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Abstract Recombinant COMP-Ang1, a chimera of

angiopoietin-1 (Ang1), and a short coiled-coil domain of carti-

lage oligomeric matrix protein (COMP) can stimulate multiple

cellular processes. Proliferative capacity of periodontal ligament

(PDL) fibroblasts (PLFs) is important for maintaining PDL

integrity and homeostasis. In this study, we explored whether

exogenous COMP-Ang1 addition enhances proliferation of

human PLFs and the cellular mechanisms therein. We initially

isolated and characterized PLFs, where the cells showed highly

positive staining for surface markers, CD90, CD105, and

CD146. COMP-Ang1 treatment increased proliferation of PLFs

by stimulating migration of cells into S and G2/M phases. This

increase was coupled with decreased p21Cip and p27Kip levels

and enhanced cyclin D1, cyclin-dependent kinase (CDK) 2, and

CDK4 induction. Transfection with si-Tie2 near completely

blocked COMP-Ang1-stimulated cell cycle progression in PLFs.

Tie2 knockdown also inhibited COMP-Ang1-induced

phosphorylation of mitogen-activated protein kinases (MAPKs).

In addition, COMP-Ang1-mediated activation of Akt and c-Jun

was suppressed by treating each of pharmacological inhibitors

specific to phosphoinositide 3-kinase (PI3K) (LY294002 and

Wortmannin) or MAPKs (PD98059, SB203580, and

SP600125). Similarly, COMP-Ang1-mediated increases in DNA

synthesis and cyclin D1 induction were prevented by treating

inhibitor of MAPKs and PI3K or by c-Jun knockdown. These

results suggest that COMP-Ang1 enhances survival and prolif-

eration of human PLFs through the activation of Tie2-mediated

signaling, where PI3K/Akt and MAPK-c-Jun signaling path-

ways act as downstream effectors. Collectively, COMP-Ang1

may be a useful as a stimulator of human PLFs and therefore

improves PDL integrity and homeostasis.
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Introduction

Periodontal tissues consisted mainly of three parts such as

gingival, periodontal ligament (PDL), and alveolar bone.

PDL is a highly specialized fibrous connective tissue that

attaches the tooth root to the surrounding alveolar bone and

maintains tooth stability and function. The PDL consists of

a heterogeneous cell population including fibroblasts,

osteoblasts, cementoblasts, epithelial and endothelial cells,

and stem-like cells known as PDL stem cells (PDLSCs) [1,

2]. It has been considered that PDL functions are affected

according to cellular activities of PDL fibroblasts (PLFs)

which are the most abundant cells in the PDL [3]. PLFs

play important roles in maintaining PDL integrity during

alveolar bone remodeling [4]. PLFs are also able to
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differentiate into osteoblastic cells and collagen-forming

cells and produce various types of paracrine and autocrine

factors [5, 6]. Thus, it is postulated that PLFs have critical

roles in maintaining PDL homeostasis and in protecting

PDL against physiological and biological stresses. Fur-

thermore, considerable evidence has proven that control-

ling the proliferation of stem/progenitor cells is to be a key

approach for a successful cell-based therapy [7, 8]. This

may suggest that improving the proliferative capacity of

PLFs is one of the beneficial strategies to inhibit PDL

degradation caused by various mechanical and biological

damages.

Much attention has focused on the recombinant chimeric

protein of angiopoietin 1 (Ang1) with a short coiled-coil

domain from cartilage oligomeric matrix protein (COMP) as

a potent stimulator of cellular processes required for pro-

liferation, differentiation, and migration of stem-like cells. In

fact, COMP-Ang1 had a more stable angiogenic activity

than did native Ang1 in vascular formation [9]. COMP-

Ang1 also showed multiple potentials to enhance osteoblast

differentiation [10], bone formation [11], and chondrocyte

maturation [12]. We recently found that COMP-Ang1

stimulates proliferation, differentiation, and migration of

bone marrow mesenchymal stem cells (MSCs) [13] and

promotes bone formation in an animal model of calvarial

defects [14]. We also demonstrated that the potentials of

COMP-Ang1 are correlated with its angiogenic and

chemoattractive activities [13]. Our previous findings with

other reports suggest that COMP-Ang1 regulates positively

cellular processes required for differentiation, survival, and

proliferation of PLFs [10–14]. However, the exact modes of

action by which COMP-Ang1 improves proliferation of

PLFs are not yet investigated.

In this study, we explored whether exogenous COMP-

Ang1 addition actually enhances viability and proliferation

in human PLFs. In order to understand the related mech-

anisms, we examined the roles of several signaling mole-

cules including Tie-2, cyclins, cyclin-dependent kinases

(CDKs), mitogen-activated protein kinases (MAPKs),

phosphoinositide 3-kinase (PI3K)/Akt, and c-Jun in

COMP-Ang1-exposed PLFs. We also compared the

potential of COMP-Ang1 on PLFs to that of native Ang1.

Materials and methods

Chemicals and laboratory wares

Carrier-free recombinant COMP-Ang1 and fetal bovine

serum (FBS) were purchased from Enzo Life Sciences Inc.

(Farmingdale, NY, USA) and Gibco-BRL (Gaithersburg,

MD, USA), respectively. Pharmacological inhibitors,

including PD98059 (for phospho-extracellular signal-

regulated kinase; p-ERK), SB203580 (for p-p38 kinase),

SP600125 (for p-c-Jun N-terminal kinase; p-JNK), and

LY294002 and Wortmannin (for PI3K) were purchased

from TOCRIS (Bristol, UK). Monoclonal antibodies

specific for cell surface markers such as STRO-1, CD45,

CD90, CD105, and CD146 were obtained from Becton–

Dickinson (San Jose, CA, USA). Unless otherwise speci-

fied, other antibodies and chemicals were supplied from

Santa Cruz Biotechnology (Santa Cruz, CA, USA) and

Sigma-Aldrich Co. (St. Louis, MO, USA), respectively. All

laboratory items were purchased from SPL Life Sciences

(Pochun, South Korea).

Isolation and culture of human PLFs

Disease free molars were collected from seven healthy

male patients, 20–28 years old (23.7 ± 2.5 age), who

required for extraction of teeth in the process of

orthodontic treatment, at the Chonbuk National University

Hospital (Jeonju, South Korea). All donors gave written

informed consent for the use of their tissues, and this study

was approved by the Ethical Committee of Chonbuk

National University Hospital. The isolation and culture of

PLFs were carried out according to the methods described

elsewhere with a slight modification [15]. In brief, PDL

was scraped from the root of molars eluted from each of

patients and then enzymatically digested for 1 h at 37 �C in

a buffer containing 3 mg/ml collagenase type I (Wor-

thington Biochem, Freehold, NJ, USA) and 4 mg/ml of

dispase (Worthington Biochem). Single cell suspensions

were obtained from different individuals using a 70-lm
Falcon cell strainer (Franklin Lakes, NJ, USA) and incu-

bated in DMEM supplemented with 10 % FBS and

antibiotics (100 IU/ml penicillin G and 100 lg/ml strep-

tomycin) in 100 mm culture dish. The cultures were

switched to a fresh batch of medium every 3 days allowing

subculture when the cells reached 70–80 % confluence.

Characterization of PLFs

The characterization of PLFs was performed by analyzing

the expression of cell surface markers at passage 2. In brief,

PLFs were harvested using 0.25 % trypsin/EDTA buffer

and fixed with 4 % formaldehyde for 30 min. Cells were

washed with phosphate buffered saline (PBS) containing

0.2 % bovine serum albumin and then incubated for

30 min in PBS containing fluorescein isothiocyanate

(FITC)—conjugated monoclonal antibodies directed

against antigens (STRO-1, CD90, and CD105) or phyco-

erythrin (PE)-conjugated monoclonal antibodies directed

against CD antigens (CD45 and CD146). Flow cytometric

analysis was performed using a FACS calibur flow

cytometer (Becton–Dickinson) and CellQuest software.
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After characterization, subcultures of PLFs from seven

different individuals were mixed and used for further

experiments, where all experiments were carried out at

passages 3–5.

Measurement of proliferation rates

We applied three different methods to measure the effects

of COMP-Ang1 on viability and proliferation of PLFs.

Initially, PLFs were divided onto 96-multiwell plates at the

density of 10,000 cells/well and incubated in serum-free

DMEM for 24 h. The cells were exposed to various con-

centrations (0–600 ng/ml) of COMP-Ang1 in DMEM

supplemented with 10 % FBS for 72 h and then 10 ll of
Cell Counting Kit-8 (CCK-8) solution (Dojindo Lab.,

Kumamoto, Japan) was added to the cultures. After incu-

bation for additional-2 h, absorbance of the dye specific to

CCK-8 was measured at 450 nm using a microplate reader

(Molecular Devices, Austin, TX, USA). For BrdU incor-

poration assay, serum starved-PLFs for 24 h were incu-

bated in DMEM containing 10 % FBS and COMP-Ang1

(0–600 ng/ml). After incubation for 48 h, cells were treated

with 10 lM BrdU assay kit solution (Roche, Indianapolis,

IN, USA) followed by additional-24 h incubation. Absor-

bance of the dye was measured at 370 nm using a micro-

plate reader (Molecular Devices).The level of DNA

synthesis in COMP-Ang1-exposed PLFs was also mea-

sured by adding 10 lCi of 3H-thymidine deoxyribose

(TdR; Amersham Pharmacia Biotech, Inc., Piscataway, NJ,

USA) to each well of 96-multiwell plates during the last

16 h of 72 h incubation. Cells were collected using a har-

vester (Inotech Inc., Dietikon, Switzerland), and beta

emission from the 3H-TdR-incorporated cells was deter-

mined using a liquid scintillation counter (Packard Instru-

ment Co., Downers Grove, IL, USA).

Reverse transcriptase-polymerase chain reaction

(RT-PCR)

Total cellular RNA was extracted from PLFs using Trizol

reagent following the manufacturer’s instructions (Invit-

rogen, Carlsbad, CA, USA). Total RNA (1 lg) was sub-

jected to cDNA synthesis with SuperScript Reverse

Transcriptase II and oligo12-18 primers (Invitrogen). Power

SYBR Green PCR Master Mix (Applied Biosystems,

Fig. 1 Characterization of human PLFs. a PLFs showing a clono-

genic formation at 10 days post culture with fibroblast-like morphol-

ogy. b Flow cytometric characterization of cell surface markers.

Isotype controls of PLFs are presented as filled red histograms, while

the specific cell surface markers were as black open histograms. c The

percentages of cells positively stained with each of surface marker

antibodies were calculated using WinMDI 2.9 programs (n = 5).

d Proliferating rate of cultured PLFs was measured at the indicated

days after incubation using BrdU assay kit (n = 5)
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Foster City, CA, USA) was used to detect the accumulation

of PCR product during cycling with the ABI Step One plus

sequence detection system (Applied Biosystems). The

thermocycling conditions were as follows: predenaturation

at 95 �C for 10 min, 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 with 40 cycles. PCR

products were run on a 1.5 % agarose gel and visualized

with a UV illuminator. Oligonucleotide primers designed

using primer express 3.0 (Applied Biosystems) were fol-

lows: 50-CAA CGG ATT TGG TCG TAT TGG-30 and 50-
GCC TTC TCC ATG GTG GTG AA-30 for GAPDH

(NM_002046.3), 50-AAG GCG GAG GAG ACC TGC

GCG-30 and 50-ATC GTG CGG CAT TGC GGC-30 for
cyclin D1 (NM_53056), and 50-AGG GCC TAG AGC CTG

AAA CAG-30 and 50-CCC TCC CCA ATC ACA TCT TG-

30 for Tie2 (NM_000459.3). These primers give a PCR

product of 300, 381, and 400 bp, respectively.

Western blot analysis

Cell lysates were made in a NP-40 lysis buffer as described

elsewhere [16]. Equal amounts (25 lg/sample) of protein

extracts were separated by 12–15 % SDS-PAGE and

blotted onto polyvinyl 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 (Amersham Pharmacia Biotech Inc.)

and exposed on X-ray film (Eastman-Kodak Co., Roche-

ster, NY, USA).

Cell cycle analysis

PLFs were incubated in serum-free DMEM for 24 h, and the

cultures were replaced to new media containing 10 % FBS

in the presence and absence of COMP-Ang1. After 48 h of

incubation, cells were processed for propidium iodide (PI)

staining as described elsewhere [17]. PI intensity in the cells

(1 9 104 cells/sample) was analyzed using a FACS Calibur

system (Becton–Dickinson) and cell cycle progression was

determined using WinMDI program (version 2.9).

Small interfering (si) RNA transfection

PLFs were spread onto 60-mm culture dishes (4 9 105 -

cells per dish). When these cells reached 70–80 % con-

fluence, the cultures were transfected with 50 nM Tie2

siRNA, c-Jun siRNA, or scrambled siRNA oligonu-

cleotides using DharmaFECT 1 siRNA Transfection

Reagent (Dharmacon, Lafayette, CO, USA) according to

manufacturer’s instructions. After 48 h of transfection,

cells were exposed to COMP-Ang1 and processed for

further analyses.

Statistical analysis

All data are expressed as the mean ± standard deviation

(SD). A one-way analysis of variance (ANOVA) followed

by Scheffe’s test was used for multiple comparisons using

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.

Fig. 2 COMP-Ang1 increases viability and proliferation of PLFs via

Tie2-mediated signaling. PLFs were incubated for 72 h with the

indicated concentrations of COMP-Ang1 and the absorbance of the

dye specific to CCK-8 (a) or BrdU (b) was measured using a

microplate reader. c PLFs were transfected with si-Tie2, and after

48 h of transfection, the cellular Tie2 levels were determined by

Western blot analysis. PLFs were exposed to COMP-Ang1 after 48 h

of transfection and CCK-8 (d) and TdR incorporation assays (e,
f) were performed at 72 h post incubation. *p\ 0.05, **p\ 0.01,

and ***p\ 0.001 compared to the untreated control cultures;
##p\ 0.01 and ###p\ 0.001 compared to COMP-Ang1 treatment

alone (n = 7)
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Results

Characteristics of human PLFs

As PLFs are a heterogeneous cell population, we analyzed

surface molecules expressed in the cells using flow

cytometer. Cultured PLFs showed adherent clonogenic cell

clusters of fibroblast-like cells at 10 days post culture

(Fig. 1a). The PLFs exhibited mostly positive staining for

CD90 (99.7 ± 3.1 %) and CD105 (96.0 ± 3.5 %), while

45.9 ± 6.2 % of PLFs were positive to CD146 (Fig. 1b, c).

However, almost of the PLFs showed negative staining for

STRO-1 (1.0 ± 0.6 %) and CD45 (0.2 ± 0.3 %). When

proliferation rate was determined by BrdU incorporation

assay, PLFs had a high uptake rate of BrdU relatively at the

early times of incubation (Fig. 1d).

COMP-Ang1 increases dose-dependently viability

and proliferation of PLFs through Tie2-mediated

signaling

We examined the effects of COMP-Ang1 on viability and

proliferation of PLFs. Measuring the optical density

specific for CCK-8 (Fig. 2a) or BrdU (Fig. 2b) revealed

Fig. 3 COMP-Ang1 increases

migration of cells into S and G2/

M phases with increased

induction of CDKs and cyclin

D1 in PLFs. PLFs were exposed

to the indicated concentrations

of COMP-Ang1, and 48 h later,

the cells were analyzed by flow

cytometry after PI staining (a,
b) and Western blotting (c, d).
The cell cycle progression was

determined using the WinMDI

2.9 program. Panel d shows the

relative fold changes of cell

cycle regulatory proteins after

normalizing the levels to that of

b-actin. *p\ 0.05, **p\ 0.01,

and ***p\ 0.001 compared to

the untreated control cultures

(n = 3)
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that COMP-Ang1 increased viability and proliferation of

PLFs in a dose-dependent manner. Based on these results,

we selected the concentration of COMP-Ang1 at 300 ng/ml

as the appreciate dose for subsequent experiments. We next

explored the roles of Tie2 signaling pathway in COMP-

Ang1-stimulated proliferation of PLFs. Transfecting the

cells with si-Tie2 decreased the level of Tie2 protein as

compared with the control (Fig. 2c). COMP-Ang1-medi-

ated increase in the optical density specific for CCK-8 was

significantly (p\ 0.001) inhibited by silencing of Tie2

(Fig. 2d). Transfection itself with si-Tie2 did not reduce

viability of PLFs. Knockdown of Tie2 also reduced the

absorbance specific for BrdU in COMP-Ang1-exposed

PLFs (data not shown). In addition, COMP-Ang1 increased

the level of TdR incorporation in PLFs in a dose-dependent

manner (Fig. 2e), and this increase was significantly

(p\ 0.01) diminished by knockdown of Tie2 (Fig. 2f).

COMP-Ang1 stimulates cell cycle progression

in PLFs

We examined whether COMP-Ang1-stimulated prolifera-

tion in PLFs is coupled with the changes in cell cycle

progression. Treatment with COMP-Ang1 decreased pro-

portion of cells in the G0/G1 phase but increased the

migration of many cells into the S and G2/M phases

(Fig. 3a, b). These changes in cell cycle progression were

dependent on the concentrations of COMP-Ang1 added.

Western blot analysis revealed that COMP-Ang1 affected

differently the induction of cell cycle regulatory factors in

PLFs; COMP-Ang1 (300 ng/ml) suppressed significantly

the induction of p21Cip (p\ 0.01) and p27Kip proteins

(p\ 0.01), while it augmented the protein levels of CDK4

(p\ 0.01), CDK2 (p\ 0.001), and cyclin D1 (p\ 0.001)

(Fig. 3c, d). Significant changes in the levels of cell cycle

regulatory proteins were also shown when the cells were

treated with 100 ng/ml COMP-Ang1. In contrary, there

was no significant increase in cyclin E level in COMP-

Ang1-exposed PLFs (Fig. 3d). To more understand the

effect of Tie2 signaling on cell proliferation, PLFs trans-

fected with si-Tie2 were exposed to 300 ng/ml COMP-

Ang1 for 48 h and processed for Western blot and flow

cytometric analyses. Tie2 knockdown restored the COMP-

Ang1-mediated decreases in p21Cip and p27Kip protein

levels similar to that of untreated control and reduced the

level of cyclin D1 (Fig. 4a, b). In parallel with these results,

knockdown of Tie2 diminished migration of cells into the S

and G2/M phases with the subsequent increase in cell

population present in the G0/G1 phase (Fig. 4c, d). The

knockdown of Tie2 also inhibited COMP-Ang1-mediated

Fig. 4 Knockdown of Tie2 inhibits COMP-Ang1-stimulated cell

cycle progression of PLFs with increased induction of p21Cip and

p27Kip. At 48 h after transfection, PLFs were exposed to 300 ng/ml

COMP-Ang1, and 48 h later, protein levels of p21Cip, p27Kip, and

cyclin D1 (a, b) and cell cycle progression (c, d) were determined by

Western blot and flow cytometric analyses, respectively. **p\ 0.01

and ***p\ 0.001 compared to the untreated control cultures;
#p\ 0.05 and ##p\ 0.01 compared to COMP-Ang1 treatment alone

(n = 3)
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increases in cyclin D1 mRNA expression (Fig. 5a) and

CCK-8 uptake in PLFs (Fig. 5b). Similarly, treatment with

native Ang1 at the same dose increased the cyclin D1

expression and optical density specific for the CCK-8 in the

cells, and these increases were almost completely inhibited

by knockdown of Tie2.

COMP-Ang1 phosphorylates PI3K/Akt, MAPKs,

and activator protein-1 (AP-1) subfamilies in PLFs

In order to verify the downstream mediators involved in

COMP-Ang1-stimulated Tie2 signaling, we determined

cellular levels of various protein kinases by Western blot

analysis. The phosphorylated levels of Tie-2, Akt, ERK,

JNK, c-Fos, and c-Jun were increased in COMP-Ang1-

exposed PLFs (Fig. 6a). These increases were fast after

treatment with COMP-Ang1 and, at most cases, were dose

dependent (Fig. 6b). However, COMP-Ang1 did not

increase the expression of Tie2 at a significant level

(Fig. 6c, d). We next examined the roles of Tie2 on

COMP-Ang1-activated MAPKs by silencing Tie2.

Knockdown of Tie2 reduced significantly the levels of

p-ERK (p\ 0.001), p-JNK (p\ 0.001), and p-p38 kinase

(p\ 0.01) similar to those of untreated controls (Fig. 7a,

b). Silencing of Tie2 also suppressed the COMP-Ang1-

stimulated phosphorylation of Akt and c-Jun in the cells

(data not shown).

PI3K/Akt and MAPK signaling pathways mediate

COMP-Ang1-stimulated viability and proliferation

of PLFs

To better understand the roles of PI3K/Akt and MAPKs in

COMP-Ang1-exposed PLFs, the protein levels of p-Akt

and p-c-Jun were determined after treatment with 300 ng/

ml COMP-Ang1 in the presence and absence of each of the

pharmacological inhibitors. Treatment with inhibitors

specific to PI3K/Akt (LY294002 and Wortmannin) and

ERK (PD98059), but not p38 kinase (SB203580) and JNK

(SP600125), suppressed COMP-Ang1-mediated Akt phos-

phorylation (Fig. 8a). On the contrary, p–c-Jun levels were

reduced only by treating PLFs with each inhibitor of

MAPKs (Fig. 8b). All pharmacological inhibitors exam-

ined showed a significant inhibition on COMP-Ang1-

stimulated incorporations of CCK-8 (Fig. 8c) and 3H-TdR

in PLFs (Fig. 8d). Specifically, inhibitors of PI3K/Akt and

ERK diminished COMP-Ang1-mediated increase in CCK-

8 uptake more efficiently than did JNK or p38 kinase

inhibitor (Fig. 8c). TdR incorporation increased by COMP-

Ang1 was attenuated by inhibitors of MAPKs more than by

PI3K/Akt inhibitors, where SP600125 inhibited at the most

(Fig. 8d).

Knockdown of c-Jun inhibits COMP-Ang1-

mediated increases in cyclin D1 induction and DNA

synthesis by PLFs

To verify the roles of c-Jun in COMP-Ang1-stimulated

proliferation, PLFs were transfected with si-c-Jun. Western

blot analysis showed an apparent decrease in c-Jun and p-c-

Jun protein after the transfection (Fig. 9a). Knockdown of

c-Jun significantly attenuated the COMP-Ang1-mediated

increases in DNA synthesis (Fig. 9b) and cyclin D1

induction to the levels similar to that of untreated controls

(Fig. 9c, d). COMP-Ang1-mediated increase in proportion

of cells in the G2/M phase was also disappeared by c-Jun

knockdown (data not shown).

Fig. 5 Native Ang1 mimics the effect of COMP-Ang1 on cyclin D1

induction and viability in PLFs, which is downregulated by knock-

down of Tie2. PLFs transfected with si-Tie2 were treated with

300 ng/ml of native Ang1 or COMP-Ang1. a The levels of cyclin D1

mRNA were determined by RT-PCR at 24 h post incubation, while

b viability of the cells was measured using CCK-8 solution after 72 h

of incubation. ***p\ 0.001 compared to the untreated control

cultures; #p\ 0.05 and ###p\ 0.001 compared to native Ang1 or

COMP-Ang1 treatment alone (n = 5)
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Discussion

PLFs are able to regenerate PDL and thereby maintain the

integrity and homeostasis of the PDL. This ability may be

due to a stem cell-like property of PLFs to proliferate,

differentiate, and migrate. Thus, we initially characterized

cultured PLFs by determining the expression patterns of

cell surface markers including CD45, CD90, CD, 105,

CD146, and STRO-1. CD45, a type I transmembrane

protein, is expressed mostly in differentiated hematopoietic

cells and regulates a variety of cellular processes required

for cell growth, differentiation, and mitosis [18]. CD90 has

been used as a marker for stem-like cells as well as lym-

phocytes, mesangial cells, and fibroblasts [19]. CD105 has

a crucial role in angiogenesis and thus in growth and sur-

vival of tumor cells and in the development and remodeling

of the cardiovascular system [20]. CD146 is also used as a

marker for MSCs isolated from multiple organs, and its

expression is related positively with multipotency of stem

cells [21]. Specifically, STRO-1, the best-known MSC

marker, is currently used as a marker to isolate and identify

PDLSCs [1, 22]. In this study, cultured PLFs exhibited

highly positive staining for CD90, CD105, and CD146.

The cultured PLFs also showed a clonogenic property at

10 days post incubation and a proliferating potential.

Although the percentage of cells expressing STRO-1 was

only about 1 %, our data suggest that the PLFs have in part

stem cell-like characteristics such as PDLSCs and MSCs. It

is important to note that number of PDLSCs present in

PDL is quite less than PLFs and PDLSC’s multipotency is

reduced timely according to the incubation time. Based on

the stem-like property of PLFs and their abundance in the

PDL, we consider that PLFs may be a beneficial target to

stimulate the regeneration of PDL.

A variety of polypeptide growth factors have been

studied for that they can facilitate the regeneration of

periodontal tissues [23]. Growth factors are capable of

modulating the cellular processes essential for prolifera-

tion, differentiation, and survival [24, 25]. We previously

found that COMP-Ang1 promoted multiple cellular pro-

cesses in bone marrow MSCs through the activation of

Tie2-mediated signaling [13]. We have also shown that

COMP-Ang1 enhances migration of PDLSCs into calvarial

defect in an animal model [13] and facilitates proliferation

as well as chondrogenic and osteogenic differentiation of

MSCs [26]. These findings led us to postulate that COMP-

Ang1 treatment improves the proliferative capacity of

human PLFs. Our current data strongly support the ability

of COMP-Ang1 to enhance survival and proliferation of

PLFs.

It is commonly accepted that Ang1 regulates endothelial

cell survival [27] and promotes endothelial differentiation

Fig. 6 COMP-Ang1 treatment increases phosphorylation of Tie-2,

Akt, MAPKs, and AP-1 subproteins in PLFs. a PLFs were exposed to

COMP-Ang1 (0–300 ng/ml) and at the indicated times (0–60 min)

after the exposure, phosphorylated levels of the indicated protein

kinases were determined by immunoblotting. b Relative intensity of

each of the phosphorylated kinases was calculated using a densito-

meter after normalizing those with whole proteins or b-actin. c,

d PLFs were exposed to 300 ng/ml COMP-Ang1 and 24 h later,

mRNA level of Tie2 was measured by RT-PCR. *p\ 0.05,

**p\ 0.01, and ***p\ 0.001 compared between the cultures

exposed to 100 and 300 ng/ml COMP-Ang1 at the same incubation

times; #p\ 0.05, ##p\ 0.01, and ###p\ 0.001 compared with the

incubation times at the same concentrations of COMP-Ang1 (n = 4)
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from stem/progenitor cells [28]. Ang1 also protects MSCs

against serum starvation and hypoxia-induced apoptosis

[29]. It is important to consider that the Ang1-induced cell

survival and proliferation is regulated tightly by Tie2-me-

diated signaling. Although native expression of Tie2 and its

receptor differs among the origins of cells [10, 12], accu-

mulated evidence has proven that the induction of Tie2 is

essential for COMP-Ang1-stimulated proliferation, differ-

entiation, and survival in stem-like cells [12, 13, 26]. The

translocalization of Tie2 was also the main event in

COMP-Ang1-stimulated angiogenesis and vascular

enlargement [9, 30]. As proven by that Tie2 knockdown

inhibited COMP-Ang1-mediated increases in the cellular

uptake of CCK-8 and 3H-TdR, our results reveal the

involvement of Tie2-mediated signaling in COMP-Ang1-

enhanced viability and proliferation of PLFs.

The current findings highlight that COMP-Ang1-stimu-

lated DNA synthesis in human PLFs is due to the migration

of many cells into the S and G2/M phases. This study also

shows that the decreases in p21Cip and p27Kip levels and

the increases in cyclin D1, CDK2, and CDK4 may be the

cellular events responsible for COMP-Ang1-stimulated cell

cycle progression. In general, the transition of cells from

G0/G1 to S or G2/M phase depends on CDKs, which form

complexes with cyclins [31, 32]. These complexes between

CDKs and cyclins promote DNA synthesis by activating

other downstream effectors [33, 34]. Upregulation of

Fig. 7 Knockdown of Tie2 suppresses COMP-Ang1-stimulated phos-

phorylation of MAPKs in PLFs. a Control or si-Tie2-transfected PLFs

were incubated with and without 300 ng/ml COMP-Ang1, and after

60 min of incubation, the levels of phosphorylated MAPKs were

determined by immunoblotting. b Relative intensities of the phospho-

rylatedMAPKs were calculated using a densitometer after normalizing

the levels to that of b-actin. **p\ 0.01 and ***p\ 0.001 compared to

the untreated control cultures; #p\ 0.05 and ###p\ 0.001 compared to

the COMP-Ang1 treatment alone (n = 4)

Fig. 8 Effects of PI3K/Akt and

MAPK inhibitors on the

viability and proliferation in

COMP-Ang1-exposed PLFs.

PLFs were pretreated with the

indicated concentrations of each

PI3K/Akt or MAPK inhibitor

for 2 h prior to the exposure of

COMP-Ang1. Thirty minutes

later, the levels of p-Akt and

Akt (a) and p-c-Jun and c-Jun

(b) in the cells were analyzed by
Western blotting. These cells

were also processed for the

determination of viability

(c) and TdR incorporation (d) at
72 h post exposure to each of

the inhibitors. ***p\ 0.001

compared to the untreated

control cultures; #p\ 0.05,
##p\ 0.01, and ###p\ 0.001

compared to the COMP-Ang1

treatment alone or between the

indicated groups by a line

(n = 5)
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p21Cip and/or p27Kip negatively controls cell cycle pro-

gression by blocking the formation of CDK/cyclin com-

plexes [35, 36]. These reports may suggest that COMP-

Ang1-stimulated cell proliferation is more closely associ-

ated with downregulated expression of cell cycle inhibitors

than other events. However, additional experiments are

necessary to clarify the molecular mechanisms by which

COMP-Ang1 regulates the expression of cell cycle regu-

lator factors.

MAPKs regulate various cellular processes including

survival, proliferation, migration, and differentiation [37–

39]. MAPKs also control cell cycle progression by mod-

ulating the phosphorylation of cell cycle regulatory factors

[38] and activate AP-1-mediated signaling by phospho-

rylating c-Jun and c-Fos proteins [40]. Akt is a serine/

threonine-specific protein kinase and plays crucial roles in

cell survival [41, 42]. Our results demonstrate that COMP-

Ang1 stimulates phosphorylation of PI3K/Akt and

MAPKs through the activation of Tie2-mediated signal-

ing. Based on the current findings, we suggest that PI3K/

Akt regulates predominantly survival of PLFs, while

MAPKs stimulate cell proliferation through the activation

of c-Jun-mediated signaling. The observation that knock-

down of c-Jun prevented COMP-Ang1-stimulated DNA

synthesis and cyclin D1 induction supports the involve-

ment of c-Jun as the downstream effector of MAPKs. This

result was in part consistent with a previous report

showing that c-Jun activation is associated with prolifer-

ation and angiogenesis [43]. We also postulate that ERK-

mediated signaling plays the dual modes of action on

survival and proliferation, in that ERK inhibitor attenuated

almost completely the cellular uptake of CCK-8 and 3H-

TdR as well as the phosphorylation of Akt in COMP-

Ang1-exposed PLFs. Taken as a whole, it is suggested

that Tie2-mediated activation of PI3K/Akt and MAPK-c-

Jun signaling pathways is to be the main mechanism

involved in COMP-Ang1-enhanced viability and prolifer-

ation in PLFs.

In conclusion, the current study shows that human PLFs

have stem cell-like characteristics and COMP-Ang1 treat-

ment enhances viability and proliferation of the PLFs

through Tie2-mediated activation of PI3K/Akt and MAPK-

AP-1 signal transduction pathways (Fig. 10). As the pro-

liferative capacity in PLFs is an important factor to

maintain PDL functions, our results indicate a clinical

usefulness of COMP-Ang1 in improving PDL integrity and

homeostasis. More detail experiments will be needed to

confirm whether COMP-Ang1 regenerates the PDL and

protect PDL degradation against physiological and bio-

logical damages using animal models.

Fig. 9 Knockdown of c-Jun inhibits COMP-Ang1-stimulated prolif-

eration and cyclin D1 induction in PLFs. a At 48 h after transfection

with si-c-Jun, PLFs were exposed to 300 ng/ml COMP-Ang1, and

30 min later, protein levels of c-Jun and p-c-Jun were determined by

Western blotting. These cells were also processed for the analyses of

TdR incorporation at 72 h post incubation (b) or for the determination

of cyclin D1 levels by Western blotting at 48 h post incubation (c).
Panel d indicates the fold changes of cyclin D1 after normalizing the

levels to that of b-actin. ***p\ 0.001 compared to the untreated

control cultures; ##p\ 0.01 compared to COMP-Ang1 treatment

alone (n = 5)

Fig. 10 Proposed signaling pathways involved in COMP-Ang1-

mediated increases in viability and proliferation in human PLFs.

COMP-Ang1 activates PI3K/Akt and MAPKs through Tie2-mediated

signaling in human PLFs. PI3K/Akt pathway may stimulate predom-

inantly a signaling related to cell viability and survival, while MAPKs

enhance cell proliferation by phosphorylating c-Jun
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