
MOLECULAR MEDICINE REPORTS  17:  2263-2270,  2018

Abstract. Orexins or hypocretins are neurotransmitters 
produced by a small population of neurons in the lateral hypo-
thalamus. This family of peptides modulates sleep‑wake cycle, 
arousal and feeding behaviors; however, the mechanisms 
regulating their expression remain to be fully elucidated. 
There is an interest in defining the key molecular elements in 
orexin regulation, as these may serve to identify targets for 
generating novel therapies for sleep disorders, obesity and 
addiction. Our previous studies showed that the expression of 
orexin was decreased in mice carrying null‑mutations of the 
transcription factor early B‑cell factor 2 (ebf2) and that the 
promoter region of the prepro‑orexin (Hcrt) gene contained 
two putative ebf‑binding sites, termed olf‑1 sites. In the present 
study, a minimal promoter region of the murine Hcrt gene was 
identified, which was able to drive the expression of a lucif-
erase reporter gene in the human 293 cell line. Deletion of 
the olf1‑site proximal to the transcription start site of the Hcrt 
gene increased reporter gene expression, whereas deletion of 
the distal olf1‑like site decreased its expression. The lentiviral 
transduction of murine transcription factor ebf2 cDNA into 
293 cells increased the gene expression driven by this minimal 

Hcrt‑gene promoter and an electrophoretic mobility shift 
assays demonstrated that the distal olf1‑like sequence was a 
binding site for ebf2.

Introduction

Orexins or hypocretins are peptide neurotransmitters 
expressed in a specific neuron population within the lateral 
hypothalamus of the mammalian brain (1,2). Orexins exert 
multiple effects in the central nervous system and modulate 
several important behaviors, including arousal, food intake, 
reward and the sleep‑wake cycle (3‑7). This neurotransmitter 
is part of a complex system, which receives and integrates 
multiple signals from metabolic, hormonal, neuronal and 
molecular origins (4,6,8‑12).

Two orexin isoforms, orexin‑A and orexin‑B, are produced 
from a common precursor protein, prepro‑orexin, through 
proteolysis (6). Prepro‑orexin is encoded by the Hcrt gene, 
which contains 2 exons and 1 intron (13). This gene shows 
high sequence homology in mouse, rat and human genomes 
(95% homology between rat and mouse gene sequences 
and 82% homology between the mouse and human gene 
sequences) (14).

The region upstream of the transcriptional start site 
contains essential elements for correct hypothalamic expres-
sion (12,15‑17) and for the binding of several transcription 
factors, including forkhead box  A2 (Foxa2), insulin‑like 
growth factor binding protein 3 and the nuclear receptors, 
nuclear receptor subfamily 4 group A member 1 (Nr4a1, also 
known as Nur77) and Nr6a1, which promote or repress the 
expression of the Hcrt gene (12,18,19).

Within this upstream region, two phylogenetically 
conserved elements (OE1 and OE2) direct the expression of the 
Hcrt gene in the lateral hypothalamic area (LHA) and repress 
it outside this region of the nervous system (16). It has been 
suggested that the proximal OE1 element, which is located 
278 bp upstream of the putative transcriptional start site, is 
required to restrict the expression of Hcrt to the LHA, as this 
gene can be expressed in other areas of the hypothalamus in 
transgenic animals carrying mutated versions of this OE1 
sequence (16). However, the regulation of orexin biosynthesis 
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remains to be fully elucidated. There is an interest in under-
standing the key molecular elements in orexin regulation as 
these may serve to define potential targets to generate novel 
therapies for the treatment of eating and sleep disorders, 
and other disorders associated with motivation behaviors, 
including addictive behavior.

Our previous studies identified two putative olf‑1 
sequences within the OE1 element of the Hcrt gene 
promoter (20). These olf‑1 sequences are targets for the ebf 
family of transcription factors (21). Our previous studies also 
revealed that mice carrying null mutations of the ebf2 locus 
show a narcoleptic phenotype, characterized by direct to rapid 
eye movement transitions from the wake state and cataplexy 
episodes (20). This phenotype is due to the loss of 80% of 
the orexinergic neurons in the LHA and decreased expression 
levels of orexin A in the remnant cells. Taken together, these 
results suggest that ebf2 is central in the correct development, 
expression and/or differentiation of the orexinergic circuit in 
the LHA (20).

Ebf transcription factors are also members of the basic 
helix‑loop‑helix protein family. Members of this family are 
known to be master regulators of neural differentiation and 
migration, and are involved in establishing particular gene 
expression profiles within the central nervous system, which 
lead to neural specialization. In particular, ebf2 regulates 
neurogenesis, the initiation of neural differentiation, migra-
tion and neural specification in the olfactory system, cerebral 
cortex and cerebellum (22‑25).

The present study further analyzed the modulation of the 
expression of Hcrt by defining a minimal Hcrt gene promoter 
containing the proximal OE1 element, and examining the 
effects of mutating the olf‑1‑like elements present in this 
minimal promoter. In addition, the present study examined the 
effects of overexpressing ebf2 in 293 cells on the reporter gene 
expression driven by this minimal promoter.

Materials and methods

Sequence design and synthesis. The proximal upstream 
sequence of the murine Hcrt gene was obtained from the 
Ensembl database (14). A 390 bp fragment upstream of the 
transcription start site was synthetically assembled (Integrated 
DNA Technologies, Coralville, IA, USA), in order to generate 
constructs containing the wild‑type (WT) sequence and 
several different deletions and mutations in one or both puta-
tive olf1‑like sites (Fig. 1). The putative transcription and 
translation start sites from the Hcrt gene were preserved, by 
introducing NcoI at the 3'-end of the sequence for cloning 
purposes. Finally, a NotI site was added at the 5'-end of the 
synthetic constructs for promoter replacement in the reporter 
gene vector constructs.

Reporter plasmids and expression vectors. The synthetic Hcrt 
promoter sequences were subcloned into the pNiFty3‑Luc 
expression vector (InvivoGen, San Diego, CA, USA). This 
reporter plasmid encodes a coelenterazine‑utilizing secreted 
luciferase and carries resistance to the antibiotic zeocin. The 
original interferon (IFN)‑β minimal promoter of the vector 
was replaced and the synthetic Hcrt promoter sequences 
were inserted as NotI‑NcoI fragments. The plasmids were 

purified through anion‑exchange columns (Qiagen, Venlo, 
The Netherlands) and all vector constructs were quantified 
using a fluorescence method with the Quant‑iT PicoGreen 
dsDNA Assay kit (Thermo Fisher Scientific, Inc., Waltham, 
MA, USA).

Cell culture. The 293 cells were obtained from America Type 
Culture Collection (ATCC; Manassas, VA, USA). 293/ebf2 cells 
were generated by GenScript (Piscataway, NJ, USA) through 
lentiviral transduction of the murine ebf2 cDNA sequence. 
The cell lines were grown in Dulbecco's modified Eagle's 
medium (DMEM; Caisson Laboratories, Inc., North Logan, 
UT, USA) supplemented with 10% fetal bovine serum (Gibco; 
Thermo Fisher Scientific, Inc.) at 37˚C and 5% CO2. Puromycin 
(0.5 µg/ml) and zeocin (0.4 mg/ml; InvivoGen) were added 
to the ebf2‑overexpressing and pNifty3‑carrying semi‑stable 
cells, respectively, as selection agents.

Transfection and luciferase reporter assays. The cells were 
seeded in 96‑well plates 1 day prior to transfection. The 
cells were transfected with Lipofectamine reagent (Thermo 
Fisher Scientific, Inc.) and 100 ng of the reporter plasmids. 
Luciferase signal was measured 48 h following transfec-
tion using a Glo‑Max multidetection system (Promega 
Corporation, Madison, WI, USA) with QUANTI‑Luc lumi-
nescence assay reagent (InvivoGen). Semi‑stable transfected 
cells were generated from these initial transient transfections 
by selecting the cultures under 0.4 mg/ml zeocin for 1 month, 
prior to assaying luciferase output. All luminescence signals 
were normalized by the number of cells present in each well 
during the assays. The viable cell number in each well was 
determined using an ATP‑dependent kit (CellTiter‑Glo; 
Promega Corporation). The concentration of secreted Lucia 
luciferase was determined using purified recombinant Lucia 
protein (InvivoGen) as a standard for the determination of 
enzymatic activity.

RNA isolation and relative expression analysis. Total RNA 
was isolated from the cell lines using PureZol RNA isolation 
reagent (Bio‑Rad Laboratories, Inc., Hercules, CA, USA) 
followed by RNA purification using the RNAeasy MinElute 
Cleanup kit (Qiagen) and quantification by ultraviolet spec-
trophotometry. Reverse transcription‑quantitative polymerase 
chain reaction (RT‑qPCR) analysis was performed with 
1,000 ng of total RNA in 20 µl of GoScript master mix buffer 
via GoTaq Probe 2‑Step RT‑qPCR (Promega Corporation). 
The amplification of Ebf2 and GAPDH mRNA was performed 
with validated, species‑specific hydrolysis probes labeled with 
FAM and HEX, according to the manufacturer's instructions 
(Integrated DNA Technologies). The amplification of Lucia 
luciferase mRNA was performed with two sets of amplifica-
tion primers and a common hydrolysis probe (Integrated 
DNA Technologies), designed using the qPCR designer tool 
in MacVector software version 15.5.4 (MacVector, Inc., Apex, 
NC, USA), to determine the relative mRNA levels of luciferase 
starting at two different nucleotides. All primer and hydrolysis 
probe sequences are listed in Table I.

All PCR amplifications were performed using 2 µl of 
the previously synthesized cDNA (equivalent to 100 ng of 
the total RNA input sample) in 50 µl of GoTaq PCR master 
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mix, following a 2‑step amplification protocol: A starting 
denaturing step for 2 min at 95˚C, followed by 40 cycles of 
denaturation for 15 sec at 96˚C, and then annealing and exten-
sion for 1 min at 60˚C using a LightCycler 480 Instrument II 
(Roche Applied Science, Branford, CT, USA). GAPDH was 
used as reference gene. The results were analyzed according 
to the 2‑ΔΔCq method (26) and reported as the number of copies 
of the mRNA of interest per copies of the reference GAPDH 
mRNA.

Electrophoretic mobility shift assay (EMSA). A biotinylated 
50‑bp duplex oligonucleotide was incubated with nuclear 
protein extracts from either parental 293 or 293‑ebf2 cells with 
the LightShift Chemiluminescent EMSA kit according to the 
manufacturer's instructions (Thermo Fisher Scientific, Inc.). 
Nuclear proteins were obtained using NE‑PER Nuclear and 
Cytoplasmic Extractions Reagents (Thermo Fisher Scientific, 
Inc.). The binding reactions, containing 3 µg of nuclear extract 
protein and 2 fmol of the biotinylated oligonucleotide in 20 µl 
of the recommended binding buffer, were run on a 12% poly-
acrylamide gel, and transferred onto a nylon membrane for 
30 min at 15 V using a Transblot transfer SD cell (Bio‑Rad 
Laboratories, Inc.) and detected using the ChemiDoc MP 
system (Bio‑Rad Laboratories, Inc.).

Statistical analysis. All data are shown as box plots, with the 
limits of the box indicating the 25 and 75% percentiles of the 
data distribution, the line in the center of the box indicating 
the median of the population, and the error bars indicating the 
5 and 95% distribution percentiles. These percentiles over-
lapped with the 25 and 75% percentiles in certain figures due 
to the scales of the horizontal axes. Statistical comparison was 
performed by analysis of variance and post hoc Holm‑Sidak 
tests using Sigmastat version  3.5 (Systat Software Inc., 
San  Jose, CA, USA). P<0.01 was considered to indicate a 
statistically significant difference.

Results

Proximal 390‑base‑pair upstream sequence from the mouse 
Hcrt gene drives the expression of a reporter gene in 293 cells. 
In the present study, a reporter gene vector, (pHcrtWT‑Lucia) 
carrying ~390  bp of the proximal upstream sequence of 
the WT murine Hcrt gene promoter, was transfected into 
293 cells. As shown in Fig. 2A (WT vs. IFN boxes), this small 
fragment of the Hcrt gene promoter induced ~100‑fold higher 
levels of luciferase activity, compared with the IFN‑β minimal 
promoter of the parental vector (pNifty3‑Lucia).

Perturbation of olf‑1 sites in the minimal Hcrt promoter 
affects reporter gene expression. The effects of deleting 
or mutating the two putative olf‑1 sites within the minimal 
Hcrt promoter sequence were then analyzed. The dele-
tions consisted of eliminating a 10‑bp fragment spanning 
the central CCTGG motif of the olf‑1 sites. In the mutant 
promoter constructs, this central motif was replaced with an 
AAGAA sequence (Fig. 1).

Deletion or mutation of the proximal olf‑1 site (D1 and M1 
constructs) increased luciferase expression in the 293 cells, 
whereas the deletion of the distal olf‑1 site (D2 construct) 
induced a marginal decrease in luciferase levels, although 
without statistical significance. Mutation of this distal site 
(M2 construct) did not alter luciferase activity, compared 
with that observed in the cells transfected with the WT 
construct (Fig. 2A).

Overexpression of ebf2 increases Hcrt‑driven reporter gene 
expression. As the olf‑1 sites are putative binding sites for ebf2, 
the present study analyzed the expression of this transcription 
factor in 293 cells using RT‑qPCR probes. The contribution 
of the ebf2 transcription factor to Hcrt gene regulation was 
analyzed by inducing the overexpression of ebf2 in 293 cells 
through lentiviral transduction of the murine ebf2 cDNA.

Figure 1. Minimal murine Hcrt gene promoter and its synthetic derivatives. Modified DNA sequences were generated based on the proximal 5' upstream region 
(~‑390bp) of the mouse Hcrt gene, which included the complete proximal OE1 element (blue box). The modifications included deletions or mutations of olf‑1 
sites (red boxes) proximal (M1/D1) or distal (M2/D2) to the putative TSS of the Hcrt mRNA (indicated by an arrow). The TATAA box is outlined by a black 
box, whereas the initial ATG codon of Hcrt is highlighted by a light‑orange box. Green boxes outline restriction enzyme sites added for cloning purposes. 
A second probable TSS was identified, indicated by a question mark above the arrow. TSS, transcription start site; WT, wild‑type; D, deletion; M, mutation.
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The transduced 293‑ebf2  cells expressed high mRNA 
levels of ebf2 (400 copies/1,000 copies of GAPDH mRNA) 
and the overexpression of ebf2 in the 293 cells increased the 
luciferase levels driven by the minimal Hcrt‑gene promoter 
by almost 4‑fold, compared with the parental 293 cell line 
(Fig. 2B). In these 293‑ebf2 cells, deletion of the proximal 
olf‑1 site (D1 construct) increased luciferase activity by 
almost  2‑fold. Mutation of this proximal site induced an 
increase in luciferase expression, although this was not statisti-
cally significant (Fig. 2B).

Deletion or mutation of the distal olf‑1 site (D2 and M2 
constructs) did not significantly alter the expression of 
luciferase, although the luciferase levels tended to be lower, 
compared with those observed with the WT construct in 
293‑ebf2 cells (Fig. 2B).

Semi‑stable transfections demonstrate the different roles 
of the distal and proximal olf‑1 sites of the minimal Hcrt 

Figure 2. Expression of the luciferase reporter gene is driven by the different 
derivatives of the minimal Hcrt promoter. Luciferase signals from transiently 
transfected parental 293 (A, light green bars) and ebf2‑lentiviral‑transduced 
293 cells (293‑ebf2, B, dark green bars) showed that the expression of 
luciferase was driven by the different Hcrt promoter sequence derivatives. 
(B) Overexpression of ebf2 increased the activity of secreted luciferase. 
Mutations introduced to the proximal olf‑1 site (D1 and M1 groups) increased, 
whereas mutations of the distal olf‑1 site (D2 and M2) decreased the expres-
sion of luciferase, compared with that in the WT promoter sequence in 
parental 293 cells. In 293‑ebf2 cells, deletion of the proximal site increased 
luciferase expression, whereas the other mutations caused no statistically 
significant changes, although trends similar to those observed in parental 
293 cells were observed. *P<0.01 (analysis of variance and Holm‑Sidak 
post‑hoc test) vs. groups indicated by joining lines. n=8 experiments/group. 
WT, wild‑type; D, deletion; M, mutation; ebf2, early B‑cell factor 2; IFN, 
interferon; PAR, parental.
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promoter. In order to determine whether the observed varia-
tions in luciferase expression were due to different transfection 
rates for each construct, semi‑stable cells lines were generated, 
which carried the different variant constructs of the minimal 
Hcrt‑gene promoter, by selecting the transfected cultures under 
zeocin for 1 month prior to analyzing luciferase expression.

In these semi‑stable cells lines, deletion (D1) of the proximal 
olf‑1 site of the Hcrt promoter increased the levels of luciferase 
activity almost 4‑fold, whereas the mutation of this proximal 
site (M1 construct) increased luciferase expression by 2‑fold, 
compared with those observed with the WT promoter (Fig. 3). 
Deletion (D2) or mutation (M2) of the distal site decreased 
luciferase expression by 85 and 80%, respectively, compared 
with the WT promoter. These results indicated that the distal 
olf‑1 site was a positive regulator of the activity of the minimal 
Hcrt‑gene promoter, as its mutation led to decreased expres-
sion. The proximal olf‑1 site was a negative regulator of this 
promoter activity.

mRNA levels of luciferase correlate with levels of luciferase 
secreted by the semi‑stable Hcrt‑promoter derivative cell 
lines. In order to analyze whether the levels of the secreted 
luciferase protein were correlated with the levels of transcrip-
tion, the steady‑state levels of mRNA coding for the luciferase 
reporter were analyzed. This involved assaying two sets of 
primers and hydrolysis probes, designed to amplify luciferase 
mRNA transcripts starting at the consensus transcription 
starting site (TSS) at position +1 of the Hcrt gene or at posi-
tion +46, which is a sequence identical to the consensus TSS 
present downstream in this promoter (Fig. 1). If the transcripts 
start at position +1, the ratio of the qPCR products are expected 
to approach 1, whereas if position +46 is used as the TSS, the 
3'‑TSS/5'‑TSS ratios are expected to increase.

Deletion or mutation of the proximal olf‑1 site (D1 and M1 
constructs) increased the steady‑state levels of luciferase‑coding 
mRNA ~2‑fold in the semi‑stable 293‑ebf2 cells (Fig. 4A and B) 
and all the transcripts appeared to start at the consensus TSS, 

as there were no changes in the ratio of the levels of the qPCR 
products containing the 3' vs. the 5' TSS (Fig. 4C).

By contrast, deletion of the distal olf‑1 site (D2 construct) 
decreased the mRNA levels of luciferase starting the posi-
tion +1 TSS by ~80%, whereas the mRNA levels starting at 
the +46 TSS decreased by ~60% (Fig. 4A). The ratio of 3'‑T
SS‑containing/5'‑TSS‑containing qPCR increased almost 
2.3‑fold, indicating that deletion of the distal olf‑1 site shifted 

Figure 3. Expression of a luciferase reporter gene is driven by different deriv-
atives of the minimal Hcrt promoter in semi‑stable 293‑ebf2 cells. Luciferase 
signals from semi‑stable 293‑ebf2 cells show the expression of luciferase 
driven by the different Hcrt promoter sequence derivatives. Mutations intro-
duced to the proximal olf‑1 site (D1 and M1) increased luciferase, whereas 
mutations of the distal olf‑1 site (D2 and M2) decreased luciferase, compared 
with that in the WT promoter sequence. *P<0.01 (analysis of variance and 
Holm‑Sidak post‑hoc test) vs. groups indicated by joining lines. n=18 experi-
ments/group. WT, wild‑type; D, deletion; M, mutation; ebf2, early B‑cell 
factor 2.

Figure 4. Steady‑state luciferase mRNA levels correlate with luciferase 
protein levels in 293‑ebf2 semi‑stable cell lines. The steady‑state levels of 
mRNA containing either the (A) 5'‑ or (B) 3'‑TSSs of the predicted luciferase 
constructs correlated with levels of luciferase secreted by the semi‑stable 
293‑ebf2 cell lines. Those cells carrying mutations of the proximal olf‑1 
site (D1 and M1) showed higher copy numbers of luciferase‑coding mRNA, 
compared with cells carrying the WT, D2 and M2 constructs. (C) Ratios of 
the levels of luciferase mRNA containing different TSSs showed a shift in 
the starting position of this gene product, which was induced by the deletion 
of the distal olf‑1 site. *P<0.01 (analysis of variance and Holm‑Sidak post‑hoc 
test) vs. all other groups. **P<0.01 vs. WT, D2 and M2 293‑ebf2 cells; †P<0.01 
vs. D2/293‑ebf2 cells. n=9 experiments per group. WT, wild‑type; D, dele-
tion; M, mutation; ebf2, early B‑cell factor 2; TSS, transcription start site.

https://www.spandidos-publications.com/10.3892/mmr.2017.8142
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the TSS downstream (Fig. 4C). Mutation of the distal olf‑1 
site (M2 construct) induced a marginal, non‑significant 
decrease in mRNA levels of luciferase and a shift towards the 
3' TSS (Fig. 4A and B).

Distal olf‑1 sequence of the Hcrt minimal promoter is a 
binding site for ebf2. The present study also evaluated the 
capability of ebf2 to bind to the distal olf‑1 sequence present 
in the minimal Hcrt promoter, by performing an EMSA using 
a biotinylated 50‑bp duplex oligonucleotide corresponding to 
the OE1 element of the Hcrt gene promoter containing this 
distal olf‑1 site (Table I). As shown in Fig. 5A, the mRNA 
expression of ebf2 was not detected in the 293 cells, therefore, 
the contribution of ebf2 was analyzed by inducing the over-
expression of ebf2 in 293 cells through lentiviral transduction 
of the murine ebf2 cDNA. Nuclear protein extracts from the 
293‑ebf2 cells, but not from the parental 293 cells, induced a 
shift in the mobility of the duplex (Fig. 5B). This shifted band 
disappeared when the EMSA reaction included a 200‑fold 
molar excess of unlabeled oligonucleotide (Fig. 5B, lane 3).

Discussion

Understanding the mechanisms regulating the expression 
of orexin is key to generating novel therapeutic approaches 
for disorders of motivation, including feeding and addic-
tive behavior and sleep behavior, including narcolepsy and 
insomnia. The levels of orexin in the brain vary during the 
day according to the physical activity of animals. However, 
whether these variations are due to changes in the activity of the 
orexin‑secreting neurons or to changes in orexin biosynthesis, 

either at the transcriptional or translational level, remain to be 
fully elucidated (3,27‑32). These regulatory mechanisms are 
also involved in the developmental determination of the orex-
inergic phenotype of hypothalamic neurons, and the in vitro 
generation of such neurons may lead to cell‑based therapies 
for orexin replacement.

The promoter region of the Hcrt gene is a key element in 
regulating the expression of orexin in the target neural popula-
tion within the hypothalamus. This region contains different 
control sites, which specify and restrict the expression of 
prepro‑orexin within the LHA, including orexin regulatory 
elements 1 and 2 (OE1 and OE2). The OE1 site lies proximal 
to the putative transcriptional start site of Hcrt mRNA and 
it has been suggested that the OE1 site prevents the gene 
expression of Hcrt outside the LHA, as constructs containing 
a 400‑bp upstream fragment of the Hcrt gene driving a nuclear 
β‑galactosidase reporter gene were poorly expressed in the 
brains of transgenic mice (16). It is suggested that this restric-
tive role is mediated by nuclear receptor response elements 
(NurREs), which lie in the close upstream vicinity of the OE1 
element (12).

The inhibitory activity of the OE1 element has also been 
suggested as the cause of poor expression of reporter genes 
driven by the Hcrt promoter in cell lines in vitro (12,17,19,33,34). 
The results of the present study showed that a minimal 
fragment of the mouse Hcrt gene, containing just up to the 
OE1 element, was able to drive the expression of a secreted 
luciferase reporter gene, to levels ~100‑fold higher than those 
driven by the minimal IFN‑β promoter (Fig. 2) in human 
embryonic 293 cells.

The differences in the expression between the constructs in 
the present study and those of other groups can be attributed to 
several factors. By using artificial gene synthesis, the present 
study limited the length of the minimal promoter to 17 bp 
upstream of the OE1 sequence, thus avoiding the inclusion of 
NurREs described previously (12,17). The constructs used in 
the present study preserved the context of the transcription and 
translation start sites of the Hcrt gene (Fig. 1), and the distance 
between the transcription start site and the initial AUG codon 
of the Hcrt transcript. Constructs generated in other studies, 
driving the expression of reporter genes by using a longer Hcrt 
gene promoter, exchange the context of the Hcrt transcript 
with those of the reporter genes (12,16).

Overexpression of the transcription factor ebf2 in the 
293 cells increased the Hcrt‑driven luciferase expression by 
almost 4‑fold (Fig. 2B). To the best of our knowledge, this 
is the first report of a transcription factor upregulating Hcrt 
promoter‑driven gene expression in 293 cells. Other transcrip-
tion factors, including Foxa2 and Lim‑homeobox 9 (Lhx9), 
have been suggested to increase in vivo expression at the 
Hcrt locus (19,33) and it has been shown that Foxa2 increases 
Hcrt‑driven reporter gene expression in a hepatocyte cell 
line (19).

In our previous study, it was demonstrated that the loss of 
ebf2 activity in knockout mice led to narcoleptic traits and 
a marked decrease in orexinergic neuron numbers (20). The 
findings of the present study suggested that this effect is attrib-
uted to direct regulation at the level of the Hcrt locus (Fig. 5B). 
In addition, ebf2 may contribute to the cell‑type specification 
process of the orexinergic phenotype in the LHA through this 

Figure 5. EMSA shows the interaction of murine ebf2 with an oligo-
nucleotide containing the distal olf‑1 site of the Hcrt promoter. (A) In P 
293 cells, the mRNA expression of endogenous ebf2 was not detected by 
species‑specific quantitative polymerase chain reaction primers and hydro-
lysis probes (left bar). Lentiviral transduction of the murine ebf2 cDNA 
sequence induced high mRNA expression levels of this transcription factor 
in 293 cells (ebf2; *P<0.01 vs. P 293 cells). n=6 experiments per group. (B) A 
biotinylated oligonucleotide containing the sequence of the distal olf‑1 site of 
the minimal Hcrt gene promoter was artificially synthesized. This probe was 
incubated with nuclear extracts from parental 293 cells (lane 1) or 293‑ebf2 
cells (lane 2), and the latter extract showed a shift in mobility of the olf‑1 
oligonucleotide (arrow in middle of lane 2). This shift was no longer apparent 
when a 1,000‑fold excess of unlabeled oligonucleotide competed with the 
interaction between the probe and the nuclear extract (lane 3). ebf2, early 
B‑cell factor 2; P, parental; N.D., not detected.
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direct effect and indirect effects on other regulators of the 
expression of Hcrt.

It may be that ebf2 is a key regulator of orexinergic neuron 
development, joining a network of transcription factors, 
including Lhx9 (33,34) and sonic hedgehog (35), which may 
be involved in establishing the mature phenotype of the 
orexinergic population in the LHA. The order in which these 
transcription factors are involved during development remains 
to be elucidated.

The analysis of the proximal Hcrt gene promoter region 
in the present study revealed novel features of its regula-
tory elements. Mutation of a 10‑bp segment with a putative 
olf‑1‑like sequence 7 bp downstream of the TATAA box of the 
minimal Hcrt promoter, either by deletion (D1 construct) or 
nucleotide substitution (M1 construct), increased the mRNA 
levels of the reporter gene (Figs. 2 and 3) and luciferase (Fig. 4) 
by almost 3‑fold. Taken together, these results suggested that 
the olf‑1‑like sequence downstream of the TATAA box was 
a negative element, which controlled the expression of orexin 
through downregulation.

Perturbations of the distal olf‑1‑like site at position‑236 
(D2 and M2 constructs; Fig. 1), which lies within the OE‑1 
element, decreased reporter gene expression at the enzymatic 
and mRNA levels, particularly in the semi‑stable 293‑ebf2 
derivative cell lines (Figs. 3 and 4). The OE‑1 element has been 
previously reported as a restrictive element of the expression 
of Hcrt, as deletions within the OE‑1 sequence prevent the 
expression of a transgenic reporter gene in LHA orexinergic 
neurons, and direct expression to a limited small population of 
hypothalamic neurons populations outside the LHA (12,16). 
Taken together, the previous observations and those of the 
present study showed that integrity of the OE‑1 element may 
be necessary to drive high levels of expression by the Hcrt 
gene promoter.

The mutations introduced to the distal olf‑1 site appeared 
to shift the TSS of the reporter gene mRNA to a down-
stream position at +46, as the level of mRNA containing 
this +46‑sequence increased above that containing the TSS 
sequence at +1 in the semi‑stable 293‑ebf2 cells carrying the 
D2 and M2 constructs, particularly when the distal olf‑1 site 
was deleted (Fig. 4B). This shift appeared to lead to lower rates 
of translation of luciferase mRNA, as the enzymatic activity 
levels in these semi‑stable cells were lower than the corre-
sponding mRNA levels, compared with those in cells carrying 
the WT construct (Figs. 3 and 4).

The distal olf‑1 sequence was identified as a binding site 
for ebf2 as nuclear extracts from 293‑ebf2 cells, but not from 
parental 293 cells, induced a shift in electrophoretic mobility, 
which was competed by an unlabeled oligonucleotide 
contacting this olf‑1 sequence (Fig. 5B). This result suggested 
that ebf2 was a direct regulator of Hcrt‑gene promoter driven 
expression in vitro, however, the relevance of this effect during 
development or the adult stage in vivo remains to be elucidated.

The data obtained in the present study demonstrated that a 
minimal sequence derived from the murine Hcrt gene was able 
to drive high levels of expression in a heterologous system and 
that ebf2 is a transcription factor, which increased the activity 
of this Hcrt gene minimal promoter in vitro. The identification 
of this minimal promoter may lead to improved vectors for 
gene therapy, where the expression of orexin is required, and 

the identification of ebf2 as a direct regulator of the expression 
of orexin may lead to the development of orexin‑expressing 
cells for cell therapies in the treatment of narcolepsy.
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