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Recombinant COMP-Ang1, a chimera of angiopoietin-1 (Ang1) and a short coiled-coil domain of cartilage
oligomeric matrix protein (COMP), is under consideration as a therapeutic agent capable of inducing the
homing of cells with increased angiogenesis. However, the potentials of COMP-Ang1 to stimulate migra-
tion of mesenchymal stem cells (MSCs) and the associated mechanisms are not completely understood.

Keywords: We examined the potential of COMP-Ang1 on bone marrow (BM)-MSCs, human periodontal ligament
COMP-Ang1 stem cells (PDLSCs), and calvarial osteoblasts. COMP-Ang1 augmented Tie-2 induction at protein and
’I;/il:_s;nchymal stem cells mRNA levels and increased proliferation and expression of runt-related transcription factor 2 (Runx2),
PI3K/Akt osterix, and CXCR4 in BMMSCs, but not in osteoblasts. The COMP-Ang1-mediated increases were inhibited
Migration by Tie-2 knockdown and by treating inhibitors of phosphoinositide 3-kinase (PI3K), LY294002, or p38

mitogen-activated protein kinase (MAPK), SB203580. Phosphorylation of p38 MAPK and Akt was pre-
vented by siRNA-mediated silencing of Tie-2. COMP-Ang1 also induced in vitro migration of BMMSCs
and PDLSCs. The induced migration was suppressed by Tie-2 knockdown and by CXCR4-specific peptide
antagonist or LY294002, but not by SB203580. Furthermore, COMP-Ang1 stimulated the migration of
PDLSCs into calvarial defect site of rats. Collectively, our results demonstrate that COMP-Ang1-stimulated
proliferation, differentiation, and migration of progenitor cells may involve the Tie-2-mediated activation
of p38 MAPK and PI3K/Akt pathways.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Mesenchymal stem cells (MSCs) have generated much interest
as a potential source of cells for cell-based therapeutic strategies.
Bone marrow (BM)-derived MSCs (BMMSCs) are widely investi-
gated in preclinical and clinical settings [1]. Periodontal ligament
stem cells (PDLSCs) are also multipotent differentiative progenitor
cells [2]. For clinical use of progenitor cells, improving the efficacy
of homing and engraftment of progenitor cells to damaged tissues
is to be one of the beneficial strategies in stem cell-based therapy
[3,4]. Controlling the potential of progenitor cells to proliferate and
differentiate will be also a critical factor for the therapy.

Considerable evidence has proven that the migration of progen-
itor cells was regulated by numerous factors and their specific
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receptors [5]. Angiopoietin 1 (Ang1), an important factor for endo-
thelial survival and proliferation, generates stable and functional
vasculature via interaction with Tie-1 and Tie-2 receptors [6].
There is a report showing the new role of Ang-1 as a cell primer
[7], where primed progenitor cells increased the expression of
adhesion molecules and commitment to endothelial lineage lead-
ing to improved engraftment into ischemic tissue. Especially,
recent studies have highlighted the potential of COMP-Angl, a
recombinant chimeric protein of Angl with a short coiled-coil
domain from cartilage oligomeric matrix protein (COMP). COMP-
Angl has a more stable angiogenic activity than does native
Ang1 in vascular formation, and lacks disadvantages such as aggre-
gation and insolubility [8]. COMP-Ang1 appeared to exert benefi-
cial effects in diabetic [9] and ischemic injuries [10]. COMP-Ang1
also enhanced bone morphogenetic protein (BMP)-2-stimulated
osteoblast differentiation [11] and accelerated bone formation
with increased angiogenesis [12]. These reports suggested that
stimulating progenitor cells with COMP-Ang1 may improve their
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therapeutic potentials in a clinical use. However, the effects of
COMP-Ang1 on proliferation, differentiation, and migration of pro-
genitor cells, especially of BMMSCs and PDLSCs, and the associated
mechanisms are still unclear.

It is suggested that p38 mitogen-activated protein kinase
(MAPK) and phosphoinositide 3-kinase (PI3K)/Akt pathways regu-
late stromal cell-derived factor-1/CXCR4-mediated cell migration
as well as survival and differentiation in various cell types
[13,14]. We first investigated the effects of COMP-Ang1 on prolifer-
ation, differentiation, and migration of BMMSCs and PDLSCs. We
also explored the functional roles of p38 MAPK and PI3K/Akt path-
ways on the cellular events in COMP-Angl-stimulated cells.
Further, we examined the effect of COMP-Ang1 on migration of
PDLSCs using a calvarial bone defect animal. Our results suggested
that stimulation of progenitor cells with COMP-Ang1 increased
their potentials to differentiate and migrate, where the elevated
induction of Tie-2 with concomitant activation p38 MAPK, PI3K/
Akt pathway, or both was involved.

2. Materials and methods
2.1. Chemicals, laboratory wares, and animals

Carrier-free recombinant COMP-Ang1 and fetal bovine serum
(FBS) was purchased from Enzo Life Sciences Inc. (Farmingdale,
NY) and Gibco-BRL (Gaithersburg, MD), respectively. Unless
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specified otherwise, all chemicals and laboratory wares were
obtained from Sigma-Aldrich Co. (St. Louis, MO) and Falcon
Labware (Becton-Dickinson, Franklin Lakes, NJ), respectively. Male
Sprague-Dawley rats (four weeks old) were obtained from Orient
Bio (Daejeon, South Korea). The animal care and use in this study
were approved by the Chonbuk National University Committee on
Ethics in the Care and Use of Laboratory Animals (CBU 2012-0039).

2.2. Cell cultures

BMMSCs were collected from tibia and femoral bones of male
Sprague-Dawley rats (four week-old, n = 10) and cultured in Mes-
enPRO RS™ basal medium supplemented with MesenPRO RS™
growth supplement (Gibco, Carlsbad, CA) and antibiotics (Gibco),
as described previously [15]. Calvarial bones were also collected
from the rats used for collection of BM and primary osteoblasts
were isolated. PDLSCs were obtained from seven healthy men aged
18-25 years (mean age: 21.2), who underwent molar extraction,
and cultured by the methods as described previously [2]. Written
informed consent for use of periodontal tissue was obtained from
all donors. This study was approved by the Institutional Review
Board of Chonbuk National University Hospital.

2.3. Induction of osteoblast differentiation

When cells reached 70-80% confluence, the culture media was
changed to osteogenic medium containing 10% FBS and DAG
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Fig. 1. Different Tie-2 induction and cellular response to COMP-Ang1 according to cell type. Primary calvarial osteoblasts and BMMSCs were treated with COMP-Ang1 in the
absence (A) or presence (B) of DAG for three days followed by Western blot analysis. C and D show relative intensities of Tie-2 and p-Tie-2 proteins induced in osteoblasts and
BMMSCs, respectively. (E) Osteoblasts and (F) BMMSCs were incubated in the presence of DAG with the indicated concentrations of COMP-Ang1. After 14 days of incubation,
the absorbance of alizarin red dye was measured at 450 nm. (G) BMMSCs were exposed to the indicated concentrations of COMP-Ang1 for three days and then processed for
real time RT-PCR analysis. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. the values between the indicated experiments or the untreated control values.
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(100 nM dexamethasone, 50 uM ascorbic acid, and 5 mM B-glycer-
ophosphate) in o-minimum essential medium. These cells were
exposed to various doses of COMP-Ang1 (0-600 ng/ml) in the pres-
ence or absence of pharmacological inhibitors specific for p38
MAPK (20 uM SB203580) and PI3K (20 uM LY294002). Culture
medium was changed once every three days during the experi-
mental periods during the course of incubation (0-14 days).

2.4. Small interfering (si) RNA transfection

BMMSCs and PDLSCs were spread onto 60-mm culture dishes
(4 x 10° cells per dish). When these cells reached 70-80% conflu-
ence, the cultures were transfected with 50 nM Tie-2 siRNA or
scrambled siRNA oligonucleotides using DharmaFECT 1 siRNA
Transfection Reagent (Dharmacon, Lafayette, CO) according to
manufacturer’s instructions. After 24 h of transfection, cells were
treated with DAG and/or COMP-Ang1.

373
2.5. Assays for proliferation and mineralization

Proliferation rates of cells were measured using the Cell Count-
ing Kit-8 (Dojindo Laboratories, Kumamoto, Japan) according to the
manufacturer’s instructions. The degree of mineralization was
determined by measuring absorbance of the dye at 450 nm after
alizarin red staining as described previously [16]. Alkaline phos-
phatase (ALP) activity was measured as described previously
[16]. Type I collagen (COLI) content was determined by a Sirius
Red-based colorimetric assay, while osteocalcin (OCN) content
was measured using a sandwich ELISA assay kit (Biomedical Tech-
nologies Inc., Stoughton, MA), as described previously [17].

2.6. Real time RT-PCR

Total RNA was prepared from cells using Trizol reagent (Invitro-
gen Corp., Carlsbad, CA). RNA (1 pg) was utilized for cDNA synthesis
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Fig. 2. Signaling pathways involved in COMP-Ang1-stimulated proliferation and osteoblast differentiation of BMMSCs. BMMSCs were incubated in DAG-containing medium
with 600 ng/ml COMP-Ang1, 20 uM SB203580, and/or 20 uM LY294002. A portion of these cells was transfected with scrambled or Tie-2-specific siRNA 24 h before
supplementation with DAG and/or COMP-Ang1. After various times (3-10 days) of incubation, proliferation (A), Runx2 expression (B), ALP activity (C), the levels of OCN (D)
and COLI (E), and Tie-2 level (F) were measured. (G) BMMSCs were also incubated with DAG for 24 h and then stimulated with 600 ng/ml COMP-Ang1 for 1 h before
immunoblotting. (H) Relative intensities of the protein levels were calculated after normalizing band intensities to B-actin. **p < 0.01 and ***p < 0.001 vs. DAG treatment alone.

#p < 0.05, #p < 0.01, and ***p < 0.001 vs. COMP-Ang1 only.



374 S.-H. Kook et al./Biochemical and Biophysical Research Communications 455 (2014) 371-377

with SuperScript Reverse Transcriptase Il and oligo dT;,_1g primers
(Invitrogen). Oligonucleotide primers for PCR were designed with
product sizes less than 200 bp using primer express 3.0 (Applied Bio-
systems, Foster City, CA) as shown in Supplement Table 1. Power
SYBR Green PCR Master Mix was used to detect the accumulation
of PCR product during cycling with the ABI StepOnePlus sequence
detection system. The thermocycling conditions were as follows:
predenaturation at 95°C for 10 min, and amplification using
three-step cycles of denaturation at 95 °C for 15 s, annealing at
60 °C for 30 s, and extension at 72 °C for 30 s, for 40 cycles.

2.7. Western blot analysis

Cell lysates were prepared in an NP-40 lysis buffer. Equal
amounts of protein extracts were separated by 10-12% SDS-PAGE
and blotted onto polyvinylidene difluoride membranes. The blots
were probed with primary antibodies overnight at 4 °C prior to
incubation with secondary antibody in a blocking buffer for 1 h.
The blots were developed with enhanced chemiluminescence and
exposed to X-ray film.

2.8. Transwell migration assay

BMMSCs and PDLSCs were cultured in a MSC growth medium
bullet kit™ solution (Lonza, Basel, Switzerland) in 60-mm culture
dishes in the presence and absence of 3 mg/ml AMD3100
(CXCR4-specific peptide antagonist), 20 M LY294002, or 20 M
SB203580. Thereafter, 5 x 10° cells were divided onto each well
of the upper chamber of 24-transwell plates (8-yum pore size) in
the presence and absence of 600 ng/ml COMP-Ang1 on the bottom
of the plates. Cells were incubated for additional 12 h at 37 °C and
then the numbers of cells migrated into the lower chamber were
collected and counted using a hemocytometer. In addition, equal
numbers of the migrated cells were resuspended in a rat MSC oste-
ogenic SingleQuots™ kit solution and then spread onto 24-well
culture plates (10° cells per well). After two weeks of incubation,
cells were stained with alizarin red S and absorbance of the dye
was measured at 450 nm.

2.9. In vivo migration assay

Male Sprague-Dawley rats (n = 18) weighting 250-300 g were
used for surgery. The surgical procedures to produce critical-sized
calvarial defects were performed according to methods described
elsewhere [18]. After anesthesia, animals were divided into three
groups (absorbable collagen sponge (ACS) only, n=6; ACS with
PDLSCs, n = 6; and ACS with PDLSCs and COMP-Ang1, n = 6). In this
study, ACSs in 8 mm diameter were prepared according to the
methods described elsewhere [19]. For all groups, a circular bone
defect (8 mm in diameter) was created in the calvarias of rats using
a trephine burr without dural perforation. The defects were filled
with ACS containing PBS or 10 ug COMP-Angl and the surgical
sites were carefully sutured. After 24 h of suture, PDLSCs (5 x 10° -
cells) labeled with a CM-Dil (Molecular Probes, Carlsbad, CA) were
resuspended in PBS and transplanted into rats using a tail vein
injection. Two weeks after the injection, ACSs were removed from
rats and stained with human CD90 and 4',6-diamidino-2-phenylin-
dole (DAPI). The homing of PDLSCs into the defect area was quan-
tified either by calculating the ratio (%) of Dil-positive stained cells
to DAPI positive cells after counting 500 cells per each ACS or by
measuring CD90-specific fluorescence intensity.

2.10. Statistical analysis

All data are expressed as the mean + standard error (SE) from at
least five different samples. A one-way analysis of variance

(ANOVA) followed by Scheffe’s test was used for multiple compar-
isons using the SPSS program (version 12.0). Student t-test was
also used to determine significance differences between two sets
of data. A value of p < 0.05 was considered statistically significant.

3. Results and discussion

3.1. Different Tie-2 induction and cellular responses to COMP-Ang1
according to cell type

COMP-Ang1-stimulated bone formation appears to correlate
with increased angiogenesis [9-12]. COMP-Ang1 may affect differ-
ently cellular responses according to cell type [11]. This difference
can be coupled with potential or property of cells capable of induc-
ing Tie-2. In this study, the endogenous levels of Tie-2 and p-Tie-2
were found to be detectable in BMMSCs, and were augmented by
treating with 600 ng/ml COMP-Ang1, while these proteins were
not detectable in calvarial osteoblasts, even in the presence of
COMP-Ang1 (Fig. 1A). Primary osteoblasts had detectable Tie-2
and p-Tie-2 levels, as well as a mild increase in p-Tie-2 level
(p<0.05) in the presence of COMP-Ang1, when those cells were
incubated in medium containing DAG for the same time (Fig. 1B
and C). In the presence of DAG, however, BMMSCs exhibited a
marked induction of Tie-2 and p-Tie-2 proteins (Fig. 1B), and a
COMP-Ang1-mediated significant increase (2.24-fold, p < 0.01) in
the ratio of p-Tie-2 to total Tie-2 (Fig. 1D). Both BMMSCs
(p <0.001) and primary osteoblasts (p < 0.01) showed a significant
increase in optical density values, corresponding to alizarin red dye
staining, according to supplementation with DAG (Fig. 1E and F). In
contrast, BMMSCs only showed a dose-dependent elevation in
absorbance by COMP-Ang1 (Fig. 1F). COMP-Ang1 also stimulated
proliferation of BMMSCs and increased the expression of Tie-2,
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Fig. 3. COMP-Ang1-stimulated migration of BMMSCs via activation of Tie-2-
mediated PI3K/Akt pathway. (A) BMMSCs were incubated in 24-transwell plates
with 600 ng/ml COMP-Ang1, and after 12 h of incubation, migrated cells were
counted. (B) Migrated cells were cultured in osteogenic medium for 14 days and
then stained with alizarin red. (C and D) BMMSCs or the cells transfected with si-
Tie-2 were treated with 600 ng/ml COMP-Angl, 3 mg/ml AMD3100, 20 uM
LY294002, or 20 uM SB203580 for 12 h and then the migrated cells were counted.
*p < 0.05 vs. the untreated control. *p < 0.05 vs. the COMP-Ang1 only.
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runt-related transcription factor 2 (Runx2), osterix, and CXCR4
(Fig. 1G). Furthermore, DAG-mediated increases in expression of
osteoblast-specific markers and CXCR4, ALP activity, and calcium
accumulation were significantly (p < 0.05) augmented by COMP-
Ang1 in PDLSCs (Supplement Fig. 1A-D).

Tie-2 translocalization is the main event in COMP-Ang1-stimu-
lated angiogenesis and vascular enlargement [8,20]. The Tie-2
receptor, a specific target of COMP-Ang1, is expressed in quiescent
BM hematopoietic stem cells, but is not detected in primary oste-
oblasts or MC3T3-E1 cells [11,15]. Our current findings support
that native expression of Tie-2 differs among cell types, and that
its induction is an important event required for COMP-Ang1-med-
iated stimulation of proliferation, osteogenesis, and angiogenesis.
Taken together, we consider that COMP-Ang1 may stimulate pro-
genitor cells more directly than primary osteoblasts, which is due
to the different induction of Tie-2.

3.2. Akt and p38 MAPK signaling pathways are involved in COMP-
Ang1-stimulated proliferation and differentiation of BMMSCs

Ang1/Tie-2 signaling pathway is considered to regulate prolifer-
ation and osteogenic differentiation of MSCs through the activation
of p38 MAPK and Akt pathways [15]. We examined the roles of
these signaling molecules by transfecting BMMSCs with si-Tie-2
or by treating them with p38 MAPK and Akt inhibitors. In this
experiment, cells were treated with DAG 24 h before exposure to
600 ng/ml COMP-Ang1. As shown in Fig. 2A, COMP-Ang1 increased
proliferation of BMMSCs and this was significantly inhibited by Tie-
2 knockdown (p <0.01) and by treating SB203580 (p <0.05) or
LY294002 (p < 0.05). The addition of COMP-Ang1 also augmented
Runx2 expression (Fig. 2B), ALP activity (Fig. 2C), and the levels of
OCN (Fig. 2D) and COLI (Fig. 2E). The augmented expressions were
diminished by knockdown of Tie-2 gene (p < 0.01) and by supple-
mentation with SB203580 (p <0.05) or LY294002 (p < 0.05). An
approximately 2.3-fold increase of Tie-2 level was induced by
COMP-Ang1, whereas this increase was not blocked by the p38
MAPK and PI3K inhibitors (Fig. 2F). Similarly, COMP-Ang1-medi-
ated phosphorylation of Tie-2 was prevented by Tie-2 knockdown,
but not either by SB203580 or LY294002 (Fig. 2G and H). Knock-
down of Tie-2 diminished almost completely (p <0.001) COMP-
Angl-mediated increases in the levels of p-p38 MAPK and p-Akt
(Fig. 2H). COMP-Ang1-stimulated phosphorylation of Tie-2, p38
MAPK, and Akt and their suppression by knockdown of Tie-2 were
also found in PDLSCs (data not shown).

Based on previous studies, Tie-2-mediated activation of p38
MAPK and Akt signaling pathways is a possible mechanism
involved in COMP-Ang1-stimulated proliferation and osteogenesis
in MSCs. Our present findings strongly support the role of Tie-2 in
activating p38 MAPK and Akt as the upstream effector. There are
other reports that p38 MAPK and Akt signaling pathways are
involved in differentiation of MSCs [21]. Tie-2 phosphorylation fol-
lowed by Ang1 binding also activated the p38 MAPK and Akt sig-
naling pathways in endothelial cells [22]. Our current data, along
with previous findings, suggest that Tie-2-induced activation of
the p38 MAPK and Akt signaling pathways is involved in COMP-
Ang1-stimulated proliferation and osteogenesis. As Akt promotes
osteoblast differentiation induced by BMP2 and enhances the func-
tion, transcriptional activity, and stability of Runx2 [23], we also
consider that Tie-2-PI3K/Akt pathway may involve osteoblast dif-
ferentiation through activation of Runx2.

3.3. Tie-2-induced PI3K/Akt pathway is involved in COMP-Ang1-
stimulated migration of BMMSCs and PDLSCs

COMP-Ang1 significantly stimulated migration of BMMSCs
(Fig. 3A). The number of alizarin red-positive cells was also higher

in COMP-Angl-exposed cells than in non-treated control cells
(Fig. 3B). The expression of CXCR4 was observed on the surface
of MSCs and several tissue committed stem/progenitor cells [24].
It has been reported that a small proportion of MSCs express
CXCR4, which contributes to their migration in vitro [25]. There-
fore, we investigated the mechanisms involved in COMP-Ang1-
stimulated migration of the cells by treating AMD3100 or by trans-
fecting si-Tie-2 (Fig. 3C). Both AMD3100 treatment and Tie-2
knockdown significantly (p < 0.05) inhibited the migration stimu-
lated by COMP-Angl, suggesting that COMP-Angl-induced
BMMSC migration was mainly due to its receptor CXCR4 that
was induced by Tie-2 pathway. Pretreating the cells with
LY294002, but not with SB203580, also suppressed COMP-Ang1-
stimulated migration of the cells (Fig. 3D).

Consistent with the results from BMMSCs, COMP-Ang1 signifi-
cantly (p <0.01) increased migration of PDLSCs and this increase
was attenuated by AMD3100 or LY294002 treatment, or by Tie-2
knockdown (Fig. 4A and B). Although p38 MAPK inhibitor appeared
to diminish migration of the cells, there was no a significant differ-
ence (Fig. 4B). We subsequently examined the effect of COMP-
Ang1 on in vivo migration of PDLSCs. Fig. 4C and D shows ACSs
applied and the implantation of ACS into the calvarial defects,
respectively. We checked the characteristic of PDLSCs by staining
with DAPI (blue), Dil (red), and CD90 (green) before transplanta-
tion (Fig. 4E). When ACSs were removed and stained with CD90
and DAPI, there were no signals specific for Dil and CD90 in the
ACS only group (Fig. 4F). However, greater fluorescent intensities
specific for Dil and CD90 were observed in the group combined
with PDLSCs and COMP-Ang1 than that only with PDLSC injection
(Fig. 4F). Combined treatment with COMP-Ang1 and PDLSCs also
revealed higher levels in Dil-positive PDLSCs (p < 0.001, Fig. 4G)
and in FITC intensity (p < 0.001, Fig. 4H), compared with the group
injected with PDLSC only. These results supported the potential of
COMP-Ang1 to stimulate migration of progenitor cells. Taken as a
whole, our results demonstrate that COMP-Ang1 activates PI3K/
Akt and p38 MAPK signal transduction pathways through induc-
tion of Tie-2, which stimulates proliferation, osteoblast differenti-
ation, or migration of BMMSCs and PDLSCs (Fig. 4I). Further
studies to clarify the cellular mechanisms of in vivo migration by
COMP-Ang1 and to explore whether the migrated progenitor cells
participate in healing of damaged tissues will be needed.
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