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Gingival fibroblasts (GFs) that exhibit adult stem cell-like characteristics are known as gingival mes-
enchymal stem cells (GMSCs). Specific mesenchymal stem cell (MSC) markers have not been identified
to distinguish GMSCs from GFs. Recently, the cell surface molecule known as cluster of differentiation
(CD) 146 has been identified as a potential MSC surface marker. In the present study, we investigated
the differentiation potential of GMSCs based on CD146 expression.
GFs were isolated by two techniques: tissue explants or enzymatic digestion. GFs were cultured and

expanded then magnetically sorted according to CD146 expression. CD146low and CD146high cells were
collected, expanded, and then tested for stem cell markers by flow cytometry as well as osteogenic
and chondrogenic differentiation potential. The differentiation of these cells was analyzed after 21 days
using histology, immunofluorescence, real-time quantitative PCR (qPCR), and glycosaminoglycan (GAG)
to DNA ratio (GAG/DNA) assays. Positive histological staining indicated osteogenic differentiation of all
groups regardless of the isolation techniques utilized. However, none of the groups demonstrated chon-
drogenic differentiation, confirmed by the lack of collagen type II in the extracellular matrix (ECM) of GF
aggregates. Our data suggest that identification of gingival stem cells based solely on CD146 is not suf-
ficient to properly carry out translational research using gingival fibroblasts for novel therapeutic meth-
ods of treating oral disease.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The gingiva, both anatomically and functionally, is a unique
structure with gingival fibroblasts (GFs) as the predominant cells
of the gingival connective tissue. The existence of various subpop-
ulations of GFs has been reported (Fournier et al., 2013; Fournier
et al., 2010; Phipps et al., 1997) However, these subpopulations
are phenotypically different, sharing fibroblast-like structures
and requiring identical growth conditions in vitro (Fournier et al.,
2013).
A distinct property of the gingival cells is their role during scar-
less wound healing. Upon damage to oral tissues, the inflammatory
response is manifested by a unique cytokine response from the
GFs. At the same time, the GFs display fetal fibroblast-like proper-
ties including those related to migration and the production of
migrating stimulation factors (David et al., 2014; Haekkinen
et al., 2000). This healing capacity of the gingiva and its regenera-
tive capacity has resulted in extensive research to identify the res-
ident stem cell population within the gingiva with the ability to
self-renew (Politis et al., 2016).

Gingival tissue represents an ideal source of tissue biopsies and
GFs due to its accessibility and significantly reduced donor site
morbidity compared to other dental tissues (Jin et al., 2015;
Mostafa et al., 2008; Zhang et al., 2009). The literature offers over-
whelming evidence to support the hypothesis that a subgroup
within the GF cell population possesses mesenchymal stem cell
(MSC) properties – and are thus called gingival mesenchymal stem
cells (GMSCs) (Gardin et al., 2016). Whether sorted (enriched) or
unsorted, several studies have demonstrated that these GMSCs
are able to differentiate into more than one lineage in vitro includ-
ing osteogenic, chondrogenic, and adipogenic (Fournier et al., 2010;
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Marynka-Kalmaniet al., 2010; Mitrano et al., 2010; Tang et al.,
2011; Zhao et al., 2015).

In order to identify these cells with stem cell properties, analy-
sis of the ability to self-renew and differentiation potential is
required. Several methods towards this goal have been reported
including selective growth methods, physical separation, or clonal
analysis (Hope & Bhatia, 2011). Centrifugation and cell sorting
methods have also been recommended. However, the latter pro-
vides more accurate evidence of the cell types involved. The two
most widely used methods of cell sorting include fluorescence acti-
vated sorting (FACS) and magnetic assisted cell sorting (MACS),
providing 75% to more than 95% purity, respectively (Zhu &
Murthy, 2013). Both methods employ antibodies that are specific
to stem cell markers, which are surface proteins, used to identify
these unique populations. Termed as clusters of differentiation,
or cluster of designation (CD), protein surface markers can also
act as receptors or ligands and are formed during cell development
and maturation (Lv et al., 2014; Politis et al., 2016). The majority of
the identified stem cell markers are not universal and ongoing
research seeks to identify the marker or set of markers that can
be used to identify MSCs in different tissues. Notably, expression
of CD146 has been reported in almost every type of MSC and has
since emerged as the marker of choice for identifying MSCs (Lv
et al., 2014).

CD146 is believed to play an integral role in multiple functions
related to cell proliferation, development, signal transduction,
angiogenesis, cancer metastases, immune response, and cell migra-
tion (Harkness et al., 2016; Ouhtit et al., 2009; Wang & Yan, 2013).
Additionally, CD146 has been identified as a marker for pericytes,
MSCs, endothelial progenitor cells, and osteoblasts and is also
expressed during embryonic tissue development (Harkness et al.,
2016; Ouhtit et al., 2009; Wang & Yan, 2013). Two reports have
demonstrated no effect of CD146 expression on the differentiation
potential of MSCs (Espagnolle et al., 2014; Tormin et al., 2011). In
contrast, other reports show a variety of effects on stem cells,
including increased differentiation potential or decreased overall
differentiation potential (Harkness et al., 2016; Paduano et al.,
2016). Therefore, the ability of CD146 to be a determinant marker
specifically distinguishing GFs from GMSCs remains to be studied.
The identification of surface markers and the definitive utility in
isolating pure MSC populations are of great value. There is signifi-
cant demand to characterize additional surface markers and differ-
ent MSC populations to identify the most reliable MSC marker for
use in vitro that can also be recommended for future in vivo stud-
ies. The current study investigates the role of CD146 to distinguish
GMSCs from isolated GFs and assesses the impact of two isolation
methods on GF differentiation potential.
2. Materials and methods

2.1. Isolation and expansion of human gingival fibroblasts

The gingival tissue collection procedure was approved by the
University of Alberta Health Research Ethics Board
(Pro00001454). Gingival tissues were collected from six healthy
adolescent patients’ (3 males, 3 females) interdental papillae dur-
ing extractions of their first or second premolars as part of their
regular orthodontic treatment. All patients read and signed an
approved consent form prior to the collection of tissues.

Tissues were weighed (0.18 g–0.21 g) and immediately stored
in sterile saline solution for one to four hours before processing.
Gingival tissues were washed 10 times in phosphate-buffered sal-
ine (PBS) to dilute the oral bacterial flora of the gingival tissue. Fol-
lowing the PBS wash, the tissues were weighed and cut into small
pieces of between 1 and 2 mm2 using a No. 10 surgical blade
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(Sigma-Aldrich, Missouri, US). Each sample was divided into two
equal portions and one portion was used for each of the two isola-
tion methods (Fournier et al., 2013).

Enzymatic digestion. This technique entails incubating the tissue
in a collagenase I (2 mg/mL; Worthington Biochemical, Lakewood,
NJ, USA) solution for one hour at 37 �C in a 5% CO2 incubator. The
tissues were then filtered through a 100 lm nylon mesh filter (Fal-
con, BD Bioscience, NJ, USA) and centrifuged for 10 min at
1500 rpm. The cells were re-suspended in a fresh medium and pla-
ted at a density of 105 cell/cm2 in sterile 25 cm2 tissue culture
flasks (Corning, Corning, New York). After 48 h, the medium was
replaced. The medium used for culture and expansion of these cells
consisted of standard alpha minimum essential medium Eagle
(aMEM) supplemented with 10% v/v FBS, 100 mM 4-(2-hydroxye
thyl)-1-piperazineethanesulfonic acid (HEPES), 100 U/mL peni-
cillin, 100 lg/mL streptomycin (Sigma-Aldrich, Missouri, US) with
the addition of 5 ng/mL of FGF-2 (#PR80001, Neuromics, MN, US).
The medium was changed every 2 to 3 days. Once the flask was
confluent (after approximately one week of culture), the cells were
passaged. At passage 1 (P1), the cells were trypsinized (0.05% w/v
Trypsin/EDTA, Invitrogen), counted, and magnetically sorted using
CD146 microbead kit (Mitenyi Biotec Cat. no: 130–093-596) fol-
lowing the manufacturer’s instructions. At the conclusion of the
magnetic sorting procedure, four groups of cells were obtained
and then expanded to passage 2 (P2) and passage 3 (P3). The num-
ber of cells at P3 was sufficient for experimentation.

Tissue explants. The gingival tissue was cut into small pieces and
plated over 25 cm2 tissue culture flasks and incubated for 48 h,
undisturbed, at 37 �C in a humidified incubator with 5% CO2. After
48 h, the medium was replaced. Similar to the enzymatic digestion
group, the cells at P1 were magnetically sorted and expanded to P2
and P3 until the numbers of cells were sufficient for
experimentation.

2.2. Phenotypic analysis by flow cytometry

Initially, the expression of CD146 was assessed at the conclu-
sion of the magnetic sorting procedure to ensure proper sorting
of CD146high and CD146low cells. Following the culture and expan-
sion of the four experimental groups: Enzymatic-CD146high,
Enzymatic-CD146low, Explant-CD146high, and Explant-CD146low

stem cell markers CD90, CD105, and CD73, and hematopoietic sur-
face markers CD45 and CD34 along with CD146, were assessed by
flow cytometry. 25 � 104 cells were washed with ice-cold FACS
buffer (PBS, 0.5% v/v FBS and 0.1% w/v sodium azide) and then
incubated for 45 min with primary monoclonal antibodies conju-
gated to fluorescein isothiocyanate (mAb-FITC) or phycoerythrin
(mAb-PE). Fluorescently-conjugated antibodies were CD146-PE,
CD90-FITC, CD105-FITC, CD73-FITC, CD34-FITC, and CD45-FITC
(BD Biosciences; Catalog numbers: 550315, 555595, 561443,
561254, 555821, 555482). The cells were washed and fixed with
2% v/v paraformaldehyde for 15 min, washed again, and suspended
in 1 mL FACS buffer. Isotype-matched controls were incubated
with FITC- and PE-conjugated mIgG1. A Fortessa SORP flow
cytometer was used to acquire 104 cells. The results of the flow
were analyzed using FlowJo software (FlowJo, LLC., Oregon, US).

2.3. Osteogenic and chondrogenic differentiation

Osteogenic and chondrogenic media were prepared and used to
differentiate the gingival fibroblasts into osteogenic and chondro-
genic lineages. For osteogenic induction, 105/mm2 cells were
cultured in a monolayer on 6-well plates. Three wells were used
for staining, while another three were used for gene analysis.
Osteogenic medium was composed of Dulbecco0s Modified Eagle0s
Medium (DMEM), 100 U/mL penicillin, 100 lg/mL streptomycin,
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10% v/v FBS, 0.1 mM ascorbic acid, 10 mM b-glycerophosphate,
10 nM dexamethasone (Sigma-Aldrich, Missouri, US). Ascorbic acid
was used to stimulate the synthesis of collagen type I. b-
glycerophosphate was added to promote calcium phosphate depo-
sition and dexamethasone was used to stimulate osteogenesis by
increasing alkaline phosphatase activity. The mediumwas changed
every 3 to 4 days for a period of 21 days.

For chondrogenic induction, 25 � 104 cells were counted and
centrifuged in 1.5 mL tubes. The pelleted cells were incubated at
37 �C with 5% CO2 in a chondrogenic differentiation medium com-
posed of DMEM, 365lg/mL ascorbic acid 2-phosphate, 10 nM dex-
amethasone, 125lg/mL human serum albumin (Sigma-Aldrich,
Missouri, US), 10 ng/ml TGFb3 solution (#cyt-11, ProSpec, New Jer-
sey, USA), 40lg/mL L-proline, and ITS + Universal Culture Supple-
ment Premix (#CACB354352, Corning Discovery Labware II,
California, US). The cells within the pellet aggregated to form a
spherical shape that did not adhere to the walls of the tube. The
medium was changed every 3 to 4 days over a period of 21 days.

2.4. Histological analysis

2.4.1. Alizarin red staining
Positive Alizarin red staining indicates the osteogenic differen-

tiation of GFs. The cells from the four experimental groups were
cultured in a monolayer as described in the osteogenic differentia-
tion assay. After a period of 21 days, the wells were washed with
distilled water twice and fixed for 15 min at room temperature
with 10% w/v neutral buffered formalin (Anachemia Canada Inc.,
Quebec, Canada). Alizarin red staining was used to stain the cul-
tured wells for 10 min. The wells were washed again on a shaker
for 15 min. Finally, images were captured and used to qualitatively
assess the alizarin-stained mineralized nodules by light
microscopy.

2.4.2. Safranin O staining
Safranin O was used following chondrogenic differentiation to

detect if any sulphated proteoglycans are produced in the extracel-
lular matrix. After 21 days of chondrogenic differentiation, the pel-
lets were fixed overnight at 4 �C in 10% w/v neutral-buffered
formalin. To preserve the cells and increase hydrophobicity, the
pellets were dehydrated by immersing them in incrementally
higher concentrations of ethanol. The pellets were then embedded
in paraffin and cut into 5 lm sections. To detect whether a matrix
of sulphated proteoglycans formed within the pellets, the mounted
sections of the pellets were stained with 0.01% w/v safranin-O and
counterstained with 0.02% w/v fast green (Sigma-Aldrich, Missouri,
US). Safranin O staining was used to assess the chondrogenic dif-
ferentiation of the gingival fibroblasts. Safranin O stains the acidic
proteoglycans with an orange-red color. Fast green is a sulphate
group which binds strongly to the amino group on protein and
stains the non-collagen sites.

2.4.3. Immunofluorescent staining for collagen type I and collagen type
II

To identify the absence or presence of the ECM components col-
lagen type I and collagen type II, we performed immunofluorescent
analysis. 5 lm sections were deparaffinized after treatment with
UltraClearTM solution followed by ethanol and distilled water. Due
to the formation of methylene bridges during fixation, the slides
were incubated for 30 min at room temperature in an antigen
retrieval enzyme, protease XXV (AP-9006–005, Thermo Scientific,
Massachusetts, US). To increase the specificity of the antibodies,
the slides were incubated in hyaluronidase (H6254, Sigma-
Aldrich, Missouri, US) for 30 min at 37 �C. The sections were then
incubated in bovine serum albumin (BSA) 5% w/v to reduce non-
specific binding of the antibodies. After BSA incubation, the pellet
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slices were incubated in primary antibodies: rabbit anti-collagen
I (CL50111AP-1, Cedarlane, Ontario, Canada) and mouse anti-
collagen II (II-II6B3, Developmental Studies Hybridoma Bank, Iowa,
US) overnight at 4 �C with a 1:200 dilution. The preceding step was
followed by incubation with a fluorescently-conjugated secondary
antibody at a dilution of 1:200 with goat anti-rabbit IgG (H&L
Alexa Fluor 594, Abcam, UK) for collagen type I and goat anti-
mouse IgG (H&L Alexa Fluor 488, Abcam, UK) for collagen type II.
The sections were stained with DAPI (40, 6-diamidino-2-
phenylindole, Cedarlane) to stain the cell nuclei, and mounted with
a 1:1 glycerol-PBS solution. Immunofluorescent images were visu-
alized by an Eclipse Ti-S microscope (Nikon Canada, Ontario,
Canada).

2.5. Biochemical analysis for gingival fibroblast chondrogenesis

After 21 days of chondrogenic induction using the chondrogenic
medium, the cells in the pellet were analyzed to detect specific gly-
cosaminoglycan (GAG) content, indicative of production of biomo-
lecules contained in the cartilaginous extracellular matrix after
chondrogenic differentiation. After washing the pellets with PBS,
250 ll Protease K (1 mg/mL in 50 mM Tris with 1 mM EDTA,
1 mM iodoacetamide, and 10 mg/mL pepstatin A; Sigma-Aldrich,
Missouri, US) was used to digest the pellet at 56 �C overnight.
The GAG content was measured spectrophotometrically after using
1,9-dimethylmethylene blue and chondroitin sulphate (Sigma-
Aldrich, Missouri, US) as a standard. The DNA content was deter-
mined using the CyQuant cell proliferation assay kit (Invitrogen,
Ontario, Canada) using the supplied bacteriophage k DNA as a
standard.

2.6. RNA extraction and real-time polymerase chain reaction (RT-PCR)
analysis

Genes that are related to osteogenic differentiation and
dentinogenesis were compared across the four experimental
groups and included: 1) runt-related transcription factor 2
(RUNX2), essential for osteoblast differentiation; 2) alkaline phos-
phatase liver/bone/kidney type (ALPL), a metalloenzyme expressed
during osteogenesis (Pilipchuk, 2018); 3) osteocalcin (OCN), which
constitutes the majority of noncollagenous bone matrix proteins, is
considered a late osteogenic marker, and has recently been found
to play a role in transcription factor regulation during mineraliza-
tion (Tsao et al., 2017); 4) collagen type IA1 (COLIA1), the most
abundant organic component of bone ECM and is believed to play
an important role in enhancing osteogenesis through MSC integrin
–collagen type I binding (Lozito et al., 2009) dentin sialophospho-
protein (DSPP), abundant in odontoblast cells and plays an impor-
tant role in mineralization. DSPP was evaluated as a marker for
odontogenic differentiation (Giacaman et al., 2016)Trizol (Life
Technologies) was used to extract the RNA from the monolayer
osteogenic cultures. The RNA concentrations were measured using
a NanoDrop-2000C Spectrophotometer (Thermo Fisher Scientific,
Delaware, US). cDNA was then synthesized following the reverse
transcription reaction by using 1 lg of Oligo dT (Promega, Wiscon-
sin, US). Dilutions of 1:10 were prepared from the samples to be
used in real-time PCR (qPCR). A 10 ll real-time reaction mixture
was prepared by adding 3 ll of cDNA, 1 ll each of forward and
reverse primers and 5 ll of TakyonTM No Rox Probe MasterMix dTTP
Blue (Eurogentec North America, Inc., California, US). Primer
sequences are shown in Table 1. The dilutions were then sus-
pended in the 96-well block of the CFX real-time PCR detection
system. Hypoxanthine phosphoribosyltransferase 1(HPRT1), Ribo-
somal Protein L13a (RPL13), and Tyrosine 3-Monooxygenase/
Tryptophan 5- Monooxygenase Activation Protein Zeta (YWHAZ)
were used as internal controls in each run. These three latter refer-



Table 1
Primers sequences for genes of interest.

Gene Forward Reverse

Osteocalcin (OCN) AATCCGGACTGTGACGAGTTG CCTAGACCGGGCCGTAGAAG
Alkaline Phosphatase (ALPL) CCTGGCAGGGCTCACACT AAACAGGAGAGTCGCTTCAGAGA
Runt related transcription factor 2 (RUNX2/CBFA1) GGAGTGGACGAGGCAAGAGTTT AGCTTCTGTCTGTGCCTTCTGG
Collagen type I alpha 1 chain GCCTCGGAGGAAACTTTGC TCCGGTTGATTTCTCATCATAGC
Dentin sialophosphoprotein (DSPP) TGGGCAAAGGCAATGTCAA TGGCCAGGTCCTTCTATGTTG
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ence genes were used for the accurate quantification of data. Fluo-
rescence data were obtained and plotted against cycle number and
then analyzed using CFX connect software.

To determine the relative expression of the genes of interest, we
used three reference genes as normalizers. After determining CT
values, the difference between the reference and target gene CT
values is calculated. The relative expression of the target gene is
then determined by using the 2-D CT formula to compare and eval-
uate the osteogenic gene expression between groups.
2.7. Statistical analysis

The data presented in the graphs represent the average and
standard deviation in each group for the six donors. Statistical
analysis was performed using IBM� SPSS� Version 23.0 (IBM Corp.,
Armonk, N.Y., USA) and Excel 2016 (Microsoft, Washington, US). A
normality test to assess the distribution of the data was performed
using the Shapiro-Wilk test. A repeated two-way ANOVA was used
to determine whether there was any interaction between the iso-
lation method and sorting groups followed by further assessment
of the primary effect of the isolation method and CD146 expres-
sion. Statistical significance was considered when p < 0.05.
3. Results

3.1. Magnetic separation using CD146 magnetic beads

Fig. 1A demonstrates GFs population with high expression in
the CD146high-sorted group (Fig. 1B) and low expression in the
CD146low-sorted group (Fig. 1C).
3.2. Phenotypic analysis by flow cytometry

All patients exhibited low expression of CD146 in the CD146low

groups compared to the CD146high groups whether the enzymatic
or explant method was used. All four experimental groups
expressed the positive MSC markers CD90, CD105, and CD73 but
not the hematopoietic markers CD45 or CD34. No statistical signif-
icance was detected for any marker (Fig. 2).
Fig. 1. CD146 expression immediately following magnetic sorting. (A) Forward and
population of CD146high cells. (C) CD146 was expressed in 3.8% of the GF population of
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3.3. Osteogenic assays

3.3.1. Alizarin red staining
As evidence of the osteogenic differentiation potential of the

gingival fibroblasts, all patient samples exhibited alizarin red stain-
ing in all isolation type groups (Fig. 3A).

3.3.2. Gene analysis following osteogenic differentiation
The expression of relative osteogenic genes was compared to

further investigate any differences between the capacities of the
four experimental groups towards osteogenic differentiation. No
significant differences were observed in the expression of RUNX2,
OCN, OPN, COLIA1, or DSSP among the four experimental groups
(Fig. 3B).

3.4. Chondrogenic assays

3.4.1. Safranin O staining
All patient samples did not exhibit positive Safranin O stain,

with no significant difference among the four experimental groups
(Fig. 4A), suggesting that these cells were not being driven towards
chondrogenesis.

3.4.2. Biochemical analysis of gingival fibroblast chondrogenesis
No significant difference was observed in the ratio of GAG/DNA

among the four experimental groups (Fig. 4B).

3.5. Immunofluorescent staining for collagen type I and collagen type II

DAPI staining indicated uniform distribution of cells while col-
lagen type I was produced throughout the entirety of each pellet
with no outstanding variations observed among the four groups
(Fig. 5). Collagen type II was not detected in the extracellular
matrix of the pellets, a result that aligns with the low GAG content,
negating the presumed chondrogenic differentiation potential in
the gingival fibroblasts.

4. Discussion

The current study utilized gingival tissue to isolate and expand
GFs, specifically due to its ease of access and the promising multi-
side scatter of the GF population. (B) CD146 was expressed in 76.8% of the GF
CD146low cells.



Fig. 2. Flow cytometry analysis of CD surface markers. 25 � 104 cells were washed with ice-cold FACS buffer and then incubated for 45 min with primary monoclonal
antibodies. The bars represent the average expression of surface markers: CD146, CD90, CD70, CD105, CD34, and CD45 in all four experimental groups. Values are expressed
as the average ± SD. The expression of CD 146 in both CD146low and CD146high groups shows inconsistent and great variation between individuals.

Fig. 3. Osteogenic differentiation of GMSCs. A) Mineralization nodules were detected with alizarin red after 21 days of osteogenic differentiation. Scale bar (black)
represents 100 mm. B) Relative osteogenic gene expression for [alkaline phosphatase (ALPL), osteocalcin (OCN), runt related transcription factor 2 (RUNX2), type I collagen
(COL1A1), and dentine sialophosphoprotein (DSPP)] (n = 6/group).
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Fig. 4. Chondrogenic differentiation of GMSCs. A) No evidence of safranin O stain (pink) that for sulphated proteoglycans. Scale bar (black) represents 100 mm. B) Pelleted
cells from all patients (N = 6) in all experimental groups were analysed by RT-PCR to generate GAG, DNA, and GAG/DNA ratios. Values expressed as mean ± SD.

Fig. 5. Immunofluorescent detection of chondrogenesis. Representative images from one patient sample fluorescently labelled with antibodies for collagen type I (red) and
type II (green), and DAPI (blue). Scale bar represents 100 mm.
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lineage potential of these cells (Fawzy El-Sayed & Dörfer, 2016;
Fournier et al., 2013; Hynes et al., 2012; Mostafa et al., 2011;
Zhao et al., 2015). More importantly, we attempted to identify
GMSCs within GF cultures. Since MSCs are considered to be hetero-
geneous cell populations within the same isolated culture, the
identification of specific GMSC marker(s) is essential for tissue
engineering treatments, not only for dental tissue regeneration,
but potentially other organ systems (Harkness et al., 2016).
2523
Starting with the idea that CD146 is a putative MSC marker (El-
Sayed et al., 2015; Espagnolle et al., 2014; Harkness et al., 2016;
Paduano et al., 2016; Tormin et al., 2011; Zhu et al., 2013) and
its expression in MSCs might increase the differentiation capacity
and thus the stem cell properties (Baksh et al., 2007; Russell
et al., 2010), we wanted to determine if the CD146 expression in
GFs correlates to higher stemness. First, we enriched the GFs pop-
ulation by using the MACS. Then, we attempted to differentiate
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both CD146high and CD146low cultures into two lineages: osteo-
genic and chondrogenic.

In our study, CD146low and CD146high cultures express similar
levels of MSC-positive marker expression, with the expected nega-
tive expression of hematopoietic markers (CD34 and CD45),
regardless of the isolation method. Moreover, the loss of CD146
expression in three of our six samples of the CD146high expression
groups was similar to previously published work, which showed a
loss of CD146 expression from P1 to P6 (Paduano et al., 2016). The
results of this study are in contrary to previous research that
showed that CD146 maintained high expression after passage 6
(Harkness et al., 2016). This could be attributed to the different tis-
sue sources used (i.e., bone marrow versus gingival interdental tis-
sue). It has also been reported that CD146 expression was
inconsistent in the cells that were studied and greatly affected by
the anatomical site from which the tissues were derived
(Espagnolle et al. 2014; Tormin et al. 2011). Taken together, there
is conflicting evidence in the published literature which currently
prevents conclusions regarding the role of CD146 in MSC
characterization.

Our results revealed that the osteogenic differentiation poten-
tial of both CD146high and CD146low cultures was similar when
assessed phenotypically following alizarin red staining. Quantita-
tive analysis bore similar results: neither CD146 expression nor
the isolation methods had any effect on ALPL, OCN, COLIA1, or DSPP
gene expression. Studies using dental-derived MSCs have reported
contradictory results with regard to the differentiation potential
between CD146low and CD146high cultures. Several studies have
demonstrated increased differentiation potential of MSCs for
CD146high cultures as opposed to CD146low cultures (Tavangar
et al., 2017; Xu et al., 2008; Zhu et al., 2013). In addition,
(Sorrentino et al., 2008) reported an increased differentiation
potential and stem cell marker expression among CD146high cells.
However, this study used bone marrow-derived stem cells (BMSCs)
and made no comparison to CD146low cells (Sorrentino et al.,
2008).

Two additional studies using BMSCs reported a similar differen-
tiation potential for both CD146low and CD146high cultures. Both
studies obtained their cells from fresh bone marrow aspirate and
healthy donors and both used basic MSC expansion media without
the addition of growth factors (Espagnolle et al., 2014; Tormin
et al., 2011). Furthermore, a recent study reported no difference
in osteogenic gene expression between CD146high and CD146low

cultures (Harkness et al., 2016). It is important to note that publi-
cations attempting to replicate their data were unable to corrobo-
rate these findings. Both high- and low-expressing groups were
able to lay bone but the CD146low cultures differentiated and laid
significantly more bone compared to the CD146high cultures, which
formed more bone marrow. The authors linked their finding to the
heterogeneity of the MSC populations - either mature MSCs (laid
more bone) or immature MSCs (laid more marrow) (Harkness
et al., 2016). In another study, GMSCs were sorted by El-Sayed
et al. according to STRO-1 and CD146 expression and concluded
that CD146low cells possessed superior osteogenic differentiation
potential (El-Sayed et al., 2015). Additional evidence supports
superior osteogenic potential in CD146low cultures despite a differ-
ence in CD146 expression after passaging (Paduano et al., 2016).
The role of CD146 has also been explored in other dental stem cells,
including human dental pulp stem cells (DPSCs), stems cells from
human exfoliated deciduous teeth (SHEDs), and periodontal liga-
ment stem cells (PDLSCs) (Chalisserry et al. 2017). Despite ubiqui-
tous expression of CD146 across these cell types, findings
regarding the functional impact on stemness, differentiation
potential, and proliferation capacity have been contradictory. In
summary, it remains unclear whether the expression level of
CD146 has any substantial effect on the MSC phenotype.
2524
Our results indicate a high osteogenic differentiation potential
in all four experimental groups of isolated cells, unaffected by
the isolation or enrichment method. However, the quantitative
assessment of GAG production was not statistically different
among all groups and did not support chondrogenic differentia-
tion. In addition, our pellets have shown similar qualitative results
following safranin O staining and none of the pellets displayed evi-
dence of sulphated glycosaminoglycans. To further characterize
the ECM collagenous component produced in the cellular aggre-
gates, immunofluorescence results show high and equal produc-
tion of collagen type I in all pellets and no collagen type II
production was detected. Taken together, our results demonstrate
that the sorted GFs did not undergo chondrogenic differentiation
and suggest that the isolated and sorted GFs that express CD146
protein may be osteoprogenitor cells rather than mesenchymal
stem cells that possess multilineage differentiation potential. It is
of importance to note that sorting GFs based on a combination of
proteins markers expressed rather than the solemn expression of
CD146 might have led to selection of a population of cells that
might identify as MSC and thus shows different stemness and dif-
ferentiation potential. Further research in this field is still neces-
sary to identify the markers that can distinguish the GMSC
population residing within the GFs.

As previously mentioned, extractions of dental MSCs from dif-
ferent anatomical locations have been performed using either tis-
sue explants or enzymatic digestion. Here, we tested whether the
isolation method had any effect on the expression of MSC markers
or CD146 and compared the osteogenic/chondrogenic differentia-
tion potential. We report that, regardless of the isolation and cul-
ture method, the expression of MSC markers, including CD146,
and the differentiation potential remained unchanged in our iso-
lated populations. To our knowledge, this is the first study that
has considered the effects of isolation methods on MSC marker
expression and differentiation potential of GFs derived from gingi-
val tissue. The importance of this experiment demonstrates that a
consistent protocol will be required to advance MSCs for therapeu-
tic or regenerative purposes.

Upon establishment of a validated protocol for their isolation,
GMSCs may serve as an alternative to bone marrow and/or dental
pulp stem cells in dental and dentofacial regeneration and tissue
engineering. GMSCs have been shown to repair skin wounds and
to treat patients with rheumatoid arthritis and other immune dis-
eases (Chen et al., 2013), effects attributed to the angiogenic, anti-
inflammatory, and immunomodulatory properties of the cell type.
GMSCs modulate the recruitment of mast cells and neutrophils to
sites of tissue injury (Cha et al., 2017) and induce polarization of
macrophages from the inflammatory M1 to the reparative M2 phe-
notype (Fournier et al., 2013). The restorative capacity of GMSCs
has been demonstrated in preclinical species and in patients. When
loaded onto either an inorganic porous matrix of deproteinized
bovine bone or an organic collagen matrix, GMSCs corrected peri-
odontal defects in a porcine model (Fawzy El-Sayedet al., 2012).
Similarly, biopsy-derived GMSCs increased gingival width in
patients when used over a non-woven matrix (Prato et al., 2003).
Further advancements in scaffold materials may expedite the
implementation of GMSCs in the clinical setting.

A current limitation of GMSCs precluding therapeutic applica-
tion is their heterogeneity with regard to cell surface antigen
expression, morphology, proliferation rate, and response to inflam-
matory cytokines. Specific subtypes of GMSCs can be identified in
GF-derived cultures. The fibroblasts multiply and form distinct
colonies from single cells or multi-cell aggregates, colonies which
subsequently display varying self-renewal capacities following
expansion (Fournier et al., 2013). These divergent phenotypes,
again, undermine the need for optimal isolation, differentiation,
characterization, and handling protocols such that the regenerative
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and reparative qualities of distinct lineages can be leveraged in
future clinical trials.

We isolated GMSCs from GF populations using the two most
common methods, the explant and enzymatic digestion methods.
We also enriched the cell populations for CD146 expression. Nei-
ther isolation nor CD146 expression demonstrated any significant
effect on the expression of MSC markers or the differentiation
potential of these cells. Thus, our data suggest both isolation meth-
ods are sufficient to isolate GFs and that CD146 expression does
not appear to be a specific MSC surface marker to isolate or enrich
the MSC population from the total GF pool. These results warrant
pursuit of novel cell surface markers –independently or in combi-
nation with CD146 – that are more predictive of stemness and dif-
ferentiation capacity to enable the use of GFs and other dental
stem cells in the therapeutic setting.

Our study was not without limitations. It is possible that statis-
tical significance was not achieved due to the relatively small sam-
ple size. Furthermore, the inclusion of experimental control groups
that did not receive FGF-2 treatment was lacking. Moreover, the
cells were passed with magnetic beads only once in the extraction
tube. Passing the cells twice in the tube or using flow assisted cell-
sorting machines, which yield more accurate and purer popula-
tions of cells, may have presented superior methods for sorting
cells. It is also possible that the isolation methods could be opti-
mized, which would be the subject of future studies.

Based on our results and limitations, the following recommen-
dations can be explored in future studies: Incessant attempts to
test different combinations of MSC markers and hematopoietic
antigens in the GFs population to identify and isolate the optimal
GMSC population should continue. Lack of expression of markers
such as HLA-DR, with the expression of other proposed MSC mark-
ers as STRO-1 and CD271, could allow optimal use of GMSCs in
future translational, clinical, and therapeutic applications (Ahmed
et al., 2020; Iozon et al., 2020; Widowati et al., 2019). Moreover,
more studies could be conducted to understand potential differ-
ence of differentiation and surface marker expression based on
gender, age, race, and health status of the individual. Furthermore,
evaluate the potential of cryopreservation of the isolated GMSCs
while maintaining their therapeutic potential. Once the GMSC pop-
ulation has been identified and defined, further in vivo study mod-
els would help to establish potential therapeutic guidelines.
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Mostafa, N.Z., Uludağ, H., Varkey, M., Dederich, D.N., Doschak, M.R., El-Bialy, T.H.,
2011. In vitro osteogenic induction of human gingival fibroblasts for bone
regeneration. Open Dentistry J. 5 (1).

Mostafa, N., Scott, P., Dederich, D.N., Doschak, M., El-Bialy, T., 2008. Low intensity
pulsed ultrasound stimulates osteogenic differentiation of human gingival
fibroblasts. Canadian Acoustics 36 (3), 34–35.

Ouhtit, A., Gaur, R.L., Elmageed, Z.Y.A., Fernando, A., Thouta, R., Trappey, A.K., et al.,
2009. Towards understanding the mode of action of the multifaceted cell
adhesion receptor CD146. Biochimica Et Biophysica Acta (BBA)-Reviews on.
Cancer 1795 (2), 130–136.

Paduano, F., Marrelli, M., Palmieri, F., Tatullo, M., 2016. CD146 expression influences
periapical cyst mesenchymal stem cell properties. Stem Cell Rev. Reports 12 (5),
592–603.

Phipps, R., Borrello, M., Blieden, T., 1997. Fibroblast heterogeneity in the
periodontium and other tissues. J. Periodontal Res. 32 (1), 159–165.

Pilipchuk, S., 2018. Current and prospective clinical techniques for tissue
engineering to promote bone and periodontal regeneration in the oral cavity.
Design of 3D-Printed, Micropatterned Scaffolds for Tissue Engineering of Bone-
Ligament Constructs in the Oral Cavity using. Gene Therapy 195, 17.

Politis, C., Schoenaers, J., Jacobs, R., Agbaje, J.O., 2016. Wound healing problems in
the mouth. Front. Physiol. 7, 507.

Prato, G.P.P., Rotundo, R., Magnani, C., Soranzo, C., Muzzi, L., Cairo, F., 2003. An
autologous cell hyaluronic acid graft technique for gingival augmentation: A
case series. J. Periodontol. 74 (2), 262–267.

Russell, K.C., Phinney, D.G., Lacey, M.R., Barrilleaux, B.L., Meyertholen, K.E.,
O’Connor, K.C., 2010. In vitro high-capacity assay to quantify the clonal

http://refhub.elsevier.com/S1319-562X(21)00054-1/h0005
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0005
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0005
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0010
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0010
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0010
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0015
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0015
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0015
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0030
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0030
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0030
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0030
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0035
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0035
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0035
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0035
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0040
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0040
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0040
https://doi.org/10.1089/scd.2013.0015;10.1089/scd.2013.0015
https://doi.org/10.1089/scd.2013.0015;10.1089/scd.2013.0015
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0055
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0055
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0055
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0060
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0060
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0065
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0065
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0075
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0075
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0075
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0080
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0080
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0090
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0090
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0090
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0090
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0090
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0090
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0090
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0095
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0095
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0095
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0100
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0100
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0100
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0105
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0105
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0105
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0110
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0110
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0110
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0115
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0115
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0115
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0120
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0120
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0120
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0125
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0125
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0125
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0130
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0130
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0130
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0130
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0135
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0135
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0135
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0140
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0140
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0145
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0145
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0145
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0145
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0150
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0150
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0155
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0155
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0155
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0160
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0160


S. Diar-Bakirly and T. El-Bialy Saudi Journal of Biological Sciences 28 (2021) 2518–2526
heterogeneity in trilineage potential of mesenchymal stem cells reveals a
complex hierarchy of lineage commitment. Stem Cells 28 (4), 788–798.

Sorrentino, A., Ferracin, M., Castelli, G., Biffoni, M., Tomaselli, G., Baiocchi, M., et al.,
2008. Isolation and characterization of CD146 multipotent mesenchymal
stromal cells. Exper. Hematol. 36 (8), 1035–1046.

Tang, L., Li, N., Xie, H., Jin, Y., 2011. Characterization of mesenchymal stem cells from
human normal and hyperplastic gingiva. J. Cellular Physiol. 226 (3), 832–842.

Tavangar, M.S., Hosseini, S.M., Dehghani-Nazhvani, A., Monabati, A., 2017. Role of
CD146 enrichment in purification of stem cells derived from dental pulp polyp.
Iranian Endodontic J. 12 (1), 92–97. https://doi.org/10.22037/iej.2017.19 [doi].

Tormin, A., Li, O., Brune, J.C., Walsh, S., Schutz, B., Ehinger, M., et al., 2011. CD146
expression on primary nonhematopoietic bone marrow stem cells is correlated
with in situ localization. Blood 117 (19), 5067–5077. https://doi.org/10.1182/
blood-2010-08-304287 [doi].

Tsao, Y., Huang, Y., Wu, H., Liu, Y., Liu, Y., Lee, O.K., 2017. Osteocalcin mediates
biomineralization during osteogenic maturation in human mesenchymal
stromal cells. Int. J. Mol. Sci. 18 (1), 159.

Wang, Z., Yan, X., 2013. CD146, a multi-functional molecule beyond adhesion.
Cancer Lett. 330 (2), 150–162.

Widowati, W., Noverina, R., Ayuningtyas, W., Kurniawan, D., Kusuma, H.S.W.,
Arumwardana, S., Artie, D.S., Sholihah, I.A., Handayani, R.A.S., Laksmitawati, D.
2526
R., Rinendyaputri, R., Rilianawati, R., Faried, A., 2019. Proliferation,
Characterization and Differentiation Potency of Adipose Tissue-Derived
Mesenchymal Stem Cells (AT-MSCs) Cultured in Fresh Frozen and non-Fresh
Frozen Plasma. Int. J. Mol. Cell Med. 8, 4, 283–294.

Xu, J., Wang, W., Kapila, Y., Lotz, J., Kapila, S., 2008. Multiple differentiation capacity
of STRO-1 /CD146 PDL mesenchymal progenitor cells. Stem Cells Develop. 18
(3), 487–496.

Zhang, Q., Shi, S., Liu, Y., Uyanne, J., Shi, Y., Shi, S., et al., 2009. Mesenchymal stem
cells derived from human gingiva are capable of immunomodulatory functions
and ameliorate inflammation-related tissue destruction in experimental colitis.
J. Immunol. 183 (12), 7787–7798.

Zhao, N., Wu, Z., Qin, L., Guo, Z., Li, D., 2015. Characteristics and tissue regeneration
properties of gingiva-derived mesenchymal stem cells. Critical ReviewsTM in
Eukaryotic. Gene Expression 25 (2).

Zhu, B., Murthy, S.K., 2013. Stem cell separation technologies. Curr. Opin. Chem.
Eng. 2 (1), 3–7.

Zhu, W., Tan, Y., Qiu, Q., Li, X., Huang, Z., Fu, Y., et al., 2013. Comparison of the
properties of human CD146 and CD146� periodontal ligament cells in response
to stimulation with tumour necrosis factor a. Arch. Oral Biol. 58 (12), 1791–
1803.

http://refhub.elsevier.com/S1319-562X(21)00054-1/h0160
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0160
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0165
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0165
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0165
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0170
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0170
https://doi.org/10.22037/iej.2017.19[doi]
https://doi.org/10.1182/blood-2010-08-304287[doi]
https://doi.org/10.1182/blood-2010-08-304287[doi]
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0185
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0185
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0185
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0190
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0190
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0200
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0200
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0200
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0205
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0205
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0205
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0205
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0210
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0210
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0210
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0210
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0210
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0215
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0215
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0220
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0220
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0220
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0220
http://refhub.elsevier.com/S1319-562X(21)00054-1/h0220

	Human gingival fibroblasts: Isolation, characterization, and evaluation of CD146 expressionYour article is registered as a regular item and is being processed for inclusion in a regular issue of the journal. If this is NOT correct and you
	1 Introduction
	2 Materials and methods
	2.1 Isolation and expansion of human gingival fibroblasts
	2.2 Phenotypic analysis by flow cytometry
	2.3 Osteogenic and chondrogenic differentiation
	2.4 Histological analysis
	2.4.1 Alizarin red staining
	2.4.2 Safranin O staining
	2.4.3 Immunofluorescent staining for collagen type I and collagen type II

	2.5 Biochemical analysis for gingival fibroblast chondrogenesis
	2.6 RNA extraction and real-time polymerase chain reaction (RT-PCR) analysis
	2.7 Statistical analysis

	3 Results
	3.1 Magnetic separation using CD146 magnetic beads
	3.2 Phenotypic analysis by flow cytometry
	3.3 Osteogenic assays
	3.3.1 Alizarin red staining
	3.3.2 Gene analysis following osteogenic differentiation

	3.4 Chondrogenic assays
	3.4.1 Safranin O staining
	3.4.2 Biochemical analysis of gingival fibroblast chondrogenesis

	3.5 Immunofluorescent staining for collagen type I and collagen type II

	4 Discussion
	Declaration of Competing Interest
	ack26
	Acknowledgements
	Funding source
	References


