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Abstract Imidazoline receptor antisera-selected (IRAS) pro-
tein, the mouse homologue named Nischarin, was found to
target to early endosomes with properties of sorting nexins
in vitro. Recently, we generated IRAS knockout mice and
found IRAS deficiency exacerbated the analgesic tolerance
and physical dependence caused by opioids, suggesting that
IRAS plays a role in regulating μ opioid receptor (MOR)
functions. In the present study, we found that IRAS interacts
with MOR and regulates MOR trafficking in vitro. In the
CHO or HEK293 cells co-expressing MOR and IRAS, IRAS,
through its PX domain, interacted with MOR. The interaction
facilitated the recycling of internalized MOR and prevented
MOR downregulation induced by DAMGO, the MOR ago-
nist. Functionally, IRAS accelerated MOR resensitization and
attenuated DAMGO-induced MOR desensitization, which is
believed as one of mechanisms mediating opioid tolerance
and dependence. Taken together, we propose that IRAS is a
new MOR interacting protein and regulates agonist-induced
trafficking of MOR via sorting internalized MOR to the
recycling pathway, which may be a molecular mechanism
underlying IRAS modulating opioid tolerance and
dependence.

Keywords μOpioid receptor . Imidazoline receptor
antisera-selected protein . Interaction . Receptor trafficking

Introduction

Opioid analgesics are commonly used in clinic to treat acute
and chronic pain, while the development of profound toler-
ance and dependence caused by long-term use of opioids
limits analgesic efficacy and causes the side effect. Mu opioid
receptor (MOR) is a member of G protein-coupled receptors
(GPCRs), mediates the rewarding and analgesic effect of opi-
oids; on the other hand, MOR plays a central role in mediating
the side effects of opioids dependence and tolerance when
repeatedly being exposed to the drugs. Like many other
GPCRs, MOR undergoes multiple trafficking steps by agonist
activation. By the treatment of opioid agonists (e.g.,
DAMGO), MOR is phosphorylated by GPCR kinases and
then binds to β-arrestins, which in turn leads to the receptor
desensitization and internalization. The fates of the internal-
ized MOR are diverse: recycling of internalized MOR helps
resensitization and restores the functions, while the sorting to
lysosomes of the MOR leads to downregulation and further
attenuates cellular functions [1]. The trafficking processes,
particularly the desensitization and degradation, are consid-
ered to be involved in the development of tolerance and de-
pendence induced by opioids [2, 3].

Imidazoline receptor antisera-selected (IRAS) protein, a
candidate for I1 imidazoline receptor, was cloned from a hu-
man hippocampus cDNA expression library by Piletz et al.
[4]. Our lab previously reported that IRAS activated by
agmatine, the endogenous ligand for I1 imidazoline receptor
[5, 6], attenuated the dependence and tolerance to opioids.
Recently, we generated IRAS knockout mice and found IRAS
deficiency exacerbated the development of analgesic
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tolerance and physical dependence caused by MOR agonist
methadone [7], indicating that IRASmight serve as a regulator
for opioid functions. However, the mechanism for IRAS reg-
ulating opioid tolerance and dependence remains unclear.

There are lines of evidence suggesting that IRAS
might play a regulating role in the trafficking by
interacting with other protein. Lim and Hong reported
that IRAS targeted to early endosomes with the proper-
ties of sorting nexins (SNXs) [8]. Nischarin, the mouse
homologue of IRAS, could interact with α5 subunit of
integrin [9] and regulate the trafficking of salmonella-
containing vacuole by interacting with members of Rac
and Rab GTPase [2]. In the recent years, a growing
number of studies suggested that trafficking or signaling
of GPCRs are affected by the interaction with various
receptors or proteins. For example, synaptophysin en-
hances the MOR endocytosis and attenuates agonist-
induced receptor desensitization by interacting with
MOR [10]. The heterodimerization of somatostatin re-
ceptor and MOR cross-modulates phosphorylation, inter-
nalization, and desensitization of these receptors [11].
Regarding the property of IRAS, we hypothesized that
modulating of MOR trafficking might be involved in
the molecular mechanism of IRAS regulating opioid tol-
erance and dependence. In the present study, therefore,
we first checked whether IRAS and MOR interacted
with each other, and then investigated the role of IRAS
in MOR trafficking, including internalization, recycling,
and downregulation, as well as opioid-induced desensi-
tization and resensitization.

Materials and Methods

Plasmids and Recombinant Protein

The rat MOR coding sequences without the stop codon were
amplified from the receptor expression plasmids using sense
and antisense primers harboring unique cloning sites (EcoRI
and BglII). The PCR fragments were then inserted in-frame
into p3×FLAG (Sigma Chemical Company, MO, USA),
pDsRed, and peGFP-N1 vectors (Clontech, Mountain View,
CA, USA) to yield constructs named FLAG-MOR, RFP-
MOR, and eGFP-MOR. Likewise, the full-length hIRAS
was amplified by PCR and subcloned into pCMV-Myc vector
or peGFP-N1 vectors (Clontech, Mountain View, CA, USA).
The truncated IRAS with the deletion of 1–244 amino acids
(ΔPX-IRAS) were constructed by PCR with sense primer 5′-
GGGAATTCGGGAGCTCTTTGAGAAAGGAGAACAG-
3 ′ a n d a n t i - s e n s e p r i m e r 5 ′ -
GGGGTACCCTAAGGCCGGTGAGCTCGACAGGCAG-
CT-3′. Then, the fragments were subcloned into pCMV-Myc
utilizing EcoRI/KpnI restriction sites.

Cell Culture

Human embryonic kidney 293 (HEK293) cells were cultured
in DMEM (Life Technologies, CA, USA) supplemented with
10 % FBS (Gibco, Grand Island, NY, USA) at 37 °C with 5 %
CO2. Chinese hamster ovary (CHO) cells stably expressing
MOR (CHO-MOR) or co-expressing MOR and IRAS (CHO-
MOR/IRAS) were cultured in DMEM supplemented with
10 % FBS and 50 μg/ml hygromycin B or 50 μg/ml
hygromycin B and 200 μg/ml geneticin (Roche, Mannheim,
Germany), respectively.

Flow Cytometric Analysis

Internalization and recycling of MOR were assessed using
fluorescence-activated cell sorting analysis (FACS) as de-
scribed previously [12]. To estimate internalization, cells were
incubated with 5 μM DAMGO with or without 50 μM
monensin (Sigma, St. Louis, MO, USA) for the indicated
intervals at 37 °C. To measure recycling, cells were first ex-
posed to DAMGO for 1 h to induce internalization and then
washed at 37 °C for indicated time. After internalization or
recycling, cells were harvested and washed twice with ice-
cold PBS by centrifugation (400g×5 min, 4 °C), and subse-
quently blocked in 5 % BSA for 1 h. Detection of cell surface
MOR using N-terminal MOR antibody (AOR-011, Alomone
Labs, Alomone Labs Ltd., Israel) at 4 °C for 4 h. Cells were
then washed twice with ice-cold PBS and incubated with
FITC-conjugated secondary antibody (1:100, BD Biosci-
ences, CA, USA) for 1 h at 4 °C. After being washed twice
with ice-cold PBS and fixed in 2 % paraformaldehyde, cells
were subjected to flow cytometry and analyzed using
FACSVantage™ SE system (BD Biosciences, CA, USA)
equipped with a 488-nm argon laser.

Immunofluorescence Microscopy

The cells transfected with Myc epitope-tagged IRAS (Myc-
IRAS) and/or FLAG-tagged MOR (FLAG-MOR) were
washed three times with cold PBS, and fixed in acetone for
10 min at −20 °C. Then, cells were washed three times and
blocked in 10 % FBS for 1 h at room temperature. Primary
antibody incubation was done overnight at 4 °C. Anti-Myc
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-
MOR (AOR-011), anti-FLAG, anti-rab5, and anti-rab7 anti-
bodies (Cell Signaling Technology, Beverly, MA, USA) were
used at a dilution 1:100. For detecting the endogenous local-
ization of IRAS and MOR, the rat was perfused with 4 %
paraformaldehyde in 0.1 M PBS. Brains were post-fixed over-
night in the same solution and transferred to 30 % sucrose
until they were on the bottom. Thirty-micrometer-thick sec-
tions were cut and then processed for immunofluorescence.
The brain sections were blocked in 10 % FBS for 1 h at room
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temperature, followed by overnight incubation with a mixture
of an anti-MOR antibody (AOR-01, 1:100 dilution) and anti-
IRAS antibody (established by our laboratory [13], 1:100 di-
lution). The next day, the cell slides or brain sections were
incubated by goat anti-mouse FITC conjugated secondary an-
tibody (1:100) and goat anti-rabbit TRITC conjugated second-
ary antibody (1:100) for 1 h at room temperature. The immu-
nofluorescence stainings were viewed using a confocal laser-
scanning microscope (Nikon, Japan) attached to a Radiance
2000 imaging system (BioRad, Hercules, CA, USA).

Assays of cAMPAccumulation

Receptor desensitization and resensitization was determined
by measurement of cAMP levels. Approximately 1.0×105

cells per well were plated onto 24-well plates overnight. The
level of cAMP was measured by Cisbio cAMP kits (Cisbio
Bioassays, France). For desensitization assay, cells were incu-
bated with 5 μMDAMGO for the indicated intervals at 37 °C.
For resensitization assay, cells were first exposed to 5 μM
DAMGO for 4 h to induce desensitization and then washed
at 37 °C for indicated time. Then, the cells were harvested at
the concentration of 1.6×106/ml in stimulation buffer (HBSS
containing 5 mM HEPES, 0.1 % BSA, 0.05 mM IBMX) at
4 °C and then stimulated by 2 μM forskolin in the presence or
absence of 5 μM DAMGO for 20 min at 37 °C. Then, the
extracted cAMP content was measured according to the in-
struction of Cisbio cAMP kits.

Co-Immunoprecipitation Experiments

Transfected HEK293 cells or CHO cells were washed twice
with PBS and lysed for 30 min in a radioimmunoprecipitation
assay buffer containing 50 mM Tris–HCl (pH 7.4), 150 mM
NaCl, 5 mM EDTA, 0.5 % Nonidet P-40 and complete prote-
ase inhibitor cocktail (Roche Diagnostics GmbH, Mannheim,
Germany). Immunoprecipitation was carried out overnight at
4 °C with 2 μg of anti-Myc, anti-FLAG, or anti-MOR anti-
body (Santa Cruz Biotechnology, CA, USA) in the presence
of Protein A and G magnetic beads (Millipore Corporation,
Billerica, MA, USA). The beads were then washed four times
with RIPA buffer and analyzed by Western blotting.

Western Blotting Analysis

Western blotting was used for analysis of total MOR. After
treatment by DAMGO, cells were washed with ice-cold PBS
and then lysed for 30 min at 4 °C in the lysis buffer (50 mM
Tris, 150 mMNaCl, 1 mM EDTA, 1 mM EGTA, 1 % NP-40,
0.01 % SDS, 0.5 % sodium deoxycholate, 1 mg/L PMSF,
1 mM DTT, and complete protease inhibitor cocktail). The
lysate was then centrifuged at 12,000g for 20 min at 4 °C.
Proteins were separated by SDS-PAGE and transferred to

nitrocellulose membranes. Primary antibodies incubated at
4 °C overnight with the anti-MOR antibody (Santa Cruz Bio-
technology, CA, USA). Bound primary antibodies were de-
tected with peroxidase-labeled secondary antibodies, and im-
munoreactive proteins were visualized using the ECL kit.

Radioligand Binding Assay

Radioligand binding assay was used for measuring the MOR
in the membrane surface. Cells were treated with 5 μM
DAMGO for 16 h at 37 °C. After incubation, cells were rinsed
three times with phosphate-buffered saline to remove
DAMGO and then harvested to prepare membrane for mea-
suring [3H]diprenorphine (NEN, Boston, MA, USA) binding.
Membrane preparation and [3H]diprenorphine binding assays
were done according to the previous report [14].

Living Cell Fluorescence and FRET Imaging

HEK293 cells transiently-expressing various eGFP/RFP-
tagged proteins were grown on glass coverslips mounted in
a microscope chamber and placed on a microscope stage. For
experiments at 37 °C, a microscopy chamber was mounted
onto the temperature-controlled adapter on the microscope
stage. The fluorescence imaging workstation consisted of an
inverted fluorescence microscope equipped with a ×60 oil
immersion objective lens (Nikon Eclipse Ti-E, Japan) with
an UltraView spinning disk confocal scanner unit (Perkin
Elmer, Boston, MA, USA). Time-lapse images were taken at
5-min intervals. The method of normalization of fluorescence
resonance energy transfer (FRET) measurement has been de-
scribed previously [15]. Briefly, images were acquired se-
quentially through eGFP, RFP, and FRET filter channels. Fil-
ters were RFP (excitation, 561 nm; emission, 615/70 nm),
eGFP (excitation, 488 nm; emission, 527/55 nm), and FRET
(excitation, 488 nm; emission, 615/70 nm). FRET images are
presented in sensitized emission mode. Because the normal-
ized FRET (NFRET) values are functions of both the FRET
efficiency (distant dependence) and the ratio of donor-
acceptor complex to total donors or acceptors (concentration
and affinity dependence), it is more reliable to quantify
NFRET in cells to reflect the interactions between proteins
independently of their protein expression levels. NFRET
values for individual cellular compartments were calculated
according to the following equation: NFRET=(IFRET− (a×
IRFP)−(b×IeGFP)/Sqrt(IRFP×IeGFP). IFRET, IRFP, and IeGFP are
intensities in each region of interest, where FRET, RFP, and
eGFP correspond to background-subtracted images of cells
co-expressing RFP and eGFP acquired through the FRET,
RFP, and eGFP channels, respectively. The values for the
bleed-through varied with different imaging systems, which
were determined by analyzing images of cells expressing only
eGFP or RFP and quantifying the relative intensity ratio under
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the FRET/eGFP or FRET/RFP filter sets. All calculations
were performed using the volocity 6.0 software.

Statistical Analysis

Data were expressed as mean±SEM. Statistical analyses were
performed by two-way ANOVA followed by Bonferroni test
or t test. A p value of <0.05 was considered significant.

Results

Co-localization of IRAS and MOR

In order to investigate the role of IRAS in agonist-induced
MOR trafficking, we first observed the distribution of MOR
and IRAS in both transfected cells and cortex neurons. In
HEK293 cells co-transfected with Myc-IRAS and FLAG-
MOR, some of IRAS uniformly localized in the cytosol and
some of them clustered in the cytoplasm (Fig. 1a). MOR
mainly localized on the plasma membrane, and some of them
were constitutively internalized into the cytoplasm. Co-
localization of IRAS and MORwas detected in the inner plas-
ma membrane surface and in the intracellular puncta (Fig. 1a).
Then, the distribution of IRAS and MOR was investigated in
the rat cerebral cortex by immunofluorescence using antibod-
ies against IRAS and MOR. Some of endogenous IRAS was
found uniformly in the cytosol and also distributed as puncta
around the cell nucleus, consistent with the distribution of
IRAS in the transfected cells. IRAS and MOR co-localized
mainly in the inner plasma membrane surface in many neu-
rons of the cerebral cortex (Fig. 1b).

Then, we further examined the subcellular distribution of
IRAS indicated by the following markers: rab5 (early/
recycling endosomes), rab4 (short recycling endosomes),
rab11 (late recycling endosomes), and rab7 (late endosomes).
Figure 2 showed that IRASmostly co-localized with the early/
recycling endosome compartment, as indicated by rab5, and in
short recycling endosomal compartments marked by rab4.
Little co-localization was observed with the late recycling
endosome marker rab11 and the late endosome marker rab7.
Therefore, the observations suggested that IRAS was associ-
ated with the early/recycling endosomes and may participate
in regulating the process of receptor trafficking.

Interaction of IRAS and MOR

To examine whether MOR interacts with IRAS, the co-
immunoprecipitation was tested in HEK293 cells transiently
transfected with Myc-IRAS and FLAG-MOR. MOR and
IRAS showed as protein bands of Mr ~70 and ~210 kDa,
respectively. Anti-FLAG-tagged MOR immunoprecipitated
materials contained Myc-IRAS from the lysates of the cells

co-expressing Myc-IRAS and FLAG-MOR, but not in the
cells expressing Myc-IRAS and FLAG vector (Fig. 3a). Con-
versely, immunoprecipitation of IRAS with anti-Myc anti-
body co-immunoprecipitated FLAG-MOR in the cells co-
expressing Myc-IRAS and FLAG-MOR, but not in the cells
expressing FLAG-MOR and Myc vector (Fig. 3a). The unre-
lated protein GFP bound neither MOR nor IRAS under iden-
tical conditions from cells expressing FLAG-MOR or Myc-
IRAS and GFP in these assays (data not shown). In order to
preclude the artifact of IRAS/MOR interaction which might
be due to the high transfection in the specific cells, the co-
immunoprecipitation was tested in the CHO cells stably
transfected with IRAS and MOR (CHO-MOR/IRAS cells).
CHO-MOR/IRAS cells expressed relative lower levels of
MOR and IRAS (Bmax and Kd values of MOR were
1.83 pmol/mg protein and 0.24 nM, Bmax and Kd of IRASwere
184.0 fmol/mg protein and 15.75 nM) [6]. CHO-MOR/IRAS
cells were lysed and immunoprecipitated with rabbit anti-MOR
antibody. The results showed the band of IRAS was detected
in the MOR immunoprecipitate, but not in the rabbit normal
IgG control, indicating that the co-immunoprecipitation of
IRAS and MOR was formed in the cell line (Fig. 3b).

To examine whether the interaction of IRAS and MOR
was affected by agonist stimulation, CHO-MOR cells
transfected with Myc-IRAS were treated by DAMGO
(5 μM) for 30 min. As shown in Fig. 3c, the immunoflu-
orescence pictures demonstrated that FLAG-MOR was in-
ternalized into the cytosol induced by DAMGO, where
FLAG-MOR was co-localized with Myc-IRAS. Co-
immunoprecipitation assay was used to quantify the effect
of DAMGO on the interaction. Figure 3c shows DAMGO
treatment (5 μM) for 30 min significantly increased the
amount of co-immunoprecipitation of FLAG-MOR and
Myc-IRAS, suggesting that stimulation of MOR led to
an increasing interaction between MOR and IRAS.

For investigating which region is necessary to medi-
ate the interaction of MOR/IRAS, a mutant of IRAS
with deletion of PX domain (1–244 amino acids) was
generated. Full-length Myc-IRAS or the mutant of IRAS
(Myc-ΔPX-IRAS) was transfected into the CHO cells
stably expressing MOR. As shown in Fig. 3d,
Myc-ΔPX-IRAS was distributed uniformly in the cyto-
sol (Fig. 3d, see immunofluorescence pictures), which
was different from the punctate distribution of Myc-
IRAS shown above (see Fig. 1a). Notably, in contrast
to full-length Myc-IRAS, Myc-ΔPX-IRAS did not co-
immunoprecipitate with MOR (Fig. 3d, see co-immuno-
precipitation), indicating that PX domain of IRAS was a
key region for the interaction between IRAS and MOR.
Immunofluorescence showed DAMGO treatment in-
duced the internalization of MOR with IRAS, without
affecting the localization of Myc-ΔPX-IRAS (Fig. 3d,
see immunofluorescence pictures).
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The living cell fluorescence combined with FRET anal-
ysis was used to further confirm the interaction of MOR/
IRAS. RFP-MOR and eGFP-MOR were co-expressed in
HEK293 cells as the positive control since MOR was
reported to form homodimers and/or higher-order oligo-
mers [16]. HEK293 cells co-transfected with RFP-MOR
and eGFP was used as a negative control. Consistent with
the previous reports, the present data demonstrated a
strong NFRET signal between RFP-MOR and eGFP-
MOR (Fig. 4a). In contrast, no NFRET signal was seen
in RFP-MOR and eGFP (Fig. 4c). In the HEK293 cells
co-transfected with eGFP-IRAS and RFP-MOR, signifi-
cant NFRET signals were detected between RFP-MOR
and eGFP-IRAS (Fig. 4b), which localized on the inner
surface of plasma membrane and in the cytoplasm.

IRAS Attenuated DAMGO-Induced Reduction of Cell
Surface MOR by Facilitating MOR Recycling

To investigate whether the interaction of MOR/IRAS would
affect MOR trafficking, HEK293 cells co-transfected with
eGFP-IRAS/RFP-MOR were stimulated with DAMGO
(5 μM) for 30 min. The movement of eGFP-IRAS or RFP-
MOR and their interaction were visualized at 5-min intervals
by living cell FRET imaging. As shown in Fig. 5a, DAMGO
promoted the internalization of RFP-MOR. Interestingly, the
complex of RFP-MOR/eGFP-IRAS as indicated by the
NFRET signals was also moved to the cytoplasm gradually
along with the internalized RFP-MOR by prolonged treatment
of DAMGO (Fig. 5a, N-FRET with DAMGO treatment 0–
30 min). By contrast, in HEK293 cells co-transfected with

Fig. 1 Distribution and partial co-localization of IRAS and MOR. a
Distribution of IRAS and MOR in the HEK293 cells transiently
transfected with Myc-IRAS and FLAG-MOR. The cells were fixed and
subjected to immunofluorescence staining with anti-FLAG antibody
followed by TRITC-conjugated anti-rabbit IgG for MOR (red) and anti-
Myc antibody followed by FITC conjugated anti-mouse IgG for IRAS
(green). Co-localization of IRAS and MOR was observed mainly in the
inner plasma membrane, and some in the cytoplasm. b Distribution of

IRAS and MOR in the neurons of rat cerebral cortex. The distribution of
endogenous MOR and IRAS was determined by immunofluorescence
with anti-MOR followed by TRITC conjugated anti-rabbit IgG for
MOR (red) and anti-IRAS antibody followed by FITC conjugated anti-
mouse IgG for IRAS (green). MOR and IRAS are co-localized in the
inner plasma membrane in many neurons of the cortex. Scale bar
20 μm (color figure online)
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RFP-MOR and eGFP-MOR, eGFP or RFP-tagged MOR was
internalized by DAMGO stimulation, but most of NFRET

signal in RFP-MOR/eGFP-MOR still stayed in the plasma
membrane (Fig. 5b).

To further determine the effect of interaction of IRAS/
MOR on MOR trafficking, HEK293 cells expressing eGFP-
IRAS/RFP-MOR was pretreated with the recycling inhibitor
monensin (50 μM) for 1 h. Intriguingly, the NFRET signal of
eGFP-IRAS/RFP-MOR interaction almost disappeared by
monensin pretreatment, suggesting that the interaction of
IRAS and MOR might associate with MOR recycling

�Fig. 2 Association of IRAS with Rab5 and Rab4-containing endosomes
in CHO cells transiently transfected with Myc-IRAS. Forty-eight hours
after transfection with IRAS, the cells were fixed and subjected to
immunofluorescence staining with anti-Myc antibody followed by
FITC conjugated anti-mouse IgG (green) and anti-rab5, rab4, rab7, or
rab11 antibody followed by TRITC conjugated anti-rabbit IgG (red)
(color figure online)

Fig. 3 Co-immunoprecipitation of MOR and IRAS. a Co-
immunoprecipitation of MOR and IRAS in HEK293 cells transfected
with Myc-IRAS and FLAG-MOR. HEK293 cells transiently transfected
with Myc-IRAS, FLAG-MOR, or both were lysed and subjected to
immunoprecipitation with anti-FLAG or anti-Myc antibodies.
Immunoprecipitated materials were subjected to SDS-PAGE and
immunoblotting was performed with anti-Myc or anti-FLAG antibody,
respectively. n=3, ***p<0.001, t test. b Co-immunoprecipitation of
MOR and IRAS in CHO cells stably transfected with IRAS and MOR
(CHO-MOR/IRAS cells). Immunoprecipitation was performed with
rabbit polyclonal anti-MOR or a control IgG and immunoblotting was
performed with mouse monoclonal anti-IRAS. c The effect of DAMGO
on the interaction of MOR and IRAS. CHO-MOR cells transiently

transfected with Myc-IRAS were treated with DAMGO (5 μM) for
30 min at 37 °C; then, immunofluorescence and co-immunoprecipitated
experiments was performed. n=3, **p<0.01, DAMGO treatment cells
versus vehicle treatment cells, t test. d The effect of PX domain of IRAS
on the interaction of MOR and IRAS. CHO-MOR cells were transfected
with full-length Myc-IRAS or Myc-ΔPX-IRAS. Forty-eight hours after
transfection, immunofluorescence for detecting the distribution of IRAS
and MOR was performed by using anti-Myc antibody and anti-FLAG
antibody. For co-immunoprecipitation experiment, the cells lysates were
immunoprecipitated with anti-Myc antibody and immunoblotted with
anti-FLAG antibody. n=4, ***p<0.001, cells with co-expressing MOR
and Myc-IRAS versus cells with co-expressing MOR and Myc-ΔPX-
IRAS, t test
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(Fig. 5c, see NFRETof eGFP-IRAS/RFP-MOR). The images
also clearly showed that pretreatment of monensin led to the
faster internalization of RFP-MOR induced by DAMGO,
which was supposed to be due to the poor recycling of
MOR back to the plasma membrane (Fig. 5c, see internalized
RFP-MOR).

Then flow cytometry analysis was used to measure the
internalization and recycling of MOR in CHO-MOR or
CHO-MOR/IRAS cells. Results showed that treatment of
DAMGO (5 μM) produced a decreased level of MOR in the
cell surface of CHO-MOR cells. By contrast, MOR in the cell
surface decreased at a lower speed in the presence of IRAS
(Fig. 6a). Two-way ANOVA revealed a significant difference
between groups (effect of IRAS: F(1,50)=43.07, p<0.001;
time of treatment: F(4,50)=24.03, p<0.001; interaction:
F(4,50)=4.45, p<0.01). Bonferroni post hoc analyses re-
vealed that there was significant difference in the decreased
MOR in the surface by treatment of DAMGO for 10 and
30 min between CHO-MOR and CHO-MOR/IRAS cells
(p<0.001, CHO-MOR vs CHO-MOR/IRAS).

Monensin, the recycling inhibitor, however, dimin-
ished the effect of IRAS on regulating the internaliza-
tion of MOR. As Fig. 6a shows, the cell surface MOR
decreased at a similar rate in CHO-MOR cells and
CHO-MOR/IRAS cells after monensin pretreatment
(Fig. 6a). These results suggested IRAS might regulate
the plasma membrane number of MOR by modulating

its recycling. To test this hypothesis, we then examined
the effect of IRAS on recycling of MOR by removal of
DAMGO after internalization. As we expected, MOR
recycled back to cell surface at a faster rate in CHO-
MOR/IRAS cells comparing with that in CHO-MOR
cells. Two-way ANOVA revealed the effect of IRAS
in MOR recycling (Fig. 6b) (effect of IRAS: F(1,45)=
24.22, p<0.0001; time of treatment: F(4,50)=6.25,
p < 0.0001; in terac t ion : F (4 ,50) = 0.5 , p > 0.05) .
Bonferroni post hoc analyses revealed that there was
significant difference in the MOR recycling by free of
DAMGO for 5 and 10 min between CHO-MOR and
CHO-MOR/IRAS cells (p<0.05, CHO-MOR vs CHO-
MOR/IRAS), indicating that IRAS increased the
recycling of MOR.

IRAS Prevented DAMGO-Induced Downregulation
of MOR

After agonist-induced receptor internalization, internal-
ized receptors are either recycled to cell surface or
sorted to lysosomes for degradation. We then examined
whether IRAS affected the downregulation of MOR.
Treatment of DAMGO (5 μM) for 16 h resulted in a
significant downregulation of MOR in CHO-MOR cells.
Notably, downregulation of total and cell surface level
of MOR was attenuated in the presence of IRAS

Fig. 4 Interaction between the MOR and IRAS by FRET assay. a
HEK293 cells transiently transfected with RFP-MOR and eGFP-MOR
were used as the positive control. Forty-eight hours later, RFP, eGFP,
FRET, and N-FRET images were acquired as described in “Materials
and Methods.” RFP-MOR and eGFP-MOR showed the interaction with
each other as indicated by a strong NFRET signal. b Interaction and co-
localization of IRAS and MOR. RFP-MOR and eGFP-IRAS were

transiently co-transfected into HEK293 cells. Forty-eight hours later,
RFP, eGFP, FRET, and NFRET images were acquired. The significant
NFRET signal between RFP-MOR and eGFP-IRAS suggested the
interaction between them. c HEK293 cells transfected with RFP-MOR
and eGFP were used as the negative control. RFP-MOR and eGFP
showed no N-FRET signal
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(Fig. 7a, b). Two-way ANOVA analysis showed IRAS
played a role in regulating the down-regulation of total
MOR (effect of IRAS: F(1,20)=16.38, p<0.001; treat-
ment: F(3,20)=8.15, p<0.001; interaction: F(3,20)=
18.68, p<0.001;). Bonferroni post hoc analyses revealed
that IRAS expression significantly attenuated total MOR
downregulation induced by DAMGO treatment (p<0.01,
CHO-MOR vs CHO-MOR/IRAS). In addition, monensin
pretreatment eliminated the effect of IRAS on regulating
MOR downregulation, suggesting that recycling of inter-
nalized MOR might contribute to the effect of IRAS on
decreasing MOR downregulation (Fig. 7b).

We then asked whether the effect of IRAS on regu-
lating MOR depends on the interaction between IRAS
and MOR. As shown above, the PX domain of IRAS
mediates the interaction of IRAS/MOR. Figure 7c
shows that the mutant of IRAS deleting off the PX
domain (ΔPX-IRAS) failed to inhibit DAMGO-induced
downregulation of MOR, indicating that the interaction
between IRAS and MOR was necessary for IRAS reg-
ulating MOR downregulation.

IRAS Decreased MOR Desensitization and Facilitated Its
Resensitization

Functionally, we examined whether IRAS affected DAMGO-
induced desensitization of MOR. CHO-MOR and CHO-
MOR/IRAS cells were pre-incubated with DAMGO (5 μM)
for various time; then, DAMGO-induced inhibition of cAMP
accumulation by forskolin stimulation was measured. As
Fig. 8a shows, the desensitization of MOR in CHO-MOR/
IRAS cells did not exhibit significant difference from that in
CHO-MOR cells until the time of DAMGO treatment was
prolonged to 4 h. About 40 and 60 % loss was observed in
DAMGO-induced inhibition of cAMP in CHO-MOR cell af-
ter 4 and 16 h of DAMGO pretreatment, respectively, whereas
20 and 32 % loss of this function was observed in the CHO-
MOR/IRAS cells (Fig. 8a), suggesting that IRAS expression
decreased the long-term desensitization of MOR.

We next investigated whether IRAS affected MOR
resensitization induced by removal of DAMGO after desensi-
tization. Figure 8b shows that MOR restored its function in
decreasing cAMP accumulation in both CHO-MOR and

Fig. 5 Analysis of the MOR internalization by live cell fluorescence and
FRET imaging. a The interaction of RFP-MOR/eGFP-IRAS and the
MOR internalization was influenced by DAMGO treatment. RFP-MOR
and eGFP-IRAS were transiently co-transfected in HEK293 cells for
48 h. The cells were then incubated with DAMGO (5 μM) for 30 min
and were photographed at every 5 min. b Effect of DAMGO stimulation
on the interaction of RFP-MOR/eGFP-MOR and the MOR
internalization. RFP-MOR and eGFP-MOR were transiently co-
transfected in HEK293 cells for 48 h. The significant internalization of

MOR, but little internalization of the complex of RFP-MOR/eGFP-
MOR, was observed during DAMGO treatment for 30 min. c The
effect of monensin on the interaction of IRAS and MOR. HEK-RFP-
MOR/eGFP-IRAS cells were pretreated with monensin (50 μM), and
then incubated with DAMGO (5 μM) for 30 min. With the
pretreatment of monensin, the internalization of RFP-MOR or eGFP-
IRAS was increased; however, monensin decreased the interaction of
RFP-MOR/eGFP-IRAS and blocked the recycling of MOR
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CHO-MOR/IRAS. By comparison, MOR resensitization was
higher in CHO-MOR/IRAS (the percentage of resensitization
was about 17 %) than that in CHO-MOR cell (the percentage
of resensitization was about 11 %) by 60 min of DAMGO
removal.

Discussion

We previously showed that IRAS had a potential role in mod-
ulating opioid tolerance and dependence in vivo by using the
pharmacological [5, 6] and genetic methods [7], while the
underlying mechanism remained unknown. In the present
study, for the first time, we demonstrate that IRAS interacts
with MOR and regulates MOR trafficking in vitro. By
interacting with MOR, IRAS facilitates the recycling of inter-
nalized MOR and prevents its downregulation, and hence
functionally attenuates opioid-induced desensitization and ac-
celerates resensitization of MOR. Thus, we proposed that
IRAS might be a novel protein to interact with MOR and
regulate MOR function activated by opioids.

In the present study, we observed that IRAS localized in the
cytoplasma, where some of them were assembled as cluster
and co-localized well with rab5 (the marker of early/recycling
endosomes) and rab4 (the marker of short recycling
endosomes). This indicated that IRAS was associated with
early/recycling endosomes compartment, consistent with the
results of Lim and Hong [8]. Since Rab family regulates the
intracellular trafficking of membrane proteins, including
GPCRs [17], the distribution of IRAS suggested it may be
involved in the process of MOR trafficking. Additionally,
the interaction of IRAS and MOR indicated as NFRET signal
moved into the cytosol along with the internalization of MOR
induced by DMAGO, further suggesting that IRAS may be
associated with the process of MOR trafficking.

Our data revealed that the interaction of IRAS and MOR
mediated by PX domain of IRAS played a role in trafficking
of internalized MOR. PX domains, known to be involved in
phosphoinositide binding, are found in a number of proteins
involved in signaling and trafficking, such as SNXs [18]. PX
domain also acts as a scaffolding protein to regulate the func-
tions of other protein [19–21]. By analyzing the structure of
IRAS, Piletz suggested that the PX domain of IRAS is one of
the important domains which mediated protein-protein or
protein-membrane interactions [4]. Lim and Hong also pro-
posed that PX may contribute to the effect of IRAS in the
trafficking since they found that PX domain (monomer) of
IRAS has affinity for early/sorting and recycling endosomes
[8]. The present study demonstrated PX domain of IRAS me-
diated its interaction withMOR, providing the direct evidence
that PX domain participated in the functions of IRAS.

Following agonist treatment, internalized GPCRs are either
recycled to plasma membranes or sorted to lysosomes for
degradation. Some GPCRs are predominantly recycled, for
example, the β2-adrenergic [22] and NK1 tachykinin recep-
tors [23], while others are mainly trafficked for degradation,
for example, the δ opioid receptor [24] and protease-activated
receptor-1 [25]. We showed that IRAS regulated MOR traf-
ficking induced by DAMGO that manifested as fasting the
recycling of the internalized MOR and decreasing its

Fig. 6 Effect of IRAS on MOR internalization and recycling. a Time
course of MOR internalization induced by DAMGO with or without the
pretreatment of monensin. CHO-MOR or CHO-MOR/IRAS cells were
incubated by DAMGO (5 μM) for 0–60 min with or without monensin
(50 μM) pretreatment at 37 °C. Cell surface MOR was labeled with anti-
N terminal MOR antibody followed by FITC conjugated anti-rabbit IgG
andmeasured by FACS analysis with being quantified as% of control cell
surface MOR (without DAMGO treatment). n=5, ***p<0.001, versus
CHO-MOR, two-way ANOVA followed by Bonferroni test. b Time
course of MOR recycling. CHO-MOR or CHO-MOR/IRAS cells were
exposed to DAMGO (5 μM) for 1 h to induce internalization and then
washed at 37 °C for 0–60min. Cell surfaceMORwasmeasured by FACS
analysis and quantified as % of control cell surface MOR (without
DAMGO treatment). n=5, *p<0.05, versus CHO-MOR, two-way
ANOVA followed by Bonferroni test
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downregulation. Moreover, IRAS promoted MOR
resensitization and attenuated MOR desensitization. Several
factors affect the development of desensitization. The rapid
desensitization (within several minutes) is presumably due to
the phosphorylation and arrestin binding to the receptor, and
long-term loss of MOR function may be owing to the receptor
degradation, loss of recycling, and cellular adaptation. We
found that IRAS expression did not significantly change the
rapid desensitization of MOR, but decreased the desensitiza-
tion induced by prolonged treatment of DAMGO. We specu-
lated that the possible mechanism that IRAS attenuated the
desensitization of MOR function in the delayed period might
be related to the facilitated recycling and decreased degrada-
tion of MOR mediated by interacting with IRAS.

The dynamic nature of receptor recycling and degradation
contributes oppositely to the development of desensitization
[26, 27], and desensitization is believed to be a key event
leading to tolerance and dependence induced by opioid [28,
29]. Multiple evidence showed desensitization manifested as
the impairedMOR-effector coupling that measured in isolated
tissues, neurons, and membrane preparations after chronic
morphine treatment [30, 29]. Since we found IRAS facilitated
MOR recycling and resensitization and attenuated desensiti-
zation, it is reasonable to speculate that IRASmight play a role
in modulating MOR tolerance to opioid agonist. Indeed, we
recently found that IRAS knockout mice showed the increased
analgesic tolerance and physical dependence induced by
chronic exposure to methadone [7], which is consistent to
our hypothesis that opioid tolerance and dependence was de-
creased in the presence of IRAS. Moreover, accumulating

results showed that morphine dependence and tolerance was
attenuated by administration of endogenous imidazoline re-
ceptor ligand, agmatine [5], as well as imidazoline I1/α2 ad-
renergic receptor agonist, clonidine [31], while aggravated by
imidazoline receptor nonspecific antagonist, idazoxan [32],
further supporting the effect of IRAS activation on regulating
opioid function. Although we cannot preclude the other fac-
tors probably involved in the elevated tolerance and depen-
dence in the absence of IRAS in vivo, such as the changed
neurotransmitter or the downstream signal pathway, the
change of MOR trafficking mediated by IRAS should be con-
sidered as one of the important cellular mechanisms underly-
ing the development of opioid tolerance and dependence.

Some protein or receptor modification that determines the
fate of internalized receptors has been identified so far. The
proteins that are shown to be involved in recycling of GPCRs,
such as N-ethylmaleimide-sensitive factor for the β2-
adrenergic receptor [33], EBP50/NHERF-1 for the β2-
adrenergic and κ opioid receptors [34], and GASP-1 for a
number of receptors such as δ opioid receptors and cannabi-
noid 1 receptors [3, 35]. Now, IRAS is herein identified as a
protein of which binding to MOR and causes MOR sorting to
the recycling route, which provides one of the important cel-
lular mechanisms of IRAS for decreasing opioid tolerance and
dependence. By extension, since IRAS acts as a SNX to reg-
ulate MOR trafficking, whether the property of IRAS would
generalize to the receptors other than MOR is needed for in-
vestigation in the future.

In conclusion, we demonstrate for the first time that IRAS
interacts with MOR. Functionally, IRAS regulates the

Fig. 7 Effect of IRAS on MOR degradation. a IRAS inhibited the
downregulation of MOR in the membrane as determined with
[3H]diprenorphine binding. CHO-MOR or CHO-MOR/IRAS cells were
treated by DAMGO (5 μM) for 16 h. Membranes were prepared, and
[3H]diprenorphine binding assay (1 nM) was performed. n=3, *p<0.05,
CHO-MOR/IRAS versus CHO-MOR, #P<0.05, versus DAMGO-
untreated group, two-way ANOVA followed by Bonferroni test. b
IRAS inhibited the downregulation of MOR in the total cell as
determined with immunoblotting, which was reversed by monensin
pretreatment. CHO-MOR or CHO-MOR/IRAS cells were treated with

DAMGO (5 μM) for 16 h with or without monensin pretreatment for
(50 μM) for 1 h. Cells were lysed, and MOR was detected with
immunoblotting with anti-MOR antibodies and quantified. n=4,
*p<0.05, **p<0.01, two-way ANOVA followed by Bonferroni test. c
The effect of deletion off PX domain from IRAS on MOR
downregulation. After CHO-MOR was transfected with full-length
IRAS or IRAS lack of PX domain for 48 h, the cells were treated with
DAMGO (5 μM) for 16 h, and then MOR was detected by
immunoblotting. n=3, *p<0.05, two-way ANOVA followed by
Bonferroni test
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trafficking of MOR via sorting internalized MOR to the
recycling pathway and hence attenuates the desensitization and
facilitates the resensitization of MOR, indicating that IRAS is
one of important proteins to modulate opioid tolerance and
dependence.
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