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Abstract N-cadherin, a calcium-dependent cellular

adhesive protein, plays important roles during embryonic

development and bone formation. The potential of mes-

enchymal stem cells (MSCs) in osteoblast differentiation

and homing to the sites of injury make it a promising cell

resource for tissue engineering. However, the role of

N-cadherin in MSCs osteoblast differentiation and migra-

tion remains still obscure. In the present study, our results

showed that prolonged N-cadherin overexpression inhib-

ited osteogenic differentiation of MSCs through negatively

regulating b-catenin and ERK1/2 signaling pathways. The

mRNA expression levels of osteogenesis-related genes

(Osteopontin, Osteocalcin, runt-related transcription factor

2 (Runx2), alkaline phosphatase (ALP) and bone mor-

phogenetic protein 2) were significantly inhibited by

N-cadherin, as well as the ALP activity and calcium

deposit as stained by Alizarin Red S. While, silencing

N-cadherin using shRNA reversed this effect. Furthermore,

ectopic bone formation conducted in nude mice verified

that N-cadherin significantly inhibited ectopic bone for-

mation of MSCs in vivo. In addition, we also found that the

N-cadherin overexpression could promote the migration

potential of MSCs. These findings reveal that N-cadherin

inhibits osteogenesis but promotes migration of MSCs. The

underlying mechanism of N-cadherin inhibiting osteogen-

esis may through suppressing b-catenin and ERK1/2 sig-

naling pathways.
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Introduction

Mesenchymal stem cells (MSCs) are non-hematopoietic

cells that can differentiate into osteoblasts, adipocytes and

chondrocytes under certain conditions [1]. They also have

the ability of homing to the sites of injury and inflamma-

tion. The properties of MSCs make them a promising cell

source for tissue engineering, particularly for bone repair.

MSCs differentiation into mature functional osteoblasts is a

complex process involving many transcriptional factors

and signaling pathways. The Wnt/b-catenin signaling

pathway is one of the most important pathways involved in

osteogenesis and bone formation. The accumulation of b-

catenin in the cytoplasm results in its translocation to the

nucleus to initiate osteogenesis-related gene expression,

such as Runx2 which is a master transcription factor of
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osteogenesis [2]. The ERKs signaling pathway also plays a

key role in regulating osteogenic differentiation, including

induces ALP activity and Osterix gene expression [3, 4], as

well as phosphorylates Runx2 [5].

N-cadherin, a calcium-dependent cellular adhesive

protein, is known to be expressed in neural tissues [6].

But it is also found in other non-neural cells, such as

fibroblasts, myoblasts, endothelial cells and mesenchymal

stem cells (MSCs) [7–9]. Recent study also found

N-cadherin was strongly expressed by osteoblasts in bone,

although at various level of expression [10]. N-cadherin

has been shown to play important roles during embryonic

development, the embryos died in the middle of gestation

in mice carrying a null mutation for N-cadherin [11]. As a

hemophilic adhesion molecule, N-cadherin has also been

shown to affect the morphology and adhesion properties

of embryonic stem cells [12]. In addition, N-cadherin has

also been found to play a key role in cell migration. In

migrating chick neural crest cells, disruption of N-cad-

herin function specifically could reduce their migratory

velocity [13]. More recently, N-cadherin has been found

to control zebrafish granule cell migration by continu-

ously coordinating cell–cell contacts and cell polarity

[14].

The role of N-cadherin in MSCs differentiation in to

osteoblasts has not been studied, and even its role in

osteoblasts is still controversial. N-cadherin mediated

adherens junctions play a role in mediating signal trans-

duction events during bone development, osteoblast dif-

ferentiation would be inhibited if N-cadherin was blocked

with neutralizing antibody [15]. Haiyan Li et al. [16] have

reported that when human bone marrow stromal cells

(HBMSCs) were co-cultured with umbilical vein endo-

thelial cells, N-cadherin concentrated in the membrane of

co-cultured HBMSCs and resulted in upregulated osteo-

blastic differentiation of HBMSCs. On the other hand,

N-cadherin has been shown to interact with Wnt co-

receptor LRP5 to negatively regulate Wnt/b-catenin sig-

naling in osteoblasts, leading to decreased osteoblast gene

expression and osteogenesis; and the N-cadherin transgenic

mice also showed defective osteoblast function, reduced

bone formation and delayed bone mass acquisition [17].

In the present study, we showed that overexpression of

N-cadherin in MSCs inhibited osteogenesis and ectopic

bone formation. While, silencing N-cadherin in MSCs

could promote osteogenesis in vitro. Our findings that

overexpression of N-cadherin suppressed b-catenin and

pERKs which coincided with increased osteogenesis, while

N-cadherin silencing reversed this effect, strongly suggest

that N-cadherin suppresses osteogenic differentiation by

repression of b-catenin and ERK signaling pathways. In

addition, we also found that the migration potential of

MSCs was enhanced by overexpression of N-cadherin.

This finding would be helpful for better understanding the

regulation of osteogenesis and migration of MSCs.

Materials and methods

Chemicals

All the chemicals used were purchased from Sigma, except

where specified.

Plasmid construction, transfection, lentivirus

production and infection

The gene encoding rat N-cadherin was amplified and

cloned into a lentiviral vector. The shRNA used for

silencing N-cadherin was designed as published [18].

Pseudo-lentiviruses were produced by transient transfec-

tion of 293FT packaging cells (Invitrogen) using the cal-

cium phosphate method. For transduction, 1 9 105 cells

were seeded into 6-well plate and incubated with lentivi-

ruses and 8 lg/mL polybrene in the incubator for 24 h.

After 48 h, blasticidin (Invitrogen) was added into medium

to select MSCs stably expressing N-cadherin.

Isolation and culture of BM-MSCs

All animal experiments were approved by the Animal

Research Ethics Committee of the Chinese University of

Hong Kong. The details of BM-MSCs isolation and culture

have been described previously [19]. The cellular surface

markers (CD90, CD44, CD31 and CD34) of MSCs were

checked by flow cytometry (Supplemental Fig. 1).

Osteogenic differentiation and ALP activity assay

The MSCs were treated with osteogenic induction medium

(OIM) containing 100 nM dexamethasone, 10 mM b-

glycerophosphate, and 0.05 mM L-ascorbic acid-2-phos-

phate. 7 days after osteogenic induction, the ALP activity

assay was conducted using alkaline phosphatase (alp)-amp

(Biosystems). The ALP activity was normalized to total

protein concentration.

RNA isolation and quantitative RT-PCR

Total cellular RNA was isolated with RNA Mini Kit

(Invitrogen), and then reverse transcribed into cDNA using

M-MLV reverse transcriptase (Invitrogen) according to the

manufacturer’s instructions. PCR amplification was per-

formed using the primer sets outlined in Supplemental

Table. 1. b-Actin was used as an internal control to eval-

uate the relative expression.
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Western blot

Equal proteins were loaded onto 10 % Tris/glycine gels

for electrophoresis and then transferred to a PVDF

membrane (Millipore). Anti-b-catenin (BD), anti-N-cad-

herin (BD) anti-p-ERK1/2 (BD) or anti-GAPDH (Santa

Cruz) antibodies were used to in the analysis. After

washing in TBST, the membrane was incubated with

horseradish peroxidase-linked secondary antibodies (anti-

mouse or anti-goat) for 1 h at room temperature. Fol-

lowing TBST washes, protein was detected with the

enhanced chemiluminescence blotting reagents (Amer-

sham Biosciences) according to the manufacturer’s

instruction. The band intensity was quantified using

ImageJ software.

Cell migration

Migration was assayed using BD Falcon cell culture insert

which is 8 lm in pore size. The upper of the insert was

plated with 0.5 9 105 MSCs overexpressing N-cadherin or

control in a-MEM. The lower chamber contained a-MEM

supplemented with 10 % FBS as chemoattractant. Then

MSCs were put into the incubator for 12 h. The MSCs

remaining on the upper surface of the membrane were

removed with a cotton swab. After washed with PBS, the

membrane was fixed with 4 % paraformaldehyde for

15 min, and stained with 0.5 % crystal violet. The number

of cells passed through the membrane was counted under

microscope.

Ectopic bone formation assay

2 9 105 MSCs stably transduced with empty vector or

N-cadherin were loaded onto sterilized Skelite� resorbable

Si-TCP bone graft substitute, and incubated at 37 �C for

3 h to allow attachment. Four nude mice were under gen-

eral anaesthesia and the substitutes with cells were then

implanted subcutaneously at the dorsal sides. The trans-

plants were harvested 8 weeks later and subjected to his-

tological examination. The osteoid matrix areas were

measured using ImageJ software, and measured as reported

previously [20].

Statistical analysis

All experiments were performed at least three times. The

data were analyzed by independent two-tailed Student’s t

Fig. 1 N-cadherin inhibited osteogenesis through inhibiting b-cate-

nin and ERK1/2 signaling pathways. BM-MSCs were transduced with

N-cadherin or control (empty vector) using lentivirus. a The total

RNA was extracted for quantitative PCR analysis after 7 days of

osteogenic induction. The data are expressed as mean ± SD (n = 3).

b The ALP activity assay was conducted after 7 days of osteogenic

induction medium treatment. The data are expressed as mean ± SD

(n = 3). c The mineralization of MSCs was showed by Alizarin Red

S staining after 19 days of osteogenic induction. d Total proteins were

extracted from MSCs transduced with N-cadherin or control, and then

analyzed by western blot using indicated antibodies. GAPDH was

used as loading control. The experiments were repeated three times.

e Quantification of the bands intensity using ImageJ software. The

protein level was normalized to GAPDH
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test using SPSS (version 16.0; SPSS Inc, USA). p \ 0.05

was regarded as statistically significant.

Results

N-cadherin overexpression inhibited osteogenesis

of MSCs

In order to evaluate the role of N-cadherin in regulating

osteogenesis of MSCs, the MSCs were infected with len-

tiviruses carrying N-cadherin and then subjected to osteo-

genic induction. After 7 days, quantitative RT-PCR result

showed that the mRNA expression levels of osteogenesis-

related genes (OPN, OCN, Runx2, ALP and BMP2) were

significantly inhibited by N-cadherin (Fig. 1a). Also, the

ALP activity assay indicated that the ALP activity was

greatly inhibited by N-cadherin (Fig. 1b). 19 days after

induction, Alizarin Red S staining showed that much less

calcium deposit formed in MSCs overexpressing N-cad-

herin (Fig. 1c). Furthermore, the level of b-catenin and

pERK1/2 in MSCs overexpressing N-cadherin was signif-

icantly down regulated, as shown in Fig. 1d, e.

N-cadherin silencing promoted osteogenesis of MSCs

To verify the inhibition of osteogenic differentiation by

N-cadherin overexpression was specific, the endogenous

N-cadherin gene was knocked down using shRNA

technique. After 7 days of osteogenic induction, N-cad-

herin silencing was found to significantly increase the ALP

activity (Fig. 2a). And after 14 days of osteogenic induc-

tion, much more calcium deposit was found in N-cadherin

silencing MSCs (Fig. 2b). The western blot result showed

that the level of N-cadherin was significantly reduced by

shRNA targeting N-cadherin (shCadherin) compared with

control (Fig. 2c, d). As expected, the level of b-catenin and

pERK1/2 was greatly upregulated in MSCs transduced

with shCadherin (Fig. 2c, d).

N-cadherin inhibited ectopic bone formation in vivo

Furthermore, to confirm the role of N-cadherin in osteo-

genesis of MSCs in vivo, the MSCs stably transduced with

N-cadherin or GFP (empty vector) were loaded on to Si-

TCP graft substitutes and implanted subcutaneously at the

dorsal sides of nude mice. HE staining was used to detect

the formation of osteoid matrix after 8 weeks of trans-

plantation. The result showed that there was new bone

formation in the pores of grafts, and the amount of osteoid

matrix in N-cadherin overexpressing group was signifi-

cantly less than that of control (Fig. 3).

N-cadherin promoted MSCs migration

We next examined the effect of N-cadherin overexpression

on migration ability of MSCs using BD Falcon cell culture

insert which is 8 lm in pore size. After incubation for 12 h,

Fig. 2 Silencing N-cadherin using shRNA promoted osteogenesis.

BM-MSCs were transduced with shCadherin or control (empty
vector). a The ALP activity was greatly increased by N-cadherin

silencing compared to control when the MSCs were treated for 7 days

with osteogenic induction medium (n = 3). b The mineralization of

MSCs was showed by Alizarin Red S staining after 14 days of

osteogenic induction. c The total proteins were extracted from MSCs

transduced with shCadherin or control, and then analyzed by western

blot using indicated antibodies. GAPDH was used as loading control.

The experiments were repeated three times. d Quantification of the

bands intensity using ImageJ software. The protein level was

normalized to GAPDH
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the number of MSCs that pass through the membrane was

counted. Significant difference in the number of MSCs

crossed the membrane was observed between N-cadherin

overexpressing and control MSCs (Fig. 4).

Discussion

In the present study, we investigated the role of N-cadherin

in regulating osteogenesis and migration of MSCs. The

results indicated that N-cadherin overexpression negatively

regulated osteogenesis through inhibiting b-catenin and

pERK1/2 signaling pathways. However, the migration

ability of MSCs was promoted by overexpression of

N-cadherin. And when MSCs overexpressing N-cadherin

combined with TCP material were transplanted in nude

mice, the osteoid matrix formed after 8 weeks was much

less than the control group.

b-Catenin is a downstream effecter of Wnt signaling

pathway which plays an important role in osteogenesis and

bone formation [21–23]. In b-catenin-deficient mice, the

growth plate organization, endochondral and perichondrial

bone formation have been shown to be defective [24]. We

found that the level of b-catenin was significantly down

regulated by N-cadherin overexpression, while N-cadherin

silencing using shRNA greatly increased the level of b-

catenin. Our result was consistent with the previous finding

that N-cadherin down regulated Wnt/b-catenin signaling

pathway by interacting with LRP5/6 to trigger b-catenin

degradation in MC3T3E1 cells [17]. ERK1/2, a component

of MAPK signaling pathway, is constantly activated during

osteogenic differentiation, the study by Jaiswal et al. [25]

Fig. 3 Overexpression of N-cadherin in MSCs inhibited ectopic bone

formation in vivo. a The sections were stained with routine

hematoxylin and eosin, amorphous osteoid matrix could be seen in

the pores of transplants. at adipose tissue; ft fibrous tissue. Scale

bar = 200 lm. b Quantification of new bone area showed that there

was much less osteoid matrix in N-cadherin overexpressing group.

Five microscopic fields from each sample were used for measure-

ment. Results are presented as mean ± SD

Fig. 4 N-cadherin overexpression promoted migration of MSCs. An

equal number of MSCs transduced with N-cadherin or empty vector

suspended in a-MEM were added into the upper layer of BD Falcon

cell culture insert, respectively, and the MSCs migrated through the

membrane were detected with crystal violet staining. a Representative

images of crystal violet staining of MSCs crossed the membrane. The

arrowhead indicates crystal violet staining of MSCs. b The number of

MSCs that passed through the membrane was counted (n = 3). Scale
bar = 100 lm
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has suggested that the commitment of human MSCs into

osteogenic or adipogenic lineages is governed by activation

or inhibition of ERK1/2 respectively . In our study, we

found that the level of pERK1/2 was also downregulated

by N-cadherin overexpression.

During the progressive process of osteogenesis, the

complex cell–cell and cell–matrix interactions are indis-

pensible for osteoblast adhesion, communication and gene

expression [26–28]. However, the role of N-cadherin in

osteoblast differentiation is still not clarified as controversial

evidences exist. For example, a direct evidence support

N-cadherin could promote osteogenesis comes from the

study that osteoblast differentiation would be inhibited if

N-cadherin was blocked with neutralizing antibody in

MC3T3E1 pre-osteoblasts [15]. On the other hand, N-cad-

herin has also been shown to interact with Wnt co-receptor

LRP5 to negatively regulate Wnt/b-catenin signaling in

MC3T3E1 pre-osteoblasts, leading to decreased osteoblast

gene expression and osteogenesis [17]. So far, the evidence

has suggested that N-cadherin is indispensible for osteo-

genesis as completely blocking it leads to impaired osteo-

genesis. While our result showed that partially silencing

N-cadherin could promote osteogenesis, and N-cadherin

overexpression showed the reversed effect. Taken together,

the findings up to now suggest that N-cadherin, as a cellular

adhesive protein, is indispensible for MSCs or osteoblast,

but its expression level should be strictly regulated, too

much or too little is bad for osteogenesis.

In addition, N-cadherin has been found to be upregu-

lated in prostate, skin and breast cancers, which is associ-

ated with enhanced cell motility, invasion and metastasis

[29, 30]. Silencing N-cadherin has been shown to suppress

the long-term engraftment of hematopoietic stem cells

[31]. In the present study, we found that overexpression of

N-cadherin significantly promoted the migration ability of

MSCs. As we know, MSCs have the capacity to migrate

from the bone marrow to the sites of injury in response to

injuries. N-cadherin may play a vital role in this process, as

our unpublished data shows that the peripheral blood-

derived MSCs expressed higher levels of N-cadherin

compared with bone marrow-derived MSCs.
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