Journal of Cellular Biochemistry 111:1330-1336 (2010)

Identification of a Functional Hepatocyte Nuclear Factor 4
Binding Site in the Neutral Ceramidase Promoter
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ABSTRACT

The brush border membrane of the differentiated small intestinal epithelial cell is studded with membrane bound hydrolytic ectoenzymes
involved in digestion. Previous studies of the regulation of genes encoding brush border enzymes have especially implicated the transcription
factors hepatocyte nuclear factor HNF-1 and Cdx2. Recent genome-wide studies have, however, also identified HNF-4« as a transcription
factor with a high number of target genes in the differentiated small intestinal epithelial cell. The Asah2 gene encodes neutral ceramidase,
which is a hydrolytic brush border enzyme involved in ceramide digestion. It was the purpose of the present work to experimentally verify the
functional importance of a HNF-4« binding site predicted by bioinformatic analysis to be present in the Asah2 promoter. Using supershift
analysis, HNF-4a overexpression, and HNF-4a knockdown experiments it was confirmed that the predicted HNF-4a binding site identified in
the Asah2 promoter is functional. The results support the hypothesis that HNF-4a might be important for intestinal glycolipid metabolism. J.

Cell. Biochem. 111: 1330-1336, 2010. © 2010 Wiley-Liss, Inc.
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T he brush border membrane is a hallmark of the differentiated
small intestinal enterocyte; the absorptive epithelial cell of
the small intestinal mucosa. Membrane bound hydrolytic ectoen-
zymes are embedded in the brush border membrane where they
carry out their digestive functions [for a review see Norén et al.,
1986]. The disaccharidase ectoenzymes lactase-phlorizin hydrolase
and sucrase-isomaltase are two well described brush border
enzymes and the study of their genes have led to the understanding
of the pivotal role of the transcription factors Cdx2 and hepatocyte
nuclear factor-1 (HNF-1) for the expression of these genes in the
differentiated enterocyte. Whereas binding sites for Cdx2 are
typically found in the promoters of genes such as the disacchar-
idases with small intestinal specific gene expression, binding sites
for HNF-1 are also found in the promoters of genes such as, for
example, the aminopeptidase N gene [Olsen et al., 1991; Sjostrom
et al., 2000] expressed in a variety of epithelial or epithelially
derived tissues.

Using genome-wide gene expression analysis approaches, we
have recently demonstrated the massive involvement of another
transcription factor, the HNF-4a, in the regulation of genes
expressed in the differentiated enterocyte [Stegmann et al., 2006;

Boyd et al., 2009]. Moreover, we have experimentally validated the
promoters of the genes encoding the brush border ectoenzymes
alkaline phosphatase [Olsen et al., 2005] and trehalase [Boyd et al.,
2009] as targets for HNF-4a.

HNF-4a belongs to the superfamily of nuclear receptors [Sladek
et al., 1990] and is expressed in the liver, small intestine, kidney
[Sladek et al., 1990], and pancreas [Miquerol et al., 1994]. It is found
in the nucleus, binds to DNA as a homodimer [Jiang et al., 1995], and
belongs to the family of orphan receptors. HNF-4« is important for
normal gastrulation [Chen et al., 1994], hepatocyte differentiation
[Hayhurst et al., 2001; Parviz et al., 2003], and colon development
and physiology [Garrison et al., 2006]. In the liver HNF-4« is
essential for lipid homeostasis by activating genes involved in lipid
metabolism [for a review see Hayhurst et al., 2001]. By bioinformatic
analysis of genome-wide gene expression data and 'H NMR
metabolome data, HNF-4a was predicted to also participate in lipid
metabolism in the small intestine [Stegmann et al., 2006]. To provide
empirical support for this prediction, it is therefore of interest to
experimentally verify the presence of HNF-4a binding sites in
promoters for genes encoding enzymes involved in lipid metabolism
in the small intestine. The bioinformatic identification of promoters
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which contained predicted HNF-4a binding sites and which encoded
genes with increased expression during enterocyte differentiation
[Stegmann et al., 2006] revealed a potential HNF-4« binding site in
the promoter for the gene encoding the brush border hydrolase
neutral ceramidase. Neutral ceramidase catalyzes the hydrolysis of
the N-acyl linkage in ceramides to yield sphingosine and a fatty acid
[for a review see Duan and Nilsson, 2009]. Neutral ceramidase is
encoded by the Asah2 gene which in the mouse is transcribed from
two different promoters generating two transcripts differing in their
5" ends but with identical coding sequences [Okino et al., 2002].

In the present work, we demonstrate that the predicted HNF-4a
binding site in the promoter closest to the coding part of the Asah2
gene is functional. We thereby implicate HNF-4« in the regulation
of the expression of an enzyme involved in small intestinal
glycolipid metabolism.

PREPARATION OF NUCLEAR EXTRACTS

Mouse intestinal epithelium was isolated from mouse ileum by a
previously described procedure [Stegmann et al., 2006]. In brief,
C57Bl/6j mice were euthanized by cervical dislocation and the
terminal 10-15 cm of the ileum was removed and placed in ice cold
phosphate buffered saline (PBS). The following procedures were all
performed at 4°C. The intestine was flushed with ice cold PBS so that
no mucus was left and was then inverted on an 11.5 mm long plastic
rod. The inverted intestine was submerged in a chelating buffer
(27 mM Naj,-citrate, 5mM Na,HPO,, 96 mM NaCl, 8 mM KH,PO,,
1.5mM KCl, 55 mM bp-sorbitol, 44 mM sucrose, 0.5 mM DTT) in a
capped plastic centrifuge tube. The tube was rotated mechanically.
After 4h of rotation fresh buffer was added and the intestine was
incubated for 14 h followed by 1h of rotation. Remaining adherent
epithelial cells were released by shaking (50s) the intestine with a
modified electrical milk whip. Isolation of nuclei and extraction of
nuclear proteins followed the procedure described in Olsen et al.
[1991]. The released epithelial cells were pelleted and resuspended in
300 ml buffer A (10mM Hepes, pH 7.9, 0.88 M sucrose, 2.5 mM
magnesium acetate, 1 mM EDTA, 1.5mM CaCl,) containing 0.05%
(v/v) Nonidet P-40. The suspension was transferred to a modified
food processor allowing blending under air free conditions thereby
avoiding air bubbles to form during homogenization. Cell lysis was
followed by microscopy and when more than 90% of the cells were
lysed, the homogenate was pelleted (Sorval GSA rotor, 3,500¢,
30 min). The pellet was resuspended in buffer B (10 mM Hepes, pH
7.9, 25mM KCl, 2.5 mM magnesium acetate, 1 mM EDTA, 2M
sucrose, 10% (v/v) glycerol), layered over 10-ml cushions of buffer B
and centrifuged in a Beckmann SW 28 rotor (55,0009, 1h). The
nuclear pellet was washed once by resuspension in buffer A
containing 50 mM KCl. The purified nuclei were lysed for 20 min in
buffer C (20 mM Hepes, pH 7.9, 25% (v/v) glycerol, 0.42 M NaCl,
1.5mM MgCl,, 0.2 mM EDTA). The lysate was cleared (25,000¢,
30 min) and dialysed for 4 h against buffer D (20 mM Hepes, pH 7.9,
0.1M KCl, 20% (v/v) glycerol, 0.2 mM EDTA). The dialysate was
cleared (20,0009, 20 min). All buffers contained 1mM DTT and
protease inhibitor cocktail (P8340; Sigma) added just prior to use.

ANALYSIS OF THE ASAH2 TRANSCRIPTS IN THE MOUSE BRAIN,
LIVER, AND SMALL INTESTINE

Four C57Bl/6j mice were euthanized by cervical dislocation and
pieces (75 mg) of the liver, the small intestinal mucosa and the brain
were immediately removed from each mouse and homogenized in
750 pl lysis buffer (Ambion) with 10 mM DTT (Sigma-Aldrich).
Total RNA was extracted using the mirVana Total RNA isolation kit
(Ambion).

The RNA concentration and quality was determined with the RNA
6,000 nano assay (Agilent Technologies) using the 2100 bioanalyzer
(Agilent Technologies).

First strand cDNA was synthesized with 1 g total RNA extracted
from mouse liver, brain or small intestinal mucosa in a total volume
of 20 pl using RevertAid™ H Minus First Strand cDNA Synthesis Kit
(Fermentas) following the manufacturers protocol with minor
modifications. Poly (dT) oligomer (Fermentas) was used as primer.

Several transcripts have been reported for Asah2 [Okino et al.,
2002]. We chose to discriminate between the downstream ‘“brain
type” transcript that corresponds to the reference sequence with
accession number NM_018830, and the upstream “liver type”
transcript with accession number AB037111 (see Fig. 1). Primers
were planned using DNAstar software (DNASTAR). The forward
primers lie in each transcript’s first exon (ccgggcagaggatacacaag
and tcaatcgeggagccttttct, NM_018830 and AB037111, respectively).
The reverse primers lie in the second exon for NM_018830
(gcctctaagcacaccageacte) and in the first exon of AB037111
(ggccgetggtetecegtetee). Mouse small intestinal cDNA and mouse
genomic DNA were used as templates for the NM_018830 and
ABO037111 amplicons, respectively. PCR was conducted and
amplified fragments were isolated by agarose gel electrophoresis.
Gel purified DNA was sequenced with a Bigdye terminator cycle
sequencing kit on a 3100 Avant Genetic Analyzer (both Applied
Biosystems) and used as standard in the quantitative real time RT-
PCR analysis.

Real time PCR was done with the LightCycler 480 SYBR Green I
Master kit (Roche). The reactions were run on a LightCycler 480 II
PCR machine (Roche) with the following programme: An initial
denaturation at 95°C for 10 min (1 cycle) and amplification where
each cycle consists of denaturation at 95°C for 10s, annealing for
10s (at 59°C for NM_018830 and 61°C for AB037111), and
extension at 72°C for 20s (40 cycles). The fluorescence was
measured at the end of the extension. Finally, a melting curve was
performed by increasing the temperature stepwise, while con-
tinually measuring the fluorescence. The melting curve was
inspected to ensure that the fluorescence signal stemmed from
the correct PCR product. In each run, a standard sample with 10°
copies of the relevant amplicon was included.

ELECTROPHORETIC MOBILITY SHIFT ASSAY (EMSA)

A potential HNF-4a binding site has previously been identified in
the Asah2 promoter [see Supplementary table 10 in Stegmann et al.,
2006]. Two complementary oligonucleotides corresponding to the
predicted HNF-4a binding site (5'-ggatatctgacctgtgacccctgt-3’ and
5/~ tcacaggggtcacaggtcagatat-3’) were annealed and 5’ end labeled
with [y->?P]ATP (GE Healthcare) using T4 polynucleotide kinase
(Fermentas). The product was purified on a G-25 spin column (GE
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Fig. 1. The genomic structure of the Asah2 gene. A: Exon 1 is transcribed
from the UP. Splicing of the exon 1 containing transcript results in the joining
of exon 1 to exon 3 [Okino et al., 2002]. This transcript is represented in the
Genbank entry with the accession number AB0O37111. Exon 2 is transcribed
from the DP and splicing of the transcript containing exon 2 results in the
joining of exon 2 to exon 3 [Okino et al., 2002]. This transcript is represented in
the Genbank entry with the accession number NM_018830. The primers used
in the RT-PCR are marked as arrows. The predicted HNF-4« lies in the DP
upstream of exon 2 and is marked by an *. A schematic structure of this
promoter is shown in C. B: Quantification of the numbers of NM_018830
transcripts (transcribed from the DP) and AB037111 transcripts (transcribed
from the UP) in total RNA extracted from mouse brain small intestine and liver.
It can be observed that approximately threefold more of the NM_018830
transcript is present in all three tissue compared with the AB0371111
transcript. This indicates that the DP upstream of exon 2 is the most active
promoter in all three tissues. RNA from four different mice were analyzed
(N = 4). C: A schematic representation of the DP upstream of exon 2 is shown
together with some of the potential transcription-factor binding sites (COUP-
TF, AP-1, and C/EBP) previously predicted by bioinformatic analysis [Okino
et al., 2002]. The predicted HNF-4« binding site is the focus of the present
work.

healthcare) and gel shift buffer (25 mM Tris-HCl pH 7.5, 5 mM MgCl,
60 mM KCl, 0.5 mM EDTA; 5% Ficoll 400; and 2,5% glycerol all from
Merck) was added to a final concentration of 10 fmol/pl. Nuclear
extract (3 pl; 1 pg/ml) was added to 15 pl buffer II (gel shift buffer;
Protease inhibitor mix (Sigma), 1mM DTT, 1pg dIdC). Next,
2.5 pmol of cold competitor was added to the samples specified in
the legend to Figure 2. The competitor added was either the WT
oligonucleotide, or an olignucleotide where the predicted HNF-4a
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Fig. 2. EMSA analysis of the Asah2 gene HNF-4« binding site. Interactions
between nuclear proteins and a *2P-labeled double stranded oligonucleotide
(position —202 to —227 [Okino et al., 2002]) were analyzed by EMSA. Nuclear
extract from mouse small intestinal epithelial cells was added to the binding
reactions (lanes 1-4), where indicated in the figure, the unlabeled competitors
(Comp.) were added in a 250-fold molar excess. Anti HNF-4« 1gG was added to
lane 4. WT, wild type; mut, mutated. Arrows point to: |, shifted probe, SS |, fast
migrating supershift, and SS II, slowly migrating supershift.

binding site had been mutated (5'-ggatatcttctagatgacccctgt-3’, the
underscored nucleotides had been changed to an Xbal site). The
samples were incubated on ice for 10 min, 10 fmol of the 32p Jabeled
probe was added to each sample, and the samples were incubated for
another 20 min on ice. Two micrograms of anti HNF-4« (SC-8987;
Santa Cruz Biotechnology) was added to one of the samples, and it

was incubated for another 10 min at 37°C. Loading buffer (3 pl;
0.2% (w/v) bromphenol blue, 10% glycerol (v/v), 45 mM Tris-
borate pH 8.3, 1 mM EDTA) was added and the samples were run on a
5% non-denaturating polyacrylamide gel in TBE buffer at 100 V and
25mA for approximately 1.5h. The gel was used to expose a
Phosphorlmager screen, which was scanned with a Storm 820
(Molecular Dynamics). The HNF-4a polyclonal antibody used is
raised against an epitope from human HNF-4« and cross-reacts with
HNF-4a of mouse origin. The EMSA supershift experiment was
replicated, also with nuclear extract from the enterocyte-like
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human colon carcinoma cell line Caco-2, with similar results (not
shown).

PLASMID CONSTRUCTS AND LUCIFERASE ASSAYS

The Asah2, AB037111, upstream promoter (UP) was amplified from
mouse genomic DNA using the LPF1 and LPR1 primers used in
Okino et al. [2002] with the modification that Nhel and HindIIl
restrictions sites were added to 5 end of the primers. The Asah2,
NM_018830, downstream promoter (DP) from —967 to +57 bp with
transcription start site as +1 was amplified from genomic mouse
DNA with the following sense (S1) and antisense (AS1) primer pair:
5'-atatgctagcagggeatggetgtgagteg-3’ and 5'-ataaagcttgtgectgetgg-
gatgcttgtgtat-3’, respectively, where the underlined nucleotides are
Nhel and Hindlll sites, respectively. Both the upstream and the
downstream Asah2 promoter PCR products were then cloned into
the Nhel and Hindlll sites in front of the firefly luciferase reporter
gene in the pGL3 basic plasmid (Promega Corporation). Site directed
mutagenesis against the presumed HNF-4a binding site (ggggtca-
caggtcag) was made by overlap PCR as originally described by
[Higuchi et al., 1988] using the downstream Asah2 promoter
construct as a template. In the first two separate PCR reactions, the
following primers were used (5'-ctagcaaaataggctgtece-3'with
5'-tttcacaggggtcatctagaagatatectg-3’  and  5'-caggatatcttctaga-
gaccectgtgaaa-3’ with 5'-gecttatgeagttgetetee-3’). The underlined
nucleotides had been changed into an Xbal site. In the second PCR
reaction, the primers 5'-ctagcaaaataggctgtcec-3’ and 5'-gecttatg-
cagttgctetee-3’ were used with the two products from the first PCR
reactions. The product was cloned into the Nhel and HindIII sites of
the pGL3 basic vector. The region surrounding the HNF-4« site from
position —37 to —254 in the cloned Asah2 DP was amplified using
the primers 5'-tgggtcgactgaatcctatcaatatcag-3’ and 5'-aacgtcgacc-
caaggctctgtaacttaacc-3’ (introduced Sall sites are underlined) and
cloned into the Sall site downstream of the luciferase gene in the
Asah2 UP pGL3 construct, thus placing the HNF-4« site in a
downstream enhancer position relative to the Asah2 UP. An
additional construct was made using the mutated version of the
HNF-4a site. The constructs were verified by sequencing.

Cos-7 cells were grown in Dulbecco’s modified eagle medium
with 10% FBS, penicillin (100 U/ml), and streptomycin (100 w.g/ml).
5 x 10* Cos-7 cells were seeded per well, and 24 h after seeding,
transfection with 0.67 pg Asah2 promoter/luciferase construct,
83.3ng CMV LACZ, and 0.417 png of either pCDNA3.1 HNF-4a
(encoding rat HNF-4a) or pCDNA3.1. Exgen 500 (Fermentas) was
used as the transfection agent and 15.6 equivalents were used. The
medium was changed 6 h after transfection. For each transfection
series, six wells were transfected. Four transfection series were
performed: (1) The Asah2 DP with and without co-transfection with
HNF-4a expression plasmid (2) The Asah2 DP with mutated HNF-4«
binding site with and without co-transfection with HNF-4«
expression construct (3) The Asah2 UP construct with the HNF-
4 site in enhancer position with and without co-transfection with
the HNF-4a expression plasmid (4) The Asah2 UP construct with the
mutated HNF-4« site in enhancer position with and without co-
transfection with the HNF-4a expression plasmid. The luciferase
and beta-galactosidase activity was measured with Dual-light

system (Applied Biosystems) 48 h after transfection. Luciferase
activity was normalized to 3-galactosidase activity.

For HNF-4a knockdown experiments, HepG2 cells were co-
transfected with Asah2 promoter luciferase constructs and HNF-4«
shRNA expression constructs (catalog number KH0O5540P, SureSi-
lencing shRNA plasmids;SABiosciences). Four different HNF-4«
shRNA expression plasmids targeting different regions of the human
HNF-4a mRNA (GenBank entry NM_178849) are provided with the
kit together with a control plasmid expressing shRNA with a
sequence unrelated to HNF-4a. A mixture with equal amounts
(0.1 ng each) of the four HNF-4a shRNA expression plasmids was
used in the experiment.

THE DOWNSTREAM ASAH2 PROMOTER IS ACTIVE IN THE SMALL
INTESTINAL EPITHELIUM

Two different promoters placed in tandem upstream of the coding
part of Asah2 have been described [Okino et al., 2002]. The promoter
defined by sequencing of cDNAs derived from liver mRNA is located
upstream of a promoter defined by sequencing of cDNAs derived
from brain mRNA. In the remaining part of this article we will refer
to the two promoters as the UP and DP, respectively. Transcription
from the UP begins at exon 1 (Fig. 1 A). Exon 1 ends in an exon/
intron splice site which during processing is joined to the next
intron/exon junction found in the 5 end of exon 3. The mature
transcript from the UP is described in the Genbank nucleotide
sequence entry with the accession number AB037111 (Fig. 1).
Transcription from the DP begins with exon 2, which during
processing is joined to exon 3. The mature transcript from the DP is
described in the Genbank nucleotide sequence entry with the
accession number NM_018830. The mature transcripts from both
promoters contain identical coding sequences for neutral cerami-
dase. RNA was extracted from mouse small intestinal mucosa, liver,
and brain followed by quantification (qRT-PCR) of the relative
abundance of Asah2 transcripts containing exon 1 or spliced exon 2,
and 3, respectively (Fig. 1 B). The result shows that the transcripts
containing spliced exon 2 and exon 3 (the NM_018830 transcripts)
and thus originating from the DP is expressed at approximately
three times higher levels than transcripts containing exon 1 in all
examined tissues. Moreover, highest abundances of both types of
transcripts were found in the brain, whereas the liver contained
lowest amounts of the two types of Asah2 transcripts. The DP is the
one containing the predicted HNF-4« binding site [Stegmann et al.,
2006].

THE PREDICTED HNF-4« BINDING SITE IN THE DOWNSTREAM
ASAH2 PROMOTER BINDS HNF-4« PROTEIN

The predicted HNF-4a binding site is found in position —207 to
—221 relative to the transcription start site of the Asah2 DP. It
overlaps with a previously predicted [Okino et al., 2002] COUP-TF
binding site (Fig. 1C). The binding of nuclear proteins to a
3?p labeled double stranded oligo nucleotide containing the
predicted HNF-4« binding site was analyzed by EMSA. The added
nuclear proteins were extracted from nuclei originating from
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fractionated mouse ileal epithelium. The experiment shows that the
probe is shifted when nuclear extract is added and supershifted when
an HNF-4« antibody is included in the binding reaction (Fig. 2, lanes
1 and 4). Excess unlabeled competitor with the same nucleotide
sequence as the Asah2 HNF-4a probe efficiently competes with the
binding. Contra wise excess unlabeled probe with a mutation in the
predicted Asah2 HNF-4a binding site does not compete for binding
(Fig. 2, lanes 2 and 3). Moreover, addition of the HNF-4« antibody
results in the generation of two more slowly migrating complexes
(SS T and SS TI). The faster migrating supershifted complex (SS 1)
migrates just above the shifted probe (complex I) whereas the more
slowly migrating complex (SS II) migrates more slowly. Almost no
protein/DNA complex remains at the position corresponding to the
protein/DNA complex I observed in the absence of HNF-4a
antibody. This suggests that most of the probe is occupied by
protein complexes containing HNF-4a.

THE HNF-4a BINDING SITE ONLY STIMULATES THE DP ASAH2
PROMOTER

The predicted HNF-4« binding site is placed as a proximal promoter
element 207 bp upstream of the DP. Seen from the UP, the predicted
HNF-4a binding site is placed as an enhancer element 4,777 bp
downstream of exon 1 (Fig. 1). We therefore wanted to investigate
whether the predicted HNF-4a element would be able to affect both
the UP and the DP.

When a construct where the Asah2 DP drives the firefly luciferase
reporter gene is co-transfected into Cos-7 cells with a HNF-4a
expression vector, the reporter gene activity is about 2.5 times
higher (95% confidence limits: 1.8-3.1) than when cells were co-
transfected with the empty expression vector. The activation by
HNF-4a co-expression is abolished when a mutation is introduced
into the predicted HNF-4« site (Fig. 3 A).

To analyze the HNF-4a site in an enhancer position relative to the
UP, the region from position —37 to —254 of the DP was cloned and
placed downstream of the luciferase gene driven by the UP. No
stimulation (1.1-fold, 95% confidence limits: 1.0-1.1) is observed
following co-transfection into Cos-7 cells with an HNF-4a
expression vector (Fig. 3 B).

To analyze the importance of endogenous HNF-4« protein for the
activity of the Asah2 promoters siRNA knockdown experiments
were conducted (Fig. 4). No intestinal cell lines which can be
transiently transfected during their differentiated state are available
and we therefore choose the human hepatoma cell line HepG2 for
this experiment. As a positive control promoter, the intestinal
alkaline phosphatase promoter (Alpi) was chosen since it has a well
characterized HNF-4a binding site [Olsen et al., 2005]. siRNAs
targeting the HNF-4a transcript were generated from expression
plasmids encoding short hairpin RNA (shRNA) molecules with
sequences derived from the HNF-4a coding sequence. Four different
HNF-4a shRNA expression plasmids were obtained from a
commercial supplier and used in the experiment. As a negative
control, a plasmid encoding a shRNA with a sequence unrelated to
HNF-4a was used. When the HNF-4a shRNA expression plasmids
are co-transfected with the Alpi luciferase construct, the luciferase
activity is strongly reduced (Fig. 4A). Only a minor reduction is
observed with a Alpi promoter construct containing a mutated
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Fig. 3. HNF-4a only stimulates the Asah2 DP. A: The Asah2 DP was cloned in
front of the firefly luciferase gene. An Asah2 DP construct with mutation in the
HNF-4a binding site was also constructed. Luciferase activity was measured
after the cells were co-transfected with a HNF-4a expression vector or an
empty expression vector. The luciferase activity following HNF-4a expression
is expressed relative to the activity measured following co-transfection with
the empty expression vector. Six independent transfections were performed
(N = 6). B: The Asah2 UP was cloned in front of the firefly luciferase gene. The
region from position —37 to —254 from the Asah2 DP and surrounding the
HNF-4« binding site was subsequently placed downstream of the luciferase
reporter gene in enhancer position relative to the Asah2 UP. A construct with
mutated HNF-4a binding sites was also constructed. Luciferase activity was
measured after the cells were co-transfected with a HNF-4a expression vector
or an empty expression vector. The luciferase activity following HNF-4a
expression is expressed relative to the activity measured following co-trans-
fection with the empty expression vector. Six independent transfections were
performed (N = 6).

HNF-4a binding site. None of the two Alpi promoter constructs are
affected when the negative control shRNA expression plasmid is
used. Thus knock down of HNF-4a in HepG2 cells strongly reduces
Alpi promoter activity and the full reduction requires an intact HNF-
4a binding site. When the same experiment is conducted with the
Asah2 DP luciferase construct (Fig. 4B), similar findings are
observed although the reduction in reporter gene activity following
HNF-4a knockdown is smaller than the reduction observed for
the Alpi promoter. The reduction in the Asah2 DP activity also,
however, depends on the presence of an intact HNF-4a binding
site. The Asah2 UP with the HNF-4« site at an enhancer position
is not, however, affected by the expression of HNF-4a siRNA
(Fig. 4CQ).
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In the initial mapping of the mouse Asah2 gene, three different
Asah2 5' ends were described [Okino et al., 2002]. The 5 end of
Asah2 mRNA was identical in mouse liver and Swiss 3T3 cells. These
transcripts were dubbed “liver type” [Okino et al., 2002] and
originated from the promoter which in the present article is termed
the UP signifying its upstream position relative to the other DP
responsible for the “brain type” of Asah2 transcripts found in the
mouse brain. In addition, another *“brain type” mRNA originating
further downstream was reported but this transcript only constituted
30% of the Asah2 mRNA found in brain [Okino et al., 2002]. In the
present work, we have made a quantitative determination of the
amounts of the “liver type” and the major “brain type” Asah2
transcripts found in mouse brain, liver, and small intestine. We find
that transcripts previously referred to, as “liver type” Asah2
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transcripts and originating from the DP are in fact the dominating
transcript found in all three tissues. The Asah2 DP has previously
been analyzed for the presence of potential transcription factor
binding sites [Okino et al., 2002] but the HNF-4« binding sites was
not uncovered, presumably because a position weight matrix for
HNF-4a was not included in the bioinformatic analysis. A potential
binding site for the COUP-TF transcription factor was however
pointed out previously in a region overlapping the HNF-4« binding
site. This is in accordance with the fact that the COUP-TF and HNF-
4a binding sites have almost identical consensus binding sequences
[Kimura et al., 1993]. In the present work, we have focused on the
HNF-4a binding site in the Asah2 DP and demonstrated the binding
of HNF-4a. A functional role of HNF-4a binding to this site was also
demonstrated by HNF-4« over-expression and knockdown experi-
ments. We therefore conclude that substantial evidence supports the
presence of a functionally important HNF-4a binding site in the
Asah2 DP. The HNF-4a knockdown experiment only resulted in
approximately 30% decrease in Asah2 DP activity, which indicates
the presence of other functionally important binding sites in the
promoter. Transcription factors binding to these yet uncovered cis-
elements might be responsible for the transcription from the Asah2
DP in the brain where HNF-4a is not expressed.

The importance of the HNF-4« binding site for the Asah2 UP was
also analyzed. It was found that the HNF-4«a binding site did not
stimulate the Asah2 UP when placed at an enhancer position

Fig. 4. Effect of knockdown of HNF-4« in HepG2 cells on the two Asah2
promoters. A: As a positive control promoter for the effect of HNF-4«
knockdown, the Alpi promoter, which contains a well characterized HNF-4«
binding site [Olsen et al., 2005] was placed in front of the luciferase reporter
gene and transfected into HepG2 cells. A mixture of four plasmids expressing
shRNA with sequences derived from the HNF-4a coding sequence was co-
transfected with the Alpi promoter construct. As a control, a plasmid expres-
sing a shRNA with a sequence unrelated to HNF-4o was used. Co-transfection
of a HNF-4a shRNA expression constructs results in reduced reporter gene
activity with the wild type Alpi promoter whereas only a minor decrease is seen
if the Alpi HNF-4« binding site is mutated. The luciferase activity is expressed
relative to the activity observed for the WT Alpi promoter with control shRNA
co-expression. Six independent transfections were performed (N=6),
**P<10 % **P< 10> B: The Asah2 DP was placed in front of the luciferase
reporter gene and transfected into HepG2 cells. A mixture of four plasmids
expressing shRNA with sequences derived from the HNF-4a coding sequence
was co-transfected with the Asah2 promoter construct. As a control a plasmid
expressing a shRNA with a sequence unrelated to HNF-4a was used. Co-
transfection of HNF-4a shRNA expression constructs results in reduced
reporter gene activity with the wild type Asah2 DP whereas no significant
decrease is seen if the Asah2 HNF-4 binding site is mutated. The luciferase
activity is expressed relative to the activity observed for the WT Asah2 DP with
control shRNA co-expression. Six independent transfections were performed
(N=6), **P< 1073 C: The Asah2 UP was cloned in front of the firefly
luciferase gene. The region from position —37 to —254 from the DP and
surrounding the HNF-4« binding site was subsequently placed downstream of
the luciferase reporter gene in enhancer position relative to the UP. A mixture
of four plasmids expressing shRNA with sequences derived from the HNF-4a
coding sequence was co-transfected with the Asah2 UP construct. As a control
a plasmid expressing a shRNA with a sequence unrelated to HNF-4a was used.
Co-transfection of HNF-4a shRNA expression constructs did not result in
altered reporter gene activity from the UP Asah2 promoter construct. The
luciferase activity is expressed relative to the activity observed for the WT
Asah2 UP/HNF-4 enhancer construct with control shRNA co-expression. Six
independent transfections were performed (N =6).
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downstream of the Asah2 UP. Thus the experiments indicate that the
HNF-4a binding site is only important for the Asah2 DP.

The neutral ceramidase encoded by Asah2 is a typical brush
border hydrolase [Norén et al., 1986] having its active site at exterior
of the enterocyte and cleaving ceramide at the plasma membrane
[Tani et al., 2007]. An Asah2 knockout mouse has been made, and
when these mice were fed sphingomyelin, their feces had a
significantly higher ceramide content compared to the WT mice
[Kono et al., 2006], demonstrating that the neutral ceramidase is
necessary for the digestion of ceramides in the small intestine. No
change was found in intestinal ceramide content in the Asah2 knock
out mice [Kono et al., 2006], but a decreased level of sphingosine was
found in the jejunum and ileum although the difference was not
significant for the latter. It has been previously shown that absorbed
sphingosine can be rebuilt into the membrane as ceramide [Nilsson,
1968]. Kono et al. [2006] presented a model where sphingosine was
either degraded into palmitic acid and then built into triglyceride, or
conserved and built into sphingolipids.

We and others have previously shown that there is a significant
difference in the lipid content between the immature small intestinal
epithelial crypt cells and the mature differentiated villus epithelial
cells [Bouhours and Glickman, 1976; Stegmann et al., 2006].
Moreover, this difference has been shown to be due to the presence
of higher amounts of glucosylceramide in villus epithelial cells
[Bouhours and Glickman, 1976]. Given the well established role
described above of neutral ceramidase in ceramide metabolism the
present work therefore points to a hypothesis linking HNF-4a
expression with the high glycolipid content of the differentiated
enterocyte. This hypothesis, though, still has to be formally proven
in future experiments.
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