg) of Lipofectamine 2000:DNA. For c-Jun knockdown, 10 pmol of c-Jun siRNA
(JUN Stealth RNAi DuoPak, Invitrogen) was delivered with the reporter DNA in 3 µL of
Lipofectamine 2000 per well of a 12-well plate.

2.9 Statistical Analysis
The results are expressed as mean ± standard error of at least three independent experiments.
Probability (p) values ≤ 0.05 (Student’s t-test) were considered to indicate statistically
significant differences.

3. Results
3.1 Cloning of human nCDase promoter

To identify the human nCDase promoter region, the DNA 5’ upstream of the open reading
frame (ORF) of the nCDase gene was obtained via a PCR-based genomic walking method.
Using human genomic DNA along with CDase specific primers, a 3.0 kb fragment of the 5’-
flanking region of the human nCDase gene corresponding to the nucleotides −3000 to −1,
relative to the translation start site (Fig. 1A), was cloned into a general cloning vector
(pGEM-T easy). After aligning this cloned human nCDase promoter with the mouse nCDase
promoter described by others [34] with ClustalW software, the first 1494 base pairs of the
human nCDase promoter did not show any significant alignment with the mouse promoter.
Starting from nucleotide −1495 of the human nCDase promoter, only a 46% nucleotide
sequence identity with the mouse nCDase promoter was observed (Fig. 1B). In contrast,
there is an 81% cDNA sequence identity for the ORF between the two species [35].
Furthermore, none of the identified putative transcriptional response elements were
conserved between the two species. Hence, transcriptional regulation of nCDase appears to
be less evolutionarily conserved than the enzyme itself; thus, it is likely that the nCDase
transcriptional response elements may be different in humans compared to murine or other
species.

In order to determine if the unique initial 3000 bp of the 5’-UTR of human nCDase had
promoter activity, we cloned this 5’-region into the 5’-end of pGL3-basic luciferase reporter
vector to create PGL-3000. The luciferase activity from the HEK 293 cells transfected with
PGL-3000 was about 15-fold higher than that from cells transfected with the pGL3-basic
control vector (Fig. 2A, PGL-3000 vs. PGL-Basic), indicating that the 3000 bp region
functions as a promoter for the human nCDase gene. To localize DNA elements responsible
for this transcriptional activity, successive 500 bp deletions of the 5’-flanking region were
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generated by site-directed PCR amplification and inserted into the pGL3-basic vector to
construct PGL-2500, PGL-2000, PGL-1500, PGL-1000, and PGL-500. These vectors were
then transiently transfected into HEK 293 cells and assayed for luciferase activity.
Luciferase activity of PGL-Basic was set as negative control with a value of 1, and all others
activities were normalized to the control vector. Luciferase activity was highest from the
reporter construct carrying a fragment from −500 to −1 (Fig. 2A, PGL-500). Successive
increases in 5’-flanking fragment length resulted in a continued decrease in luciferase
activity through 2500 bp, where the activity from PGL-2500 was decreased by >80%
compared to PGL-500 (Fig. 2A). These results suggest that positive regulatory elements
may exist between bp −500 and −1 and also upstream of bp − 2500, whereas negative
regulatory elements are likely located between bp −2500 and −500. Most notably, the
luciferase activity from the reporter construct containing the shortest fragment (PGL-500)
was even higher than the activity from the full-length construct.

In order to further delineate where the promoter regulatory elements lie within this 500 bp
region, successive deletions of the sequence were inserted into pGL3-basic to make
PGL-400, PGL-300, PGL-200, PGL-100, and PGL-50. Luciferase activity was highest from
the reporter construct carrying a fragment from −200 to −1 (Fig. 2B). In fact, activity from
PGL-200 showed over 40-fold increased luciferase activity compared to the control pGL-
basic vector, whereas the PGL-500 showed an approximate 20-fold increase. Deletion of bp
−200 to −51 of the 200 bp 5’-flanking region completely abolished all luciferase activity
(Fig. 2B). These results suggested that the major positive regulatory elements of the human
nCDase gene reside within this 200 bp region of the 5’-flanking sequence, establishing this
sequence as the proximal promoter of the human nCDase gene.

3.2 Identification of transcriptional response elements within the 200 bp human nCDase
proximal promoter

The above data indicate that the 200 bp proximal promoter region contains transcriptional
response elements (TREs), which could possibly regulate nCDase transcription. To identify
the TREs that may be responsible for nCDase transcriptional activity, the 200 bp region of
human nCDase gene 5’-UTR was analyzed using Transcription Element Search Software
(TESS). This software is designed to search nucleotide sequences for potential transcription
factor binding sites using site or consensus strings and positional weight matrices from
TRANSFAC 6.0. TESS analysis indicated that the proximal promoter contained multiple
potential transcription factor binding sites. These include putative AP-1, AP-2, SP-1, Oct,
RSRFC4 (related to serum response factor C4), and GATA sites, and also a CCAAT box
(Fig. 3). Interestingly, the analyses did not detect a TATA box throughout the entire 5’-UTR
of the human nCDase gene.

3.3 The 200 bp human nCDase proximal promoter contains a functional overlapping
CCAAT binding site

Given that the 200 bp proximal promoter contained multiple putative transcription factor
binding sites, electrophoretic mobility shift assays (EMSAs) were performed to validate the
functional role of these binding sites. We first examined the overlapping putative CCAAT
box and AP-1 cis-elements because CCAAT boxes have been shown to have important roles
in regulating TATA-less genes [36, 37]. To determine if the putative AP-1/CCAAT site of
the human nCDase gene can functionally bind transcription factors, EMSAs were performed
using nuclear extracts prepared from HEK 293 cells and a 32P-radiolabeled 22-nucleotide
probe (bp −204 to −183) containing the putative AP-1/CCAAT site centrally positioned,
designated “Ap1/ccaat” (see Table 1 for sequence). The results from EMSAs revealed two
distinct shifted bands (Fig. 4A, lane 2) compared to the control labeled probe without
nuclear extract (Fig. 4A, lane 1). Preincubation with 50-molar excess of unlabeled Ap-1/

O’Neill et al. Page 6

Arch Biochem Biophys. Author manuscript; available in PMC 2013 September 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ccaat oligonucleotide completely inhibited the binding of nuclear proteins to the labeled
probe (Fig. 4A, lane 3), indicating the specific interaction of potential transcription factors
with AP-1/CCAAT DNA. To rule out nonspecific DNA-protein interactions, pre-incubation
with 50-molar excess of an unlabeled, nonspecific oligonucleotide (bp −108 to −87 of the
proximal promoter) did not affect the shifted bands (Fig. 4A, lane 4). These results indicated
the putative AP-1/CCAAT binding site binds specifically to nuclear proteins from HEK 293
cells.

Several transcription factors have been shown to bind the DNA sequence CCAAT, including
CCAAT/Enhancer Binding Protein (C/EBP) and Nuclear Factor Y (NF-Y) [37]. In order to
determine the transcription factor(s) that directly bind to AP-1/CCAAT DNA, competition
EMSAs were performed. We utilized oligonucleotides containing either NF-Y or C/EBP
consensus-binding sequences (“NFY,” “CEBP,” Table 1) as competitors to the labeled Ap1/
ccaat probe. Both bands were unaffected by preincubation with a 50-molar excess of
unlabeled CEBP (Fig. 4B, lane 5). In contrast, an excess of unlabeled NFY oligonucleotide
was able to significantly inhibit the formation of the upper band while minimally affecting
the lower band (Fig. 4B, lane 6). This suggested that the upper band was the result of
binding of NF-Y to the Ap1/ccaat probe. As a control for specific binding, EMSAs were
performed using a reverse strategy whereby the oligonucleotide containing the NF-Y
consensus sequence was used as a labeled probe. Labeled NFY consensus probe generated a
band (Fig. 4C, lane 1) that was inhibited using unlabeled NFY oligonucleotide (Fig. 4C, lane
2), but was unaffected by unlabeled non-specific oligonucleotides (Fig. 4C, lanes 3 & 4).
Most importantly, excess unlabeled Ap1/ccaat oligonucleotide drastically reduced the
intensity of the band formed by binding of NF-Y protein to labeled NFY consensus probe
(Fig. 4C, lanes 5 & 6). These results indicate that the transcription factor NF-Y binds to the
AP-1/CCAAT sequence of the human nCDase gene.

Although we identified the upper band as an NF-Y/DNA complex, the identity of the trans-
activator(s) responsible for forming the lower band was still unknown. We hypothesized that
transcription factor AP-1 binding to the overlapping AP-1/CCAAT site would generate the
lower band. Indeed, in our correlating paper submitted concurrently to Archives
Biochemistry and Biophysics, AP-1 is shown to bind to the AP-1/CCAAT site and form the
lower band that is seen in Figure 4 A and B. For these studies and further studies on the
physiological significance of AP-1 binding and its serum- or growth factor-induced
activation on nCDase gene transcription, please see this concomitant manuscript.

3.4 The human nCDase proximal promoter contains two functional Oct binding sites
In addition to the AP-1/CCAAT site, TESS analysis identified a putative binding site for
another serum-regulated transcription factor, RSRFC4 (related to serum response factor-C4).
We examined if the putative RSRFC4 site was able to function as an actual trans-activator
binding site for nCDase. TESS analysis also revealed that the RSRFC4 site overlaps with an
Oct (Octamer-binding) site, starting at nucleotide −118 (Fig. 3). We designed and labeled a
double-stranded, 22 bp oligonucleotide probe, from bp −125 to −104 (Table 1, Rsrfc4/Oct),
containing the putative sites to identify any transcription factors that may bind this
overlapping TRE. The 32P-labeled Rsrfc4/Oct probe showed a band shift following
incubation with the nuclear extract from HEK 293 cells (Fig. 5A, lane 2). Competition
EMSAs with excess amounts of the identified unlabeled oligonucleotides (Fig. 5A, lanes
3&4) indicated that the lower band in Fig. 5 represents specific interactions between nuclear
proteins and the Oct/Rsrfc4 probe and that the apparent upper band is the result of non-
specific DNA-protein interactions. In Fig. 5, lane 4, we see that the upper band is competed
out by an unlabeled random DNA oligo, i.e. the protein that binds to the Rsrfc4/Oct probe to
form the upper band also binds an unrelated DNA sequence. This suggests that an

O’Neill et al. Page 7

Arch Biochem Biophys. Author manuscript; available in PMC 2013 September 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



unidentified transcription factor, or other DNA binding protein, with promiscuous DNA
binding affinity may be responsible for the upper band in lane 2.

To identify which nuclear protein(s) specifically bound the putative RSRFC4/Oct site,
competitive EMSAs were performed with Oct-1 consensus oligonucleotide (Table 1,
OCT1). An excess of unlabeled OCT1 completely prevented a band shift with labeled Oct/
Rsrfc4 probe (Fig. 5A, lane 5). Furthermore, 32P-labeling the OCT1 probe revealed a
specific DNA/Oct-1 complex induced band shift correlating with the aforementioned lower
band (Fig. 5A, lane 7 vs. lane 2). This band was significantly attenuated by competition with
a 50-molar excess of unlabeled Oct/Rsrfc4 oligonucleotide (Fig. 5A, lane 10). These results
indicate that the putative Oct/RSRFC4 site in the human nCDase proximal promoter is a
functional Oct binding site.

A second putative Oct site was also identified in the human nCDase proximal promoter
starting at nucleotide −71 (Fig. 3). A 32P-labeled 22 nucleotide (bp −78 to −57) probe
containing this binding site centrally positioned (Oct-b, Table 1) was used in EMSAs to
determine its functionality. These EMSAs resulted in a distinct, specific DNA/transcription
factor band shift (Fig. 5B, lanes 2–4). Competition assays with unlabeled OCT1 consensus
oligonucleotide and labeled OCT1 probe confirmed the second putative Oct site bound to an
Oct transcription factor (Fig. 5B, lane 5–10). To determine that the transcription factor
binding the Oct-b probe is Oct-1, EMSAs with blocking antibodies were performed.
Inclusion of an antibody against Oct-1 in the incubation stage of EMSAs continuously
decreased the intensity of the shifted band with increasing concentrations of antibody (Fig.
5C, lanes 4–6). This decrease was specific to the anti-OCT-1 antibody, since increasing
concentrations of an antibody directed against a different transcription factor did not affect
the shifted band (Fig. 5C, lanes 7 and 8). The results from Figure 5B and the blocking
antibody (Fig. 5C) clearly showed that Oct-1 transcription factor bound to the second
putative Oct site within the human nCDase proximal promoter.

3.5 The human nCDase proximal promoter contains both functional AP-2 and GATA
binding sites

The proximal promoter of the human nCDase gene also contains a putative SP-1 binding site
partially overlapping an AP-2 binding site (Fig. 3), which was of interest because
cooperation between NF-Y and SP-1 in regulating promoters has been demonstrated for
multiple genes [36], and SP-1 cis-elements have been found to be functionally important in
many TATA-less promoters [38]. EMSAs using a 32P-labeled 26-nucleotide oligonucleotide
(bp −188 to −163) containing the putative SP-1 and AP-2 sites centrally positioned (Table 1,
Ap2/Sp1) resulted in one major band shift, indicating specific binding between transcription
factors and the labeled probe (Figure 6A, lanes 1–4).

Since the Ap2/Sp1 probe formed only one major complex, while containing two putative
binding sites, it was next determined which transcription factor, AP-2 or SP-1, preferentially
interacts with the DNA. Competitive EMSAs with oligonucleotides containing either AP-2
consensus sequence (Table 1, AP2) or SP-1 consensus sequence (Table 1, SP1)
demonstrated that AP-2, but not SP-1, likely bound to the Ap2/Sp1 probe (Fig. 6A, lane 5
vs. 6). Furthermore, when AP2 was 32P-labeled and used in EMSAs, it formed a shifted
band that aligned with the band in lane 2 (Fig. 6A, lane 7) and that was inhibited by
unlabeled Ap2/Sp1 oligonucleotide (Fig. 6A, lane 10). Taken together, these results
indicated that the putative AP-2/SP-1 sequence in the human nCDase proximal promoter is
able to bind the transcription factor AP-2, but not SP-1, in HEK 293 cells.

TESS analysis also revealed a possible GATA-factor binding site (Fig. 3). EMSAs using a
22 bp (bp −108 to −87), 32P-labeled probe containing this putative GATA site centrally
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positioned (Table 1, Gata) demonstrated there was specific binding of transcription factors
to this oligonucleotide (Fig. 6B, lanes 1–4). Competition assays with unlabeled GATA
consensus oligonucleotide suggested the putative GATA site bound to a GATA transcription
factor (Fig. 6B, lanes 5). Furthermore, when GATA oligonucleotide was 32P-labeled and
used in EMSAs, a shifted band that aligned with the band in lane 2 (Fig. 6B, lane 7) was
observed and was inhibited by unlabeled Gata oligonucleotide (Fig. 6A, lane 10). Taken
together, these results indicated that the putative GATA sequence in the human nCDase
proximal promoter is able to bind a transcription factor from the GATA family.

3.6 Multiple cis-elements are functionally important for human nCDase proximal promoter
activity

Several transcription factors that bind to cis-elements within the human nCDase proximal
promoter have been identified. To explore the biological relevance of each of these
transcription factor-binding sites, the sites were individually disrupted by introducing
mutations into the proximal promoter/reporter vector as shown in Table 2. Mutation of the
AP-2, GATA, Oct-a (bp −118 to −110), and Oct-b (−71 to −64) cis-elements down regulated
luciferase activity 41%, 44%, 49%, and 28%, respectively, compared to the luciferase
activity of HEK 293 cells transfected with PGL-200 (Fig. 7). To address the importance of
the AP-1/CCAAT element to the overall activity of the proximal promoter, we introduced a
9 bp deletion into the PGL-200 reporter vector, eliminating the entire element (ΔAP-1/
CCAAT). This deletion significantly, albeit less dramatically, reduced luciferase activity by
14% compared with the wild-type PGL-200 reporter (Fig. 7). As disruption of these
individual binding elements was not sufficient to abrogate all luciferase activity, it implies
that multiple and/or combinatorial transcription factor regulation is important to achieve
maximal activity of the human nCDase proximal promoter. These data further suggest that
the activity of the proximal promoter depends on concerted interactions of multiple
transcription factors.

4. Discussion
The present study analyzes the transcription regulatory elements of human nCDase in order
to further understand the central role of ceramide in sphingolipid metabolism and signaling.
We isolated and identified the 5’-flanking region of the human nCDase gene. This sequence
allowed us to analyze the human nCDase promoter region and identify cis-element regions
involved in the regulation of the human nCDase gene. Luciferase reporter assays revealed a
promoter region likely containing multiple activators and repressors, yet having maximal
activity within the first 200 bp. Using EMSA, transfection, and mutational analyses, we
were able to identify several promoter sequences within the minimal essential promoter
region that are responsive to multiple trans-activating factors including NF-Y, AP-2, GATA
factors, and Oct factors.

CDase’s have a critical role in sphingolipid metabolism through enzymatic hydrolysis of
ceramide to form sphingosine. In fact, deficiencies in acidic CDase could cause Farber’s
Disease in humans in which ceramide accumulates within lysosomes [39]. Neutral CDase
can modulate lipid mediated signaling by changing the balance of sphingolipid metabolites
in response to various cytokine and growth factor stimuli. With such a crucial role in lipid
signaling, it is of interest that nCDase mRNA expression varies considerably between
tissues and that this differential expression is different from species to species [20–22, 35].
Furthermore, the expression of human nCDase mRNA can be regulated in differentiation, as
late-stage differentiated human keratinocytes express significantly less nCDase mRNA then
undifferentiated, proliferating keratinocytes [40]. These observations are consistent with our
identification of multiple cis-regulatory elements within the minimal essential promoter
region.
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Detailed analysis of the 5’-flanking region revealed the human nCDase gene lacks a
canonical TATA box. The TATA box is an important sequence in the initiation of
transcription, found in many, if not the majority, of eukaryotic genes. Although it lacked a
TATA box, we observed a CCAAT box within the human nCDase promoter. CCAAT boxes
have also been shown to associate with proteins within transcription initiation complex [41].
Promoters containing one or more CCAAT boxes, but no TATA box, are often observed in
housekeeping genes [42, 43]. The promoter of murine nCDase gene also has typical features
of housekeeping genes. Similar to human nCDase gene, it lacks a TATA box, but it also
lacks any CCAAT box, instead containing a GC box [34]. Conservation of a housekeeping
gene throughout species is expected, however the differences in the cis-elements between
mouse and human is not surprising when there is only 40% homology between the 5’-
flanking regions of the two genes. A few transcription factors have been shown to bind
CCAAT elements. NF-Y is the major factor that binds the CCAAT box sequence [37], and it
is a trimeric TF consisting of NF-YA, NF-YB, and NF-YC subunits, all of which are
essential for DNA binding [44–46]. Our studies revealed that NF-Y binds the CCAAT box
within the human nCDase promoter. Furthermore, mutational analysis revealed that the NF-
Y binding site is necessary for maximum human nCDase promoter activity.

CCAAT boxes are invariantly flanked by at least one functionally important cis-element
[37]. The mutual interactions between the respective trans-activating factor and NF-Y are
essential for optimal regulation of transcription [37]. NF-Y has the capacity to enhance
transactivation through direct protein-protein interactions and/or facilitate the positioning of
transcription factors through DNA conformation changes. As briefly aforementioned, the
CCAAT box in the nCDase promoter overlaps a functional AP-1 binding site. Our
concurrent manuscript (submitted) investigates the cooperatively between NF-Y and AP-1
more thoroughly. Here we will focus on potential interactions of NF-Y with transcription
factors that may bind other cis-elements identified in the nCDase promoter.

Interestingly, SP-1 and NF-Y cooperatively regulate many genes, and such interactions have
been implicated in activation of TATA-less promoters [37, 47, 48]. Although the
untranslated region of the human nCDase gene contains a putative SP-1 binding site
flanking the CCAAT box, we were not able to detect SP-1 binding at this site using EMSA.
However, interactions between other transcription factors and NF-Y have also been reported
[49, 50]. Within the human nCDase gene, two putative Oct response elements bind Oct-1
transcription factors as demonstrated by EMSA. Oct-1 and NF-Y may concertedly activate
the human nCDase promoter as they do with the cell cycle-arresting protein Gadd45
promoter [51]. Alternatively, Oct transcription factors may repress the human nCDase
promoter by limiting NF-Y binding, similar to Oct-1 repression of HLA-DRA (a cell surface
antigen binding protein subunit) transcription [52], though the former scenario is more
consistent with mutation analysis data showing each Oct binding site is necessary for
maximum human nCDase promoter activity. Furthermore, Oct-1 can interact with other
transcription factors other than NF-Y, as Oct-1 synergizes with, or enhances the, action of
AP-1 in several human genes including the H3.3B histone gene [53] and the IL-2 and IL-5
genes [54]. EMSA results also indicated GATA factors bind to cis-elements within the
human nCDase gene, and GATA factors and NF-Y have been shown to directly interact
with each other [55] or bind cooperatively [56].

In conclusion, our data indicate that the human nCDase gene is under control of a promoter
region with multiple activator and repressor regions, however the major positive regulatory
region resides within the first 200 bp of the 5’-flanking region. EMSA analyses
demonstrated that putative cis-elements were able to bind several transcription factors, such
as AP-1, NF-Y, AP-2, Oct, and GATA. Although each transcription factor binding site
contributed to promoter activity, basal activity of the proximal promoter was not dependent
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on any individual transcription factor. Interestingly, we found that individually mutating
several of the transcriptional response elements caused a greater reduction in promoter
activity than deletion of the region from −101 to −200, which contains several of these
elements (Fig. 2B vs. Fig. 7). A possible explanation for this observation could be as yet
unidentified repressor transcription elements between base pairs −100 to −200. The
complexity of transcriptional regulatory control is further exemplified by regions between
−500 and −2500, which suppress transcriptional activity (Figure 2A), and were not analyzed
in the present study, which focused solely on the proximal promoter of the hCDase gene.
Regardless, these facts further raise questions about the complexity of the interplay of the
multiple trans-activating factors in regulating human nCDase transcription. It is probable
that several factors function in concert with each other to tightly regulate the promoter in
response to multiple biological stimuli. The possible combinations of transcription factors
that are necessary to activate the proximal promoter are numerous, and extensive research
will be needed to delineate the role of each trans-factor and help unravel the intricacies of
human nCDase transcription. However, these results provide the first insight into the
regulatory mechanisms that control expression of the human nCDase gene and will form the
foundation for understanding its tissue- and differentiation-specific regulation.
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Research Highlights

▶A 3000bp promoter region of human neutral ceramidase was cloned ▶ The strongest
promoter activity is within the first 200bp of the transcriptional start site ▶ NF-Y, AP-2,
Oct-1, and GATA transcription factors bind to their predicted transcriptional response
elements ▶ Mutatation of these transcriptional response elements inhibits promoter
activity.
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Figure 1. The 5’-UTR region of the human nCDases gene aligned with mouse nCDase promoter
A) The 3000 bp sequence from the human nCDase 5’-UTR cloned from genomic DNA is
shown. B) Best fit alignment of 5’-UTR region of the human nCDases gene to the published
sequence of mouse nCDase promoter. No conservation of potential transcription factor
binding sites were detected between the two species.
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Figure 2. Deletion analysis of the 5’-UTR identified a 200 bp region as a serum-inducible,
proximal promoter of the human neutral CDase gene
Firefly luciferase (fLuc) expression vectors containing sequentially smaller regions of the
nCDase promoter were cotransfected into HEK 293 cells with a plasmid (phRL-null)
containing the renilla luciferase (rLuc) gene. After 24 h incubation, post-transfection, with
DMEM containing FBS, fLuc and rLuc activities were measured. The fLuc/rLuc ratios were
determined, and means ±S.E.M for a minimum of three transfections were calculated.
Values are expressed as fold increase relative to the luminescence ratio observed in pGL3-
Basic transfected cells (relative value = 1). A) Sequential 500 bp deletion analysis of the
cloned 3000 base pair nCDase promoter region was used to identify regions likely to contain
activator and/or repressor regions. Single asterisk represents significance compared to PGL-
Basic. Double asterisks represent significance compared to PGL-3000. B) Sequential
deletion analysis of bp −500 to −1 of the 5’-UTR identified the proximal promoter as the
region containing the major positive regulatory elements of the human nCDase gene. Single
asterisk represents significance compared to all data sets.
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Figure 3. Several potential transcription factor sites are present within the 200 bp minimal
essential promoter region
Nucleotide sequence of the 5’-flanking region of the human nCDase gene was analyzed for
consensus transcription factor-binding elements using TESS website. Putative cis-elements
are underlined or over-scored in the case of overlapping sites. −1 indicates the first
nucleotide of the 5’-UTR.

O’Neill et al. Page 18

Arch Biochem Biophys. Author manuscript; available in PMC 2013 September 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Competition EMSAs revealed the proximal promoter of the human nCDase gene
contains overlapping Ap-1 and NF-Y binding sites with different nucleotide specificity for
binding
Nuclear extracts from HEK 293 cells were subjected to EMSAs with radiolabeled Ap1/ccaat
probe (Table 1) containing nucleotides −204 to −183, or with radiolabeled NFY probe
(Table 1). Lanes containing each labeled probe are underlined with the corresponding
labeled probe marked below the underlined lanes. Oligonucleotides used as competitors are
marked above the corresponding lanes. Unlabeled Ap1/ccaat, C/EBP consensus, NF-Y
consensus, and non-specific oligonucleotides were used as competitors in a 50-fold excess in
the corresponding lanes. A) EMSAs demonstrated that nuclear proteins specifically bind to
the putative AP-1/CCAAT site. B) EMSAs demonstrated that unlabeled NF-Y consensus
oligonucleotide is a competitor against binding of nuclear extract proteins to labeled probe
containing the putative AP-1/CCAAT binding site (probe Ap1/ccaat). C) Conversely,
EMSAs also demonstrated that unlabeled Ap1/ccaat oligonucleotide competitively inhibits
binding of labeled NF-Y consensus probe to nuclear extract proteins. In lanes labeled with
Ap1/ccaat 100pmol and Ap1/ccaat 200pmol, a 2500 and 5000 molar excess of unlabeled
Ap1/ccaat probe was used to compete for NF-Y probe binding.
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Figure 5. Competition EMSAs revealed the human nCDase proximal promoter contains two
binding sites with varying affinity for Oct-1 at positions −118t to −110 and −71 to −64
Nuclear extracts from HEK 293 cells were subjected to EMSAs with radiolabeled Rsrfc4/
Oct probe (Table 1), Oct-b probe (Table 1), or with radiolabeled OCT-1 probe (Table 1)
containing the Oct-1 consensus sequence. Lanes containing each labeled probe are
underlined with the corresponding labeled probe marked below the underlined lanes.
Unlabeled Rsrfc4/Oct, Oct-b, OCT-1 consensus, or non-specific oligonucleotides were used
as competitors in a 50-fold excess to determine the specificity for Oct-1 binding.
Oligonucleotides used as competitors are marked above the corresponding lanes. A) The
putative Oct-1 site between nucleotides −118 and −110 bound to Oct-1, but with a weaker
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affinity than the Oct-1 consensus oligonucleotide. B) The putative Oct-1 site between
nucleotides −71 and −64 bound to Oct-1 with comparable affinity as the Oct-1 consensus
oligonucleotide. C) EMSAs with blocking antibodies confirmed the binding of Oct-1 to the
putative Oct-1 cis-element at position −71 to −64. Additional EMSAs were performed using
the radiolabeled Oct-b probe with the addition of antibodies to induce supershifts.
Antibodies against Oct-1, antibodies against AP-2α (for control), and the amounts of
antibodies used in each blocking assay are marked above their corresponding lane. Positive
antibody blocking assays resulted in decreased labeled probe/protein complex (band)
intensity.
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Figure 6. Competition EMSAs reveal the human nCDase proximal promoter contains binding
sites for AP-2 and GATA factors
Nuclear extracts from HEK 293 cells were subjected to competition EMSAs with the
indicated radiolabeled probes. Lanes containing each labeled probe are underlined with the
corresponding labeled probe marked below the underlined lanes. Oligonucleotides used as
competitors are marked above the corresponding lanes. A) EMSAs with the Ap2/Sp1 probe
(Table 1) containing the putative AP-2 site at nucleotides −182 to −175 or with radiolabeled
AP2 probe (Table 1) containing the AP-2 consensus sequence. To rule out SP-1 binding, an
unlabeled SP-1 oligonucleotide (Table 1) containing the SP-1 consensus sequence was also
used, in addition to the AP-2 consensus sequence, as a competitor against labeled Ap2/Sp1
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probe. B) EMSAs with the Gata probe (Table 1) containing the putative GATA site at
nucleotides −100 to −93 or with radiolabeled GATA probe (Table 1) containing the GATA
binding factor consensus sequence.
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Figure 7. The identified cis-elements are each individually important for maximal activity of the
human nCDase proximal promoter
Mutations within the respective putative transcription factor binding sites (see Table 2) were
introduced into the PGL-200 vector, and transfections were performed using HEK 293 cells.
After 24 h incubation with DMEM containing FBS, firefly luciferase activity was measured
and normalized to renilla luciferase activity. The binding sites for AP-2, GATA, and Oct-1
were each individually mutated to prevent binding. Additionally, the putative AP-1/NF-Y
site was deleted from the PGL-200 vector. The results are represented as fold increase in
activity from cells transfected with the pGL-3 basic control vector. Significantly different
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decreases in activity in the mutated vectors compared to PGL-200 are marked by an asterisk.
Results represent the mean ± S.E.M of at least three individual experiments.
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Table 1

Sequence (5’-3’) of double-stranded oligonucleotides used in EMSA analyses

Ccaat sense CTGTAATTGATTGGTCTTGTCT

antisense AGACAAGACCAATCAATTACAG

Ap2/Sp1 sense TTGTCTGCCATGGGCTTGGTCTATGG

antisense CCATAGACCAAGCCCATGGCAGACAA

Rsrfc4/Oct sense ATAGTCTATTAATATGAAAGAG

antisense CTCTTTCATATTAATAGACTAT

Gata sense AAGAGCTAAGATATCTTAACCT

antisense AAGAGCTAAGATATCTTAACC

Oct-b sense TTAAAGCATTTGCATTTTAATT

antisense AATTAAAATGCAAATGCTTTAA

NF-Y Consensus sense AGACCGTACGTGATTGGTTAATCTCTT

antisense AAGAGATTAACCAATCACGTACGGTCT

AP-2 Consensus sense GATCGAACTGACCGCCCGCGGCCCGT

antisense ACGGGCCGCGGGCGGTCAGTTCGATC

SP-1 Consensus sense ATTCGATCGGGGCGGGGCGAGC

antisense GCTCGCCCCGCCCCGATCGAAT

GATA Consensus sense CACTTGATAACAGAAAGTGATAACTCT

antisense AGAGTTATCACTTTCTGTTATCAAGTG

OCT-1 Consensus sense TGTCGAATGCAAATCACTAGAA

antisense TTCTAGTGATTTGCATTCGACA

C/EBP Consensus sense TGCAGATTGCGCAATCTGCA

antisense TGCAGATTGCGCAATCTGCA

Bold letters in oligonucleotide sequences indicate putative transcription factor binding sites.
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Table 2

Primers for the site-directed mutagenesis at TF binding sites

TF site Original
sequencea

Primer sequence (sense strand)b,c,d

AP-1/CCAAT TGATTGGTC 5'-cagaacatttctctatcgataggtaccaat---------ttgtctgccatgggcttggtctatggaat-3’

Ap-2 GCCATGGG 5'-ctatcgataggtaccaattgattggtcttgtctATTATGAGcttggtctatggaatgagtgg-3'

Rsrfc4/Oct-a TATTAATATG 5'-aagtgctctgtacttgtcgttcttggtatagtcTACCAGCATGaaagagctaagatatcttaac-3'

Gata AGATATCT 5'-ggtatagtctattaatatgaaagagctaACTTAAGTtaacctcggttggtttaaagcatttgca-3'

Oct-b ATTTGCAT 5'-gatatcttaacctcggttggtttaaagcGCTTACGTtttaatttgtggtttcttcctcttcag-3'

a
Nucleotides underlined were altered.

b
Binding site shown in caps. Altered nucleotides are shown in bold.

c
Deleted nucleotides are represented by a dash, ‘-’

d
Antisense primers are the reverse complement of respective sense primers
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