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Differential regulation of mouse and human Mu opioid
receptor gene depends on the single stranded DNA
structure of its promoter and a-complex protein 1
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Abstract. The Mu opioid receptor (MOR) mediates various
functions of opioid-induced analgesia, euphoria and respira-
tory depression, and is a major target of opioid analgesics.
Understanding of MOR gene expression among species is
important for understanding its analgesic function in humans.
In the current study, the polypyrimidine/polypurine (PPy/u)
region, a key element of MOR gene expression, was compared
in humans and mice. The mouse PPy/u element is highly
homologous to its human element (84%), and the mouse MOR
(mMOR) reporter drives luciferase activity 35-fold more effec-
tively than the human MOR (hMOR) reporter. The structural
study of reporter plasmids using S1 nuclease indicates that the
mouse PPy/u element has a particular conformational structure,
namely a single-stranded DNA (ssDNA) region that promotes
strong promoter activity. DNA electrophoretic mobility shift
assays demonstrated that the recombinant a-complex protein 1
(a-CP1) is capable of binding to a single-stranded mouse PPy/u
sequence. Furthermore, plasmid-expressing a-CP1 activated
the expression of a luciferase reporter when cotransfected with
a single-stranded (p336/306) construct. In addition, the a-CP1
gene induced the mMOR gene in mouse neuronal cells and did
not induce the human neuronal MOR gene. The current study
demonstrates that a-CP1 functions as a transcriptional acti-
vator in the mMOR gene, but does not function in the hMOR
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gene due to species-specific structural differences. The differ-
ences in human and mouse MOR gene expression are based
on a-CP1 and the ssDNA structure of the MOR promoter.
The MOR gene is species-specifically regulated, as the PPy/u
element adopts a unique species-specific conformation and
a-CP1 recruitment.

Introduction

Opioids are wildly administered for treatment and control of
moderate and severe pains. Their efficiency is dependent on
the ability to mimic endogenous peptides on the opioid recep-
tors. Opioid receptors are classified into three types of receptor
(1, 8 and «) characterized by molecular cloning and these
receptors have been investigated in numerous pharmacolog-
ical studies (1,2). The Mu opioid receptor (MOR) is involved
in morphine-induced analgesia, tolerance and dependence
according to pharmacological studies and analysis of MOR
knockout mice (3-5). Upon opioid binding, MOR couples
with G-protein-coupled receptors, regulates adenylyl cyclase,
intracellular calcium and mitogen-activated protein kinase,
then triggers a cascade of intracellular events (6). MOR is a
major molecular target of analgesic drugs, morphine, heroin,
methadone and fentanyl (7).

MOR is predominantly expressed in the central nervous
system, and differential expression of MOR is dependent
on receptors of varying densities in different regions (8,9).
Individual human and mouse strains differ in their responses
to pain and opiate drugs (10,11). Although humans and mice
exhibit a different response to opiates, to the best of our
knowledge, there have been no studies on these differential
responses. Only one study indicated that single nucleotide
polymorphisms (SNPs) are associated with mice with differ-
ences in morphine preference (12).

Mouse MOR (mMOR) gene expression is regulated by
distal and proximal promoters (DP and PP, respectively).
The two promoters are similar to housekeeping genes that
are lacking a TATA box. The distal promoter is less active,
by 20-fold, than the PP in adult and embryonic mouse brains
as determined using reverse transcription-polymerase chain
reaction (RT-PCR) (13). The proximal core promoter of the
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mMOR gene contains the polypyrimidine/polypurine (PPy/u)
region, and the PP of the human MOR (hMOR) gene contains
a similar PPy/u region that is located nearby at transcription
initiation site (14,15). The PPy/u region of the mMOR gene
promoter strongly activates the MOR gene and contains a 26-bp
CT-rich region with overlapping single- and double-stranded
DNA sequences, and multiple binding sites for Spl, Sp3 and
single-stranded binding proteins (16,17). Regulation of hMOR
gene expression in neuronal cells is not well understood
compared with mMOR gene regulation. The hMOR promoter
contains a deferoxamine-response CT-rich region that is
located close to the translational initiation site (18). PPy/u
motifs are the common sequence in eukaryotic cells (19)
and possess special chemical properties, including a non-B
DNA conformation sensitive to S1 nuclease, a triple-stranded
forming DNA structure and guanine-rich guanosine, and a
G-quartet structure that is often observed at the centromere
and telomere (19).

In the current study, the structural conformation of the
PPy/u motif and poly(C) binding protein (PCBP1), a-complex
protein 1 (a-CP1) were demonstrated to regulate different
transcriptional activation via the PPy/u motifs on human and
mouse MOR genes. To the best of our knowledge, this is the
first comparative investigation of the mouse and human MOR
gene expression that focuses on the key transcriptional regu-
latory element sequence PPy/u motif and the a-CP1 protein.
Furthermore, the reasons for and theoretical backgrounds
regarding why humans and mice exhibit different responses to
pain and opiate drugs are explained.

Materials and methods

Plasmid construction. The mouse promoter construct p336/306
was generated by ligating an annealed double-stranded oligo-
nucleotide into the Sacl and HindlIlI sites of a pGL3-basic
vector (Promega Corporation, Madison, WI, USA) using the
following oligonucleotide sequences: Sense, 5'-ATTGAGCTC
TCCACTCCTTCTCTCTCCTCCCTCCCCTCTAAAGCT
TTTC-3') containing a Sacl and HindIIl site (underlined)
and antisense, 5'-GAAAAGCTTTA GAGGGGAGGGAGG
AGAGAGAAGGAGTGGAGAGCTC AAT-3' containing
a Hindlll and Sacl site (underlined). The human promoter
construct p322/292 was generated by ligating an annealed
double-stranded oligonucleotide into the Sacl and HindlIll
sites of pGL3-basic vector using the following oligonucleotide
sequences: Sense, 5" ATTGAGCTCTCCACCCCTTTTCCC
TCCTCCCTCCCTTCCAAAGCTTTTC-3' containing a Sacl
and HindIIl site (underlined) and antisense, GAAAAGCTT
TGGAAGGGAGGGAGGAGGGAAAAGG GGTGGAGA
GCTCAAT-3' containing a HindIII and Sacl site (underlined).
To clone the a-CP1 gene, total RNA was isolated from mouse
NS20Y cells obtained from the American Type Culture
Collection (ATCC; Manassas, VA, USA). RNA was treated
with RNase-free DNase (Promega Corporation) according to
the manufacturer's instructions. RT-PCR was performed using
the OneStep RT-PCR kit (Qiagen, Inc., Valencia, CA, USA).
PCR was performed with primers that were designed using
the gene sequence information for each protein: a-CP1 (Gene
ID, 13435897): Sense primer, 5'-CCATGGACGCCGGTG
TGACTGA-3' and antisense primer, 5-GCTGCACCCCAT
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CCCCTTCTC-3". The PCR conditions were as follows: 94°C
for 3 min; 35 cycles of 94°C for 1 min, 55°C for 1 min, and
72°C for 1 min; and 72°C for 10 min. RT-PCR products were
excised from a 1% agarose gel, purified using a QIAQuick gel
extraction kit (Qiagen, Inc.) and cloned into a pCRII-TOPO
vector (Invitrogen; Thermo Fisher Scientific, Inc., Waltham,
MA, USA). The candidate plasmids containing inserts of the
correct size were confirmed using restriction enzyme diges-
tion and DNA sequencing on an ABI 3100 sequencer (Applied
Biosystems; Thermo Fisher Scientific, Inc.). For the transient
expression studies, the a-CP1 gene was cloned by digesting the
above-mentioned pCRII-TOPO a-CP1 clone with 5'-HindII1
and 3'-Xhol into the same sites of a pcDNA4 vector (Invitrogen;
Thermo Fisher Scientific, Inc.), generating a pcDNA4-a-CP1
plasmid. DNA sequences of all constructs were confirmed
using DNA sequencing. For the protein expression studies in
Escherichia coli, the a-CP1 gene was cloned by digesting the
above-mentioned pcDNA4-0-CP1 plasmid with 5'-HindIII
and 3'-Xhol into the same sites of a pET21b vector (EMD
Millipore, Billerica, MA, USA), generating a pET21b-a-CP1
plasmid. The DNA sequences of all constructs were confirmed
using DNA sequencing.

a-CPI protein expression. The a-CP1 protein expression
was performed as described previously (20). The protein
was expressed in a Lysogeny broth medium (Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) containing ampicillin
(50 pg/ml). To obtain the protein, several cell growth condi-
tions were generated by varying the temperature (16, 30 and
37°C) and isopropyl B-D-1-thiogalactopyranoside (IPTG)
concentration (0.1, 0.5 and 1 mM). Typically, 2 ml overnight
culture was added to 100 ml medium and incubated with
vigorous shaking at ~37°C. When the culture reached optical
density (OD)g,,=0.5, protein expression was induced with
1 mM IPTG. Subsequent to induction, the samples were
further incubated at 37°C for 4 h. The cells were harvested by
centrifugation at 10,000 x g for 10 min at 4°C, washed with TE
buffer (10 mM Tris-HCI and 1 mM EDTA; pH 8.0) and stored
at -80°C.

Folding of the a-CPI protein. The folding of the a-CP1
protein was performed as described previously (20). The twice
water-washed inclusion bodies were resuspended in 5 volumes
of Buffer C (20 mM Tris-HCI, 1 mM EDTA, 10 mM DTT
and 8 M Urea; pH 7.0), stirred at room temperature for 60 min
and centrifuged at 10,000 x g for 15 min at room temperature.
The pellet was discarded and the supernatant (5-10 mg/ml)
was collected in a fresh tube. The refolding experiments were
performed using protein-folding spin-columns following the
manufacturer's recommendation (ProFoldin, Hudson, MA,
USA).

Preparation of inclusion bodies and purification of recom-
binant a-CPI protein. The preparation of inclusion bodies
and purification of recombinant of the a-CP1 protein were
performed as described previously (20). The cell pellet was
resuspended in 30 ml Buffer A (20 mM Tris-HCI, 100 mM
NaCl and 1 mM PMSF; pH 7.0) and sonicated at 4°C with 5
cycles. The lysate was centrifuged at 10,000 x g for 15 min
at 4°C. The pellet was resuspended in 5 volumes of Buffer A,
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Figure 1. PP of the (A) human and (B) mouse MOR genes. Schematic representation of the PPs of the human and mouse MOR genes. The nucleotide +1
corresponds to the translation start site (ATG). (C) PPy/u sequences and homology of the MOR PP in humans and mice. MOR, mu opioid receptor; PP, proximal

promoter; PPy/u, polypyrimidine/polypurine.

stirred at room temperature for 5 min and centrifuged at
10,000 x g for 15 min at 4°C. The inclusion bodies were then
washed three times with 10 volumes of 20 mM Tris-HCI
containing 100 mM NaCl at pH 7.0. The inclusion body
pellet was resuspended in 30 ml Buffer B [50 mM NaH,PO,,
300 mM NaCl (pH 8.0) and 8 M urea] to solubilize the inclu-
sion bodies. Sonication was necessary to suspend the pellet.
The suspension was centrifuged at 10,000 x g for 20 min
and the supernatant was transferred to fresh clean tubes.
The supernatant was then added to an equilibrated Ni-NTA
column (Qiagen, Inc.) and allowed to drain. The column was
washed with Buffer B, and the 6x His-tagged a-CP1 was
eluted using an elution buffer [50 mM NaH,PO,, 300 mM
NaCl, 250 mM imidazole (pH 8.0) and 8 M urea]. Anti-His
antibodies were purchased from Sigma-Aldrich; Merck
KGaA. To determine which fractions contain the His-tagged
a-CP1, an aliquot of each sample was analyzed using 10%
SDS-PAGE.

SDS-PAGE, in-gel tryptic digestion and matrix-assisted
laser desorption ionization-time of flight (MALDI-TOF)
mass spectrometric analysis of a-CPI. The purified a-CP1
protein was resolved on a 10% SDS-PAGE gel. The Coomassie
blue-stained gel was destained, and a gel slice containing
the band of interest was subjected to in-gel tryptic digestion
as described previously (20,21). The tryptic peptides were
extracted with 5% acetic acid, followed by 5% acetic acid and
50% acetonitrile. The samples were dissolved in 5% acetic
acid and desalted using ZipTip™ C18 reverse-phase desalting
Eppendorf tips (EMD Millipore). The peptides were eluted
with 2% acetonitrile containing 0.1% TFA in a volume of
20 ul. The samples were analyzed using a MALDI-TOF mass
spectrometer (Applied Biosystems; Thermo Fisher Scientific,
Inc.). The masses of the monoisotopic peaks were compared
with a theoretical digestion of the protein by trypsin. Mascot

database searching software (Matrix Science; http:/www.
matrixscience.com) was used to identify the a-CP1 protein.

DNA electrophoretic mobility shift assay (EMSA). The EMSA
was performed as described previously (20,22). The polypy-
rimidine/polypurine (PPy/u) oligonucleotide, single-stranded
probe (5-TCCACTCCTTCTCTCTCCTCCCTCCCCTCT
A-3") was end-labeled with [y-**P] dATP. The free nucleotides
were separated using centrifugation at 1,100 x g for 4 min at
room temperature through a Sephadex G-25 column (Roche
Diagnostcs, Indianapolis, IN, USA). The end-labeled ssDNA
probes were incubated with recombinant a-CP1 (0.5 ug) in a
final volume of 20 1 EMSA buffer [10 mM Tris (pH 7.5), 5%
glycerol, | mM EDTA, 50 mM NaCl, 1 mM DTT, 0.1 mg/ml
poly (dI-dC)] at room temperature for 20 min. For the oligo-
nucleotide competition analyses, a 100-fold molar excess of
a cold competitor oligonucleotide was added to the mixture
prior to adding the probe. The reactions were then incubated
at 4°C for 30 min. The reaction mixtures were electrophoresed
at 160 V for 2 h on a non-denaturing 4% polyacrylamide gel in
0.5X TBE (45 mM Tris-borate and 1 mM EDTA) at 4°C and
visualized using autoradiography.

S1 nuclease sensitivity assay. The pGL-basic plasmids,
p322/292 and p336/306, were digested with various quanti-
ties of the SI nuclease (Promega Corporation) in S1 nuclease
buffer for 15 min at 37°C as described previously (20). The
digestion was terminated using phenol/chloroform extrac-
tion and the plasmids were recovered by precipitation. The
resulting S1-treated plasmids were digested further using Xbal
(Promega Corporation) and the products were resolved using
electrophoresis on a 1% agarose gel at 100 V for 1 h.

Transient transfection and reporter gene assays. Mouse
neuroblastoma NS20Y cells and human neuronal NMB cells
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Figure 2. SI nuclease sensitivity of PPy/u motif-containing plasmids. (A) The PPy/u motif-containing promoters fused with the promoterless pGL3-basic
vector (p322/292 and p336/306) and pGL3-basic (control) were treated with vehicle (lane 2 in each panel) and increasing quantities of S1 nuclease (lanes
3 and 4 in each panel) followed by digestion with the Xbal restriction enzyme. Lane 1, molecular size markers (1-kb ladder). The Xbal-linearized plasmid
(denoted by the single asterisk) and the 3.2- and 1.8-kb fragments are indicated by arrows. (B) The luciferase activity of p322/292 and p336/306 plasmids.
Activities of luciferase reporter were expressed as n-fold relative to the activity of each corresponding luciferase reporter transfected with vector p322/292,
which was assigned an activity value of 1.0. Transfection efficiencies were normalized to [3-galactosidase activity. Data are presented as the mean of three
independent experiments with at least two different plasmid preparations. Standard deviation is indicated by the error bars. “P<0.05 vs. control. PPy/u,
polypyrimidine/polypurine.
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Figure 3. Expression, purification and folding conditions of recombinant a-CP1 protein. (A) 10% SDS-PAGE analysis of recombinant mouse a-CP1 protein
expressed by an Escherichia coli (E. coli)-induced expression system (I mM IPTG at 37°C). Lane 1, protein molecular weight markers; lane 2, 10 ul total
protein from E. coli BL21 (DE3)/pET21b-a-CP1 before induction; lane 3, 10 ul total protein from E. coli BL21 (DE3)/pET21b-0-CP1 after induction; lane 4,
10 p1 soluble protein from E. coli BL21 (DE3)/pET21b-a-CP1 after induction. (B) The optimization of folding conditions for the purified recombinant mouse
a-CP1. The solubilized inclusion bodies (5-10 mg/ml) were processed using a protein-folding spin-column screening kit. Lane 1, protein molecular weight
markers; lanes 2-10, eluates from spin-columns nos. 1-9. (C) 10% SDS-PAGE analysis of the affinity-purified renatured recombinant mouse a-CP1. Lane 1,
protein molecular weight markers; lane 2, 5 ul refolded and purified a-CP1 protein. a-CP1, a-complex protein 1; IPTG, isopropyl f-D-1-thiogalactopyranoside.

obtained from the ATCC were grown in Dulbecco's modified
Eagle's medium supplemented with 10% heat-inactivated fetal
bovine serum (GE Healthcare Life Sciences, Chalfont, UK) at
37°C in a humidified atmosphere of 5% CO,. NS20Y cells were
plated in 6-well dishes at a concentration of 0.5x10° cells/well
and cultured overnight before transfection. Equimolar concen-
trations of various plasmids were transfected using the
Effectene transfection reagent (Qiagen, Inc.) as described
previously (20,23). Briefly, for the luciferase analysis of the
p336/306 and p322/292 promoters, 0.5 ug of the reporter plas-
mids was combined with the Effectene transfection reagent for

10 min before being added to the NS20Y cells. Forty-eight h
after transfection, the cells that were grown to confluence were
washed once with phosphate-buffered saline and lysed with
lysis buffer (Promega Corporation). To correct for differences
in transfection efficiency, a one-fifth molar ratio of pCH110
(GE Healthcare Life Sciences) containing the B-galactosidase
gene under the SV40 promoter was included in each transfec-
tion for normalization. The luciferase (Promega Corporation)
and P-galactosidase (Promega Corporation) activities of
each lysate were determined according to the manufacturer's
recommendations.
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RT-PCR and heterologous expression of a-CPI. Total RNA
was isolated using TRI Reagent (Molecular Research Center,
Inc., Cincinnati, OH, USA) according to the supplier's protocol.
For RT-PCR, 2 pug total RNA and the OneStep RT-PCR reagent
(Qiagen, Inc.) were used. The PCR cycle conditions consisted
of 95°C for 1 min, 60°C for 1 min and 72°C for 1 min followed
by a 10-min extension at 72°C. Mouse-specific primers were
as follows: 5-CATCAAAGCACTGATCACGATTCC-3' and
5" TAGGGCAATGGAGCAGTTTCTGC-3' for MOR; 5TGG
CCTTAGGGTGCAGGGGG-3' and 5-GTGGGCCGCTCT
AGGCACCA-3' for p-actin. The human-specific primers
were as follows: 5'-CCTTCCTGGGCATGGAGTCCTG-3'
and 5"-TACAGCGAGGCCAGGATGG-3' for B-actin; 5'-CTG
GAAGGGCAGGGTACTGGTG-3' and 5'-CTGCCCCCA
CGAACGCCAGCAAT-3' for MOR.

Statistical analysis. All data were presented as the mean + stan-
dard deviation. Data were analyzed using Student's t-test. P<0.05
was considered to indicate a statistically significant difference
and GraphPad Prism 5 Software (GraphPad Software, Inc., La
Jolla, CA, USA) was used to perform the analyses.

Results

Promoter structure and comparison of the minimum PP
sequence of human and mouse MOR gene. Transcription of the
mMOR gene starts at four sites located between -291 and -268
of the MOR gene using two promoters: The PP (-450 to -249)
and the DP (-1,326 to +1; Fig. 1B). The PP was responsible
for major MOR gene activity (~95%) in the mouse brain. The
regulatory elements of the PP contained PPy/u and a canonical
Spl binding site. The PPyy/u exhibited an ssDNA conforma-
tional structure (15). Transcription of the hMOR gene starts
at the -256 site and the hMOR gene also uses two promoters:
The PP (-500 to -292) and the DP (-2,388 to +1; Fig. 1A). The
regulatory elements of the human PP contained PPy/u and
a canonical Sp1/3 binding site. Structural analysis of MOR
PPy/u indicated that mMOR PPy/u is highly homologous to
hMOR PPy/u (84%; Fig. 1C).

Differential SI nuclease sensitivity and promoter activity
of human and mouse MOR promoters containing PPy/u
motifs. ssDNA structures derived from the non-B DNA
form or intracellular triple helix structures are sensitive to
low concentrations of S1 nuclease (15). In order to analyze
the structural differences of human and mouse MOR PPy/u
motifs, an S1 nuclease treatment was performed in the current
study. A p322/292 plasmid containing the human PPy/u
motif was treated with S1 nuclease and digested with Xbal.
In the presence of S1 nuclease, the Xbal treatment produced
a 5-kb linear DNA (Fig. 2A, middle panel). In addition, the
pGL-basic plasmid demonstrated a similar result (Fig. 2A,
left panel). A p336/306 plasmid containing the mouse PPy/u
motif was treated with S1 nuclease and digested with Xbal.
Two DNA bands, 3.2 and 1.8 kb, were produced and the band
density was increased with increasing quantities of S1 nuclease
(Fig. 2A, right panel). These results indicate that the mouse
PPy/u motif is an ssDNA structure, whereas the human motif
is a double-stranded DNA, as determined according to the S1
nuclease assay. To confirm the association between structure
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Figure 4. DNA EMSA of recombinant a-CP1 protein. (A) The DNA
EMSA of recombinant mouse His-tagged a-CP1 using an ssDNA probe.
EMSA was performed on purified recombinant a-CP1 using a *’P-labeled
ssDNA sequence as a probe. Lane 1, purified a-CP1 without antibody;
lane 2, self-competition; lane 3, purified a-CP1 protein with an anti-His
antibody; lane 4, purified a-CP1 protein with a poly (A) competitor. The
a-CP1/poly(C) and a-CP1/poly(C)/His-antibody complexes are indicated
by arrows. EMSA, electrophoretic mobility shift assay; a-CP1, a-complex
protein 1; ss, single-stranded; PPy/u, polypyrimidine/polypurine.

and gene expression, a reporter assay was used. The mouse
construct in the p336/306 plasmid exhibited strong promoter
activity when compared with the human construct p322/292
promoter activity in mouse NS20Y cells (Fig. 2B).

Expression, folding and purification of a-CPI. a-CP1 is a
poly(C) binding protein, which is an ssDNA binding protein.
The mouse a-CP1 gene was cloned into the pET21b vector
and the recombinant a-CP1 protein contained a C-terminal
6X His tag. To obtain the optimal condition for expressing
the soluble a-CP1 protein in E. coli BL21 (DE3), various
conditions, including temperature for cell growth, cell culture
media and induction times were evaluated. However, all
conditions produced insoluble a-CP1. To obtain the maximum
production of insoluble a-CP1, the expression conditions were
optimized using a variety of options including temperatures
and IPTG concentrations. Under optimal conditions, produc-
tion of insoluble a-CP1 was ~30% (Fig. 3A). To optimize
the a-CP1 protein folding conditions, a spin-column protein
folding screening kit was used, which included nine different
protein-folding columns that represent the nine most promising
folding conditions. The #8 column from the kit was selected as
the optimal folding condition of the denatured a-CP1 protein
(Fig. 3B). Using Ni-NTA His-binding resin, denatured a-CP1
protein was purified with 8 M urea. The purified a-CP1 protein
was subsequently folded using the spin-column protein folding
screening kit #8 column. The purified and folded a-CP1
protein was confirmed using 10% SDS-PAGE and Coomassie
staining (Fig. 3C).

DNA binding property of a-CPI. To determine the physical
interaction of purified a-CP1 protein and single-stranded
PPy/u, DNA EMSA was performed using purified a-CP1
protein and **P-labeled single-stranded PPy/u oligonucleotide
(Fig. 4A). The specificity of a-CP1 protein/single-stranded
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Figure 5. Effect of a-CP1 on the mouse and human MOR gene in neuronal cells. (A) a-CP1 activates the PPy/u sequence-containing promoter (p336/306)
and MOR mRNA expression levels in a-CP1 cDNA-transfected mouse neuronal NS20Y cells. (B) a-CP1 does not activate the PPy/u sequence-containing
promoter (p322/292) and hMOR mRNA expression levels in a-CP1 cDNA-transfected human neuronal NMB cells. The luciferase activity is expressed as
n-fold relative to the activity of the luciferase reporter transfected with vector alone (assigned an activity value of 1.0). The transfection efficiencies were
normalized against 3-galactosidase activity. These data are representative of three independent experiments with at least two different plasmid preparations.
The bars indicate the range of the standard deviation. "P<0.05 vs. control. Total RNAs from NS20Y cells and NMB cells transfected with varying quantities
of pcDNA4-a-CP1 plasmid were reverse-transcribed into cDNA, which was used as a template for PCR using MOR gene-specific PCR primers and [-actin
primers as indicated. PCR products were electrophoresed on a 2% agarose gel and the relative densities of MOR mRNA were normalized to 3-actin. Only the
DNA vector was transfected, and 1 and 2 ug of each pcDNA4-a-CP1 plasmid DNA was transfected. The total quantity of DNA transfected was equalized using
vector pcDNA4 DNA. The results are of at least three independent transfection experiments performed in triplicate. a-CP1, a-complex protein 1; MOR, Mu
opioid receptor; PPy/u, polypyrimidine/polypurine; hMOR, human MOR; mMOR, mouse MOR; RT-PCR, reverse transcription-polymerase chain reaction.

PPy/u was verified using an unlabeled excess self-competitor
(Fig. 4B, lane 2) and poly A competitor (Fig. 3D, lane 4).
Furthermore, an anti-His antibody for DNA EMSA was used.
The formation of the a-CP1 protein/single-stranded-PPy/u
complex was abolished by the addition of a His antibody and
a super shift, indicating a specific interaction between a-CP1
protein and single-stranded PPy/u (Fig. 4B, lane 3).

Differential promoter activity and endogenous transcription
regulation between mouse and human MOR genes via a-CPI.
To examine differential promoter activity between mouse and
human MOR genes via the a-CP1 gene, an a-CP1 expres-
sion plasmid and mouse/human PPy/u sequence-containing
luciferase plasmids were co-transfected into mouse neuronal
cells (NS20Y). a-CP1 activated ~280% of p336/306 activity.
Additionally, an a-CP1 expression plasmid and human PPy/u
sequence-containing luciferase plasmid was co-transfected
into human neuronal cells (NMB). The a-CP1 did not activate
the p322/292 promoter (Fig. 5A and B). To estimate whether
transiently overexpressed a-CP1 results in the upregulation
of endogenous MOR transcripts, RT-PCR analysis using
MOR-specific primers was performed with total RNA from
the NS20Y and NMB cells transfected with varying quanti-
ties (0-2 pg) of pcDNA4-aCPl, as well as with the pcDNA4
vector control. a-CP1 upregulated endogenous mMOR gene
expression in a dose-dependent manner. However, the hMOR
gene was not upregulated by the a-CP1 gene. These results
indicate that a-CP1 acts as a transcriptional activator of the
mMOR gene dependent on the ssDNA structure. In addition,
the a-CP1 protein is important in the regulation of mMOR

gene expression. The human and mouse MOR genes contain
a similar PPy/u sequence, but exhibit differential MOR gene
regulation.

Discussion

Comparing two genomic sequences from mice and humans
provides strong resolving power. The conserved sequences
of associated species, namely human and mouse, exhibited
similar functions and gene regulation. The similar sequences
offer the opportunity of using the mouse as an animal model to
investigate human disease and biology (16,24). Understanding
MOR gene expression is particularly important to establish
its analgesic function in humans. Transcriptional regulation
of the MOR gene is predominantly investigated in mice, and
numerous transcription factors [Spl, Sp3, PCBP,RE-1 silencing
transcription factor and poly (ADP-ribose) polymerase 1] are
involved in mMOR gene regulation (25). In the present study,
the PPy/u region, a key element of MOR gene expression in
humans and mouse was investigated. Species-specific PPy/u
motifs differentially confer S1 nuclease hypersensitivity
under acidic pHs and exhibited transcription regulation. For
example, the PPy/u motif of cystic fibrosis, the transmembrane
conductance regulatory gene, is species specific (26). The
mouse PPy/u element of the MOR gene is highly homologous
to its human element (84%) (Fig. 1C) and the mMOR reporter
exhibited 35-fold increased luciferase activity when compared
with the hMOR reporter (Fig. 2B). The structural analysis of
reporter plasmids using S1 nuclease indicates that the mouse
PPy/u element has a special conformational structure, namely



538

an ssDNA region (Fig. 2A). The current study demonstrates
that the underlying mechanism of MOR gene activation by
the PPy/u motif in mice differs from that of humans based
on different DNA conformations. A previous study indicated
that the mouse PPy/u motif, a single stranded cis-regulatory
element, and PCBPI1, an a-CP1 trans-acting protein, are
important for MOR PP activity (15). The present study
demonstrated that a-CP1 enhanced MOR promoter activity
and endogenous MOR transcription via a-CP1 binding to the
ssDNA element (17). To the best of our knowledge, this is the
first study to solubilize, fold, purify and produce a function-
ally active a-CP1 for DNA EMSA analysis using the E. coli
protein expression system.

In the current study, differential promoter activity and
endogenous transcription regulation of the mouse and human
MOR gene by a-CP1 were investigated. A similar sequence
of the PPy/u motif in the human and mouse MOR promoter
exhibited a different pattern of promoter activity and endog-
enous transcription regulation (Fig. 5). Generally, the promoter
of the PPy/u sequence is sensitive to S1 nuclease and its
plasmid is regulated by single-stranded binding proteins (for
example, heterogeneous ribonucleoprotein K and PCBP1-3).
However, the hMOR promoter containing the PPy/u sequence
is insensitive to S1 nuclease and its plasmid was not regulated
by single-stranded binding protein a-CP1. The present study
hypothesized that plasmids containing human PPy/u do not
have a single-stranded DNA conformation.

In conclusion, the differing function of a-CP1 in humans and
mice is determined by its localization in the cell. The post-tran-
scriptional regulator a-CP1 is localized in the cytosol, whereas
the transcriptional regulator a-CP1 is localized in the nucleus.
Furthermore, transcriptional regulation of the MOR gene is
regulated by a-CP1 localization. To the best of our knowledge,
the present study is the first to compare the human and mouse
MOR genes based on PPy/u motif and a-CPI1. The results
partially can explain why MOR gene expression in humans and
mice have different responses to painful stimuli and morphine.
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