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ARS-Interacting Multi-functional Protein 1 (AIMP1) is a cytokine that is involved in the regulation of angio-
genesis, immune activation, and fibroblast proliferation. In this study, fibroblast growth factor receptor 2
(FGFR2) was isolated as a binding partner of AIMP peptide (amino acids 6–46) in affinity purification using
human bone marrow-derived mesenchymal stem cells (BMMSCs). AIMP1 peptide induced the proliferation of
adult BMMSCs by activating Akt, inhibiting glycogen synthase kinase-3b, and thereby increasing the level of b-
catenin. In addition, AIMP1 peptide induced the translocation of b-catenin to the nucleus and increased the
transcription of c-myc and cyclin D1 by activating the b-catenin/T-cell factor (TCF) complex. By contrast,
transfection of dominant negative TCF abolished the effect of AIMP1. The inhibition of Akt, using LY294002,
abolished the accumulation and nuclear translocation of b-catenin induced by AIMP1, leading to a decrease in c-
myc and cyclin D1 expression, which decreased the proliferation of BMMSCs. An intraperitoneal injection of
AIMP1 peptide into C57/BL6 mice increased the colony formation of fibroblast-like cells. Fluorescence activated
cell sorting analysis showed that the colony-forming cells were CD29 + /CD44 + /CD90 + /CD105 + /CD34 - /
CD45 - , which is characteristic of MSCs. In addition, the fibroblast-like cells differentiated into adipocytes,
chondrocytes, and osteocytes. Taken together, these data suggest that AIMP1 peptide promotes the proliferation
of BMMSCs by activating the b-catenin/TCF complex via FGFR2-mediated activation of Akt, which leads to an
increase in MSCs in peripheral blood.

Introduction

Mesenchymal stem cells (MSCs) are isolated as fibro-
blast-like cells in bone marrow (BM) colonies; they are

nonhematopoietic stromal multipotent stem cells that can
differentiate into multiple types of cells such as adipocytes,
chondrocytes, and osteocytes, under appropriate conditions
[1–8]. In addition, MSCs have been isolated from the fetal
liver, umbilical cord blood, BM, and adipose tissue [9–11].
They are characterized by the expression of surface markers
such as CD105, CD73, and CD90 [12]. The multipotency of
MSCs makes them an attractive potential source of cells for
cell therapy in regenerative medicine [13]. Furthermore, since
MSCs can be directly obtained from individual patients, the
complications associated with the immune rejection of allo-

genic tissue can be avoided. Since the homing efficiency of
MSCs to target sites is low, large numbers of MSCs are re-
quired for the efficient regeneration of damaged tissue.
However, since there are limitations to obtaining sufficient
amounts of MSCs from a single patient, in vitro expansion
that preserves their differentiation and proliferative potential
is needed. Currently, in vitro expansion to apply to clinical
therapy has limitations due to the animal factor of culture
media. Thus, culture media containing a variety of growth
factors instead of serum has been developed. In addition, the
development of new agents that can induce the proliferation
of MSCs without affecting their differentiation potential is
required. Recently, many studies have reported that sphin-
gosine-1-phosphate (S1P) and growth factors, including epi-
dermal growth factor (EGF) and fibroblast growth factor
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(FGF), induce the proliferation of MSCs without affecting
multipotency [14–17].

ARS-interacting multifunctional protein 1(AIMP1) was
originally identified as a member of the mammalian multi-
ARS complex [18]. AIMP1 is secreted in response to hypoxia
and cytokine stimulation; it functions as a cytokine with
various target cells including endothelial cells, monocyte/
macrophage cells, dendritic cells, and pancreatic a cells [19–
26]. Recently, macrophages were shown to secrete on stim-
ulation with tumor necrosis factor a in wound lesions, and
AIMP1 was shown to enhance wound healing, which was
mediated by fibroblast proliferation and collagen synthesis
via ERK activation [20]. Deletion mapping analysis showed
that the N-terminal domain (amino acids 6–46) of AIMP1
was responsible for the stimulation of fibroblast proliferation
[27]. Since the proliferation of MSCs is critical to providing a
reservoir of cells or back up for the repair or regeneration of
damaged tissues, we studied AIMP1 to determine whether it
could promote the proliferation of BMMSCs. The results of
this study showed that AIMP1 peptide increased the ex-
pression of cyclin D1 and c-myc by stabilizing b-catenin via
FGF receptor 2 (FGFR2)-mediated activation of Akt. This
promoted the proliferation of BMMSCs without affecting
their differentiation into adipocytes, chondrocytes, and os-
teocytes.

Materials and Methods

Cell culture and proliferation assay

BMMSCs were purchased from PromoCell and were
maintained in low-glucose Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and 1% streptomycin/penicillin. Cells between pas-
sages 4 and 7 were used for this study. For the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay, human BMMSCs (1 · 104 cells) were seeded onto 96-
well plates and cultured for 24 h. After serum starvation for
4 h with low-glucose DMEM containing 0.5% FBS, the
BMMSCs were treated with different concentrations of
AIMP1 peptide (amino acids 6–46) in the presence or absence
of LY294002 (10mM) (Calbiochem) and U0126 (10mM)(Cal-
biochem). BmMSCs were cultured for 24 h. Subsequently,
10 mL of Ez-Cytox (DaeilLab) was added to each well, and the
cells were cultured for another 4 h. At the end of the incu-
bation, we evaluated cell viability by measuring the optical
density at 450 nm. For the cell counting assay, human
BMMSCs (1.2 · 104 cells) were seeded onto 24-well plates and
cultured in low-glucose DMEM supplemented with 10% FBS
and 1% streptomycin/penicillin for 12 h. After serum star-
vation for 4 h with low-glucose DMEM containing 0.5% FBS,
human BMMSCs were treated with different concentrations
of AIMP1 peptide for the indicated time. The cells were
stained with tryphan blue and counted using a hemacy-
tometer under a light microscope.

Immunoblot

Human BMMSCs (2 · 105 cells) were seeded onto six-well
plates and cultured for 12 h. After serum starvation for 4 h
with low-glucose DMEM containing 0.5% FBS, the BMMSCs
were treated with AIMP1 peptide (100 ng/mL) for the indi-
cated time. Protein extracts of human BMMSCs were pre-

pared with lysis buffer (20 mM HEPES, pH 7.5, 150 mM
NaCl, 10% glycerol, 1% Triton X-100, 0.1% sodium dodecyl
sulfate (SDS), 0.5% sodium deoxycholate, 1 mM EDTA,
10 mM sodium fluoride, 10 mM b-glycerophosphate, 0.5 mM
sodium orthovanadate, and 1 mM phenylmethylsulfonyl
fluoride). Forty micrograms of protein extract per lane was
subjected to electrophoresis, transferred to a polyvinyldene
fluoride membrane (Millipore), and blotted with their spe-
cific antibodies. Antibodies against p-glycogen synthase
kinase-3b (GSK3b), GSK3b, pAkt, Akt, pERK, and ERK were
purchased from Cell Signaling Technology. Antibodies
against b-catenin, c-myc, HSP90, YY1, and cyclin D1 were
purchased from Santa Cruz Biotechnology. Anti-tubulin
antibody was purchased from Sigma-Aldrich. Antibody
against FGFR2 was purchased from Abcam. To separate the
nucleus and the cytoplasm, cells were lysed with hypotonic
solution (10 mM HEPES, pH 7.4, 10 mM KCl, 0.5 NP40,
1.5 mM MgCl2, 0.5 mM EGTA, 12 mM b-glycerophosphate,
10 mM NaF, 1 mM Na3VO4, 1 mM phenylmethane sulfonyl-
fluoride (PMSF), and 5mg/mL aprotinin) to obtain the cy-
toplasmic proteins. The nucleus was then lysed with 10 mM
HEPES, pH 7.4, 0.3 M KCl, 1.5 mM MgCl2, 0.2 mM EDTA,
12 mM b-glycerophosphate, 10 mM NaF, 1 mM Na3VO4,
1 mM PMSF, and 5 mg/mL aprotinin.

Immunofluorescence staining

Human BMMSCs (5 · 104 cells) were seeded onto a cover
slip (9 · 9 mm) and cultured for 12 h. After serum starvation
for 6 h with low-glucose DMEM containing 0.5% FBS, the
BMMSCs were treated with AIMP1 peptide (100 ng/mL) for
2 h. The cells were fixed with 4% paraformaldehyde at room
temperature (R.T) for 10 min and washed thrice with 1X
phosphate-buffered saline (PBS). The cells were permeabi-
lized with 0.1% Triton X-100 at R.T for 5 min and washed
thrice with 1X PBS. The cells were blocked with 1X PBS
containing 2% bovine serum albumin (BSA) at R.T for 1 h
and incubated with anti-b-catenin antibody diluted 1:100 at
R.T for 2 h. Thereafter, the cells were washed thrice with 1X
PBS and then reacted with Alexa Fluor-488-conjugated sec-
ondary antibody (Invitrogen) at R.T for 1 h. The cell nuclei
were counterstained with 4¢-6¢ diamidino-2-phenylindole
(Invitrogen).

Luciferase assay

BMMSCs (3 · 104 cells) were seeded onto a 12-well plate
and cultured in low-glucose DMEM supplemented with 10%
FBS and 1% streptomycin/penicillin for 24 h. BMMSCs were
then transfected with TOPflash plasmid and Renilla lucifer-
ase vector using Lipofectamine 2000 (Invitrogen) for 12 h.
After serum starvation for 12 h with low-glucose DMEM
containing 0.5% FBS, the cells were treated with AIMP1
peptide (100 ng/mL) in the presence or absence of LY294002
and U0126 for 24 h. To assess the dominant negative (DN)
effect of T-cell factor (TCF), 0.1, 0.2, and 0.5 mg of TOPflash
plasmid expressing DN-TCF (kindly provided by Barry M.
Gumbiner, University of Virginia) was transfected into
BMMSCs with the TOPflash plasmid and the Renilla lucif-
erase vector and expressed for 12 h. The transfected cells
were treated with AIMP1 peptide (100 ng/mL) for 24 h. Lu-
ciferase activity was measured with the Dual-Luciferase
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Reporter Assay System (Promega) according to the manu-
facturer’s instructions.

RT-polymerase chain reaction

Human BMMSCs (3 · 105 cells) were seeded onto a six-
well plate and cultured in low-glucose DMEM containing
10% FBS and 1% streptomycin/penicillin for 12 h. After se-
rum starvation for 4 h with low-glucose DMEM containing
0.5% FBS and 1% streptomycin/penicillin, the cells were
treated with AIMP1 peptide (100 ng/mL) in the presence or
absence of LY294002 and U0126 for 8 h. Total RNA was ex-
tracted using Easy-spin (iNtRON Biotechnology) according
to the manufacturer’s instructions. cDNA was synthesized
by reverse transcription with 0.5 mg of total RNA, and each
gene transcript was then amplified by quantitative reverse
transcription-polymerase chain reaction (PCR) with specific
primers. The primer sequences are summarized in Table 1.

Colony formation assay

C57/BL6 (male) mice were purchased from Orient Bio at 6
weeks of age and maintained until 7 weeks of age. The CHA
Animal Care and Use Committee approved all animal
studies (IACUC110013), and the investigation conformed to
the Guide for the Care and Use of Laboratory Animals,
published by the United States National Institutes of Health.
AIMP1 peptide was diluted in sterile PBS and intraperito-
neally injected as indicated. Mice were euthanized with
isoflurane (Hana Pharm), and blood was harvested. Mono-
nuclear cells were harvested using a Ficoll–Paque cushion
(GE Healthcare). Mononuclear cells (5 · 106/well) were see-
ded into 0.1% gelatin-coated 12-well plates in DMEM with
10% FBS and 1% penicillin/streptomycin and maintained in
a humidified chamber of 5% CO2. Non-adherent cells were
removed, and the medium was replaced every 3 days.

Flow cytometry

For the phenotypic analysis of fibroblast-like cells after
passage 3, cells were resuspended in PBS containing 2% BSA

and fixed with 2% paraform–aldehyde for 10 min. The cells
were washed with PBS containing 2% BSA and incubated for
1 h at 4�C with the following antibodies: CD34-FITC (BD
Biosciences), CD45-adenomatous polyposis coli (APC) (Mil-
tenyi Biotec), CD105-APC (R&D Systems), CD44-APC (BD
Biosciences), CD29-FITC (AbD Serotec), and CD90-APC
(BioLegend). After washing twice with PBS containing 2%
BSA, the cells were analyzed by flowcytometry using an
FACScalibur flow cytometer (BD Immunocytometry Sys-
tems).

Differentiation of MSCs

Adipogenic differentiation was induced at a cell density of
1 · 104 cells/cm2 in adipogenic medium (StemPro� Adipo-
genesis Differentiation Kit, Gibco BRL) for 14 days. Differ-
entiated MSCs were fixed with 10% formaldehyde for 15 min
at R.T, and washed once with 60% isopropanol. Cells were
then stained with 0.6% (w/v) oil red O solution for 45 min
and washed repeatedly with 60% isopropanol. Cells were
washed twice with distilled water and examined under a
light microscope. For osteogenic inductions, cells were cul-
tured at 1 · 104 cells/cm2 in DMEM containing 10% FBS, 1%
GlutaMax (Gibco BRL), 0.2 mM ascorbic acid, 10 mM glyc-
erol 2-phosphate (Sigma), 1% antibiotics, and 0.1 mM dexa-
methasone for 21 days. The differentiated osteogenic cells
were fixed with 10% formaldehyde for 15 min and washed
thrice with deionized water. Cells were then incubated in 5%
silver nitrate and exposed to strong light for 1 h. The reaction
was stopped by treatment with sodium thiosulfate, and cells
were examined under a light microscope. To induce chon-
drogenic differentiation, cells were cultured at 1 · 104 cells/
cm2 for 21 days in DMEM containing 10% FBS, 1% antibi-
otics, 1% Insulin-Transferrin-Selenium-A Supplement (Gibco
BRL), 50mM ascorbic acid, 100 nM dexamethasone (Sigma),
and 10 ng/mL transforming growth factor-beta 1 (ProSpec-
Tany TechnoGene Ltd.). The differentiated chondrogenic
cells were fixed for 10 min with 4% paraformaldehyde. Cells
were stained with 0.5% Alcian blue in 0.1 N HCl (pH 1.0)
overnight, and examined under a light microscope.

Affinity purification

AIMP1 peptide was coupled to Affi-Gel 15 (Bio-Rad) fol-
lowing the manufacturer’s instructions. Briefly, Affi-Gel 15
beads were washed thrice with cold deionized water. The
beads were incubated with AIMP1 peptide in 10 mM HEPES
buffer for 4 h at 4�C. To block non-coupled beads, the beads
were further incubated with 1 M ethanolamine-HCl (pH 8.0)
for 1 h. The beads were transferred to a column and washed
with 10 mM HEPES buffer. To prepare the plasma membrane
fraction of BMMSCs, cells were homogenized with 20 strokes
of a Dounce homogenizer in Tris-HCl buffer (25 mM Tris-
HCl (pH 7.4), 1 mM EDTA, 0.5 mM EGTA, 10 mM NaCl, and
protease inhibitor cocktails). One-tenth volume Tris-HCl
buffer with 2.5 M sucrose was added to the homogenates.
After centrifugation at 1,000g for 10 min, the supernatant was
carefully harvested and further centrifuged at 15,000g for
15 min. The pellet was resuspended in Tris-HCl buffer con-
taining 3 mM MgCl2 and 0.25M sucrose and was designated
the plasma membrane fraction. The plasma membrane frac-
tion was then incubated with AIMP1 peptide-coupled bead
for 4 h at 4�C and washed thrice with Tris-HCl buffer

Table 1. Primers Used for qRT-PCR

Primers Sequences Species

c-myc F: 5¢-CTCCTGGCAAAAGGTCAGAG-3¢ human
R: 5¢-GGCCTT TTCATTGTTTTCCA-3¢

Cyclin D1 F: 5¢-TGGTGAACAAGCTCAAGTGG-3¢
R: 5¢-TCCTCCTCTTCCTCCTCCTC-3¢

b-catenin F: 5¢-GACTTGGTTGGTAGGGT GGG-3¢
R: 5¢- GCTTGGTTAGTGTGTCAGGC-3¢

GAPDH F: 5¢-CGAGATCCCTCCAAAATCAA-3¢
R: 5¢-TGTGGTCATGAGTCCTTCCA-3¢

PPARg F: 5¢-TCGCTGATGCACTG CCTATG-3¢ Mouse
R: 5¢-GAGAGGTCCACAGAGCTGA

TT-3¢
Aggrecan F: 5¢-GTGGAGCCGTGTTTCCAAG-3¢

R: 5¢-AGATGCTGTTGACTCGAA
CCT-3¢

Osteocalcin F: 5¢-CGCTACCTTG GAGCTTCAGT-3¢
R: 5¢-GTTTGGCTTTAGGGCAGCAC-3¢

GAPDH F: 5¢-ACCCCAGCAAGGACACTGA
GCAAG-3¢

R: 5¢-GGCTCCCTAGGCCCCTCC
TGTTATT-3¢
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containing 3 mM MgCl2 and 0.25M sucrose buffer. The pre-
cipitates were then dissolved in SDS sample buffer and
subjected to sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). Bands of interest were in-gel
digested with trypsin (Promega). For NanoLC-MS/MS
analysis, the peptides were loaded on an Agilent 1100 Series
nano-LC and LTQ-mass spectrometer (Thermo Electron).
The mobile phase A for LC separation was 0.1% formic acid
in deionized water, and the mobile phase B was 0.1% formic
acid in acetonitrile. The chromatography gradient was set up
to give a linear increase. Mass spectra were acquired using
data-dependent acquisition with a full mass scan (400–1800
m/z) followed by MS/MS scans. Each MS/MS scan acquired
was an average of one microscan on the LTQ. The temper-
ature of the ion transfer tube was maintained at 200�C, and
the spray was 1.5.0–2.0 kV. The normalized collision energy
was set at 35% for MS/MS. The database search criteria were
as follows: taxonomy, homo sapiens; fixed modification; car-
boxyamidomethylated ( + 57) at cysteine residues; variable
modification, oxidized ( + 16) at methionine residues; maxi-
mum allowed missed cleavage, 1; and MS tolerance,
100 ppm. Typical contaminants such as trypsin (used for
proteolysis) and keratin were excluded.

Modeling of AIMP1 peptide structure and AIMP1
peptide-FGFR2 docking

The AIMP1 peptide structure was predicted using the
Rosetta method that was implemented with the Monte Carlo
minimization [28]. The AIMP1 peptide was docked into the
binding site of the FGFR2 structure using ClusPro [29–33].
The X-ray structure of FGFR2 (PDB code 1IIL) was used to
define the binding site for the molecular docking studies.
Energy minimization was conducted for the AIMP1 peptide
and FGFR2 with the Amber force field [34] with UCSF
Chimera [35]. The standard set parameters were used in all
calculations. For energy assessment of the AIMP1 peptide-
FGFR2 interaction, FireDock [36,37] with an energy-based
score was used. During energy assessment, all values were
set to the default values. The APBS program [38] and Cou-
lombic Surface Coloring method with UCSF Chimera were
used to calculate the electrostatic surface potentials of the
protein-peptide complex model. Electrostatic potential maps
were calculated by numerically solving the Poisson–Boltz-
mann equation based on molecular mechanics. The AIMP1
peptide-FGFR2 complex structure was analyzed and dis-
played with the UCSF Chimera software [35].

Statistical analysis

SPSS, version 10.0 (SPSS, Inc., Chicago, IL) was used for
statistical analysis. The data are expressed as mean – SD. The
differences between the means were calculated using the
Mann–Whitney U-test. A P-value < 0.05 indicated a statisti-
cally significant difference.

Results

AIMP1 peptide induces the phosphorylation
of GSK3b, Akt, and ERK via FGFR2 in BMMSCs

In a previous report, we showed that the N-terminus of
AIMP1 increased the proliferation of fibroblast via ERK acti-

vation to enhance wound repair [20]. To determine whether
AIMP1 could activate signaling molecules related to prolifer-
ation, a peptide corresponding to the N-terminal residues
(amino acids 6–46) of human AIMP1 was added to BMMSCs
for various times. AIMP1 induced the phosphorylation of Akt
within 5 min, after the phosphorylation of ERK and GSK3b
(Fig. 1A). Next, we used affinity purification with the cyto-
plasmic membrane fraction of BMMSCs to isolate the cognate
receptor for AIMP1, as described in the Materials and Methods
section. NanoLC-MS/MS analysis showed that AIMP1 peptide
bound to FGFR2 (Table 2). We then investigated whether the
treatment of AIMP1 peptide to BMMSCs could induce phos-
phorylation of FGFR2. As shown in Fig. 1B, AIMP1 peptide
induced phosphorylation at tyrosine residue of FGFR2. In ad-
dition, whether the knock-down of FGFR2 using specific si-
RNA could abolish the activation of Akt and ERK by AIMP1
peptide was examined. As shown in Fig. 1C, knock-down of
FGFR2 abolished Akt and ERK activation by AIMP1 peptide,
which suggests that AIMP1 peptide activates Akt and ERK via
FGFR2. To predict the potential interaction between AIMP1
peptide and FGFR2, various in silico molecular models were
generated using the FGFR2 crystal structure previously re-
ported [39], and the best structure was selected based on the
energy-based score. In this model, AIMP1 peptide was located
on the inner space of FGFR2 that was composed of four sub-
units, through electrostatic interactions (Supplementary Fig.
S1A, B; Supplementary Data are available online at www
.liebertpub.com/scd). Negatively charged residues (7Glu,
12Glu, 14Asp, 18Glu, 29Glu, 39Glu, and 40Glu) in AIMP1
peptide were predicted to contribute to the interaction with
positively charged residues in FGFR2 (Supplementary Fig.
S1C). In addition, hydrogen bonds between AIMP1 peptide
and FGFR2 stabilized the complex structure. In this model, five
hydrogen bonds involving four residues of AIMP1 peptide
residues (9Lys, 12Glu, 25Ser, and 28Lys), were found at the
binding interface, which suggested an extensive interaction
between AIMP1 peptide and FGFR2 (Supplementary Fig. S1C).
In addition, the energy-based score of the complex was - 160.93
from the FireDock results (Supplementary Fig. S1D)

GSK3b is a cytoplasmic serine/threonine kinase that regulates
Wnt/b-catenin, Hedgehog, Notch, and insulin signaling [40].
Moreover, the phosphorylation of Ser9 in GSK3b by phos-
phorylated Akt decreases the activity of GSK3b [41]. Therefore,
the relationship between the phosphorylation of GSK3b and Akt
activation was examined. Pretreatment with LY294002, a PI3K
inhibitor, abolished the phosphorylation of Akt and GSK3b;
whereas pre-treatment with U1026, an ERK inhibitor, did not
eliminate the phosphorylation of Akt and GSK3b. These
findings suggest that activation of Akt by AIMP1 peptide is
prerequisite for the phosphorylation of GSK3b (Fig. 1D).

AIMP1 peptide enhances the protein stability
and nuclear translocation of b-catenin

GSK3b phosphorylates b-catenin in the Wnt/b-catenin
signaling pathway, leading to the ubiquitination and pro-
teasomal-dependent degradation of b-catenin [42]. Since the
phosphorylation of GSK3b by Akt activation prevents the
proteasomal degradation of b-catenin, we evaluated whether
AIMP1 peptide could induce the accumulation of non-
phosphorylated b-catenin via Akt in BMMSCs. Immunoblot
analysis clearly showed that AIMP1 increased the b-catenin
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level in a dose-dependent manner; treatment with LY294002
abolished this increase (Fig. 2A, B). In addition, we examined
whether b-catenin translocated into the nucleus in response
to AIMP1. Protein extracts were fractionated into cytoplas-
mic and nuclear fractions, and b-catenin was detected with a
specific antibody. As shown in Fig. 2C, b-catenin accumu-

lated in the nucleus after treatment with AIMP1 peptide.
Furthermore, immunofluorescence staining of b-catenin
clearly showed that AIMP1 peptide induced the transloca-
tion of b-catenin into the nucleus (Fig. 2D). Pretreatment with
LY294002, but not U0126, inhibited the nuclear accumulation
of b-catenin by AIMP1, further confirming that the nuclear

FIG. 1. ARS-Interacting Multi-functional Protein 1 (AIMP1) induces the phosphorylation of Akt, ERK, and glycogen synthase
kinase-3b (GSK3b) via fibroblast growth factor receptor 2 (FGFR2) in human bone marrow-derived mesenchymal stem cells
(BMMSCs). (A) AIMP1 peptide (100 ng/mL) was added to BMMSCs for the indicated time. Cell extracts were harvested and
blotted with specific antibodies. In densitometric analysis, the intensity of phosphorylated protein was normalized to that of total
protein. *, vs. time 0. (B) AIMP1 peptide (100 ng/mL) was added to BMMSCs for 5 min. Immunoprecipitation using anti-FGFR2
antibody was performed. Phosphorylation level of FGFR2 was detected with p-Tyr antibody (Santa Cruz Biotechnology). In
densitometric analysis, the intensity of p-Tyr protein was normalized to that of immunoprecipitated protein. *, vs. AIMP1-. (C)
Control si-RNA or FGFR2 si-RNA (Santa Cruz Biotechnology) was transfected into BMMSCs using Lipofectamine 2000 for 48 h.
Cells were then starved for 12 h, and AIMP1 peptide was added to BMMSCs for 15 min. Cell extracts were harvested and blotted
with specific antibodies. For densitometric analysis, the intensity of phosphorylated protein was normalized to that of tubulin
band (*, vs. AIMP1-/Si-con; {, vs. AIMP + /Si-con; {, vs. Si-con). (D) BMMSCs were treated with 10mM of LY294002 and U1026 for
5 min and with AIMP1 peptide (100 ng/mL) for 15 min. Protein extracts were harvested and blotted with specific antibodies.
Tubulin was used as a loading control. For densitometric analysis, the intensity of phosphorylated protein was normalized to that
of total protein (*, vs. control; {, vs. AIMP1 alone; {, vs. AIMP1 alone and LY + AIMP1). Data are the means of at least three
independent experiments. Values are the mean – SD. *P < 0.01, {P < 0.01, {P < 0.01.

Table 2. Protein Identities Determined by LC-MS/MS

Accession
number Protein name Scorea

Matched peptides
number

Sequence
coverage (%) Matching sequence

Theoretical
MW/pI

gij4883533 Fibroblast growth
receptor 2 IgIIIb
isoform

70 5 13.7 YGPDGLPYLKVLK
RQVSAESSSSMNSNTPLVR
EAVGIDKDKPK
DDATEKDLSDLVSEMEMMKMIGK
TTNGRLPVK

65417/6.28

aScore is - 10 · Log(P), where P is the probability that the observed match is a random event; it is based on NCBInr database using
the MASCOT searching program as LC-MS data.
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translocation of b-catenin induced by AIMP1 peptide was
mediated by the activation of Akt (Fig. 2E).

AIMP1 peptide increases cyclin D1 and c-myc
expression via the b-catenin/TCF complex

Nuclear accumulation of b-catenin stimulates the activa-
tion of the lymphoid-enhancer factor (LEF)/TCF complex,

leading to the transcriptional up-regulation of downstream
target genes, including cyclin D1 and c-myc, which are crit-
ical for cell proliferation and development [43,44]. We in-
vestigated whether the nuclear accumulation of b-catenin,
induced by AIMP1 peptide, activated the LEF/TCF complex.
First, a luciferase assay was performed using a TOPflash
vector with LEF/TCF-binding sites. AIMP1 peptide signifi-
cantly increased the luciferase activity about four-fold

FIG. 2. AIMP1 induces the stabilization and nuclear translocation of b-catenin in human BMMSCs. (A) BMMSCs were treated with
different concentrations of AIMP1 peptide for 2 h. Protein extracts were harvested and blotted with the indicated antibodies. The
densitometric analysis from western blotting is shown. The b-catenin level was normalized to the tubulin level. *, vs. time 0. (B)
BMMSCs were treated with LY294002 (10mM) and U1026 (10mM) for 5 min and with AIMP1 peptide (100 ng/mL) for 15 min. Protein
extracts were subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis and blotted with the indicated antibodies.
Tubulin was used as a loading control. For densitometric analysis, the intensity of each band was normalized to that of the
corresponding tubulin band (*, vs. control; {, vs. AIMP1 alone; {, vs. AIMP1 alone and LY + AIMP1). (C) After treatment of BMMSCs
with AIMP1 (100 ng/mL) for 2 h, cells were fractionated into cytoplasmic and nuclear fractions, and protein extracts were blotted
with b-catenin antibody. Yin Yang 1(YY1) and heat shock protein 90 (HSP90) were used as nuclear and cytoplasmic markers,
respectively. Cytoplasmic b-catenin was normalized to Hsp90, and nuclearb-catenin was normalized to YY1 (*, vs. nuclear fraction of
AIMP1 negative). (D, E) BMMSCs were treated with AIMP1 peptide (100 ng/mL), and immunofluorescence staining was performed
as described in the Materials and Methods section. b-catenin (green) was stained with FITC-conjugated anti-mouse antibody. The
nuclei (blue) were counterstained with diamidino-2-phenylindole. The number of nuclear b-catenin positive cells was counted in at
least four different fields under high power (20X) (*, vs. vehicle; {, vs. AIMP1 alone). Data are the means of at least three independent
experiments. Values are the mean– SD.*P < 0.01, {P < 0.01, {P < 0.01. Color images available online at www.liebertpub.com/scd
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compared with the control treatment (Fig. 3A). Western blot
and qRT-PCR analyses showed that AIMP1 peptide in-
creased the expression of cyclin D1 and c-myc at the tran-
scriptional level (Fig. 3B, C). In addition, the correlation
between the activation of Akt, ERK, and the LEF/TCF
complex was investigated. Pre-treatment with U1026 and
LY294002 suppressed the increase in luciferase activity in-
duced by AIMP1 peptide. These results suggested that the
activation of Akt and ERK by AIMP1 peptide was critical to
the increased activity of the LEF/TCF complex (Fig. 3D).
Western blot and qRT-PCR analyses supported that the in-
crease in cyclin D1 and c-myc expression induced by AIMP1
peptide was regulated at the transcriptional level via Akt and
ERK activation (Fig. 3E, F). We knocked down b-catenin
using specific si-RNA and examined whether the increases in
luciferase activity and in cyclin D1 and c-myc expression
are mediated via the stabilization of b-catenin induced
by AIMP1 peptide. As shown in Fig. 4A, knock-down of b-
catenin abrogated the increase in luciferase activity induced
by AIMP1 peptide. Western blot and qRT-PCR analyses
showed that the increase in cyclin D1 and c-myc expression
induced by AIMP1 peptide is mediated by b-catenin (Fig. 4B,
C). In addition, DN TCF inhibited the increase in TOPflash
luciferase activity induced by AIMP1 peptide in a dose-
dependent manner (Fig. 4D). Western blot and qRT-PCR
analyses further supported that the activation of the LEF/
TCF complex by AIMP1 peptide played a critical role in in-
creasing the expression of cyclin D1 and c-myc (Fig. 4E, F).

AIMP1 increases the proliferation of human
BMMSCs

The induction of cyclin D1 and c-myc genes by the ac-
tivation of the LEF/TCF complex is critical for cell cycle

progression [43,45]. Therefore, we investigated whether the
increase in cyclin D1 and c-myc expression induced by
AIMP1 peptide could lead to promoting the proliferation
of BMMSCs. First, AIMP1 peptide was treated to MSCs
for 24 h, and the MTT assay was performed. AIMP1
peptide stimulated the proliferation of BMMSCs in a dose-
dependent manner (Fig. 5A). In addition, the proliferation-
inducing activity of AIMP1 peptide was examined to
determine whether it could lead to an increase in the
number of cells. AIMP1 peptide was added to BMMSCs in
a time-dependent manner, and the number of cells was
counted at the times indicated. AIMP1 peptide significantly
increased the proliferation of BMMSCs in a time-dependent
manner compared with control treatments (Fig. 5B). The
knock-down of b-catenin using specific si-RNA inhibited
the proliferation of BMMSCs induced by AIMP1 peptide in
both the MTT assay and the cell counting assays (Fig. 5C,
D). DN TCF also suppressed the proliferation of BMMSCs
induced by AIMP1 peptide, further confirming that AIMP1
peptide induced the proliferation of BMMSCs through the
LEF/TCF complex via the stabilization of b-catenin (Fig.
5E, F). We further examined whether AIMP1 peptide
would affect the differentiation of human BMMSCs into
adipocytes, chondrocytes, and osteoblasts. However, the
differentiation of BMMSCs into each phenotype was not
affected by treatment with AIMP1 peptide (data not
shown).

AIMP1 peptide increases colony formation of MSCs

We injected AIMP1 peptide into the intraperitonium of
mouse and analyzed colony-forming ability using mononu-
clear cells isolated from peripheral blood. AIMP1 peptide
significantly increased fibroblast-like colony formation in a

FIG. 3. AIMP1 increases the transcriptional activity of T-cell factor (TCF) in human BMMSCs. BMMSCs expressing TOP-
flash vector were treated with AIMP1 peptide (100 ng/mL) and harvested. (A) Luciferase activity was measured. (B, C) The
expression of cyclin D1 and c-myc was examined by immunoblot and quantitative reverse transcription-polymerase chain
reaction (PCR) analysis, respectively. (D) The transcriptional activity of TCF was examined in the presence or absence of
U0126 (10mM) or LY294002 (10mM). ({, vs. AIMP1 alone; {, vs. AIMP1 alone). (E, F) In addition, the expression of TCF target
genes was examined by immunoblot and qRT-PCR analysis, respectively. ({, vs. cyclin D1 of AIMP1 alone; {, vs. c-myc of
AIMP1 alone). Data represent the mean – SD of three independent experiments. *P < 0.01, {P < 0.05, {P < 0.01.
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dose- and time-dependent manner (Fig. 6A, B). To determine
whether the fibroblast-like cells were MSCs, flow cytometry
was performed using a variety of MSC markers. The cul-
tured fibroblast-like cells were positive for CD105, CD44,
CD90, and CD29, but negative for CD34 and CD45, which is

characteristic of MSCs (Fig. 6C). Therefore, we next exam-
ined whether the isolated fibroblast-like cells could differ-
entiate into other cells such as adipocytes, osteocytes, and
chondrocytes. As shown in Fig. 6D, fibroblast-like cells effi-
ciently differentiated into adipocytes, osteocytes, and

FIG. 4. AIMP1 increases the expression of
cyclin D1 and c-myc via b-catenin and TCF.
(A–C) b-catenin-specific si-RNA mixture
(20 nM) covering different three sequences or
control si-RNA (Santa Cruz Biotechnology)
was transfected into BMMSCs for 24 h. The
TOPflash vector and the Renilla luciferase
vector were then transfected for 12 h. After
serum starvation for 12 h, cells were treated
with AIMP1 peptide (100 ng/mL) for 24 h.
Cells were harvested for luciferase activity
analysis. The expression of cyclin D1 and c-
myc was examined by immunoblot and qRT-
PCR analysis. (D–F) TOPflash, Renilla lucif-
erase, and dominant negative (DN) TCF
vectors were transfected into BMMSCs for
12 h. After serum starvation for 12 h, cells
were treated with AIMP1 peptide (100 ng/
mL) for 24 h. The luciferase activity was an-
alyzed. Target gene expression was assessed
by immunoblot and qRT-PCR. Data repre-
sent the mean – SD of three independent ex-
periments. *P < 0.01.

FIG. 5. AIMP1 peptide enhances the proliferation of human BMMSCs. (A) Human BMMSCs were treated with the indi-
cated concentration of AIMP1 for 24 h, and cell proliferation was analyzed by WST1 assay. (B) Human BMMSCs (1 · 105 cells)
were seeded onto six-well plates and cultured for 24 h. AIMP1 peptide (100 ng/mL) was added every 24 h, and the cell
number was counted. (C, D) After transfection with control si-RNA or b-catenin si-RNA (20 nM) to human BMMSCs for 24 h,
human BMMSCs were treated with AIMP1 peptide (100 ng/mL) for 24 h. Cell proliferation was examined by the WST1 assay
and cell counting. (E, F) After transfection with DN-TCF for 12 h, human BMMSCs were treated with AIMP1 peptide (100 ng/
mL) for 24 h. Cell proliferation was examined by the WST1 assay and cell counting. Data represent the mean – SD of three
independent experiments. *P < 0.01.
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chondrocytes, confirming that the colonies of fibroblast-like
cells induced by AIMP1 peptide were MSCs.

Discussion

BMMSCs have been studied as a potential source of ma-
terial for cell therapy. However, it is difficult to obtain an
adequate supply of MSCs from a single patient. Moreover,
methods for the ex vivo manipulation of MSCs are poorly
developed due to the animal source for cell manipulation.
Thus, the development of an in vitro expansion method that
preserves the differentiation and proliferative potential of
MSCs has been suggested. Recently, S1P, EGF, and FGF were
shown to induce the proliferation of MSCs without affecting
their multipotency [14–17]. In our previous report, we sug-
gested that AIMP1 could function as a growth factor to induce
fibroblast proliferation [20]. Therefore, we examined whether
AIMP1 peptide could induce the proliferation of MSCs. First,
the ability of AIMP1 peptide to activate the signaling media-
tors, including Akt, ERK, JNK, and p38 MAPK, was exam-
ined. AIMP1 was previously shown to activate a variety of
signaling molecules in various cell lines [20,23,25,46]. Con-
sistently, in our study, AIMP1 peptide activated Akt in
BMMSCs, leading to the inhibition of GSK3b. Since GSK3b
plays a critical role in the regulation of b-catenin stability
when Wnt is stimulated, we investigated whether AIMP1
peptide, similar to Wnt, could inhibit GSK3b via the activation

of APC complex. However, AIMP1 peptide did not induce the
phosphorylation of disheveled (Dvl) or the interaction of axin
with low-density lipoprotein receptor-related protein 5/6, in-
dicating that AIMP1 peptide did not activate the canonical
Wnt signaling pathway (data not shown). In addition, inhi-
bition of Akt using LY294002 abolished the accumulation and
the nuclear translocation of b-catenin after stimulation with
AIMP1 peptide. This suggests that AIMP1 peptide promoted
the stabilization of b-catenin via the activation of Akt in a
Wnt-independent manner.

In this study, AIMP1 peptide was shown to activate ERK
(Fig. 1); treatment with U0126 inhibited the phosphorylation
of ERK but not Akt. In addition, the inhibition of Akt activity
using LY294002 did not suppress ERK phosphorylation. The
findings suggest that AIMP1 peptide induced the phosphor-
ylation of ERK independent of Akt activation: AIMP1 acti-
vated Akt and ERK via FGFR2 as shown in Fig. 1B, and
Supplementary Fig. S1. FGFR downstream signaling occurs
through two main pathways: the Ras-dependent MAPK
pathway and the Ras-independent PI3K-Akt pathway [47,48].
Interestingly, inhibition of ERK phosphorylation suppressed
the expression of LEF/TCF target genes induced by AIMP1
peptide (Fig. 3D); whereas AIMP1 peptide-induced b-catenin
accumulation and nuclear translocation were not affected (Fig.
2B). Considering that phosphorylated ERK accumulates in the
nucleus and activates TCF/Elk-1 for the expression of
downstream target genes [49–51], it appears that AIMP1

FIG. 6. AIMP1 peptide stimulates colony formation of mouse MSCs. (A, B) C57/BL6 mice (n = 10 per group) were intra-
peritoneally injected with different doses of AIMP1 peptide. Mononuclear cells were harvested from peripheral blood at
different times and seeded onto gelatin-coated wells as described in the Materials and Methods section. After 2 weeks, the
number of colonies was counted. (C) Flow cytometry analysis was performed using colony-forming cells (passage 3). Cells were
labeled with the indicated fluorescent-conjugated antibodies, and cells were analyzed with an FACScalibur flow cytometer. The
purple area indicates the negative control, and the green line represents specific staining with the indicated antibodies. A
representative image from three individual experiments is shown. (D) Left: The colony-forming cells were subjected to dif-
ferentiation into adipocytes, osteocytes, and chondrocytes as described in the Materials and Methods section. Right—qRT-PCR
was performed using cDNA isolated from control or differentiated cells. Data are the means of at least three independent
experiments. Data represent the mean – SD. *P < 0.05, **P < 0.01. Color images available online at www.liebertpub.com/scd
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peptide increased the proliferation of BMMSCs by inducing
the expression of TCF target genes via the activation of ERK as
well as Akt via FGFR. In addition, the down-regulation of b-
catenin using si-RNA and DN TCF abrogated the increase in
cell proliferation induced by AIMP1 peptide, further sup-
porting the fact that AIMP1 peptide induced cell proliferation
via sequential stimulation of b-catenin and the TCF complex
through the activation of Akt and ERK.

AIMP1 peptide stimulated the colony-forming ability of
MSCs in peripheral blood, indicating that AIMP peptide
increased the population of MSC precursor cells. However, it
is not clear whether the increased population of peripheral
blood MSCs induced by AIMP1 peptide was a result of in-
creased proliferation in peripheral blood or mobilization
from BM. Further studies are required to unveil the exact
mechanism. Taken together, the results of this study suggest
that AIMP1 peptide induces the expression of cyclin D1 and
c-myc by activating the b-catenin/TCF complex through
activation of ERK and Akt via FGFR2, leading to the pro-
liferation of BMMSCs. Since AIMP1 peptide has FGF-like
activity in promoting the proliferation of MSCs, AIMP1
peptide might be a useful tool with which to manipulate
MSCs in vitro.
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