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1. Introduction
1-1. Addicsin
Addicsin, also known as Arl6ip5, was identified as a 23-kDa hydrophobic protein
encoded by a novel mRNA that is highly upregulated in the amygdala nuclei of
repeated morphine-administered mice (Ikemoto et al., 2002). Addicsin is murine
homolog of rat glutamate transporter associated protein 3-18 (GTRAP3-18), a negative
modulator of Na+-dependent neuronal glutamate transporter excitatory amino acid
carrier 1 (EAAC1), human JWA, an all-trans retinoic acid-responsive factor, and
prenylated Rab acceptor 1 domain family member 3 (PRAF3), a microtubule associated
protein motif (Butchbach et al., 2002; Fo et al., 2006; Ikemoto et al., 2002; Lin et al.,
2001).
Addicsin is ubiquitously expressed in the central nervous systems (CNS) such as
cerebral cortex, striatum, hippocampus, cerebellum, and spinal cord, and primarily
localized to glutamatergic and GABAergic neurons (Akiduki et al., 2007; Butchbach et
al., 2002; Ikemoto et al., 2002; Inoue et al., 2005; Lin et al., 2001). In peripheral tissues,
addicsin is widely expressed in various organs, including heart, kidney, liver, lung,
muscle, and stomach (Akiduki et al., 2007; Butchbach et al., 2002; Lin et al., 2001).
Addicsin has two hydrophobic regions and several putative phosphorylation motifs
including two protein kinase C (PKC) phosphorylation motifs, two cAMP-dependent
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protein kinase A (PKA) and calcium/calmodulin-dependent kinase II (CaMKII)
(PKA/CaMKII) phosphorylation motifs, and three phosphorylatable tyrosine residues
(Fig. 1A) (Butchbach et al., 2002; Ikemoto et al., 2002) and is considered to mainly
localize at endoplasmic reticulum (ER) (Maier et al., 2009; Ruggiero et al., 2008).
At present, several molecular functions of addicsin have been clarified (Fig. 2)
(Ikemoto and Arano, 2012). First, addicsin negatively modulates glutamate transport
through direct interaction with EAAC1 (Akiduki and Ikemoto, 2008; Lin et al., 2001).
Furthermore, addicsin suppresses the activity of EAAC1-glutamate transport in a
PKC-dependent manner and indirectly promotes EAAC1-mediated glutamate transport
through its interaction with ADP-ribosylation factor-like 6 interacting protein 1
(Arl6ip1) (Fig. 3) (Akiduki and Ikemoto, 2008).
Second, addicsin negatively regulates neuronal glutathione (GSH) synthesis by
controlling the EAAC1-mediated uptake of cysteine (Aoyama et al., 2008, 2012b;
Watabe et al., 2007, 2008) because EAAC1 also transports cysteine as a substrate for
GSH synthesis (Chen and Swanson, 2003; Himi et al., 2003; Zerangue and Kavanaugh,
1996). In fact, addicsin-deficient mice showed increased neuronal GSH content and
resistance to oxidative stress in the CNS (Aoyama et al., 2012a).
Third, addicsin regulates the intracellular trafficking of EAAC1 in the ER through its
interaction with EAAC1, Rab1, a small Rab GTPase, or Reticulon 2B, a member of
reticulon protein family (Liu et al., 2008; Maier et al., 2009; Ruggiero et al., 2008).
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Fourth, addicsin is related to the repair of DNA single-strand breaks (Wang et al.,
2009). Addicsin interacts with base excision repair protein XRCC1 and protects
XRCC1 from ubiquitination and degradation by proteasome (Wang et al., 2009).
Recent reports reveal that addicsin participates in various physiological and
pathophysiological events besides above molecular functions (Ikemoto and Arano,
2012). In vitro data demonstrate that addicsin is involved in apoptosis and suppresses
migration in human esophageal squamous cells (Shi et al., 2012). Addicsin also
responds to diverse stimuli including oxidative stress, differentiation, and heat shock
(Chen et al., 2007b; Huang et al., 2006a, 2006b; Zhu et al., 2005, 2006).
Meanwhile, in vivo data indicate that addicsin may contribute to physiological and
pathological conditions. In humans, addicsin mRNA expression increases in the
thalamus and cingulate cortex in schizophrenia (Bauer et al., 2008; Huerta et al., 2006).
In rats, addicsin affects the formation of chronic morphine dependence through its
interaction with -opioid receptor (DOR) (Wu et al., 2011) and participates in epilepsy
induced by levetiracetam (Ueda et al., 2007). Moreover, addicsin knockout mice have
improved motor learning and spatial memory compared with wild type mice (Aoyama
et al., 2012a) and show resistance to the development of skin papillomas induced by
phorbol ester (Gong et al., 2012). In Drosophila, addicsin is necessary for the
acquisition of ethanol tolerance (Li et al., 2008). These findings indicate that addicsin
has critical roles in various physiological and pathological processes in the CNS.
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Accumulating evidence suggests that addicsin interacts with various proteins such as
addicsin itself, EAAC1, Arl6ip1, Rab1, Reticulon 2B, XRCC1, and DOR (Akiduki and
Ikemoto 2008; Lin et al., 2001; Liu et al., 2008; Maier et al., 2009; Wang et al., 2009;
Wu et al., 2011). These evidences strongly suggest that addicsin implicates in various
physiological functions through forming homo- or heteromultimeric complexes.
However, the precise molecular functions of addicsin remain largely unknown. Thus,
the identification of novel addicsin-associating partners may elucidate the physiological
functions of addicsin.

1-2. Tomoregulin-1
Tomoregulin-1 (TR1), originally designated X7365, was first implicated in pituitary
secretion in Xenopus laevis (Eib and Martens, 1996). TR1 is a type I transmembrane
protein containing a signal peptide, two follistatin-like modules, an EGF-like domain,
and a short and highly conserved cytoplasmic tail (Fig. 1B) (Eib et al., 2000; Eib and
Martens, 1996; Morais da Silva et al., 2001). TR1 selectively inhibits nodal and BMP
signaling during neural patterning and differentiation through unknown mechanisms in
Xenopus laevis (Chang et al., 2003). TR1 suppresses nodal signaling by direct
interaction with the Cripto coreceptor of ALK4 in early Xenopus embryos (Harms and
Chang, 2003). Under some non-physiological conditions, TR1 acts as a tumor repressor
in brain cancers (Gery et al., 2003) and participates in the induction of apoptosis in
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hematopoietic cells by inhibiting follistatin module-mediated signals (Penning et al.,
2006). Interestingly, TR1 requires its transmembrane domain and plasma membrane
localization to inhibit nodal and BMP signaling (Chang et al., 2003). Recently, mRNA
level of TR1 is upregulated by TGF-2 treatment in hair germ stem cells (Oshimori
and Fuchs, 2012). Furthermore, TR1 knockdown mice showed a delay in hair regrowth
(Oshimori and Fuchs, 2012). However, most physiolosical function of TR1 remains
unknown.
In this study, to clarify the physiological functions of addicsin, we investigate novel
addicsin-associated factors using yeast two-hybrid screening. Here, we demonstrate
that addicsin associates with TR1 and controls the subcellular localization of TR1
through its protein-protein interaction. Moreover, TR1-binding region of addicsin and
addicsin-binding region of TR1 implicate in cell migration. Hence, addicsin-TR1
interaction may be necessary for the regulation of cell migration.
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2. Materials and Methods
2-1. Animals
All animal experiments were conducted under permission of Institutional Animal
Care and Use of Committee of National Institute of Advanced Industrial Science and
Technology (AIST). Male ddY mice (6 weeks old; 25–30 g) were purchased form
Japan SLC Inc. (Shizuoka, Japan) and were maintained in individual cages (12-h
light–dark cycle; 23–24°C) with food and water available ad libitum. All animals were
used in experiments after decapitation. In this process, all efforts were made to
minimize suffering. All animals were received humane care in accordance with the
National Institute of Advanced Industrial Science and Technology guidelines.

2-2. Antibodies
The mouse anti-FLAG M2 IgG monoclonal antibody (4.9 mg/ml, 1:3,000 dilution
for western blot (WB), 1:500 dilution for immunocytochemistry (ICC)) and mouse
anti-actin IgG monoclonal antibody (1.0 mg/ml, 1:1,000 dilution for WB) were
purchased form Sigma (St. Louis, MO, USA). The mouse anti-c-myc IgG monoclonal
antibody (clone 9E10; 5.0 mg/ml, 1:500 dilution for WB, 1:100 dilution for ICC) was
obtained from Roche Diagnostics (Mannheim, Germany). The mouse anti-V5 IgG
monoclonal antibody (0.8 mg/ml, 1:5,000 dilution for WB, 1:400 dilution for ICC) was
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purchased from Invitorgen (Carlsbad, CA, USA). The mouse anti-calnexin IgG
monoclonal antibody (1:500 dilution for WB, 1:200 dilution for ICC) was purchased
from Transduction Laboratories. The rabbit antibody anti-calnexin IgG polyclonal
antibody (1:200 dilution for ICC) was purchased from StressGen Biotechnologies Corp.
(Victoria, BC, Canada). The rabbit anti-addicsin IgG polyclonal antibody (1.2 mg/ml,
1:200

dilution

for

WB,

1:100

dilution

for

ICC,

1:100

dilution

for

immunohistochemistry (IHC)) was a generous gift of Transgenic Co. Ltd. (Kumamoto,
Japan). The rabbit anti-TR1 IgG polyclonal antibody (0.2 mg/ml, 1:200 dilution for
WB, 1:100 dilution for ICC and IHC) was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). The mouse anti-TR1 IgG monoclonal antibody (0.2 mg/ml,
1:50 for IHC) was obtained from Santa Cruz Biotechnology. The mouse anti-CD9 IgG
monoclonal antibody (0.2 mg/ml, 1:100 for WB) was purchased from Santa Cruz
Biotechnology. The rabbit anti-CREB IgG polyclonal antibody (0.1 mg/ml, 1:100 for
WB) was obtained from Santa Cruz Biotechnology. The mouse anti-MAP2 (2a+2b)
IgG monoclonal antibody (0.13 mg/ml, 1:250 for IHC) was purchased from Sigma. The
rabbit anti-GFAP IgG polyclonal antibody (12.8 mg/ml, 1:200 for IHC) was purchased
from Sigma. The horseradish peroxidase (HRP)-conjugated rabbit anti-mouse IgG
secondary antibody (5.7 mg/ml, 1:2,000 dilution for WB) was obtained from Chemicon
International Inc. (Temecula, CA, USA). The HRP-conjugated goat anti-rabbit IgG
secondary antibody (1.0 mg/ml, 1:20,000 dilution for WB) was purchased from MP
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Biomedicals (Solon, OH, USA). The Alexa Fluor 488 goat anti-mouse IgG secondary
antibody (2.0 mg/ml, 1:500 dilution for ICC and IHC) and Alexa Fluor 568 goat
anti-rabbit IgG secondary antibody (2.0 mg/ml, 1:500 dilution for ICC and IHC) were
obtained from Molecular Probes (Eugene, OR, USA).

2-3. Construction of expression plasmids
Expression plasmids for the open reading frame (ORF) of mouse addicsin and
various mouse addicsin deletion mutants were subcloned into the pcDNA3.1/Myc-His
(+) A vector (Invitrogen) as described in our previous study (Akiduki and Ikemoto,
2008). To construct wild-type mouse TR1, the ORF of TR1 was amplified by PCR
using full-length mouse TR1 cDNA as a template (DDBJ ID: BC057598, cDNA clone
MGC67249; Invitrogen). The primers for TR1 included primer 1 and primer 2. To
construct the C truncation, PCR was performed using primer 1 and primer 7. These
two amplified cDNAs were subcloned into the KpnI and ApaI sites of the
pcDNA3.1/FLAG-His (+) A vector (modified from pcDNA3.1/Myc-His (+) A by M. J.
Ikemoto). The various TR1 deletion mutants, except for those with C truncation,
were generated by splicing, using the overlap extension PCR method with the
expression plasmid containing the subcloned ORF of TR1 (pcDNA3.1-TR1-FLAG) as
a template. In brief, the segments to be joined (fragments A and B) were generated in
separate primary PCR runs. PCR for generating fragment A used primer 3 and primer 4.
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PCR for fragment B was performed using primer 5 and primer 6. The two PCR
products (fragments A and B) were then mixed with excess primer 3 and primer 5,
denatured, re-annealed, and extended in a second PCR. Primer 4 and primer 6
contained a complementary region that allowed the fusion of the two fragments in the
second PCR. The final PCR products were subcloned into the KpnI and ApaI sites of
the pcDNA3.1/FLAG-His (+) A vector. All PCR primers were described in Table 1.

Table 1 Primers for construction of expression plasmids
Primer 1

5′-AAA GGT ACC ATG GGC GCC CAG GCG CCG CTC-3′

Primer 2

5′-AAA GGG CCC GAC CAT TCT GGA TGA AGT GTC-3′

Primer 3

5′-AAA GGT ACC ATG GGC GCC CAG GCG CCG CTC-3′

Primer 4
FS

5′-ACT CAC ATC ATC TGT GTC TGT CAC TCT GAT GTC
AGA TTC TC-3′

EGF

5′-AAT ACT AAA GTC CGT CTT CTC AGG CAT GTG GCT
TCC GAT AT-3′

228–266 5′-CCA TTG AGG TTT TCA GGG CAG CAG TGG CCG AGA
TGC CTT A-3′
Primer 5

5′-AAA GGG CCC GAC CAT TCT GGA TGA AGT GTC-3′

Primer 6
FS

5′-ACA GAC ACA GAT GAT GTG AG-3′

EGF

5′-GAG AAG ACG GAC TTT AGT AT-3′

228–266 5′-TGC CCT GAA AAC CTC AAT GG-3′
Primer 7

5′-AAA GGG CCC GCA TTT CCT TGT TAT GCA CAT-3′
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2-4. Yeast two-hybrid screening
The Matchmaker Two-Hybrid System 3 (Clontech Laboratories Inc., Mountain View,
CA, USA) was used to screen for addicsin-interacting proteins. In brief, the ORF of
addicsin cDNA was subcloned into the pGBKT7 bait vector for fusion with the GAL4
DNA-binding domains. The Y187 yeast strain (Clontech Laboratories Inc.) was
pre-transformed with a 17-day-old mouse embryo cDNA library, mated with the
AH109 yeast strain containing full-length addicsin cDNA as bait, and screened. The
mated yeast cells were grown on tryptophan-, leucine-, adenine-, and histidine-deficient
plates

containing

20

g/ml

5-bromo-4-chloro-3-indolyl--D-galactopyranoside

(Clontech Laboratories Inc.) at 30°C. The resulting blue colonies were selected.
Plasmids were isolated from the selected colonies using the Zymoprep Yeast Miniprep
Kit (Zymo Research Co., Orange, CA, USA). The plasmid cDNA sequences were then
analyzed using BigDye Terminator v1.1 Cycle Sequencing kit (Applied biosystems,
Tokyo, Japan) and 3100 Genetic Analyzer (Applied Biosystems). For the plasmid
cDNA sequence by cycle sequencing reaction, pretreatment at 96°C for 1 min was
followed by 25 cycles of 96°C for 10 sec, 50°C for 5 sec, and 60°C for 4 min. The
primer for cycle sequencing reaction was 5′-TAA TAC GAC TCA CTA TAG GGC
GA-3′.

2-5. Western blot
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For distribution analysis, mouse whole brain lysates were prepared as described
previously (Akiduki and Ikemoto, 2008). In brief, mouse whole brain was homogenized
with a 10-fold volume of RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1.0%
NP-40, 0.1% sodium deoxycholate, 0.1% SDS, and 5 mM EDTA) containing protease
inhibitors (Sigma). After centrifugation at 100,000 × g for 1 h, supernatants were
dissolved in SDS sample buffer (50 mM Tris-HCl, pH 6.8, 5 M Urea, 5% SDS, 0.015%
bromophenol blue, and 10% 2-mercaptoethanol) and separated on 12% SDS
polyacrylamide gels. For glycerol gradient centrifugation assays and sucrose gradient
assays, each fractionated sample was dissolved in SDS sample buffer and subjected to
12% SDS polyacrylamide gel electrophoresis. For immunoprecipitation assays, cells
were dissolved in TNE buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1.0% NP-40,
and 5 mM EDTA) containing protease inhibitors (Sigma) and subjected to 12% SDS
polyacrylamide gel electrophoresis. For confirmation of the tetracycline-iduced
expression of target proteins in Flp-In T-REx 293 cell lines, cells were lysed in RIPA
buffer at 24 h after tetracycline treatment. Then lysates were added to SDS sample
buffer and separated on 12% SDS polyacrylamide gels. The separated proteins were
transferred to a polyvinylidene fluoride membrane (Bio-Rad, Hercules, CA, USA). The
blots were blocked for 1 h with 10% dried milk in PBS containing 0.1% Tween-20.
They were then reacted with specific antibodies for the target tags or proteins. The blots
were incubated for 1 h with an HRP-conjugated secondary antibody. Specific signals
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were then detected using ECL Plus reagent (GE Healthcare Bio-Science, Piscataway,
NJ, USA).

2-6. Immunoprecipitation assay
COS-7 cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
(Sigma) containing 10% fetal bovine serum (FBS) (Invitrogen) at 37°C in 5% CO2. For
the immunoprecipitation assay, COS-7 cells were transfected with vectors as indicated
in Figure 4A using Lipofectamine 2000 (Invitrogen). Forty-eight hours after
transfection, the cells were dissolved in TNE buffer containing protease inhibitors
(Sigma). After centrifugation at 15,000 × g for 30 min, cell extracts were incubated
overnight at 4°C with 0.1 volume of anti-FLAG M2 affinity gel (Sigma) or
anti-c-myc-conjugated agarose (Sigma). After washing five times with TBS buffer (10
mM Tris-HCl, pH 7.4 and 150 mM NaCl), the gels were suspended in SDS sample
buffer and analyzed by western blot using the mouse anti-FLAG M2 IgG monoclonal
antibody or the mouse anti-c-myc IgG monoclonal antibody.
For in vivo immunoprecipitation assays, mouse whole brain was homogenized with a
10-fold volume of RIPA buffer. After centrifugation at 100,000 × g for 1 h, the
supernatant (2 mg/ml) was incubated with mouse anti-TR1 IgG monoclonal antibody
(20 g) or mouse IgG serum (20 g) overnight at 4°C. The supernatant was further
incubated with protein G-Sepharose (Pierce, Rockford, IL, USA) for 2 h at R.T.. After
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rinsing five times with TBS-T (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, and 0.1%
Tween 20), the protein G-Sepharose was suspended in SDS sample buffer and analyzed
by western blot using the rabbit anti-addicsin IgG polyclonal antibody.

2-7. Glycerol gradient centrifugation analysis
A glycerol gradient centrifugation analysis was also performed as described
previously (Tomoda et al., 2002). In brief, COS-7 cells, cultured in DMEM containing
10%

FBS,

were

cotransfected

with

pcDNA3.1-addicsin-myc

and

pcDNA3.1-TR1-FLAG using Lipofectamine 2000 (Invitrogen). Forty-eight hours after
transfection, the cells were dissolved in RIPA buffer containing protease inhibitors
(Sigma). Cell lysates were fractionated on a 10–40% glycerol gradient (total volume,
10 ml) by centrifugation at 130,000 × g for 24 h. The 0.5-ml fractions were collected
from the bottom of the centrifugation tube and analyzed by western blot using the
mouse anti-FLAG M2 IgG monoclonal antibody and the mouse anti-c-myc IgG
monoclonal antibody.

2-8. Sucrose gradient assay
The sucrose gradient assay was conducted as described (Marti et al., 2003). In brief,
COS-7 cells, cultured in DMEM containing 10% FBS, were transfected with both
pcDNA3.1-addicsin-myc

and

pcDNA3.1-TR1-FLAG,

14

pcDNA3.1-myc

and

pcDNA3.1-TR1-FLAG, or pcDNA3.1-addicsin-d1-myc and pcDNA3.1-TR1-FLAG.
Twenty-four hours after transfection, the cells were resuspended in 1 ml of 0.1 M PBS
containing protease inhibitors (Sigma), sonicated for 30 sec, and centrifuged at 1,000 ×
g for 10 min. The supernatants were retrieved and layered onto a 20–60% sucrose
gradient (total volume, 10 ml) in centrifugation tubes (Beckman Coulter, Brea, CA,
USA) made from four 0.5-ml layers of 60, 55, 50, and 45% sucrose and five 1.5-ml
layers of 40, 35, 30, 25, and 20% sucrose. These 20–60% sucrose gradients were
centrifugated at 160,000 × g for 24 h at 4°C. The 0.5-ml fractions were collected from
the bottom of the centrifugation tube and analyzed by western blot to determine the
distribution profile of addicsin-myc, TR1-FLAG, calnexin, CD9, and CREB.

2-9. Reverse transcription (RT)-PCR
The mRNA was purified from various brain regions using the QuickPrep Micro
mRNA Purification Kit (GE Healthcare Bio-Science). Single-stranded cDNA was
synthesized from 1 g of purified mRNA using SuperScript II reverse transcriptase
(Invitrogen). PCR was then performed using specific primers for the target cDNAs. For
addicsin, TR1, and GAPDH cDNA amplification by PCR, pretreatment at 96°C for 2
min was followed by 40 cycles of 96°C for 30 sec, 53°C for 30 sec, and 72°C for 60 sec.
The PCR primers were described in Table 2.
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Table 2 Primers for RT-PCR
Forward primer
addicsin
(496bp)
TR1
(565bp)

Reverse primer

5′-TGC CTG GGA CGA TTT
CTT CC-3′

CAA GG-3′

5′-AGG CAG AGG CAA GAG
CAA CTG-3′

5′-TCC CAA TAA ACT CAC
ATC ATC-3′

GAPDH 5′-GTG GCA GTG ATG GCA
(434bp)

5′-ATC TTC CTG CTG TTC

TGG ACT-3′

5′-TTC ATT GAC CTC AAC
TAC ATG-3′

2-10. Immunohistochemical analysis
To analyze the in vivo distribution of addicsin and TR1, 16-m-thick fresh frozen
coronal sections were prepared from a 6-week-old male ddY mouse (Bregma +4.2 or
−1.8 mm). The sections were stained using the Vectastain™ Elite ABC Kit (Vector
Burlingame, CA, USA) as described previously (Akiduki et al., 2007). In brief, the
sections were fixed with aceton-methanol (1:1) for 30 min and blocked by 1.5% normal
goat serum (Funakoshi, Tokyo, Japan) with in 0.1 M PBS for 30 min. After blocking,
sections were blocked by AVIDIN/BIOTIN Blocking kit SP-2001 (Funakoshi). Then,
the sections were incubated overnight at 4°C with rabbit anti-addicsin IgG polyclonal
antibody (Transgenic Co. Ltd.) or rabbit anti-TR1 IgG polyclonal antibody (Santa Cruz
Biotechnology). After primary antibody, the sections were reacted with biotinylated
goat IgG secondary antibody for 30 min; and streptavidin-conjugated HRP complex for
30 min, in accordance with the manufacturer's protocol. Signals were detected by using
the diaminobenzidine system. The images were acquired using a BX21 light
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microscope (Olympus, Tokyo, Japan). To confirm the colocalization of addicsin and
TR1 in mouse mature CNS, 16-m-thick fresh hippocampal frozen coronal sections
were prepared. The sections were fixed with a solution containing methanol and
acetone (1:1) for 30 min and permeabilized with 0.3% Triton X-100 in PBS. After
blocking for 30 min with 5% normal goat serum (Funakoshi, Tokyo, Japan) in PBS, the
sections were reacted overnight at 4°C with rabbit anti-addicsin IgG polyclonal
antibody (Transgenic Co. Ltd.) and mouse anti-TR1 IgG monoclonal antibody (Santa
Cruz Biotechnology) in PBS. After incubation overnight at 4°C with Alexa Fluor 488
goat anti-mouse IgG secondary antibody, Alexa Fluor 568 goat anti-rabbit IgG
secondary antibody was reacted overnight at 4°C. The images were acquired using a
FluoView F1000 confocal laser-scanning microscope (Olympus). To examine the cell
type expressing TR1, rabbit anti-TR1 IgG polyclonal antibody, mouse anti-MAP2 IgG
monoclonal antibody, mouse anti-TR1 IgG monoclonal antibody, and rabbit anti-GFAP
IgG polyclonal antibody were used.

2-11. Immunocytochemical analysis
To analyze the intracellular localization of addicsin and TR1 in vitro, COS-7 cells,
cultured in DMEM containing 10% FBS, cells, cultured in DMEM containing 10%
FBS, were cotransfected with vectors, as indicated in Figure 7, using Lipofectamine
2000 (Invitrogen). Forty-eight hours after transfection, the cells were fixed with 4%
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paraformaldehyde in 0.1 M PBS for 30 min and permeabilized with 0.1% Triton X-100
in 0.1 M PBS for 30 min. After blocking for 1 h with 1% normal goat serum
(Funakoshi), the cells were reacted with primary antibodies overnight at 4°C. Then, the
cells were incubated for 2 h with fluorescent secondary antibodies. The images were
acquired using a FluoView F1000 confocal laser-scanning microscope (Olympus). To
analyze the colocalization of TR1-FLAG and addicsin-myc, mouse anti-FLAG M2 IgG
monoclonal antibody and rabbit anti-addicsin polyclonal IgG antibody were used. To
analyze the intracellular localization of addicsin-myc and the addicsin-d1-myc mutants,
mouse anti-c-myc IgG monoclonal antibody and rabbit anti-calnexin IgG polyclonal
antibody were used. To assess the intracellular localization of TR1-FLAG, mouse
anti-FLAG M2 IgG monoclonal antibody and rabbit anti-calnexin IgG polyclonal
antibody were used. To examine the intracellular localization of endogenous TR1 or
addicsin in NG108-15 cells, rabbit anti-TR1 IgG polyclonal antibody, rabbit
anti-addicsin IgG polyclonal antibody, and mouse anti-calnexin IgG monoclonal
antibody were used. Furthermore, to identify the tetracycline-induced expression of
V5-tagged addicsin, adicsin-d1, TR1, or TR1-228–266 in Flp-In T-REx 293 cell lines,
respectively, the mouse anti-V5 IgG monoclonal antibody was used. The fluorescent
intensity was measured with Image J software provided by the National Institutes of
Health (NIH).
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2-12. Biotinylation assay
The biotinylation assay was performed as described previously (Akiduki and
Ikemoto, 2008). In brief, COS-7 cells were cultured in DMEM containing 10% FBS on
60-mm culture dishes. Twenty-four hours after transfection, cells were rinsed three
times with warm 0.1 M PBS containing 0.1 mM CaCl2 and 1 mM MgCl2 (PBS-Ca/Mg).
Cells were then incubated with 0.5 mg/ml EZ-Link sulfo-NHS-biotin in PBS-Ca/Mg at
4°C for 20 min. Cells were washed twice with 100 mM glycine in PBS-Ca/Mg. Cells
were incubated with 100 mM glycine in PBS-Ca/Mg at 4°C for 20 min to quench any
unbound biotin and dissolved in 500 l RIPA buffer containing 0.1% protease inhibitor.
Cell lysates were centrifuged at 16,500 × g for 30 min at 4°C to remove insoluble
materials. The total lysates were further incubated with 0.1 volume of Dynabeads
MyOne Streptavidin C1 (Invitrogen) at 4°C overnight. The molecule-bead complexes
were washed six times with 500 l of RIPA buffer and suspended in 50 l of SDS
sample buffer. All preserved samples were analyzed by western blot using mouse
anti-actin IgG monoclonal antibody, the mouse anti-FLAG M2 IgG monoclonal
antibody, and the mouse anti-c-myc IgG monoclonal antibody.

2-13. Establishment of tetracycline-inducible stable cell lines
To generate tetracycline-inducible stable cell lines, the Flp-In T-REx system and
Flp-In T-REx 293 cells were used (Invitrogen). Flp-In T-REx 293 cells were cultured on
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90-mm dishes in DMEM containing 10% FBS, 10 g/ml Blasticidin (Invitrogen), and
100 g/ml Zeocin (Invitrogen) at 37°C in 5% CO2 until 70–80% confluent. To
establish Flp-In T-REx 293 addicsin, addicsin-d1, TR1, and TR1-228–266 cell lines,
ORF cDNA appending the V5-tag-encoding sequence at the 3′ termini of addicsin,
addicsin-d1, TR1, and TR1-228–266 was subcloned into the pcDNA5/FRT/TO
vector (Invitrogen) at BamHI and XhoI sites. Each vector was cotransfected with the
pOG40 vector, a Flp recombinase expression plasmid, into Flp-In T-REx 293 cells in
Opti-MEM (Invitrogen) with Lipofectamine 2000 (Invitrogen). Twenty-four hours later,
cells were replated on 90-mm dishes at no more than 20% confluency in DMEM
containing 10% FBS, 10 g/ml Blasticidin, and 20 g/ml hygromycin B (Invitrogen).
To select tetracycline-inducible stable cell lines, cells were cultured in the above
selective culture medium until foci were identifiable. Approximately 48 foci were
isolated and expanded on 24-well culture plates. The tetracycline-regulated expression
of V5-tagged addicsin, V5-tagged addicsin-d1, V5-tagged TR1, and V5-tagged
TR1-228–266 was assessed by western blots and immunocytochemical analyses
using the mouse anti-V5 IgG monoclonal antibody.

2-14. Wound healing assay
Cells were plated on 60-mm culture dishes and were maintained in DMEM
containing 10% FBS, 10 g/ml Blasticidin (Invitrogen), and 100 g/ml Zeocin
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(Invitrogen) at 37°C in 5% CO2 until they were 80–90% confluent. The cells were
further incubated in the presence or absence of 2 g/ml tetracycline (Wako, Tokyo,
Japan) for 24 h before assays. The cell monolayer was scraped using 200-l loading
tips after removal of the cell culture medium. The cells were then placed in DMEM
containing 5% FBS for 48 h. Photographs were taken at 0 h (day 0,) 24 h (day 1), and
48 h (day 2) using an IX71 fluorescent microscope (Olympus). The images of Flp-In
T-REx 293 addicsin-d1 cells on day 2 were obtained at 34 h. The wounded area in each
photograph was measured using Image J (NIH). The rates of wound closure were
calculated by the ratio of the wounded area at day 1 or day 2 to the wounded area at day
0. Seven samples were analyzed in each condition.
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3. Results
3-1. Association of addicsin with TR1
To identify potential factors that associate with mouse addicsin, we performed a
yeast two-hybrid screening using a cDNA library prepared from 17-day-old mouse
embryos as prey and full-length addicsin cDNA as bait. From 3.5 × 105 yeast
transformants, we ultimately isolated an identical cDNA encoding mouse
tomoregulin-1 (TMEFF1, here designated TR1) (DDBJ ID: BC057598) (data not
shown), which is a type I transmembrane protein with an EGF-like motif and two
follistatin-like domains (Eib et al., 2000; Eib and Martens, 1996; Morais da Silva et al.,
2001).
To confirm the interaction between addicsin and TR1 in mammalian cells, we
conducted in vitro immunoprecipitation assay, glycerol gradient centrifugation analysis,
and immunocytochemical analysis using COS-7 cells. The immunoprecipitation assay
was performed using crude lysates of COS-7 cells that expressed c-myc-tagged
addicsin (addicsin-myc) and FLAG-tagged TR1 (TR1-FLAG) or Flag-tagged addicsin
(addicsin-FLAG) and c-myc-tagged TR1 (TR1-myc) (Fig. 4Aa and 4Ab).
Coimunoprecipitation assay using anti-FLAG M2 IgG monoclonal antibody
demonstrated that addicsin-myc interacted with TR1-FLAG (Fig. 4Ba). Similarly,
addicsin-FLAG was coimmunoprecipitated with TR1-myc when anti-c-myc IgG
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monoclonal

antibody

was

used

(Fig.

4Bb).

Moreover,

TR1-FLAG

coimmunoprecipitated with addicsin-myc when using the anti-c-myc IgG monoclonal
antibody (Fig. 4Ca) and c-myc-tagged TR1 (TR1-myc) coimmunoprecipitated with
FLAG-tagged addicsin (addicsin-FLAG) by anti-FLAG-M2 IgG monoclonal antibody
(Fig. 4Cb). As a positive control, Arl6ip1, an addicsin-associated partner, was
immunoprecipitated with addicsin as previously described (Akiduki and Ikemoto,
2008) (Fig. 4Ba, 4Bb, and 4Ca). Furthermore, glycerol gradient centrifugation analysis
showed that the elution peaks of addicsin-myc and TR1-FLAG emerged in fractions
with molecular masses of approximately 20 kDa (Fig. 4Da) and 50 kDa (Fig. 4Db),
respectively. However, the elution peak of addicsin-myc was shifted to the same as that
of TR1-FLAG when addicsin-myc was coexpressed with TR1-FLAG (Fig. 4Dc).
Immunocytochemical analysis revealed that TR1-FLAG colocalized with addicsin-myc
and showed an ER-like localization pattern when the two proteins were overexpressed
(Fig. 4Ea–4Ec). These data indicate that addicsin interacts with TR1 in mammalian
cell.
Next, to test the association between addicsin and TR1 in vivo, we performed an in
vivo immunoprecipitation assay using mouse whole brain lysates. We first evaluated the
endogenous expression of addicsin and TR1 in mouse whole brain. Western blot
analysis demonstrated that both addicsin and TR1 were endogenously expressed in the
mature brain (Fig. 4F). From mouse whole brain lysates, addicsin was
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coimmunoprecipitated with anti-TR1 IgG monoclonal antibody, but not with mouse
IgG serum (Fig. 4G). These findings demonstrate that addicsin binds to TR1 in vivo.

3-2. Distribution of addicsin and TR1 in the mature mouse brain
To investigate the distribution of TR1 and addicsin in the adult mouse brain, we
performed

RT-PCR

and

immunohistochemical

analysis.

RT-PCR

analysis

demonstrated that TR1 mRNA was broadly expressed in various brain regions,
consistent with the ubiquitous expression of addicsin in the mature CNS (Fig. 5A).
Immunohistochemical analysis showed that TR1 was widely localized in the mature
CNS and expressed in neuron-like cells in all representative brain regions examined
(Fig. 5B). For instance, in the hippocampal formation, TR1 immunoreactivity was
detected in the stratum pyramidale of fields CA1–CA3 and in the granular layer of the
dentate gyrus (Fig. 5Ba). In the olfactory bulbs, TR1 immunoreactivity was detected in
the mitral cell layer, granular layer, and glomerular layer (Fig. 5Bb). Detailed
observation revealed that TR1, as well as addicsin, was mainly expressed in the
pyramidal neuron-like cells in the hippocampal CA1 field (Fig. 5Be and 5Bg). In the
olfactory bulbs, the high-magnification images showed that TR1 was detected in mitral
cells and granular cells, consistent with the addicsin immunostaining pattern (Fig. 5Bf
and 5Bh). Furthermore, TR1 also showed the same localization pattern as addicsin in
the brain regions tested (data not shown). The double-fluorescent immunohistochemical
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analysis revealed that addicsin colocalized with TR1 in the mouse hippocampal
pyramidal cells (Fig. 5C). TR1 also colocalized with a neuronal marker MAP2, but not
a glial cell marker GFAP, in the mouse hippocampal pyramidal cells (Fig. 5D). These
data suggest that TR1 colocalizes with addicsin in the mature CNS.

3-3. Determination of the TR1- and addicsin-binding regions
To

determine

the

TR1-binding

region

of

addicsin,

we

performed

an

immunoprecipitation assay using addicsin deletion mutants generated in our previous
report (Akiduki and Ikemoto, 2008) (Fig. 6Aa). TR1-FLAG was coexpressed with
addicsin-myc or addicsin deletion mutants in COS-7 cells. TR1-FLAG interacted with
full-length addicsin (wt), addicsin-d2 mutant, a truncation mutant lacking the
N-terminal region from amino acids 1–92, addicsin-d3 mutant, a deletion mutant
lacking the C-terminal phosphorylation motif at amino acids 135–144, and addicsin-d4
mutant, a mutant lacking the hydrophobic region located at amino acids 103–117 (Fig.
6Ab). However, there was no interaction between TR1-FLAG and addicsin-d1 mutant,
a deletion mutant lacking amino acids 145–188 in the C-terminal domain (Fig. 6Ab).
Furthermore, in immunocytochemical analysis, TR1-FLAG and the addicsin-d1 mutant
did not colocalize in COS-7 cells differently from addicsin-myc (Fig. 4Ed–4Ef). These
data clearly indicate that TR1 specifically interacts with the C-terminal region at amino
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acids 145–188 of addicsin, which differed from the Arl6ip1/addicsin-binding region,
amino acids 103–117 of addicsin (Fig. 6Ca).
Next, to determine the addicsin-binding region of TR1, we carried out an
immunoprecipitation assay using TR1 deletion mutants (Fig. 6Ba). TR1 deletion
mutans were generated by PCR amplification using pcDNA3.1- TR1-FLAG as the
template and subcloned into pcDNA3.1/FLAG-His (+) A vector. Addicsin-myc
interacted with wild-type TR1, TR1-EGF, a truncation mutant lacking the EGF-like
motif, TR1-FS, a deletion mutant lacking two follistatin-like domains, and TR1-C,
a deletion mutant lacking the short and highly conserved cytoplasmic tail. On the other
hand, addicsin-myc did not interact with TR1-228–266, a truncation mutant lacking
amino acids 228–266 (Fig. 6Bb). These findings indicate that the region at amino acids
228–266 of TR1 is crucial for the formation of the addicsin-TR1 heterocomplex (Fig.
6Cb).

3-4. Redistribution of TR1 to the ER by addicsin
Because addicsin regulates EAAC1 trafficking from the ER to the plasma membrane
(Ruggiero et al., 2008), we hypothesized that addicsin is involved in intracellular TR1
trafficking. To test this idea, we first performed immunocytochemical analysis using
rabbit anti-calnexin IgG polyclonal antibody, an ER marker. When TR1-FLAG was
expressed alone in COS-7 cells, immunofluorescence of TR1-FLAG showed a punctate
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pattern throughout the cells, and it was preferentially expressed on the cell surface (Fig.
7Aa–7Ac). However, upon coexpression of TR1-FLAG with addicsin-myc,
TR1-FLAG mainly colocalized with calnexin, suggesting that TR1-FLAG was
redistributed to ER by addicsin-myc (Fig. 7Ad–7Af). In contrast, coexpression of the
addicsin-d1 mutant, which is truncated TR1-binding region, had little effect on the
distribution of TR1 (Fig. 7Ag–7Ai).
Next, we checked the intracellular localization of addicsin in COS-7 cells. Consistent
with the findings of a previous study (Ruggiero et al., 2008), addicsin-myc displayed a
typical ER expression pattern and colocalized with calnexin when expressed alone (Fig.
7Ba–7Bc). Furthermore, addicsin-myc and the addicsin-d1 mutant both colocalized
with calnexin in the perinuclear ER structure when TR1-FLAG was coexpressed (Fig.
7Bd–7Bi), indicating that overexpression of TR1-FLAG did not affect addicsin
subcellular localization.
Furthermore, we investigated the intracellular localization of endogenous TR1 or
addicsin in NG108-15 cells. Immunofluorescence of TR1 was observed throughout the
cells, including plasma membrane, and partially colocalized with calnexin (Fig.
7Ca–7Cc). On the other hands, endogenous addicsin mainly localized at ER (Fig.
7Cd–7Cf). Thus, endogenous TR1 and addicsin show similar distribution with TR1 and
addicsin overexpressed in COS-7 cells (Fig. 7A and 7B).
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To examine whether addicsin regulates TR1 subcellular localization, we performed a
sucrose gradient assay and precise analysis of immunofluorescent intensity of
immunocytochemistry (Fig. 8). The sucrose gradient assay demonstrated that the
elution profile of TR1-FLAG differed from that of calnexin when TR1-FLAG was
expressed alone in COS-7 cells (Fig. 8Aa and 8Ab). In contrast, coexpression of
TR1-FLAG with addicsin-myc redistributed the elution profile of TR1-FLAG to the
same as that of calnexin (Fig. 8Ac and 8Ad). Moreover, the elution peak of TR1-FLAG
shifted to earlier fractions when TR1-FLAG was expressed with addicsin-d1-myc,
which lacks the TR1 binding region (Fig. 8Ae and 8Af). Meanwhile, the elution
profiles of CD9, a cell surface protein, and CREB, a transcriptional factor, had no
change by the expression of addicsin-myc or addcisn-d1-myc (Fig. 8Ac–8Af). Next,
in the precise analysis of immunocytochemistry, the fluorescent intensity of
TR1-FLAG was observed throughout the whole cell, including the plasma membrane
and ER, when TR1-FLAG was expressed alone (Fig. 8Ba). However, the pattern of
TR1-FLAG fluorescence was almost the same as that of calnexin fluorescence and was
predominantly restricted to the ER when TR1-FLAG was coexpressed with
addicsin-myc (Fig. 8Bb). These findings suggest that addicsin promotes the
redistribution of TR1 to the ER through the formation of a TR1-addicsin
heterocomplex.
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3-5. Regulation of the cell surface expression of TR1 by addicsin
To understand more precisely the relationship between addicsin and TR1 subcellular
localization, we analyzed immunofluorescent staining patterns of TR1. TR1-FLAG was
expressed across the cell body (Fig. 9A, left panel), suggesting cell surface expression
of TR1-FLAG. Coexpression of addicsin-myc with TR1-FLAG restrained the
expression pattern of TR1-FLAG (Fig. 9A, middle panel). On the other hand,
TR1-FLAG coexpressed with the addicsin-d1 mutant showed the same distribution as
TR1-FLAG expressed alone (Fig. 9A, right panel). These findings suggest that addicsin
regulates the cell surface expression of TR1.
To further investigate the effect of addicsin on the cell surface expression of TR1, we
carried out a biotinylation assay using COS-7 cells. When expressed alone, TR1-FLAG
localized at the cell surface (Fig. 9B and 9C). By comparison, coexpression of
TR1-FLAG with addicsin-myc significantly decreased the cell surface expression of
TR1-FLAG (Fig. 9B and 9C). Next, we assessed the effect of addicsin-TR1 binding on
TR1 cell surface expression using the addicsin-d1 mutant. Coexpression of the
addicsin-d1 mutant with TR1-FLAG rescued the cell surface expression of TR1-FLAG
compared with coexpression of TR1-FLAG with addicsin-myc. The effect was
statistically significant (Fig. 9B and 9C). Thus, addicsin, through interaction with TR1
at the ER, controls the cell surface expression of TR1.
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3-6. Effect of the addicsin-TR1 interaction on cell migration
To investigate the physiological function of the addicsin-TR1 interaction, we
generated stably transfected Flp-In T-REx 293 cell lines that individually expressed
V5-tagged addicsin (addicsin-V5), V5-tagged addicsin-d1 (addicsin-d1-V5), V5-tagged
addicsin Y110A/L112A (data not shown), V5-tagged TR1 (TR1-V5), or V5-tagged
TR1-228–266 (TR1-228–266-V5) in a tetracycline-dependent manner (Fig. 10).
Western blot analysis revealed that the V5-tagged target proteins were specifically
expressed in each cell line upon treatment with tetracycline (Fig. 10A). Moreover,
immunocytochemical analysis demonstrated that the immunofluorescences of each
V5-tagged target protein were observed in tetracycline-treated groups (Fig. 10B). The
tetracycline-induced expression of target protein persisted for more than 3 days in each
cell line, as demonstrated by western blot analysis (data not shown).
Previous report showed that the overexpression of addicsin in cancer cells suppresses
cellular migration (Chen et al., 2007a). To clarify the physiological function of the
addicsin-TR1 interaction in vitro, we performed a wound-healing assay using stably
transfected Flp-In T-REx 293 cell lines. Consistent with a previous report (Chen et al.,
2007a), tetracycline-treated Flp-In T-REx 293 addicsin-V5 cells showed a significantly
delay in wound closure at day 2, compared with untreated Flp-In T-REx 293
addicsin-V5 cells (Fig. 11A). On the other hand, tetracycline-treated Flp-In T-REx 293
addicsin-d1-V5 cells exhibited a marked acceleration in wound closure at day 1 and
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day 2 (Fig. 11B). Moreover, the overexpression of addicsin Y110A/L112A, which had
markedly less binding activity to Arl6ip1 although it had the same binding activity to
addicsin itself (Akiduki and Ikemoto, 2008), had no effect on wound closure at day 1
and day 2 (data not shown). These results suggest that the TR1-binding region of
addicsin has an important role in regulating cell migration. Furthermore, the
overexpression of TR1-V5 had no effect on the velocity of wound closure (Fig. 11C).
However, overexpression of TR1-228–266-V5 significantly delayed wound closure
at day 2 (Fig. 11D), suggesting that the addicsin-binding region of TR1 is also involved
in the control of cell migration. These data indicate that the addicsin-TR1 interaction
has a crucial role in cell migration.
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4. Discussion
In this study, we identified TR1 as a novel addicsin-associated factor using a yeast
two-hybrid screening and immunoprecipitation assays in vitro and in vivo (Fig. 4). As
shown here, addicsin changes the subcellular localization of TR1 (Fig. 7–9) and delays
the cell surface expression of TR1 (Fig. 9). TR1 selectively inhibits nodal and BMP
signaling during neural patterning and differentiation through unknown mechanisms in
Xenopus laevis (Chang et al., 2003; Harms and Chang, 2003). Furthermore, TR1
requires its transmembrane domain and plasma membrane localization to inhibit nodal
and BMP signaling (Chang et al., 2003). Thus, addicsin may affect the physiological
functions of the nodal and BMP signaling pathways by interacting with TR1 and
preventing TR1 trafficking from the ER to the cell surface.
In the CNS, BMP signaling has an essential role in neuromuscular synapse formation
in Drosophila (Marques et al., 2002). In addition, BMP signaling has roles in nerve
terminal growth and the elimination of competing synaptic inputs in mice (Xiao et al.,
2013). Both addicsin mRNA and protein are expressed in various regions of the brain
in early developmental stages (Inoue et al., 2005). During development, TR1 mRNA
expression is also observed in the brain (Eib et al., 2000). Therefore, addicsin may
contribute to the BMP-mediated formation of synapses in the developing brain by
regulating the cell surface expression of TR1.
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Recent evidence suggests that addicsin is a stress-induced factor. Addicsin
specifically increases in response to diverse stimuli, including oxidative stress and heat
shock, under some non-physiological conditions (Chen et al., 2007b; Zhu et al., 2005,
2006).

For

instance,

methyl--cyclodextrin,

various
all-trans

chemical

compounds,

retinoic

acid,

such

as

arsenic

morphine,
trioxide,

12-O-tetradecanoylphorbol-13-acetate, cadmium, and N-(4-hydroxyphenyl)retinamide,
increase addicsin expression (Butchbach et al., 2003; Cao et al., 2007; Huang et al.,
2006a, 2006b; Lin et al., 2001; Mao et al., 2006; Shen et al., 2011; Zhou et al., 2008).
Furthermore, addicsin upregulation under some stressful conditions leads to apoptosis
(Mao et al., 2006; Cao et al., 2007; Zhou et al., 2008). Thus, non-physiological
regulation of addicsin may disrupt the formation and function of neural circuits in the
developing and mature brain. However, this hypothesis needs further examination.
Interestingly, addicsin tends to form homo- or heterocomplexes and interacts with
several proteins (Akiduki and Ikemoto, 2008; Aoyama et al., 2012b; Ikemoto and
Arano, 2012; Lin et al., 2001; Liu et al., 2008; Maier et al., 2009; Ruggiero et al., 2008;
Wang et al., 2009; Wu et al., 2011). Addicsin binds to the neuronal glutamate
transporter EAAC1 to negatively modulate its glutamate transport activity (Akiduki and
Ikemoto, 2008; Lin et al., 2001). Furthermore, addicsin associates with Arl6ip1, an
anti-apoptotic factor, to indirectly promote EAAC1-meditated glutamate uptake activity
(Akiduki and Ikemoto, 2008). In intracellular trafficking, addicsin interacts with
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Reticulon 2B to promote the delivery of EAAC1 from the ER to the cell surface
(Ruggiero et al., 2008) and acts as a negative regulator of Rab1, a small Rab GTPase, to
delay the exit of EAAC1 from the ER (Maier et al., 2009). With regard to neuronal
diseases, addicsin contributes to chronic morphine dependence by interacting with the
DOR and maintaining its stability via the ubiquitin-proteasome pathway (Wu et al.,
2011). We showed here that addicsin binds to TR1, a type I transmembrane protein that
participates in nodal and BMP signaling. Thus, addicsin specifically interacts with
numerous kinds of proteins and may participate in widespread physiological and
pathological processes by changing its binding partners.
To investigate the physiological function of addicsin-TR1 heterocomplexes, we
focused on the inhibition of tumor cell migration by overexpression of addicsin (Chen
et al., 2007a) and TR1-mediated growth suppression of brain cancer cells (Gery et al.,
2003). Based on these findings, we hypothesized that addicsin-TR1 heterocomplexes
regulated cell migration. To verify this, we first established stably transfected
tetracycline-inducible Flp-In T-REx 293 addicsin cells, Flp-In T-REx 293 addicsin-d1
cells, Flp-In T-REx 293 TR1 cells, and Flp-In T-REx 293 TR1-228–266 cells (Fig.
10). These cells allowed us to examine differences in cell phenotypes mediated by the
target protein because the expression of each target protein could be regulated in a
tetracycline-dependent manner (Fig. 10). Wound healing assays demonstrated that
addicsin inhibited cell migration, consistent with the previous report (Fig. 11A) (Chen

34

et al., 2007a). In contrast, the addicsin-d1 mutant lacking the TR1-binding region
significantly accelerated cell migration (Fig. 11B). Furthermore, TR1-228–266
suppressed cell migration (Fig. 11D), although TR1 had no effect on cell migration (Fig.
11C). These results suggest that the interaction of addicsin with TR1 affects cell
migration and support our hypothesis that addicsin participates in physiological
processes by changing its binding partners. At present, the molecular mechanism of cell
migration induced by the tetracycline-dependent expression of addicsin, addicsin-d1, or
TR1-228–266 is unclear. However, addicsin regulates the cell surface expression of
TR1 (Fig. 9), and TR1 inhibits BMP and nodal signaling (Chang et al., 2003; Harms
and Chang, 2003). In developing mammalian brain, neuronal migration is a common
mechanism to form mature brain (Hatten, 1999). Inhibition of BMP signal using
dominant negative BMP-4 receptor blocks neuronal differentiation and migration of
neocortical precursors in the ventricular zone (Li et al., 1998). BMP-Smad signaling
pathway controls neuronal migration and neurite outgrowth by suppressing the
transcription of collapsing response mediator protein-2 during brain development (Sun
et al., 2010). Therefore, BMP signaling may be involved in the change in cell migration.
Further studies are required to elucidate the mechanism by which addicsin and TR1
regulate cell migration.
Previous studies indicate that addicsin implicates in physiological and pathological
events. In humans, increased expression of addicsin mRNA is observed in the thalamus
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and cingulate cortex in schizophrenia (Bauer et al., 2008; Huerta et al., 2006). In rats,
addicsin affects the formation of chronic morphine dependence through its interaction
with DOR (Wu et al., 2011) and is involved in epilepsy induced by levetiracetam (Ueda
et al., 2007). Moreover, addicsin knockout mice have better motor learning and spatial
memory compared with wild type mice (Aoyama et al., 2012a) and show resistance to
tumorigenesis induced by phorbol ester (Gong et al., 2012). In Drosophila, addicsin
participates in the acquisition of ethanol tolerance (Li et al., 2008). Cell migration is
linked to schizophrenia, epilepsy, alcohol intake, morphine dependence, cancer and
memory. Thus, addicsin-TR1 interaction may have critical roles in various
physiological and pathological processes in the CNS.
The signaling cascades and regulatory mechanism that determine the formation of
addicsin homo- or hetero-complexes are unknown. Our coimmunoprecipitation assay
demonstrated that TR1 associates with the C-terminal region of addicsin at amino acids
145–188 (Fig. 6Aa–6Ab and 6Ca). In contrast, addicsin forms an addicsin-addicsin
homodimer and an addicsin-Arl6ip1 heterocomplex through the hydrophobic region
located at amino acids 103–117 (Akiduki and Ikemoto, 2008). Interestingly, there is no
homology between the Arl6ip1/addicsin binding region and the TR1 binding region.
These findings suggest that addicsin has at least two protein-binding domains.
Furthermore, addicsin binds to the C-terminal intracellular domain of EAAC1, the last
87 amino acids (Lin et al., 2001). Addicsin interacts with the first transmembrane
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domain located at 240–335 amino acids of Reticulon 2B (Liu et al., 2008). In this report,
we identified that TR1 228–266 amino acids are needed for its interaction with addicsin
(Fig. 6Ba–6Bb and 6Cb). However, there are no significant similarities among these
addicsin-binding sequences. Given that addicsin has many interacting partners, it is not
surprising that addicsin has multiple binding regions.
Previous reports show that the majority of addicsin are detected in soluble fraction
although addicsin interacts with various ER localized protein, such as Arl6ip1, Rab1,
and Reticulon 2B (Akiduki and Ikemoto, 2008; Ikemoto et al., 2002, Liu et al., 2008;
Maier et al., 2009; Ruggiero et al., 2008). These data suggest that addicsin is a
predominantly soluble protein and localized at cytoplasma in the immediate vicinity of
ER by interacting with ER localized proteins. However, addicsin interacts with the first
transmembrane region of Reticulon 2B (Liu et al., 2008). Moreover, our preliminary
data indicate that addicsin shifts soluble fractions to membrane fractions by chemical
stimulations, suggesting that a part of addicsin is located at membrane (Ikemoto et al.,
unpublished data).
Currently, the mechanism by which addicsin selectively recognizes its binding
partners is unclear. However, addicsin contains two putative PKC phosphorylation
motifs (Butchbach et al., 2002; Ikemoto et al., 2002) and modulates EAAC1-mediated
glutamate uptake activity in a PKC-dependent manner (Akiduki and Ikemoto, 2008).
Furthermore, addicsin has several putative phosphorylation motifs including two
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PKA/CaMKII phosphorylation motifs, and three phosphorylatable tyrosine residues
(Butchbach et al., 2002; Ikemoto et al., 2002). These sites may be involved in the
selective recognition of addicsin-associated factors. Therefore, a global analysis of
addicsin-associated factors and an analysis of the post-translational modification state
of addicsin will help clarify the physiological and molecular functions of addicsin.
Further studies are needed to elucidate the regulatory mechanism underlying the
specific recognition of addicsin-associated factors.
In summary, we have identified TR1 as a novel addicsin-binding factor. The
interaction between addicsin and TR1 was mediated by amino acids 145–188 of
addicsin and amino acids 228–266 of TR1. Addicsin and TR1 were both expressed in
neurons in the mature mouse brain, including those in the hippocampal formation and
olfactory bulbs. Furthermore, through formation of an addicsin-TR1 heterocomplex,
addicsin inhibited the cell surface expression of TR1 by preventing TR1 trafficking
from the ER to the plasma membrane. And, TR1-binding region of addicsin and
addicsin-binding region of TR1 are implicated in cell migration. These results suggest
that addicsin is related to cell migration via its interaction with TR1 although the
mechanism is unknown (Fig. 12). This information provides a foundation upon which
to establish the molecular and physiological functions of addicsin and its roles in the
CNS.
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Figure legends
Fig. 1 Schematic illustrations of addicsin and TR1
(A) Schematic illustration of addicsin. Addicsin has two hydrophobic regions and
several putative phosphorylation motifs, including two PKC phosphorylation motifs,
two PKA/CaMKII phosphorylation motifs, and three phosphorylatable tyrosine
residues. (B) Schematic illustration of TR1. TR1 is a type I transmembrane protein
containing a signal peptide, two follistatin-like modules, an EGF-like domain, and a
short and highly conserved cytoplasmic tail.

Fig. 2 Addicsin physiological functions and addicsin-associated factors
Addicsin is concerned with various physiological functions and associates with several
proteins, such as addicsin itself, Arl6ip1, EAAC1, Rab 1, Reticulon 2B, and XRCC1.

Fig. 3 Schematic illustration of the regulatory mechanism of EAAC1-mediated
glutamate transport by addicsin and Arl6ip1
Addicsin forms addicsin-addicsin homodimer and addicsin-Arl6ip1 heterocomplex.
Addicsin-addicsin homodimer can bind to EAAC1 and inhibits EAAC1-glutamate
transport in a PKC activity-dependent manner. In contrast, when addicsin forms
addicsin-Arl6ip1 heterocomplex, interaction of addicsin-addicsin homodimer with
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EAAC1 is reduced. Then, decreasing addicsin-EAAC1 interaction accelerates
EAAC1-glutamate transport.

Fig. 4 Interaction of addicsin with TR1
(A) Western blot analysis of proteins overexpressed in COS-7 cells. FLAG-tagged TR1
(TR1-FLAG) and c-myc-tagged addicsin (addicsin-myc) (panel a) or FLAG-tagged
addicsin (addicsin-FLAG) and c-myc-tagged TR1 (TR1-myc) (panel b) were
coexpressed in COS-7 cells. The expressed proteins were checked by western blot
analysis. The asterisks in panels a and b indicate the addicsin homodimer. -FLAG
and -c-myc mean anti-FLAG M2 IgG antiboby and anti-c-myc IgG antibody,
respectively. (B) Immunoprecipitation assay using extracts from transfected COS-7
cells. After immunoprecipitation, the specific interaction between TR1 and addicsin
was analyzed by western blot. Addicsin-myc was coimmunoprecipitated with
TR1-FLAG using anti-FLAG M2 affinity gel (panel a). Similarly, addicsin-FLAG was
coimmunoprecipitated with TR1-myc using anti-c-myc-conjugated agarose (panel b).
Arl6ip1-FLAG and Arl6ip1-myc were used as positive controls. IP means
immunoprecipitation. (C) Reverse immunoprecipitation assay using extracts from
transfected COS-7 cells. TR1-FLAG was coimmunoprecipitated with addicsin-myc
using anti-c-myc affinity gel (panel a). Similarly, TR1-myc was coimmunoprecipitated
with addicsin-FLAG using anti-FLAG M2 affinity gel (panel b). Arl6ip1-FLAG was
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used

as

positive

control.

pcDNA3.1-addicsin-myc

(D)

(panel

Glycerol
a),

gradient

centrifugation

pcDNA3.1-TR1-FLAG

(panel

analysis.
b),

or

pcDNA3.1-TR1-FLAG and pcDNA3.1-addicsin-myc (panel c) were transfected into
COS-7 cells. Cell lysates dissolved in RIPA buffer were fractionated on a 10–40%
glycerol gradient by centrifugation for 24 h. The distributions of TR1-FLAG and
addicsin-myc in each fraction were analyzed by western blot using anti-FLAG M2 IgG
and anti-c-myc IgG antibodies, respectively. (E) Intracellular localization of TR1 in
COS-7 cells. TR1 colocalized with addicsin when wild-type addicsin was coexpressed
with TR1 (panels a–c). When coexpressed with the addicsin-d1 mutant, which did not
bind TR1, TR1 showed a punctate pattern throughout the cells, and it was preferentially
expressed on the cell surface (panels d–f). Scale bars correspond to 20 m. (F) Western
blot analysis using mouse whole brain lysates. Both addicsin and TR1 were expressed
in mouse brain. (G) In vivo immunoprecipitation assay using mouse whole brain lysates.
Western blotting analysis using rabbit anti-addicsin IgG antibody demonstrated that
mouse anti-TR1 IgG antibody coimmunoprecipitated with addicsin in vivo.

Fig. 5 Expression profile of addicsin and TR1 in the mature mouse brain
(A) Expression profile of TR1 and addicsin mRNAs in the mature mouse brain. Mouse
TR1 and addicsin mRNAs prepared from 6-week-old ddY mouse brain were analyzed
by RT-PCR analysis. (B) Localization of TR1 and addicsin in the mature mouse brain
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by immunohistochemical analysis. Mouse coronal brain sections 16-m thick were
immunolabeled with anti-TR1 IgG and anti-addicsin IgG antibodies. Typical staining
patterns in the hippocampal formation (panels a and c) and olfactory bulbs (panels b
and d) are shown. High-magnification images of the hippocampus (panels e and g) and
olfactory bulbs (panels f and h) showed that neuron-like cells were ubiquitously
immunostained with both antibodies. Scale bars correspond to 500 m in Ba and Bc;
100 m in Bb, Bd, Be, and Bg; and 50 m in Bf and Bh. (C) The double-fluorecent
immunohistochemical analysis of TR1 and addicsin in the mature mouse brain.
Addicsin and TR1 colocalized in the hippocampal pyramidal cells (panels a–c).
High-magnification images of the hippocampus CA2 regions (panels d–f) showed that
TR1 and addicsin colocalized in the hippocampal pyramidal cells. Arrowhead indicated
the cell coexpressing TR1 and addicsin. Scale bars correspond to 100 m in Ca–Cc; 20
m in Cd–Cf. (D) The double-fluorecent immunohistochemical analysis of TR1
expressing cells in the mature mouse hippocampal formations. TR1 colocalized with a
neuronal marker MAP2 (panels a–c), but not a glial marker GFAP, (panels d–f) in the
hippocampal pyramidal cells in the CA2 area. Arrowheads indicated the neuron
expressing TR1. Scale bars correspond to 30 m in Da–Df. Abbreviations: CA1,
hippocampal CA1 field; CA2, hippocampal CA2 field; CA3, hippocampal CA3 field;
DG, dentate gyrus; Gl, glomerular layer of the olfactory bulb; Gro, granular layer of the
olfactory bulb; Mi, mitral cell layer of the olfactory bulb; Py, pyramidal cell layer.
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Fig. 6 Determination of the TR1-binding region and the addicsin-binding region
(A) Analysis of the TR1-binding region in addicsin. Schematic representation of
various addicsin deletion mutants (panel a). Results of the immunoprecipitation assay
using the various deletion mutants. The TR1-binding region mapped to amino acids
145–188 of addicsin (panel b). The TR1-binding region is distinct from the
Arl6ip1/addicsin binding region at amino acids 103–117, described in our previous
report (Akiduki and Ikemoto, 2008). (B) Analysis of the addicsin-binding region in
TR1. Schematic diagram of various TR1 deletion mutants (panel a). Results of the
immunoprecipitation assay using various deletion mutants. Amino acids 228–266 of
TR1 formed the addicsin-binding region (panel b). (C) Illustrations of the TR1- and
Arl6ip1/addicsin-binding regions in addicsin (panel a) and the addicsin-binding region
in TR1 (panel b).

Fig. 7 Redistribution of TR1 to the ER by addicsin
(A) Redistribution of TR1 to the ER by addicsin. TR1-FLAG was present throughout
the cell body, including the cell surface, and was partially localized to the ER when
expressed alone (panels a–c) or coexpressed with the addicisin-d1 mutant (panels g–i).
When coexpressed with addicsin-myc, TR1-FLAG redistributed to the ER (panels d–f).
(B) Intracellular localization of addicsin or the addicsin-d1 mutant in COS-7 cells.
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Addicsin-myc (panels a–f) and the addicsin-d1 mutant (panels g–i) colocalized with
calnexin, an ER marker, regardless of TR1-FLAG expression. Scale bars correspond to
20 m. (C) Localization of endogenous TR1 and addicsin in NG108-15 cells.
Endogenous TR1 was showed throughout the cell bodies and partially localized to ER
(panels a–c). Endogenous addicsin mainly localized to ER (panels d–f). Scale bars
correspond to 50 m.

Fig. 8 Regulation of TR1 subcellular localization by addicsin
(A) Analysis of TR1-FLAG subcellular localization by sucrose gradient assay. The peak
fraction of TR1-FLAG was different from that of calnexin when TR1-FLAG was
expressed alone (panels a and b). In contrast, the peak fraction of TR1-FLAG was the
same as that of calnexin when TR1-FLAG was expressed with addicsin-myc in COS-7
cells (panels c and d). Coexpression of addicsin-d1-myc with TR1-FLAG shifted the
peak fraction of TR1-FLAG to earlier fractions (panels e and f). (B) Distribution of the
fluorescent intensity of TR1-FLAG and calnexin. TR1-FLAG exhibited a diffusive
pattern from the ER to plasma membrane when overexpressed alone in COS-7 cells.
Arrows indicate the TR1-specific peaks (panel a). The fluorescent intensity distribution
of TR1-FLAG was almost the same as that of calnexin when both TR1-FLAG and
addicsin-myc were expressed in COS-7 cells (panel b).
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Fig. 9 Inhibition of the cell surface expression of TR1 by addicsin
(A)

Localization

pattern

and

fluorescent

intensity

of

TR1-FLAG

by

immunocytochemical analysis. TR1-FLAG was expressed throughout the cell body,
including the plasma membrane (left panel; 69 ± 5 % of the counted cells, n = 95).
Coexpression of addicsin-myc with TR1-FLAG suppressed the diffusive expression
pattern of TR1-FLAG (middle panel; 86 ± 7 % of the counted cells, n = 33). When
TR1-FLAG was coexpressed with the addicsin-d1 mutant, the fluorescence of
TR1-FLAG showed spread expression pattern similar to that of TR1-FLAG expressed
alone (right panel; 54 ± 6 % of the counted cells, n = 86). White lines indicate sites
where the fluorescent intensity was measured. (B) Analysis of the cell surface
expression of TR1 in COS-7 cells. TR1-FLAG, with or without addicsin-myc or the
addicsin-d1 mutant, was transiently expressed in COS-7 cells. The biotinylation assay
was performed at 24 h after transfection. The cell surface expression of TR1 was
determined by western blot. (C) Quantification of the biotinylation assay in (B). The
cell surface expression of TR1-FLAG when overexpressed alone was set to 100%
(white bar). The cell surface expression of TR1-FLAG decreased when addicsin-myc
was coexpressed with TR1-FLAG (gray bar). Coexpression of addicsin-d1-myc with
TR1-FLAG partially decreased the cell surface expression of TR1 (black bar). Data are
the mean ± s.e.m., n = 3; **p < 0.01 by one-way ANOVA.
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Fig. 10 Establishment of tetracycline-inducible stable Flp-In T-REx 293 cell lines
Confirmation of the tetracycline-inducible expression of target proteins in Flp-In
T-REx 293 cell lines by western blot (A) and immunocytochemical analysis (B). The
specific expression of V5-tagged addicsin (addicsin-V5), V5-tagged addicsin-d1
(addicsin-d1-V5), V5-tagged TR1 (TR1-V5), and V5-tagged TR1-228–266
(TR1-228–266-V5) was observed in a tetracycline-dependent manner in Flp-In
T-REx 293 addicsin, Flp-In T-REx 293 addicsin-d1, Flp-In T-REx 293 TR1, and Flp-In
T-REx 293 TR1-228–266 cells, respectively. Scale bars correspond to 10 m in (B).

Fig. 11 Effect of the addicsin-TR1 interaction on cell migration
Analysis of cell migration in the tetracycline-inducible Flp-In T-REx 293 addicsin-V5
(A), Flp-In T-REx 293 addicsin-d1-V5 (B), Flp-In T-REx 293 TR1-V5 (C), or Flp-In
T-REx 293 TR1-228-266-V5 (D) cell lines. Representative images after wounding in
each cell line are shown in the upper panels. The ratio of wound closure, quantified by
measuring the wound area with Image J (NIH), is shown in the lower panels. Scale bars
correspond to 200 m. Data are the mean ± s.e.m., n = 7; *p < 0.05, **p < 0.01 by
t-test.

Fig. 12 Schematic illustration of regulation of cell migration by addicsin-TR1
interaction
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Addicsin interacts with TR1 and implicates in cell migration although the mechanism is
currently unknown.
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Fig. 1 Schematic illustrations of addicsin and TR1
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Fig. 2 Addicsin physiological functions and addicsin-associated factors
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Fig. 3 Schematic illustration of the regulatory mechanism of
EAAC1-mediated glutamate transport by addicsin and Arl6ip1
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Fig. 4 Interaction of addicsin with TR1
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Fig. 5 Expression profile of addicsin and TR1
in the mature mouse brain
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Fig. 6 Determination of the TR1-binding region
and addicsin-binding region
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Fig. 7 Redistribution of TR1 to the ER by addicsin
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Fig. 8 Regulation of TR1 subcellular localization by addicsin
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Fig. 9 Inhibition of the cell surface expression of TR1 by addicsin
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Fig. 10 Establishment of tetracycline-inducible stable
Flp-In T-REx 293 cell lines
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Fig. 11 Effect of the addicsin-TR1 interaction on cell migration
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Fig. 12 Schematic illustration of regulation of cell migration
by addicsin-TR1 interaction
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