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Abstract Autologous bone transplantation is the current gold standard for reconstruction of jawbone defects. Bone regeneration

usingmesenchymal stem cells (MSC) is an interesting alternative to improve the current techniques, which necessitate a second site

of surgery resulting in donor sitemorbidity. In this study,we compared the osteogenic ability of jawboneMSC(JB-MSC)withMSC

from tissues with neural crest origin, namely, the dental pulp, apical papilla and periodontal ligament. All four types of MSCwere

isolated from the samepatient (n = 3donors) to exclude inter-individual variations. TheMSCgrowth and differentiation properties

were characterized. The osteogenic differentiation potential in each group of cells was assessed quantitatively to determine if there

were any differences between the cell types. All cells expressed the MSC-associated surface markers CD73, CD90, CD105, and

CD146 and were negative for CD11b, CD19, CD34, CD45 and HLA-DR. All cell types proliferated at similar rates, exhibited

similar clonogenic activity and could differentiate into adipocytes and osteoblasts. An alkaline phosphatase assay, OsteoImageTM

assay for mineralization and qRT-PCR measuring the genes runx2, ALP and OCN, indicated that there were no significant

differences in the osteogenic differentiation ability between the variousMSCs. In conclusion,we show that from a small segment of

jawbone it is possible to isolate sufficient quantities of MSC and that these cells can easily be expanded and differentiated into

osteoblasts. JB-MSC appear to be good candidates for future bone regeneration applications in the craniofacial region.

Keywords Stem cells from apical papilla � Dental pulp stem cells � Periodontal ligament stem cells � Stem cells from

jawbone � Osteogenic differentiation

1 Introduction

Defects in the jawbone due to lack of bone (besides

physiological resorption) can have multiple causes such as

congenital defects, trauma, or pathologic conditions. Lack

of bone can lead to functional problems with impaired

speech, chewing and swallowing ability as well as esthetic

changes [1, 2]. This condition is often both disfiguring and

disabling and has a major negative impact on the patients’

quality of life. Consequently, the need for reconstruction is

high [3, 4]. Today the gold standard for functional recon-

struction of mandible and maxilla is the use of autologous

bone transplants. For small defects, free non-vascularized

cortical bone transplants can be harvested from intraoral

donor sites. If there is a need for a larger amount of bone

the most common donor site is the iliac crest or fibula

[5, 6]. The autologous bone grafts provide all the necessary

factors for bone regeneration such as a scaffold material for

osteoconduction, growth factors for osteoinduction and

osteogenic cells. The autologous grafting procedure is

however dependent on the possibility to harvest donor
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tissue and associated with a high risk of complications and

donor site morbidity [7, 8].

Recent advances in the field of tissue engineering indi-

cate that mesenchymal stem cells/multipotent stromal cells

(MSC) could be an alternative to the conventional proce-

dures and are associated with less morbidity, lower com-

plication rates and improved function in bone regenerative

treatments [9, 10]. The MSC can be isolated from various

types of connective tissue and they show self-renewal and

clonogenic activity and they have a capacity to differenti-

ate into bone, cartilage and adipose lineages [11, 12]. MSC

also have an ability to stimulate hematopoiesis and sup-

press immune reactions [13]. MSC have been identified to

play a crucial role in various organs, preserving tissue

homeostasis and regenerating damaged tissues [14]. Inter-

estingly MSC exhibit different characteristics dependent on

their harvest site [15, 16]. MSC isolated from bone marrow

(BM-MSC) are the most widely studied, both in bone

regeneration models and regarding their immunomodula-

tory effects. Thus BM-MSC have been tested therapeuti-

cally in various clinical trials and used to treat graft-versus-

host disease following bone marrow transplantation

[17, 18].

Isolation of MSC from jawbone (JB-MSC) was first

described by Matsubara et al. [19]. The JB-MSC appear to

have an osteogenic capacity comparable with BM-MSC

from iliac crest but not as efficient chondrogenic and adi-

pogenic capacity [16, 19]. The origin of the oro-facial

bones as well as the teeth and the periodontal ligaments

differs from the origin of the cranial vault and the rest of

the axial and appendicular bones. The oro-facial bones as

well as the teeth including periodontal tissue originates

from neural crest cells whilst the cranial vault has a dual

neural crest and mesodermal origin and the other axial and

appendicular bones have an exclusively mesodermal origin

[20]. Reconstruction of oro-facial defects using grafts from

an oro-facial donor site results in a better outcome than

when using a graft from another site [16]. Furthermore,

several bone abnormalities are only observed in the oro-

facial region suggesting that there might be a site-specific

difference of progenitor cells in the bone marrow [16].

MSC isolated from dental tissue, with the same origin as

jaw bone, include periodontal ligaments [21], dental pulp

[22], exfoliated deciduous teeth [23], dental follicle [24],

apical papilla [25, 26] and gingival tissue [27] have proven

useful for a wide range of clinical applications [28, 29].

The dental MSC have much in common, such as a fast

population doubling time and the ability to differentiate

into multiple cell lineages. They also possess low

immunogenicity and marked immunosuppressive activity.

Nevertheless, there are also some differences between the

various dental MSC types. For example stem cells of the

apical papilla (SCAP) are derived from developing tissue

and seem to represent a population of early stem cells,

different from those found in mature tissues. SCAP show a

higher proliferation rate and mineralization potential than

dental pulp stem cells (DPSC) [21, 22, 26, 29, 30].

In this study, we isolated MSC from jawbone and

compared these with 3 different types of MSC with dental

origin; the SCAP, DPSC, and periodontal ligament stem

cells (PDLSC). All cell types were compared from matched

human donors. We subsequently characterized the growth

properties of these cells and investigated their differentia-

tion potential. By isolating all four cell types from the same

donor we could ensure that the results were not affected by

inter-donor variation in MSC properties. The overall aim

was to determine if JB-MSC matched the dental MSC

potential for use in bone regenerative therapies in the oro-

facial region. If so, JB-MSC might be used as the optimal

cell type for these applications, given their lower morbidity

in harvesting.

2 Materials and methods

2.1 Ethical considerations

Written informed consent was obtained from patients.

Collection, culture, storage and usage of all clinical isolates

were approved by the local ethics committee for research at

Umeå University (Dnr 2013-276-31M).

2.2 Isolation of MSC

SCAP, DPSC, PDLSC and JB-MSC were isolated from the

same human donor. A schematic illustration of the location

of these various MSC is shown in Fig. 1. Human impacted

teeth (n = 3; two lower jaw third molars and one upper jaw

canine) were surgically removed from 3 healthy patients (1

male and 2 females with mean age 17 years and range

11–20 years,) due to retention and lack of space. The

surgical removal was conducted under local anesthesia at

the Department of Oral- and Maxillofacial Surgery, Umeå

University Hospital. After elevation of a full-thickness flap,

the maxillary/mandibular bone covering the tooth crown

from a buccal aspect was removed using a round bur under

irrigation with sterile saline solution to prevent damage to

the tissue. The bone, approximately 3 mm3 of dense cor-

tical bone from each donor, (Fig. 1A) was immediately

placed in a tube with Minimum Essential Medium alpha

modification (a-MEM) and GlutaMax (GIBCO/Invitrogen,

Carlsbad, CA) supplemented with 1% Antibiotic–Antimy-

cotic solution (Sigma-Aldrich, St Louis, MO) and trans-

ferred to the laboratory within 4 h. After removing the

tooth from the socket the tooth was placed in the same tube
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as the isolated cortical bone. Below a detailed description

of the location and types of isolated MSCs are provided.

2.2.1 Jawbone MSC (JB-MSC)

A small piece, 3 mm3, of cortical bone covering the buccal

aspect of the impacted tooth (Fig. 1A) in the

mandible/maxilla was removed using a bur under irrigation

with sterile saline solution. The bone was then particulated

using a sharp scalpel and thereafter digested in a solution of

3 mg/ml Collagenase type I (Worthington Biochemicals

Corp., Freehold, NJ) and 4 mg/ml Dispase II (Roche

Diagnostic/Boehringer Mannheim Corp., Indianapolis, IN)

in a 37 �C water bath for 60 min. Every 10 min the tubes

were vortexed to help dissolve the tissue.

2.2.2 Dental pulp MSC (DPSC)

The dental pulp is the soft tissue inside a tooth. After

separation of tooth crown from the root with a bur, the pulp

tissue, approximately 5 mm3, was carefully removed using

small files (Fig. 1B). The pulp tissue was then treated the

same way as with the jawbone.

2.2.3 Periodontal ligament MSC (PDLSC)

The periodontal ligament is a group of specialized con-

nective tissue fibers that essentially attach the tooth to the

alveolar bone. It outlines the root surface of the tooth. The

PDLSC were collected by scraping the tissue from the root

surface (Fig. 1C) with a scalpel. The tissue, approximately

3 mm3, was then treated according to the same protocol

(mincing and enzymatic digestions as described above).

2.2.4 Apical papilla MSC (SCAP)

The apical papilla is an approximately 5 mm3 soft tissue

formation located at the apices of developing permanent

teeth (Fig. 1D). To collect SCAP, the apical papilla was

gently removed from the teeth with a scalpel, minced into

small pieces and treated the same way as the other cell

types.

After dissolving all tissues in the solution of Dispase II

and Collagenase I for 60 min the solution was filtered

using a 70 lm filter (Falcon, BD Labware, Franklin Lakes,

NJ). The flow through was diluted with 4 ml of a-
MEM ? GlutaMAX supplemented with 15% Fetal Bovine

Serum (FBS; GIBCO) and 1% Antibiotic–Antimycotic

solution (SIGMA). The filter was further rinsed with 5 ml

of Hanks Balanced Salt Solution (HBSS) to collect any

remaining cells.

The solution was centrifuged for 7 min at 800g to obtain

a small pellet of cells which was then resolved in 1 ml

medium to a single cell suspension and diluted with a

further 4 ml medium and transferred to a 25 cm2 tissue

culture plastic flask (Thermo scientific, DK) and incubated

at 37 �C with 5% CO2. The medium was changed after one

day to remove the non–adherent cells. The medium was

then left for 7 days and then changed continuously every

other day until 95% confluency was achieved. Next, the

cells were detached and transferred to 75 cm2 flasks

(Thermo Scientific, DK) and allowed to grow until 90%

confluency with changing of medium every other day.

Upon confluence, the cells were detached using trypsin/

EDTA solution (GIBCO) and were cryopreserved in a

freezing solution of 10% Dimethyl sulfoxide (DMSO)

(Sigma-Aldrich St Louis MO) with 90% FBS and stored at

-80 �C. Cells between passages 1 and 3 were used in this

study and all comparisons were made on cells at matching

passage numbers.

2.3 Characterization of MSC by flow-cytometry

The MSC-associated surface antigens of SCAP, DPSC,

PDLSC and JB-MSC were characterized by flow cyto-

metric analyses. All cells were analyzed at passage 1 and

tested for positive MSC-associated surface markers (CD73,

CD90, CD105, and CD146) and negative markers (CD11b,

CD19, CD34, CD 45 and HLA-DR), to define the cells as

MSC [29] according to the manufacturer’s protocol (BD

Bioscience). All antibodies used for FACS analysis were

PE-conjugated. Optimal concentrations of antibodies were

calculated (1:25 for CD73, 1:33 for CD90, 1:25 for CD105,

1:25 for CD146, and 1:25 for the negative markers) and

50,000 cells for each analysis were chosen. As negative

control, a corresponding isotype control was used for each

Fig. 1 Harvest sites for MSCs from the oral cavity. Schematic

illustration showing harvest sites of the various MSC: A Jawbone (JB-

MSC), B dental pulp (DPSC), C periodontal ligament (PDLSC),

D apical papilla (SCAP). The illustration was created in Adobe

Illustrator CC (Adobe Systems Inc. San Jose, CA, USA)
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sample (mouse IgG1, j). Data were acquired using

FACScalibur (BD Bioscience).

2.4 Proliferation and colony forming unit-fibroblast

assay

The cells were seeded in 25 cm2 culture flasks at a density of

2000 cells/cm2 and trypsinised, counted and replated every

week (up to 5 weeks) in a-MEM containing 15% FCS (v/v)

and 1% Penicillin–Streptomycin. From the weekly cell

counts, cumulative population doublings (PD) was calcu-

lated according to the following formula: n = 3.32 (log [cell

number after 7 days] - log [initial cell number]) ? X,

where n = the total PD number at end of each given sub-

culture and X = the doubling level of the cells used to ini-

tiate the weekly subculture being quantitated.

Colony forming unit-fibroblast (CFU-F) assay was per-

formed by establishing triplicates of each cell sample for

all three donors in 12-well cell culture plates. Cells were

seeded at a density of 50 cells per well. The cells were

incubated for 14 days without change of medium. After

14 days the medium was removed and the cells were

washed with phosphate-buffered saline (PBS; Invitrogen

Life Technologies, Fisher Scientific) and then fixed for

20 min in 1% phosphate-buffered formalin made from

paraformaldehyde (PFA). After the fixation step, the cells

were stained with 0.1% toluidine blue in 1% PFA for

30 min, then rinsed with distilled water several times.

Colonies consisting of 50 cells or more were counted as

positive and the total number of colonies were expressed

per 50 originally seeded cells.

2.5 Differentiation

The SCAP, DPSC, PDLSC and JB-MSC, from all three

patients, were differentiated towards the osteogenic- and

adipogenic lineages.

2.5.1 Adipogenic differentiation

Early passages (P1) of SCAP, DPSC, PDLSC and JB-MSC

from all three patients were individually plated in 24-well

plates at a density of 1.8 9 105 cells/well. Once the cells

were approximately 60% confluent, the adipogenic differ-

entiation protocol was initiated. The protocol was continued

for 5 weeks. The growth medium was switched to a-MEM

and GlutaMax (GIBCO/Invitrogen, Carlsbad, CA) supple-

mentedwith 10%FBS, 1%penicillin–streptomycin solution,

10% FBS, 1 lM dexamethasone, 0.5 mM 3-isobutyl-1-

methylxanthine (IBMX), 100 lM indomethacin, and 10 lg/
ml insulin (all from Sigma-Aldrich, St Louis, MO). The

medium was changed every other day. On days 7, 15, 23 and

31, beginning from the induction, only insulin was added to

themedium. At day 35, RNAwas extracted from some of the

cultures (see below) and the other cultures were stained with

Oil Red O. The medium was removed and the cells were

washed twice with phosphate buffered saline (PBS) and then

fixedwith 4%paraformaldehyde (PFA) for 40 min. The cells

were then again twice washed with PBS and once with 60%

isopropanol before the Oil Red O solution (0.36% oil red O

dissolved in 60% isopropanol) was added for 60 min. The

cells were thenwashed oncewith 60% isopropanol and twice

with PBS before being photographed with a Colorview II

digital camera.

2.5.2 Osteogenic differentiation

Early passages (P1) of SCAP, DPSC, PDLSC and JB-MSC

from all 3 patients were individually plated using 96-well,

24-well and 12-well plates at a density of 104 cells/25 cm2.

When the cultures were fully confluent osteogenic differ-

entiation was induced by use of an osteogenic differentia-

tion medium. In brief SCAP, DPSC, PDLSC and JB-MSC

were cultured in osteogenic medium: DMEM ? Glu-

taMAX ? 1 g/l D-Glucose ? Pyruvate, 10% FBS, 1%

penicillin–streptomycin medium supplemented with

0.1 lM dexamethasone, 0.2 mM L-ascorbate and 10 mM

glycerol-3-phosphate. The medium was changed every

other day for 5 weeks. A similar culture media without the

supplements was used as negative control. At day 14 cell

culture supernatants were harvested, centrifuged to remove

cell debris and analyzed to assess alkaline phosphatase

(ALP) activity. ALP was calculated using a colorimetric

assay (ab83369, Abcam, Cambridge, UK) according to the

manufacturer’s instructions. After harvesting the cell cul-

ture supernatant at day 14, the cells were also harvested to

assess ALP activity in cell lysates. For each group three

samples were used (n = 3). Alizarin Red staining was

performed according to the manufacturers protocol after

5 weeks of stimulation. To evaluate the mineralization

both qualitatively and quantitatively the OsteoImage assay

(Lonza Walkersville Inc. Walkersville, MD) was used after

5 weeks of osteogenic stimulation, as a complement to the

Alizarin Red staining. The mineralization was measured

qualitatively using fluorescence microscopy and quantita-

tively by spectrophotometer at 492 nm excitation and

520 nm emission wavelengths.

2.6 qRT-PCR

RNA was collected at baseline, 1, 3 and 5 weeks of stimu-

lation. RNAwas isolated from the cells using the RNeasy kit

(Qiagen) and the purified RNA was quantified using a

Nanodrop 2000c spectrophotometer (ThermoScientific,

Sweden). For quantitative RT-PCR cDNA was prepared

from RNA using iScript cDNA Synthesis Kit (Bio-Rad
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Laboratories Inc. Hercules, CA). The cDNA from each type

of MSC from each donor was pooled together making a total

of 8 groups (unstimulated and stimulated for eachMSC cell-

type) and either 1 ng or 4 ng/reaction mix was combined

with reagents according to the manufacturers protocol (Bio-

Rad Laboratories Inc., Hercules, CA). An overview of pri-

mers (Sigma) used in this study is provided in Table 1. qRT-

PCR was performed using SsoFastTM EvaGreen Supermix

(Bio-Rad) in a CFX96Optical Cycler and analyzed using the

CFX96 manager software. According to the manufacturer’s

instructions, denaturation/DNA polymerase activation was

processed at 95 �C for 30 s followed by PCR 95 �C for15 s,

variable annealing temperatures for 30 s (see Table 1) and

repeated for 40 cycles. RPL13a was selected as the house-

keeping gene and data were calculated as relative expres-

sions according to the DDC (t) principle.

2.7 Statistical analysis

For statistical analyses in this study, both t test (for single

comparison) or one-way analysis of variance (ANOVA, for

multiple comparison) followed by post hoc Bonferroni test

(Prism�, Graph-Pad Software Inc) were used to determine

statistical differences between experimental groups. Sta-

tistical significance was set as *p\ 0.05, **p\ 0.01,

***p\ 0.001.

3 Results

Three different patients, undergoing dentoalveolar surgery

were selected as donors for the study and MSC from apical

papilla, dental pulp, periodontal ligament and jaw bone

from each of these donors (illustrated in Fig. 1) were iso-

lated. To ensure that isolated MSC had specific stem cell

properties, the cells were initially screened for expression

of MSC-specific markers. Flow cytometry analysis for

characterization of MSC demonstrated that 75–95% of the

cells were positive for expression of CD73, CD90, CD105,

and approximately 35–40% of the cells expressed CD146.

All MSC, regardless of localization or individual variation,

did not express any of negative markers CD11b, CD19,

CD34, CD 45 and HLA-DR (expression levels below 0.5%

for positive cells). No significant differences were seen

between cells from different tissues (Fig. 2).

The CFU-F assay showed no significant differences

between the four tested groups (SCAP, DPSC, PDLSC, JB-

MSC) after 14 days of culturing in a-MEM containing

15% FCS (Fig. 3A). The growth rates of the cells were

determined over a 5 week time course. The cumulative

population doubling analysis showed no significant dif-

ference between the groups. JB-MSC had a tendency of

growing slightly slower than the other MSC (Fig. 3B).

We next determined the differentiation abilities of the

cells. After 5 weeks of culturing in adipogenic medium all

cell types could differentiate into adipocytes, indicated by

Oil Red O-uptake (Fig. 4A–D). However, the induced

adipogenesis was much more limited compared to what

was observed for induced osteogenesis (Fig. 4E–H), illus-

trated by Alizarin red uptake after 5 weeks of osteogenic

stimulation protocol. Cells in all groups formed mineral-

ized nodules after 5 weeks of culturing in the osteogenic

medium (Fig. 4E–H). The corresponding control groups

cultured in regular medium (unstimulated) did not show

any signs of adipogenic nor osteogenic differentiation after

5 weeks (data not shown).

Since our interest was focused on osteogenic differen-

tiation of the various cell types we explored this in more

detail. Firstly, we used an alkaline phosphatase (ALP)

assay. Supernatants and cell lysates were harvested after

Table 1 Primer sequences for

qRT-PCR and annealing

temperatures

Factor Forward primer (50–30) Reverse primer (50–30) �C

Osteocalcin AGCAAAGGTGCAGCCTTTGT GCGCCTGGGTCTCTTCACT 63.5

Runx2 CCCGTGGCCTTCAAGGT CGTTACCCGCCATGACAGTA 63.2

Alkaline phosphatase GGAACTCCTGACCCTTGACC TCCTGTTCAGCTCGTACTGC 61.1

RPL13a AAGTACCAGGCAGTGACAG CCTGTTTCCGTAGCCTCATG 58.3

SCAP
DPSC

PDLS
C JB

0

50

100

Ex
pr

es
si

on
 (%

 p
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)

CD73

CD90

CD105

CD146

Neg markers

Fig. 2 Characterization of MSC by flow cytometry. Flow cytometry

analyses of human SCAP, DPSC, PDLSC, and JB-MSC from three

different donors at passage 1 are shown (not pooled). All various

MSC were positive for expression of CD73, CD90, CD105, CD146

and lacked the expression of the negative markers (HLA-DR, CD45,

CD34, CD19 and CD11b). The expression profiles among the tested

markers were inter- and intra-individually similar among all various

MSCs
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14 days of osteogenic stimulation. No ALP activity was

observed in the supernatants from the unstimulated or

osteogenic stimulated cells (data not shown). In contrast, in

the cell lysates all the stimulated groups showed signifi-

cantly elevated ALP activity two weeks after induction,

compared with unstimulated cell lysates. No significant

differences were detected between stimulated groups

(Fig. 5).

To further analyze the osteogenic capacity of the col-

lected MSC, we utilized a qualitative and quantitative

assay (OsteoimageTM). The formation of mineralized

nodules deposited by the osteostimulated cells was visu-

alized by the binding of a fluorescent staining reagent to the

hydroxyapatite portion in the Osteoimage assay. The

mineralization was assessed qualitatively by fluorescence

microscopy (Fig. 6A). The unstimulated cells did not take

up any fluorescent staining dye in any tested group, while

all stimulated cells significantly increased their uptake of

the green fluorescent dye (Fig. 6A). The amount of green

fluorescent staining is proportional to the amount of min-

eralization in the cell culture and this was quantified by

spectrophotometry (Fig. 6B). Significant differences were

detected between each unstimulated and stimulated group.

In contrast, no statistical differences were observed when

the stimulated groups were compared with each other

(Fig. 6B).

We also investigated gene changes during the stimu-

lation with osteogenic media. The relative expression of

Runx-related transcription factor 2 (Runx-2) was

increased in all four groups after 1 week of culturing in

osteogenic medium (Fig. 7A). After 3 weeks of osteo-

genic stimulation there was a significant elevation of the

gene expression levels of ALP in all stimulated groups

compared with their corresponding unstimulated control

cells (Fig. 7B). After 5 weeks of culturing in osteogenic

medium the relative expression of Osteocalcin (OCN) was

increased in all groups with a statistical difference

between the stimulated and unstimulated cells but no

statistically significant difference between the different

stimulated groups (Fig. 7C).

4 Discussion

MSC are a heterogeneous group of immature cells that can

be isolated from various tissues and are able to differentiate

into different types of specialized cells depending on the

stimuli and culture conditions under which they are

expanded. They also show a low immunogenicity and an

immunosuppressive activity [31, 32]. All these features

make MSC highly interesting for cell therapy applications.

MSC isolated from different tissues show a lot of simi-

larities, such as the capability for self-renewal, clonogenic

capacity and multipotent differentiation but they also have

differences. For example, MSC from bone marrow can

more easily be differentiated into osteoblasts than MSC

isolated from fat tissue [15]. MSC isolated from bone

marrow also have differences depending on harvest site

suggesting there is a site dependent factor based on dif-

ferent embryological origins. MSC from jawbone have a

higher proliferation rate than BM-MSC harvested from

iliac crest and seem to have a better self-renewal capacity

[16]. On the contrary, BM-MSC from iliac crest can more

easily undergo adipogenic differentiation compared to

MSC from jawbone [16]. These observations indicate that

the jaws can be a good source of MSC for future bone

regeneration therapies. Other previous research has indi-

cated the benefits of MSC from dental tissues such as

dental pulp [22], periodontal ligament [21] and apical

papilla [25, 26]. Thus in the present study, we aimed to

compare MSC from jawbone with other MSC from the oral

cavity.
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Fig. 3 Colony-forming unit-fibroblast (CFU-F) and cumulative pop-

ulation doubling (PD). A CFU-F was determined after two weeks of

culturing with a starting density of 50 cells per well. Total n = 9 with

3 replicates of each cell type/donor. No significant difference was

detected between the groups. B Cumulative population doublings

were calculated over 5 weeks of culture. No significant differences

were detected between the various types of MSC at each week (1–5)
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All aforementioned MSC share the same developmental

origin, but individual differences among MSC-donors are

well known. We isolated various MSC from the same

donors in order to minimize the risk of individual variation

between the respective MSC. We collected the dental-

MSC; SCAP, DPSC and PDLSC according to previously

described isolation methods [29]. In addition, in this study

we also isolated MSC from jawbone by utilizing the

Fig. 4 Differentiation of MSC.

Oil red O staining of

adipogenically differentiated

SCAP A, PSC B, PDLSC C and

JB-MSC D. All cell types were
able to differentiate into

adipocytes after culturing in

adipogenic culture medium after

5 weeks. Scale bar 50 lm. A

representative figure from each

group is shown. Osteogenic

differentiation of SCAP E,
DPSC F, PDLSC G and JB-

MSC H shown by Alizarin Red

staining. The staining shows the

mineralization nodules (dark

spots) after 5 weeks of culturing

in osteogenic medium. Scale

bar 100 lm. A representative

figure from each group is shown
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surgically removed cortical bone in order to get access to

the tooth. We did not harvest any trabecular bone due to the

higher risk of morbidity such as nerve injury. The collected

bone was limited in size (approximately 3 mm3) and con-

sisted of dense cortical bone in all three donors. We did not

focus on comparing if there could be any age or gender

specific differences among the three MSC-donors that

would affect their osteogenic capacity.

In this study we relied on the plastic adherence capacity

for isolation of the MSCs. There are methods to further

improve the isolation procedure by using imunomagnetic

selection based on the expression of MSC associated sur-

face markers STRO-1 antigens to get a more homogenous

population of MSC [33]. The characterization by flow

cytometry showed the same expression patterns for the

tested positive markers (CD73, CD90, CD105 and CD146)

and lack of expression for negative markers (CD11b,

CD19, CD34, CD 45 and HLA-DR) for JB-MSC compared

with SCAP, DPSC and PDLSC. All cell types were able to

undergo adipogenic- and osteogenic differentiation

depending on culture conditions. However, the main focus

of this study was to investigate the osteogenic capacity and

investigate any differences among the isolated MSC.

Alizarin Red staining that is often used for osteogenic

evaluation, detects calcium accumulation and formation of

chelates. However, the differentiation into osteoblasts is

marked by the formation of mineralized inorganic

hydroxyapatite nodules (Ca10(PO4)6(OH)2). To be able to

evaluate the mineralization both qualitatively and quanti-

tatively we utilized another assay as complement to the

Alizarin Red staining. The OsteoimageTM assay, used in

this study, contains a staining agent that binds to the

hydroxyapatite portion of the mineralized nodules and

thereby can truly reflect the levels of mineralized tissue.

We did not find any significant differences in osteogenic

capacity of JB-MSC compared with SCAP, DPSC, or

PDLSC.

Elevated ALP levels were seen after 14 days in cell

lysates of all stimulated groups with no significant differ-

ences between the different cell types. JB-MSC showed a

similar capacity for ALP activity as seen in the dental MSCs

(SCAP, DPSC, PDLSC). There were significant differences

between the unstimulated and stimulated cells.

The induced osteogenic differentiation of the MSC was

further measured by qRT-PCR to assess the relative

expression of Runx2, ALP and OCN. ALP is a commonly

used marker for osteogenic activity. ALP is expressed early

in the differentiation of osteoblasts and later in the devel-

opment it declines, while other genes, such as OCN, are

upregulated [34]. The most important regulatory pathways

in control of osteoblastic differentiation and ALP expres-

sion are the BMP/RUNX2/Osterix system and the WNT

signaling cascade [35]. Runx2 is vital for the commitment

of MSC to the osteoblast lineage and of great influence in

the early stages of osteoblast differentiation but has to be

down-regulated for further bone maturation [36]. Hence, we

selected different time points to examine the various gene

expressions and their changes due to the stimulation pro-

tocol. After one week of osteogenic stimulation we

observed an upregulation of Runx2 in all groups indicating

an early stage of osteogenic differentiation. Regarding ALP

gene expression, significant upregulation was detected in all

stimulated MSC compared with the unstimulated ones.

Comparing the stimulated groups we did observe a signif-

icantly higher expression for ALP in SCAP compared to all

the other groups. No significant differences were seen

between the other stimulated groups. This could suggest a

faster differentiation for SCAP compared to the other,

possibly more mature groups. Finally, to be sure of the

effects seen after five weeks we measured the ultimate

marker (OCN) for osteogenic differentiation. After five

weeks, the expression of OCN was also elevated signifi-

cantly in all stimulated groups. No significant difference

was seen between the various stimulated dental MSC,

however PDLSC showed a significantly higher expression

of OCN compared to JB after 5 weeks of osteogenic stim-

ulation. Collectively, our conclusion is that JB-MSC are as

good as SCAP, DPSC, and PDLSC in their capacity of

osteogenic differentiation in vitro. However it seems that

they are growing a bit slower.
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Fig. 5 Alkaline phosphatase (ALP) activity. ALP activity was

assessed after two weeks of in vitro culturing in osteogenic medium.

There was a significant difference in ALP activity between the

stimulated groups and the unstimulated but no significant difference

between the various MSC groups. All data are normalized to the

amount of DNA. Asterisk show the level of significance compared to

each corresponding control (i.e. unstim vs stim); *p\ 0.05,

**p\ 0.01. For each group three samples were used (n = 3). Mean

values ±SD are indicated. No significant differences were seen in the

ALP expression between the stimulated groups
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This conclusion is based on the results from the prolif-

eration study together with ALP test, Osteogenic assay

(OsteoImage) and qRT-PCR.

So, what is the rationale of selecting JB-MSC? Com-

pared with SCAP, the harvest of JB-MSC is not age

dependent, since SCAP can only be isolated from a tooth
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Fig. 6 Qualitative and quantitative assessment of osteogenic differ-

entiated MSC. In vitro differentiation of SCAP, DPSC, PDLSC and

JB-MSC into osteoblasts determined by OsteoImageTM assay after

5 weeks of induction. A Fluorescent microcopy (910 magnification)

of the cells revealed the fluorescent staining reagent in the assay could

only bind to hydroxyapatite of the bone nodules in the stimulated

groups. The unstimulated cells did not show any mineralization.

DAPI (40,6-diamidino-2-phenylindole) was used to counter-stain the

fixed cells. A representative image from each group is shown. Scale

bar 100 lm. B The fluorescence staining in the assay is proportional

to the amount of mineralization and quantitative assessment could be

made from a parallel experiment in 96 well plates with no DAPI

staining. By use of a spectrophotometer (492 nm excitation and

520 nm emission) the amount of fluorescent staining binding to the

hydroxyapatite produced by the osteostimulated cells was measured

and calculated. The amount is expressed in relative fluorescent units

(RFU), showing a significantly higher hydroxyapatite content in the

stimulated groups compared with the unstimulated. Asterisk show the

level of significance compared to each corresponding control (i.e.

unstim vs stim); **p\ 0.01, and ***p\ 0.001, n = 9 for each group

(originating from 3 donors per group). Mean values ±SD are

indicated. Multiple comparisons between the stimulated groups

showed no significant difference in hydroxyapatite content between

any of the groups
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with developing root. To collect the SCAP it is necessary

to extract the developing tooth, explaining why most of the

previous studies on SCAP refer to surgically removed

retained teeth. To collect DPSC, it is necessary to devi-

talize a tooth or extract it as well, and the collection of

SCAP and PDLSC requires the tooth to be extracted or

there is a major risk of damage to the root surface leading

to future resorption of the root. With these clinical limi-

tations in mind, it can be concluded that the harvesting of

all of the dental-MSC are more invasive than the isolation

of JB-MSC. Furthermore, as we have shown in this study

only a small volume of the jawbone is sufficient for iso-

lation of JB-MSC. These cells can then be expanded

in vitro and their osteogenic potential appears to be similar

to dental-MSCs. Another rationale of using JB-MSC for

craniofacial bone regeneration applications, is the possi-

bility that the site-specific properties would then be

retained and unwanted properties could be avoided.

There are several studies comparing the osteogenic

differentiation capacity of different dental MSC

[30, 37, 38]. Several studies have also tried to compare

various dental-MSC with BM-MSC and ASC [15, 29, 39].

There are also studies comparing BM-MSC from appen-

dicular bones with MSC from jawbone [16]. To our best

knowledge, the present study is the first of its kind to

compare JB-MSC with various dental MSC that are col-

lected from the same individuals. We clearly show that JB-
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bFig. 7 Osteogenic gene expression of various MSC. The relative

expression of osteogenic gene markers Runx2, ALP and OCN was

assessed by qRT-PCR for unstimulated (unstim) and stimulated (stim)

SCAP, DPSC, PDLSC, and JB-MSC. A Expression of Runx-2 after

1 week of osteogenic stimulation. B Expression of ALP after 3 weeks

of osteogenic induction. C Expression of OCN after 5 weeks of

osteogenic stimulation. Relative expression levels are shown with

regard to control unstimulated samples (value = 1) and normalized

against the reference gene RPL13a. Asterisk show the level of

significance compared to each corresponding control (i.e. unstim vs

stim); *p\ 0.05, **p\ 0.01, and ***p\ 0.001, n.s., not signifi-

cantly different. n = 3–6 from pooled RNA samples (originating

from 3 donors per group). Mean values ± SD are indicated. Multiple

comparisons between the stimulated groups (SCAP, DPSC, PDLSC,

and JB-MSC) showed no significant differences for the expression of

Runx2 except for PDLSC vs. JB-MSC, where a weak significance

was seen (p = 0.02). Regarding ALP expression in the stimulated

groups, SCAP showed a significantly higher expression (p\ 0.001)

than all the other stimulated groups. There were no significant

differences in expression between the other groups. The expression of

OCN was significantly higher for stimulated PDLSC vs. stimulated

JB-MSC (p = 0.009), but no significances in expression of OCN were

seen between any of the other stimulated groups
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MSC have at least similar osteogenic capacity as dental-

MSC in vitro. Clinically, free non-vascularized cortical

bone transplants are already being harvested from intraoral

donor sites [5, 6, 40]. JB-MSC is easy to harvest in a minor

surgical procedure with a low risk of morbidity, making it a

good alternative to dental-MSC in bone regeneration

therapies, in particular for jaw-bone reconstructions. Future

in vivo experiments will be needed to fully compare the

osteogenic differentiation capacity of the various MSCs.
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University (Dnr 2013-276-31M).

Open Access This article is distributed under the terms of the

Creative Commons Attribution 4.0 International License (http://crea

tivecommons.org/licenses/by/4.0/), which permits unrestricted use,

distribution, and reproduction in any medium, provided you give

appropriate credit to the original author(s) and the source, provide a

link to the Creative Commons license, and indicate if changes were

made.

References

1. Young CW, Pogrel MA, Schmidt BL. Quality of life in patients

undergoing segmental mandibular resection and staged recon-

struction with nonvascularized bone grafts. J Oral Maxillofac

Surg. 2007;65:706–12.

2. Becker ST, Menzebach M, Kuchler T, Hertrampf K, Wenz HJ,

Wiltfang J. Quality of life in oral cancer patients–effects of

mandible resection and socio-cultural aspects. J Craniomaxillofac

Surg. 2012;40:24–7.

3. Gellrich NC, Schimming R, Schramm A, Schmalohr D, Bre-

merich A, Kugler J. Pain, function, and psychologic outcome

before, during, and after intraoral tumor resection. J Oral Max-

illofac Surg. 2002;60:772–7.

4. Rogers SN. Quality of life perspectives in patients with oral

cancer. Oral Oncol. 2010;46:445–7.

5. Takushima A, Harii K, Asato H, Momosawa A, Okazaki M,

Nakatsuka T. Choice of osseous and osteocutaneous flaps for

mandibular reconstruction. Int J Clin Oncol. 2005;10:234–42.

6. Hidalgo DA, Pusic AL. Free-flap mandibular reconstruction: a

10-year follow-up study. Plast Reconstr Surg. 2002;110:438–49.

7. Ling XF, Peng X. What is the price to pay for a free fibula flap? A

systematic review of donor-site morbidity following free fibula

flap surgery. Plast Reconstr Surg. 2012;129:657–74.

8. Hartman EH, Spauwen PH, Jansen JA. Donor-site complications

in vascularized bone flap surgery. J Investig Surg.

2002;15:185–97.

9. Zhang Z. Bone regeneration by stem cell and tissue engineering

in oral and maxillofacial region. Front Med. 2011;5:401–13.

10. Caplan AI. Adult mesenchymal stem cells for tissue engineering

versus regenerative medicine. J Cell Physiol. 2007;213:341–7.

11. Korbling M, Estrov Z. Adult stem cells for tissue repair—a new

therapeutic concept? N Engl J Med. 2003;349:570–82.

12. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini

F, Krause D, et al. Minimal criteria for defining multipotent

mesenchymal stromal cells. The International Society for Cellular

Therapy position statement. Cytotherapy. 2006;8:315–7.

13. Ledesma-Martinez E, Mendoza-Nunez VM, Santiago-Osorio E.

Mesenchymal stem cells derived from dental pulp: a review.

Stem Cells Int. 2016;2016:1–12.

14. Blanpain C, Lowry WE, Geoghegan A, Polak L, Fuchs E. Self-

renewal, multipotency, and the existence of two cell populations

within an epithelial stem cell niche. Cell. 2004;118:635–48.

15. Strioga M, Viswanathan S, Darinskas A, Slaby O, Michalek J.

Same or not the same? Comparison of adipose tissue-derived

versus bone marrow-derived mesenchymal stem and stromal

cells. Stem Cells Dev. 2012;21:2724–52.

16. Akintoye SO, Lam T, Shi S, Brahim J, Collins MT, Robey PG.

Skeletal site-specific characterization of orofacial and iliac crest

human bone marrow stromal cells in same individuals. Bone.

2006;38:758–68.

17. Le Blanc K, Rasmusson I, Sundberg B, Gotherstrom C, Hassan

M, Uzunel M, et al. Treatment of severe acute graft-versus-host

disease with third party haploidentical mesenchymal stem cells.

Lancet. 2004;363:1439–41.

18. Kim N, Im KI, Lim JY, Jeon EJ, Nam YS, Kim EJ, et al. Mes-

enchymal stem cells for the treatment and prevention of graft-

versus-host disease: experiments and practice. Ann Hematol.

2013;92:1295–308.

19. Matsubara T, Suardita K, Ishii M, Sugiyama M, Igarashi A, Oda

R, et al. Alveolar bone marrow as a cell source for regenerative

medicine: differences between alveolar and iliac bone marrow

stromal cells. J Bone Miner Res. 2005;20:399–409.

20. Helms JA, Schneider RA. Cranial skeletal biology. Nature.

2003;423:326–31.

21. Seo BM, Miura M, Gronthos S, Bartold PM, Batouli S, Brahim J,

et al. Investigation of multipotent postnatal stem cells from

human periodontal ligament. Lancet. 2004;364:149–55.

22. Gronthos S, Mankani M, Brahim J, Robey PG, Shi S. Postnatal

human dental pulp stem cells (DPSCs) In Vitro and in vivo. Proc

Natl Acad Sci USA. 2000;97:13625–30.

23. Miura M, Gronthos S, Zhao M, Lu B, Fisher LW, Robey PG,

et al. SHED: stem cells from human exfoliated deciduous teeth.

Proc Natl Acad Sci USA. 2003;100:5807–12.

24. Morsczeck C, Gotz W, Schierholz J, Zeilhofer F, Kuhn U, Mohl

C, et al. Isolation of precursor cells (PCs) from human dental

follicle of wisdom teeth. Matrix Biol. 2005;24:155–65.

25. Sonoyama W, Liu Y, Yamaza T, Tuan RS, Wang S, Shi S, et al.

Characterization of the apical papilla and its residing stem cells

Tissue Eng Regen Med (2017) 14(6):763–774 773

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


from human immature permanent teeth: a pilot study. J Endod.

2008;34:166–71.

26. Sonoyama W, Liu Y, Fang D, Yamaza T, Seo BM, Zhang C,

et al. Mesenchymal stem cell-mediated functional tooth regen-

eration in swine. PLoS One. 2006;1:e79.

27. Tang L, Li N, Xie H, Jin Y. Characterization of mesenchymal

stem cells from human normal and hyperplastic gingiva. J Cell

Physiol. 2011;226:832–42.

28. Casagrande L, Cordeiro MM, Nor SA, Nor JE. Dental pulp stem

cells in regenerative dentistry. Odontology. 2011;99:1–7.

29. Huang GT, Gronthos S, Shi S. Mesenchymal stem cells derived

from dental tissues vs. those from other sources: their biology and

role in regenerative medicine. J Dent Res. 2009;88:792–806.

30. Liu J, Yu F, Sun Y, Jiang B, Zhang W, Yang J, et al. Concise

reviews: characteristics and potential applications of human

dental tissue-derived mesenchymal stem cells. Stem Cells.

2015;33:627–38.

31. Uccelli A, Moretta L, Pistoia V. Mesenchymal stem cells in

health and disease. Nat Rev Immunol. 2008;8:726–36.

32. Nombela-Arrieta C, Ritz J, Silberstein LE. The elusive nature and

function of mesenchymal stem cells. Nat Rev Mol Cell Biol.

2011;12:126–31.

33. Mrozik K, Gronthos S, Shi S, Bartold PM. A method to isolate,

purify, and characterize human periodontal ligament stem cells.

Methods Mol Biol. 2010;666:269–84.

34. Huang Z, Nelson ER, Smith RL, Goodman SB. The sequential

expression profiles of growth factors from osteoprogenitors

[correction of osteroprogenitors] to osteoblasts In Vitro. Tissue

Eng. 2007;13:2311–20.

35. Fakhry M, Hamade E, Badran B, Buchet R, Magne D. Molecular

mechanisms of mesenchymal stem cell differentiation towards

osteoblasts. World J Stem Cells. 2013;5:136–48.

36. Bruderer M, Richards RG, Alini M, Stoddart MJ. Role and regu-

lation ofRUNX2 in osteogenesis. EurCellMater. 2014;28:269–86.

37. Hakki SS, Kayis SA, Hakki EE, Bozkurt SB, Duruksu G, Unal

ZS, et al. Comparison of mesenchymal stem cells isolated from

pulp and periodontal ligament. J Periodontol. 2015;86:283–91.

38. Bakopoulou A, Leyhausen G, Volk J, Tsiftsoglou A, Garefis P,

Koidis P, et al. Comparative analysis of In Vitro osteo/odonto-

genic differentiation potential of human dental pulp stem cells

(DPSCs) and stem cells from the apical papilla (SCAP). Arch

Oral Biol. 2011;56:709–21.

39. Davies OG, Cooper PR, Shelton RM, Smith AJ, Scheven BA. A

comparison of the In Vitro mineralisation and dentinogenic

potential of mesenchymal stem cells derived from adipose tissue,

bone marrow and dental pulp. J Bone Miner Metab.

2015;33:371–82.

40. Bak M, Jacobson AS, Buchbinder D, Urken ML. Contemporary

reconstruction of the mandible. Oral Oncol. 2010;46:71–6.

774 Tissue Eng Regen Med (2017) 14(6):763–774

123


	In Vitro Osteogenic Differentiation of Human Mesenchymal Stem Cells from Jawbone Compared with Dental Tissue
	Abstract
	Introduction
	Materials and methods
	Ethical considerations
	Isolation of MSC
	Jawbone MSC (JB-MSC)
	Dental pulp MSC (DPSC)
	Periodontal ligament MSC (PDLSC)
	Apical papilla MSC (SCAP)

	Characterization of MSC by flow-cytometry
	Proliferation and colony forming unit-fibroblast assay
	Differentiation
	Adipogenic differentiation
	Osteogenic differentiation

	qRT-PCR
	Statistical analysis

	Results
	Discussion
	Acknowledgements
	References




