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Abstract

In recent years, enamel matrix derivative (EMD) has garnered much interest in the dental field for its apparent bioactivity
that stimulates regeneration of periodontal tissues including periodontal ligament, cementum and alveolar bone. Despite
its widespread use, the underlying cellular mechanisms remain unclear and an understanding of its biological interactions
could identify new strategies for tissue engineering. Previous in vitro research has demonstrated that EMD promotes
premature osteoblast clustering at early time points. The aim of the present study was to evaluate the influence of cell
clustering on vital osteoblast cell-cell communication and adhesion molecules, connexin 43 (cx43) and N-cadherin (N-cad)
as assessed by immunofluorescence imaging, real-time PCR and Western blot analysis. In addition, differentiation markers of
osteoblasts were quantified using alkaline phosphatase, osteocalcin and von Kossa staining. EMD significantly increased the
expression of connexin 43 and N-cadherin at early time points ranging from 2 to 5 days. Protein expression was localized to
cell membranes when compared to control groups. Alkaline phosphatase activity was also significantly increased on EMD-
coated samples at 3, 5 and 7 days post seeding. Interestingly, higher activity was localized to cell cluster regions. There was
a 3 fold increase in osteocalcin and bone sialoprotein mRNA levels for osteoblasts cultured on EMD-coated culture dishes.
Moreover, EMD significantly increased extracellular mineral deposition in cell clusters as assessed through von Kossa
staining at 5, 7, 10 and 14 days post seeding. We conclude that EMD up-regulates the expression of vital osteoblast cell-cell
communication and adhesion molecules, which enhances the differentiation and mineralization activity of osteoblasts.
These findings provide further support for the clinical evidence that EMD increases the speed and quality of new bone
formation in vivo.
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Introduction

Bone remodeling is a complex lifelong process that requires

precise control of bone-resorbing osteoclasts and bone-forming

osteoblasts for the maintenance of aging bone and repair of bone

injuries. Osteoblasts are at the center of these processes by

controlling matrix production and mineralization, receiving and

processing mechanical and chemical signals to bone and most

likely directing osteoclast function. This level of coordination

demands sophisticated cell communication. Osteoblasts engage in

a variety of cell-cell interactions including communication via

soluble factors such as cytokines and growth factors as well as

direct cell-cell adhesion molecules such as those forming adherens

junctions and gap junctions [1,2].

Adherens junctions are intercellular structures that are formed

through hemophilic, calcium-dependent cell-cell adhesion via

cadherins. These molecules constitue a class of 30 single chain

integral membrane glycoproteins composed of a long N-terminal

extracellular domain, a single transmembrane domain, and a small

intracellular C-terminal tail [3]. The intracellular domain anchors

to the actin cytoskeleton via multiple protein complexes including

a- and b-catenin which control Wnt signaling [4]. Two cadherins

are predominantly expressed in osteoblasts, N-cadherin (N-cad)

and cadherin-11. Knockout models have indicated that the loss of

N-cad disrupts cell-cell adhesion more severely than the loss of

cadherin-11 in osteoblasts [5]. Cadherins also play essential roles

in fetal development of mesenchymal tissues including morpho-

genesis, osteogenesis and chondrocyte condensation [3,6,7].

Gap junctions are aqueous transmembrane channels that

connect the cytoplasm of two adjacent cells and allow the diffusion

of small molecules with a molecular mass of less than 1 kDa such

as small metabolites, ions, and intracellular signaling molecules
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(calcium, cAMP, and inositol triphosphate) to pass through [8].

Each gap junction pore is formed of connexins which oligomerize

to form hemichannels that tightly dock with hemichannels from

the adjacent cell [9,10]. The connexin superfamily includes more

than 20 genes, whose products have different molecular properties

that influence the permeability of each gap junction [9]. The main

connexin in osteoblasts, connexin 43 (cx43) is the most abundant

gap junction protein in the skeleton [11]. The role of cx43 in

osteoblast differentiation and mineralization has been demonstrat-

ed by in vitro experiments. The inhibition of cx43 gene expression

by antisense transfection or knockout-cx43 has consistently been

associated with loss of gap junctional coupling and reduced

osteoblast differentiation potential as assessed by downregulation

of alkaline phosphatase, osteocalcin, bone sialoprotein and

mineralization [12,13,14,15]. In contrast, overexpression of cx43

results in an enhancement of gap junctional intercellular

communication and expression of an osteogenic phenotype

[12,16,17].

The clearest demonstration of the essential role of cx43 in bone

formation has been observed in knockout mice lacking cx43 [15].

These animals exhibit profound defects in intramembranous and

endochondral ossification of the skeleton, leading to skull

abnormalities, brittle, misshapen ribs and delayed mineralization

[15,18]. They display many similarities with the phenotypes

reported from human oculodentodigital dysplasia (ODDD), an

autosomal dominant disease caused by any one of over 60

mutations in the gene GJA1 encoding Cx43 [19,20,21]. Recent

research also suggests a role in wound healing [22]. An improved

understanding of the regulation of gap junctions in bone could also

provide further insights into regulatory mechanisms of osteoblast

differentiation for further therapy in the treatment of bone loss

diseases such as osteoporosis and periodontitis [23,24,25,26].

One procedure for the regeneration of bone is the application of

an enamel matrix derivative (EMD) which has been used clinically

for the treatment of various types of bony defects located at

periodontitis diseased teeth [27,28]. EMD is extracted from

developing porcine teeth, the major component of which are

amelogenins, a family of hydrophobic proteins that account for

more than 90% of the total protein content [29]. The remaining

components of EMD include enamelins, such as proline-rich

enamelin, sheathlin, tuftelin, amelotin and apin [30]. The direct

effects of EMD on bone regeneration have primarily been

evaluated in periodontal intrabony and class II furcation defects

[31,32,33,34]. However, findings from in vitro and in vivo

experiments indicate that EMD may also influence healing/

regeneration of non-tooth related bone defects. In vitro studies with

human, rat and mouse osteoblasts showed increased proliferation

and/or differentiation in the presence of EMD [30,35,36,37,38].

In vivo treatment of perforated rat femurs with EMD significantly

increased newly formed bone in 7 days when compared to

untreated perforated femurs [39].

Despite the widespread use of EMD, the underlying cellular

mechanisms remain unclear and an understanding of its biological

interactions could identify new strategies for tissue engineering.

Previous in vitro research showed that EMD promoted osteoblast

clustering at early time points [40]. The aim of the present study

was to evaluate the influence of cell clustering on vital osteoblast

cell-cell communication and adhesion molecules, cx43 and N-cad.

Materials and Methods

Surface Coating with EMD
EMD was prepared according to Institut Straumann AG

standard operating protocols. 30 mg of EMD was dissolved in

3 ml of 4uC sterile 0.1% acetic acid. For experiments, stock EMD

was diluted 1006 in 0.1 M carbonate buffer at 4uC giving a

working solution of 100 mg/ml. 1 ml of EMD solution was poured

onto each 24 well culture dishes and incubated overnight at 4uC.

Following incubation, dishes were rinsed with 1 ml phosphate

buffered saline (PBS) twice at 4uC. Uncoated 24 well culture dishes

were used as a control.

Osteoblast Isolation and Differentiation
Human bone chips were cultured from an explants model [41]

under sterile conditions at the University of Bern Dental Clinic

under a protocol approved by the Ethics Committee, University of

Bern. Primary human osteoblasts were removed from the tissue

culture plastic using trypsin solution (Invitrogen, Basel, Switzer-

land). Osteoblasts used for experimental seeding were from

passages 4–6. During cell seeding, a-MEM medium was

supplemented with 50 mg/ml ascorbic acid and 2 mM b-

glycerophosphate to promote osteoblast differentiation. Primary

osteoblasts were seeded at a density of 10,000 cells in 24 well

culture plates for all experiments. For experiments lasting longer

than 5 days, medium was replaced twice weekly.

Immunofluorescence
Osteogenic cells were plated at a density of 10,000 cells in 24

well culture plates. At multiple time points ranging from 1 to 14

days cells were fixed in 4% buffered formalin, followed by three

5 min washes in PBS. Cells were permealized with Triton X-100

for 5 minutes, followed by staining with antibodies against

connexin 43 (sc-9059) or N-cadherin (sc-7939) (Santa Cruz

Biotechnologies Inc., Heidelberg, Germany) antibodies, followed

by a goat anti-rabbit IgG conjugated to texas red at a dilution of

1:200 in 0.5% PBS/bovine serum albumin (Invitrogen). The

dilution of each antibody was titrated to determine the optimal

concentration. Prior to viewing, samples were mounted with

Vectashield containing DAPI nuclear staining (Vector). Images

were captured using an Olympus BX-51 (Center Valley,

Pennsylvania) microscope with a ProgRes CT3 digital camera

(Jenoptik Laser, Optik, Systeme GmbH, Jena, Germany).

Real Time RT-PCR
Total RNA was isolated using TRIZOL reagent and RNAeasy

Mini kit (QIAGEN, Basel, Switzerland) at time points 1, 2, 3, 5, 7,

10 and 14 days. Primer and probe sequences for genes encoding

cx43 (Hs00748445_s1), N-cad (Hs00983056_m1), Runx2

(Hs00231692_m1), collagen1a1 (COL1A1, Hs01028970_m1),

osteocalcin (OC, Hs01587814_g1), bone sialoprotein (BSP,

Hs00173720_m1) and GAPDH (Hs03929097_g1) were purchased

as pre-designed gene expression assays (Applied Biosystems,

Rotkreus, Switzerland). Real-time RT-PCR was performed using

20 ml final reaction volume of TaqManH’s One step Master Mix

kit (Applied Biosystems). RNA quantification was performed using

a Nanodrop 2000c (Thermo Scientific, Waltham, MA, USA) and

100 ng of total RNA was used per sample well. The DDCt method

was used to calculate gene expression levels normalized to

GAPDH values.

Western Blot Analysis
Samples extracted using RIPA buffer were separated by SDS-

PAGE and blotted to nitrocellulose membrane as previously

described (Brellier et al. 2011). After a blocking step in 1% milk,

membranes were incubated with rabbit polyclonal antibodies for

cx43 and N-cad. They were then incubated for 1 h with anti-

rabbit IgG coupled to horseradish peroxidase. Blots were
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developed using ECL reagent (GE Healthcare, Otelfingen,

Switzerland) and exposed to Fuji Medical X-ray Film (Fujifilm

Europe GmbH, Dusseldorf, Germany).

Alkaline Phosphatase activity
Alkaline Phosphatase activity was monitored using fast violet B

salt kit (procedure No. 85, Sigma Aldrich). Briefly, 1 fast violet B

salt capsule was dissolved in 48 ml of distilled water and 2 ml of

naphtol AS-MX phosphate alkaline solution. Osteoblasts were

fixed by immersing in a citrate-buffered acetone solution (2 parts

citrate, 3 parts acetone) for 30 s and rinsed in deionized water for

45 s. Samples were then placed in alkaline phosphatase stain for

30 min protected from light. Following 2 min of rinsing in

deionized water, slides were treated with Mayer’s hematoxylin

solution for 10 min. Light microscopic recording was performed

using a ProgResH C5 digital camera connected to a Zeiss Axioplan

microscope (Carl Zeiss, Göttingen, Germany). All images were

captured using pre-determined light intensity at the same

magnification. Image pro plus thresholding software was used to

generate percent stained values for each field of view.

Osteocalcin Staining
To determine extracellular osteocalcin deposition, osteoblasts

were seeded at a density of 10,000 cells in 24 well culture plates. At

time points ranging from 5 to 14 days cells were fixed in 4%

buffered formalin, followed by three 5 min washes in PBS. Cells

were stained with osteocalcin (sc-7449, Santa Cruz Biotechnology,

Santa Cruz, CA) antibody, followed by a goat anti-rabbit IgG

conjugated to texas red at a dilution of 1:200 in 0.5% PBS/Bovine

Serum Albumin (Invitrogen). Images were captured using an

Olympus BX-51 (Center Valley, Pennsylvania) microscope with a

ProgRes CT3 digital camera.

Von Kossa Staining
Von Kossa staining was performed to determine the presence of

mineralization. Osteoblasts were seeded at a density of 10,000 cells

per 24-well plate pre-coated with and without EMD. At time

points 5, 10 and 14 days, cells were fixed in 4% PFA for 15 min

and stained with 2% aqueous silver nitrate for 30 minutes under

bright sunlight. Light microscopic recording was performed using

a ProgResH C5 digital camera connected to a Zeiss Axioplan

microscope (Carl Zeiss). All images were captured using pre-

determined light intensity at the same magnification. Image pro

plus thresholding software was used to generate percent stained

values for each field of view. The size of bone nodules was

measured as previously described [40].

Statistical analysis
All samples from immunofluorescence, real-time PCR, alkaline

phosphatase staining and von Kossa staining were assayed in

triplicate with 3 independent experiments performed. Data were

displayed by mean +/2 SE and analyzed for statistical significance

using 2-way ANOVA with Bonferri test (p,0.05) using Graphpad

Software v. 4 (Graphpad Software, La Jolla, CA, USA).

Figure 1. EMD promotes clustering of primary human osteoblasts on EMD-coated samples. On control and EMD coated samples, cells
were evenly distributed as shown with DAPI staining at 4 hours post seeding (A–B). However after 24 hours, clustering of cells was apparent after
24 hours on EMD coated samples (D) when compared to control samples (C). (bar = 500 mm).
doi:10.1371/journal.pone.0023375.g001
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Results

Cell clustering, cx43 and N-cad expression
In order to visualize early formation of cell clusters, nuclear

staining was employed. Primary osteoblasts attached well on both

surfaces at 4 hours (Fig. 1A–B), however cells seeded on samples

pre-coated with EMD began to form cell clusters after 24 hours

(Fig. 1D) when compared to control (Fig. 1C).

Following cell clustering on EMD-coated samples, cells were

immunolabeled for expression of cx43 and N-cad. Cells seeded on

EMD-coated samples demonstrated elevated levels of cx43 and N-

cad expression when compared to control samples (Fig. 2). At early

time points (2–3 days), expression of cx43 and N-cad was found

throughout the cytoplasm as well as on the cell-membranes on

EMD-coated samples (not shown). Low levels were observed in

control samples. After 5 days, virtually all cells expressed high

levels of cx43 and N-cad on their cell membranes in EMD-coated

samples. Elevated expression of cx43 was maintained up to 14

days post seeding at which point control samples also demon-

strated high levels.

Primary osteoblasts were also assessed for cx43 and N-cad gene

expression at time points ranging from 2 to 10 days (Fig. 3).

mRNA levels showed significant increases on EMD-coated

surfaces at 2, 3 and 5 days post-seeding when compared to

uncoated samples (Fig. 3A, 3B). At 7 and 10 days, higher (but no

longer significantly different) expression of cx43 and N-cad was

observed on EMD-coated samples when compared to control.

Western blot analysis revealed similar patterns. At early time

points following cell clustering, elevated expression of cx43 and N-

cad were observed at 2, 3, 5 and 7 days post seeding on EMD-

coated samples when compared to control (Fig. 3C). Differences in

protein levels diminished as control samples reached cell

confluence.

Alkaline phosphatase activity
Osteoblasts seeded on EMD-coated samples showed signifi-

cantly more alkaline phosphatase activity when compared to

control samples (Fig. 4). 5 days post seeding, cells seeded on EMD

surfaces displayed intense ALP staining (Fig. 4A). Interestingly,

ALP staining was localized to cell clusters formed on EMD-coated

samples. After 10 days, EMD coated samples showed complete

ALP staining throughout their surfaces. Quantification of

threshold staining showed significantly higher ALP activity on

EMD-coated samples at 5, 7 and 10 days post seeding with

Figure 2. EMD promotes expression of connexin 43 and N-cadherin in cell clusters. At time point 5 days post seeding, primary human
osteoblasts were stained for connexin 43 or N-cadherin (red), and nuclei (blue). Expression of connexin 43 and N-cadherin significantly increased on
cell membranes of EMD coated samples. (bar = 50 mm).
doi:10.1371/journal.pone.0023375.g002
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elevated levels observed at all time points (Fig. 4B). mRNA

expression of ALP activity was also significantly increased at 3, 5

and 7 days post seeding when compared to control samples

(Fig. 4C).

Quantification of osteoblast differentiation
Primary osteoblasts were assessed for OC immunostaining and

gene expression of Runx2, COL1A1, OC and BSP at time points

ranging from 3 to 14 days (Fig. 5). At 5 days, uncoated samples

showed lower OC staining (Fig. 5A). When surfaces were

precoated with EMD, osteocalcin staining was observed with

extracellular deposition primarily within osteoblast clusters. At 14

days, control surfaces showed patterns of extracellular deposition

that were more evenly dispersed across the entire surface. EMD

coated surfaces displayed staining patterns localized to discrete

nodules (Fig. 5A). Analysis of Runx2 gene expression showed no

significant increase in mRNA levels at any time point, with or

without EMD (Fig. 5B). By contrast, an initial significant increase

in COL1A1 mRNA levels on EMD-coated surfaces was observed

at 3, 5 and 7 days post seeding with elevated (but not significantly

different) levels observed at 10 and 14 days (Fig. 5C). With respect

to OC and BSP, up to a 3 fold increase in mRNA levels on EMD-

coated surfaces at time points 5, 7, 10 and 14 days post seeding

when compared to uncoated surfaces were observed (Fig. 5D, 5E).

Interestingly, these increases in OC and BSP coincide with

elevated expression of N-cad and Cx43 on EMD-coated samples.

Von Kossa staining
In order to determine whether early cell clustering may be

indicative of early mineralized nodule formation, von Kossa

staining was employed at time points 5, 7, 10 and 14 days (Fig. 6).

Low levels of staining were observed on uncoated samples at both

5 and 10 days (Fig. 6A). On EMD-coated samples, the von Kossa

staining surface area was increased especially in cell cluster regions

(Fig. 6A). At 14 days post seeding, small nodules were formed on

control surfaces whereas large coalescing clusters were observed on

EMD-coated samples. Image analysis demonstrated significantly

increased von Kossa staining (Fig. 6B) and nodule size (Fig. 6C) at

all time points on EMD-coated samples.

Discussion

In the past 15 years, a plethora of research has sought to advance

our understanding of the functions of enamel matrix proteins (EMPs)

have beyond amelogenesis. EMD has been previously shown to

influence osteoblast differentiation using a wide range of cell models

(MG-63, MC3T3-E1, Kusa/A 1, 2T9 cells, rat calvarial osteoblasts)

[37,40,42,43,44]. EMD increased ALP activity [42,45], mineral

nodule formation [46] as well as markers for osteoblast differentiation

such as BSP and OC [40,43]. An unexpected observation in our

previous study was the formation of cell clusters on EMD-coated

surfaces after a period of 24 hours [40]. This phenomenon resembles

mesenchymal condensation, which is a pivotal stage in the

Figure 3. EMD increases osteoblast mRNA and protein levels of connexin 43 and N-cadherin. After 2, 3, 5, 7 and 10 days post seeding,
mRNA was extracted and realtime PCR was performed using specific primers for connexin 43 (A) and N-cadherin (B). When samples were pre-coated
with EMD, up to 4 fold increases in gene expression were observed for connexin 43 at 2, 3 and 5 days post seeding (A). 3 fold increases in gene
expression of N-cadherin were also observed (B). Additional samples were extracted for western blot analysis (C). Elevated levels of both connexin 43
and N-cadherin were observed at 2, 3, 5 and 7 days post seeding. * denotes significant difference between EMD treated sample and respective
control sample (p,0.05). Data shown is the average value from 3 independent experiments (3 replicates per experiment) 6 SE.
doi:10.1371/journal.pone.0023375.g003
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development of skeletal and other mesenchymal tissues. Condensa-

tion is the result of an active movement of previously dispersed cells

that cluster together, differentiate and start to build tissues such as

cartilage, bone, muscle, tendon, kidney and lung [7].

In this study, the formation of early cell clusters significantly

increased cell-cell contact proteins cx43 and N-cad. In previous

studies, the upregulation of N-cad mRNA levels has consistently

been associated with early nodule formation and mineralization

Figure 4. EMD increases alkaline phosphatase activity in osteoblast clusters. At time points 1, 3, 5, 7 and 10 days, osteoblasts were fixed
and stained for alkaline phosphatase. A) EMD significantly increased alkaline phosphatase activity in clustered regions 5 days post seeding. After 10
days, complete staining was observed on samples coated with EMD when compared to control samples. (bar = 1000 mm) B) 10 fields of view per
sample were captured and percentage area of staining calculated. Data represent means 6 SE (results from 3 independent experiments). Significant
increases in alkaline phosphatase activity were observed on EMD treated samples at 5, 7 and 10 days post seeding. C) mRNA was extracted and
realtime PCR was performed using specific primers for alkaline phosphatase. Samples pre-coated with EMD showed significant mRNA levels 3, 5 and 7
days post seeding when compared to control groups (p,0.05). Data represent means 6 SE (results from 3 independent experiments).
doi:10.1371/journal.pone.0023375.g004

EMD Upregulates Connexin 43 and N-cadherin
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Figure 5. EMD increases extracellular matrix deposition of osteocalcin and osteoblast differentiation markers. At 5 and 14 days post
seeding, human primary osteoblasts were labeled with specific antibodies to osteocalcin. Osteoblasts seeded on EMD-coated samples
secreted higher levels of osteocalcin into the extracellular matrix when compared to control samples at 5 and 14 days (A) (bar = 200 mm).
EMD-coated samples also increased mRNA levels of osteoblast differentiation markers (B–E). After 3, 5, 7, 10 and 14 days post seeding, mRNA
was extracted and realtime PCR was performed using specific primers for Runx2, COL1A1, osteocalcin and bone sialoprotein. Levels of Runx2
were not significantly altered between EMD-coated and control samples (B). When samples were pre-coated with EMD, up to 3 fold increases
in gene expression were observed for C) COL1A1, D) osteocalcin and E) bone sialoprotein (p,0.05). * denotes significant difference between
EMD treated sample and respective control sample. Data shown is the average value from 3 independent experiments (3 replicates per
experiment) 6 SE.
doi:10.1371/journal.pone.0023375.g005

EMD Upregulates Connexin 43 and N-cadherin
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suggesting a role in bone formation [47,48]. This phenomenon

likely pertains to the signaling complexes associated with

cadherins. Type 1 cadherins play an essential role in the structural

organization and function of cells by linking cadherins through a-

and b-catenin to the actin cytoskeleton [4,49,50]. N-cad also

activates Wnt signaling which has been the focus of major

investigation in recent years for osteoblast differentiation [5,51].

An interesting observation in this study was the upregulation of

the gap junction protein cx43 at similar time points as N-cad. The

role of gap junctions in cell differentiation has also been

extensively studied. In a variety of cell culture systems, cx43

induced osteoblast differentiation and mineralization [12,14,15,

52]. Interestingly, connexins retain an extremely short half-life of a

few hours probably to respond to physiological requirements [21].

In this study, we found a quick increase in cx43 and N-cad

expression as early as 24 hours post seeding on EMD-coated

samples. Cx43 expression was maintained for up to 14 days.

However, increases seemed to precede the expression of osteoblast

differentiation markers such as ALP, OC and matrix mineraliza-

tion. Gap junctional intercellular signaling could certainly explain

Figure 6. EMD significantly increases mineral deposition as assessed through von Kossa staining. At time points 5, 7, 10 and 14 days,
primary human osteoblasts were fixed and stained with silver nitrate to determine patterns of mineralization. A) EMD significantly increased
mineralization in clustered regions 5 days post seeding. At 10 and 14 days post seeding, areas of mineralization for EMD-coated samples were
enlarged when compared to control samples (A) (bar = 1000 mm). 10 fields of view per sample were captured and percentage area of staining was
quantified (B). At all time points, EMD significantly increased von Kossa staining. Furthermore, significant increases in nodule size were also observed
at all time points (C). Data represent means 6 SE (results from 3 independent experiments).
doi:10.1371/journal.pone.0023375.g006

EMD Upregulates Connexin 43 and N-cadherin
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these observations. Molecules transported through gap junctions,

such as cAMP are known to play critical roles in the regulation of

OC [53] and BSP gene expression [54] in osteoblasts. Further-

more, intracellular calcium fluctuations signal the activation of

genes in different cell types [55]. There exist many examples on

the dependence of cell coupling for the normal function of highly

differentiated tissues is not exclusive to bone. Restoration of gap

junctional communication in thyroid cells increases thyroglobulin

expression [56]. Steroidogenic response of bovine and human

adrenal fasciculo-reticularis cells to corticotrophin was dependent

on junctional intercellular communication [57] and muscle cell

contraction in response to alpha1-adrenergic stimulation was

dependent on cell coupling [58]. Results from the present study

further support the view that gap junctional communication is

important for cell differentiation.

The ability for osteoblasts to respond to biomaterials such as

EMD shows further promise for tissue engineering applications in

periodontal and alveolar defects. An interesting aspect which

remains unsolved is the ability for EMD to promote cell cluster

formation. The possibility exists that EMD may contain

chemokinetic proteins or may stimulate cells to produce

chemotactic factors that attract other cells. In this regard, EMD

is thought to contain bone morphogenetic proteins (BMPs) [59,60]

and transforming growth factor b [61,62]. BMPs have been the

focus of intense investigation for clinical application and studies

have demonstrated a role for BMPs in the formation of many

organs and patterning of the skeleton by inducing the formation of

mesenchymal condensations [63,64].

In the present study, it was observed that Runx2 mRNA levels

remained unchanged. Other authors have also investigated the

influence of EMD on gene expression of Runx2 and have not

observed any significant differences [40,42,43,45]. It has previ-

ously been reported by Komori et al. that Runx2 is necessary for

early osteoblast differentiation however at later time points,

inhibits immature osteoblasts from differentiating into mature

osteoblasts and osteocytes [65]. Given that the primary cells

isolated in the present study were isolated from alveolar bone, it is

likely that these cells were comprised primary of pre-osteoblasts

and/or osteoblasts which had already differentiated past the

mesenchymal stem cell phenotype and no longer require Runx2

gene expression.

More recent research has focused on the roles of different

proteins found in EMD. Mumulidu et al. used high performance

liquid chromatography to fractionate EMD into three major

components: a 20 kDa, 12+9 kDa and 5 kDa fractions [66].

Amelogenin (20 kDa), the major component in EMD is an

adhesion molecule that was initially thought to be responsible for

the effects observed in EMD [67]. Further analysis has revealed

that the 5 kDa component of EMD also contains many bioactive

molecules [66]. More recently, Johnson et al. observed that each of

the 3 fractions stimulates different cellular mechanisms [68]. These

findings suggested roles for multiple proteins in the attachment,

proliferation and differentiation of osteoblasts by EMD.

To clarify the roles of individual proteins on cellular mecha-

nisms, the use of recombinant EMPs have been studied. Amelo-

genin, the main component of EMD, increases cell adhesion [67],

proliferation [69] and differentiation [70,71]. It also binds to

heparan sulfate and BMP2 [72] and uses the b-catenin and Wnt

pathways [73]. Recent research with recombinant ameloblastin, a

second protein found in EMD, concluded that not only

amelogenin has growth factor-like activity [74,75]. Still, the

combination of proteins and growth factors present in EMD seems

to improve the in vitro outcomes over individual recombinant

proteins.

In conclusion, the observations from this study indicate that

upregulation of cell-cell contact proteins at early stages in

osteoblasts seeded on EMD-coated samples might be a mechanism

for accelerating bone formation. Gap junctional intercellular

communication constitutes a fundamental mechanism of differen-

tiated cells and communication through channels which directs the

control and regulation of gene expression and provides a means to

respond cooperatively to a stimulus. Furthermore, the clinical

evidence of EMD supports the hypothesis that gap junctional

communication provides a means for a group of fully differentiated

cells to perform a function coordinately not only in bone, but also

in other tissues.

Author Contributions

Conceived and designed the experiments: RM EH SR DBB YZ CM AG

DB AS. Performed the experiments: RM EH SR DBB YZ TI. Analyzed

the data: RM EH SR DBB YZ CM AG TI DB AS. Contributed reagents/

materials/analysis tools: RM EH SR DBB YZ CM AG TI DB AS. Wrote

the paper: RM EH SR DBB YZ CM AG TI DB AS. Obtained permission

for use of cells: AS.

References

1. Doty SB (1981) Morphological evidence of gap junctions between bone cells.

Calcif Tissue Int 33: 509–512.

2. Palumbo C, Palazzini S, Marotti G (1990) Morphological study of intercellular

junctions during osteocyte differentiation. Bone 11: 401–406.

3. Gumbiner BM (1996) Cell adhesion: the molecular basis of tissue architecture

and morphogenesis. Cell 84: 345–357.

4. Nelson WJ, Nusse R (2004) Convergence of Wnt, beta-catenin, and cadherin

pathways. Science 303: 1483–1487.

5. Di Benedetto A, Watkins M, Grimston S, Salazar V, Donsante C, et al. (2010)

N-cadherin and cadherin 11 modulate postnatal bone growth and osteoblast

differentiation by distinct mechanisms. J Cell Sci 123: 2640–2648.

6. Marie PJ (2002) Role of N-cadherin in bone formation. J Cell Physiol 190:

297–305.

7. DeLise AM, Fischer L, Tuan RS (2000) Cellular interactions and signaling in

cartilage development. Osteoarthritis Cartilage 8: 309–334.

8. Alexander DB, Goldberg GS (2003) Transfer of biologically important molecules

between cells through gap junction channels. Curr Med Chem 10: 2045–2058.

9. Beyer EC, Paul DL, Goodenough DA (1990) Connexin family of gap junction

proteins. J Membr Biol 116: 187–194.

10. Saez JC, Berthoud VM, Moreno AP, Spray DC (1993) Gap junctions. Multiplicity

of controls in differentiated and undifferentiated cells and possible functional

implications. Adv Second Messenger Phosphoprotein Res 27: 163–198.

11. Stains JP, Civitelli R (2005) Gap junctions in skeletal development and function.

Biochim Biophys Acta 1719: 69–81.

12. Lecanda F, Towler DA, Ziambaras K, Cheng SL, Koval M, et al. (1998) Gap

junctional communication modulates gene expression in osteoblastic cells. Mol

Biol Cell 9: 2249–2258.

13. Schiller PC, D’Ippolito G, Balkan W, Roos BA, Howard GA (2001) Gap-

junctional communication is required for the maturation process of osteoblastic

cells in culture. Bone 28: 362–369.

14. Li Z, Zhou Z, Saunders MM, Donahue HJ (2006) Modulation of connexin43

alters expression of osteoblastic differentiation markers. Am J Physiol Cell

Physiol 290: C1248–1255.

15. Lecanda F, Warlow PM, Sheikh S, Furlan F, Steinberg TH, et al. (2000)

Connexin43 deficiency causes delayed ossification, craniofacial abnormalities,

and osteoblast dysfunction. J Cell Biol 151: 931–944.

16. Gramsch B, Gabriel HD, Wiemann M, Grummer R, Winterhager E, et al.

(2001) Enhancement of connexin 43 expression increases proliferation and

differentiation of an osteoblast-like cell line. Exp Cell Res 264: 397–407.

17. Ziambaras K, Lecanda F, Steinberg TH, Civitelli R (1998) Cyclic stretch

enhances gap junctional communication between osteoblastic cells. J Bone

Miner Res 13: 218–228.

18. Chung DJ, Castro CH, Watkins M, Stains JP, Chung MY, et al. (2006) Low peak

bone mass and attenuated anabolic response to parathyroid hormone in mice with

an osteoblast-specific deletion of connexin43. J Cell Sci 119: 4187–4198.

19. Flenniken AM, Osborne LR, Anderson N, Ciliberti N, Fleming C, et al. (2005) A

Gja1 missense mutation in a mouse model of oculodentodigital dysplasia.

Development 132: 4375–4386.

EMD Upregulates Connexin 43 and N-cadherin

PLoS ONE | www.plosone.org 9 August 2011 | Volume 6 | Issue 8 | e23375



20. Paznekas WA, Boyadjiev SA, Shapiro RE, Daniels O, Wollnik B, et al. (2003)

Connexin 43 (GJA1) mutations cause the pleiotropic phenotype of oculodento-

digital dysplasia. Am J Hum Genet 72: 408–418.

21. Laird DW (2008) Closing the gap on autosomal dominant connexin-26 and

connexin-43 mutants linked to human disease. J Biol Chem 283: 2997–3001.

22. Churko JM, Shao Q, Gong XQ, Swoboda KJ, Bai D, et al. (2011) Human

dermal fibroblasts derived from oculodentodigital dysplasia patients suggest that

patients may have wound-healing defects. Hum Mutat 32: 456–466.

23. Khosla S, Westendorf JJ, Oursler MJ (2008) Building bone to reverse

osteoporosis and repair fractures. J Clin Invest 118: 421–428.

24. Sambrook P, Cooper C (2006) Osteoporosis. Lancet 367: 2010–2018.

25. Bartold PM, Cantley MD, Haynes DR (2010) Mechanisms and control of

pathologic bone loss in periodontitis. Periodontol 2000 53: 55–69.

26. Megson E, Kapellas K, Bartold PM (2010) Relationship between periodontal

disease and osteoporosis. Int J Evid Based Healthc 8: 129–139.

27. Sculean A, Schwarz F, Becker J, Brecx M (2007) The application of an enamel

matrix protein derivative (Emdogain) in regenerative periodontal therapy: a

review. Med Princ Pract 16: 167–180.

28. Esposito M, Grusovin MG, Papanikolaou N, Coulthard P, Worthington HV

(2009) Enamel matrix derivative (Emdogain(R)) for periodontal tissue regener-

ation in intrabony defects. Cochrane Database Syst Rev: CD003875.

29. Gestrelius S, Andersson C, Johansson AC, Persson E, Brodin A, et al. (1997)

Formulation of enamel matrix derivative for surface coating. Kinetics and cell

colonization. J Clin Periodontol 24: 678–684.

30. Carinci F, Piattelli A, Guida L, Perrotti V, Laino G, et al. (2006) Effects of

Emdogain on osteoblast gene expression. Oral Dis 12: 329–342.

31. Sculean A, Reich E, Chiantella GC, Brecx M (1999) Treatment of intrabony

periodontal defects with an enamel matrix protein derivative (Emdogain): a

report of 32 cases. Int J Periodontics Restorative Dent 19: 157–163.

32. Sculean A, Schwarz F, Chiantella GC, Arweiler NB, Becker J (2007) Nine-year

results following treatment of intrabony periodontal defects with an enamel

matrix derivative: report of 26 cases. Int J Periodontics Restorative Dent 27:

221–229.

33. Sculean A, Kiss A, Miliauskaite A, Schwarz F, Arweiler NB, et al. (2008) Ten-

year results following treatment of intra-bony defects with enamel matrix

proteins and guided tissue regeneration. J Clin Periodontol 35: 817–824.

34. Jepsen S, Heinz B, Jepsen K, Arjomand M, Hoffmann T, et al. (2004) A

randomized clinical trial comparing enamel matrix derivative and membrane

treatment of buccal Class II furcation involvement in mandibular molars. Part I:

Study design and results for primary outcomes. J Periodontol 75: 1150–1160.

35. Schwartz Z, Carnes DL, Jr., Pulliam R, Lohmann CH, Sylvia VL, et al. (2000)

Porcine fetal enamel matrix derivative stimulates proliferation but not

differentiation of pre-osteoblastic 2T9 cells, inhibits proliferation and stimulates

differentiation of osteoblast-like MG63 cells, and increases proliferation and

differentiation of normal human osteoblast NHOst cells. J Periodontol 71:

1287–1296.

36. Jiang J, Fouad AF, Safavi KE, Spangberg LS, Zhu Q (2001) Effects of enamel

matrix derivative on gene expression of primary osteoblasts. Oral Surg Oral

Med Oral Pathol Oral Radiol Endod 91: 95–100.

37. Hagewald S, Pischon N, Jawor P, Bernimoulin JP, Zimmermann B (2004)

Effects of enamel matrix derivative on proliferation and differentiation of

primary osteoblasts. Oral Surg Oral Med Oral Pathol Oral Radiol Endod 98:

243–249.

38. Schwarz F, Rothamel D, Herten M, Sculean A, Scherbaum W, et al. (2004)

Effect of enamel matrix protein derivative on the attachment, proliferation, and

viability of human SaOs(2) osteoblasts on titanium implants. Clin Oral Investig

8: 165–171.

39. Kawana F, Sawae Y, Sahara T, Tanaka S, Debari K, et al. (2001) Porcine

enamel matrix derivative enhances trabecular bone regeneration during wound

healing of injured rat femur. Anat Rec 264: 438–446.

40. Miron RJ, Oates CJ, Molenberg A, Dard M, Hamilton DW (2010) The effect of

enamel matrix proteins on the spreading, proliferation and differentiation of

osteoblasts cultured on titanium surfaces. Biomaterials 31: 449–460.

41. Bennett JH, Carter DH, Alavi AL, Beresford JN, Walsh S (2001) Patterns of

integrin expression in a human mandibular explant model of osteoblast

differentiation. Arch Oral Biol 46: 229–238.

42. He J, Jiang J, Safavi KE, Spangberg LS, Zhu Q (2004) Emdogain promotes

osteoblast proliferation and differentiation and stimulates osteoprotegerin

expression. Oral Surg Oral Med Oral Pathol Oral Radiol Endod 97: 239–245.

43. Weishaupt P, Bernimoulin JP, Trackman P, Hagewald S (2008) Stimulation of

osteoblasts with Emdogain increases the expression of specific mineralization

markers. Oral Surg Oral Med Oral Pathol Oral Radiol Endod 106: 304–308.

44. Yoneda S (2002) [The effects of enamel matrix derivative (EMD) on osteoblastic

cells]. Kokubyo Gakkai Zasshi 69: 207–214.

45. Reseland JE, Reppe S, Larsen AM, Berner HS, Reinholt FP, et al. (2006) The

effect of enamel matrix derivative on gene expression in osteoblasts. Eur J Oral

Sci 114 Suppl 1: 205–211; discussion 254-206, 381-202.

46. Wu CL, Shu R (2002) [The studies on osteoblasts’ mineralization and

attachment affected by enamel matrix proteins]. Shanghai Kou Qiang Yi Xue

11: 135–137.

47. Lin WL, Chien HH, Cho MI (1999) N-cadherin expression during periodontal

ligament cell differentiation in vitro. J Periodontol 70: 1039–1045.

48. Ferrari SL, Traianedes K, Thorne M, Lafage-Proust MH, Genever P, et al.

(2000) A role for N-cadherin in the development of the differentiated osteoblastic

phenotype. J Bone Miner Res 15: 198–208.

49. Jamora C, Fuchs E (2002) Intercellular adhesion, signalling and the cytoskeleton.

Nat Cell Biol 4: E101–108.

50. Olkku A, Leskinen JJ, Lammi MJ, Hynynen K, Mahonen A (2010) Ultrasound-

induced activation of Wnt signaling in human MG-63 osteoblastic cells. Bone

47: 320–330.

51. Cho SW, Yang J-Y, Sun HJ, Jung JY, Her SJ, et al. (2009) Wnt inhibitory factor

(WIF)-1 inhibits osteoblastic differentiation in mouse embryonic mesenchymal

cells. Bone 44: 1069–1077.

52. Hayashi M, Takahashi T, Kawaguchi K, Watanabe T, Zhao J, et al. (2011)

Connexin 43 expression at an early stage in dog mandibles by beta-TCP. Dent

Mater J.

53. Boudreaux JM, Towler DA (1996) Synergistic induction of osteocalcin gene

expression: identification of a bipartite element conferring fibroblast growth

factor 2 and cyclic AMP responsiveness in the rat osteocalcin promoter. J Biol

Chem 271: 7508–7515.

54. Yang R, Gerstenfeld LC (1996) Signal transduction pathways mediating

parathyroid hormone stimulation of bone sialoprotein gene expression in

osteoblasts. J Biol Chem 271: 29839–29846.

55. van Haasteren G, Li S, Muda M, Susini S, Schlegel W (1999) Calcium signalling

and gene expression. J Recept Signal Transduct Res 19: 481–492.

56. Statuto M, Audebet C, Tonoli H, Selmi-Ruby S, Rousset B, et al. (1997)

Restoration of cell-to-cell communication in thyroid cell lines by transfection

with and stable expression of the connexin-32 gene. Impact on cell proliferation

and tissue-specific gene expression. J Biol Chem 272: 24710–24716.

57. Munari-Silem Y, Lebrethon MC, Morand I, Rousset B, Saez JM (1995) Gap

junction-mediated cell-to-cell communication in bovine and human adrenal

cells. A process whereby cells increase their responsiveness to physiological

corticotropin concentrations. J Clin Invest 95: 1429–1439.

58. Christ GJ, Brink PR, Zhao W, Moss J, Gondre CM, et al. (1993) Gap junctions

modulate tissue contractility and alpha 1 adrenergic agonist efficacy in isolated

rat aorta. J Pharmacol Exp Ther 266: 1054–1065.

59. Takayama T, Suzuki N, Narukawa M, Tokunaga T, Otsuka K, et al. (2005)

Enamel matrix derivative stimulates core binding factor alpha1/Runt-related

transcription factor-2 expression via activation of Smad1 in C2C12 cells.

J Periodontol 76: 244–249.

60. Saito K, Konishi I, Nishiguchi M, Hoshino T, Fujiwara T (2008) Amelogenin

binds to both heparan sulfate and bone morphogenetic protein 2 and

pharmacologically suppresses the effect of noggin. Bone 43: 371–376.

61. Kawase T, Okuda K, Yoshie H, Burns DM (2002) Anti-TGF-beta antibody

blocks enamel matrix derivative-induced upregulation of p21WAF1/cip1 and

prevents its inhibition of human oral epithelial cell proliferation. J Periodontal

Res 37: 255–262.

62. Suzuki S, Nagano T, Yamakoshi Y, Gomi K, Arai T, et al. (2005) Enamel

matrix derivative gel stimulates signal transduction of BMP and TGF-{beta}.

J Dent Res 84: 510–514.

63. Wu X, Shi W, Cao X (2007) Multiplicity of BMP signaling in skeletal

development. Ann N Y Acad Sci 1116: 29–49.

64. Barna M, Niswander L (2007) Visualization of cartilage formation: insight into

cellular properties of skeletal progenitors and chondrodysplasia syndromes. Dev

Cell 12: 931–941.

65. Komori T (2006) Regulation of osteoblast differentiation by transcription

factors. J Cell Biochem 99: 1233–1239.

66. Mumulidu A, Hildebrand B, Fabi B, Hammarstrom L, Cochran DL, et al.

(2007) Purification and analysis of a 5 kDa component of enamel matrix

derivative. J Chromatogr B Analyt Technol Biomed Life Sci 857: 210–218.

67. Hoang AM, Klebe RJ, Steffensen B, Ryu OH, Simmer JP, et al. (2002)

Amelogenin is a cell adhesion protein. J Dent Res 81: 497–500.

68. Johnson DL, Carnes D, Steffensen B, Cochran DL (2009) Cellular effects of

enamel matrix derivative are associated with different molecular weight fractions

following separation by size-exclusion chromatography. J Periodontol 80:

648–656.

69. Huang YC, Tanimoto K, Tanne Y, Kamiya T, Kunimatsu R, et al. (2010)

Effects of human full-length amelogenin on the proliferation of human

mesenchymal stem cells derived from bone marrow. Cell Tissue Res 342:

205–212.

70. Du C, Schneider GB, Zaharias R, Abbott C, Seabold D, et al. (2005) Apatite/

amelogenin coating on titanium promotes osteogenic gene expression. J Dent

Res 84: 1070–1074.

71. Shimizu E, Saito R, Nakayama Y, Nakajima Y, Kato N, et al. (2005)

Amelogenin stimulates bone sialoprotein (BSP) expression through fibroblast

growth factor 2 response element and transforming growth factor-beta1

activation element in the promoter of the BSP gene. J Periodontol 76:

1482–1489.

72. Saito K, Konishi I, Nishiguchi M, Hoshino T, Fujiwara T (2008) Amelogenin

binds to both heparan sulfate and bone morphogenetic protein 2 and

pharmacologically suppresses the effect of noggin. Bone 43: 371–376.

73. Matsuzawa M, Sheu TJ, Lee YJ, Chen M, Li TF, et al. (2009) Putative signaling

action of amelogenin utilizes the Wnt/beta-catenin pathway. J Periodontal Res

44: 289–296.

EMD Upregulates Connexin 43 and N-cadherin

PLoS ONE | www.plosone.org 10 August 2011 | Volume 6 | Issue 8 | e23375



74. Zeichner-David M, Chen LS, Hsu Z, Reyna J, Caton J, et al. (2006) Amelogenin

and ameloblastin show growth-factor like activity in periodontal ligament cells.
Eur J Oral Sci 114 Suppl 1: 244–253; discussion 254-246, 381-242.

75. Tamburstuen MV, Reseland JE, Spahr A, Brookes SJ, Kvalheim G, et al. (2011)

Ameloblastin expression and putative autoregulation in mesenchymal cells
suggest a role in early bone formation and repair. Bone 48: 406–413.

EMD Upregulates Connexin 43 and N-cadherin

PLoS ONE | www.plosone.org 11 August 2011 | Volume 6 | Issue 8 | e23375


