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Abstract

The molecular mechanisms that regulate proliferation and differentiation of cementoblasts, have not been
elucidated to date. In this paper, itis shown that human cementoblastoma-derived cells (HCDC) express greater levels
of cartilage markers such as type Il and X collagens, aggrecan (ACAN) and SRY-box 9 (SOX9) stem cell markers;
MCAM (melanoma cell adhesion molecule; synonym: CD146) and STRO-1 than human gingival fibroblasts (HGF).
Our in vivo studies demonstrate that HCDC induce bone formation through endochondral ossification as observed
14 days after HCDC were implanted in rat critical-size calvarial defects. At 30 and 60 days post-implantation, the
defects treated with HCDC were filled with 70 + 1.6 and 91 + 1.3% of newly formed bone. To confirm the identity of
this tissue, we analyzed the newly formed bone using histomorphology and immunostaining. The results showed the
expression of bone sialoprotein (BSP) and osteocalcin (OCN). Immmunostaining of human periodontal structures
showed that cementoblasts and periodontal ligament cells express cementum protein 1 (CEMP1), cartilage markers,
type Il and X collagens and CD146 which has been identified as a marker for chondroprogenitor cells. Altogether
these results indicate that HCDC has the capacity of multilineage differentiation and induces regeneration of

mineralized tissues other than cementum.
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Introduction

Regenerative medicine, and particularly tissue engineering, holds
a tremendous economic and therapeutic potential [1]. In order to
accomplish an efficient tissue engineering, a triad is required: cells that
will give rise to new tissue, a biomaterial to act as a scaffold or matrix
to hold the cells, and molecules that will direct the cell differentiation
process to the expected or particular desired tissue type [2]. Cementum
is a mineralized tissue with an extracellular matrix composed of
calcified collagenous Sharpey’s fibrils, type I and III collagen [3,4],
glycosaminoglycans, proteoglycans and non-collagenous proteins such
as fibronectin, osteopontin (OPN), bone sialoprotein (BSP), osteocalcin
(OCN), vitronectin (VtN), alkaline phosphatase (TNSALP), enamel-
related proteins, amelogenin (AMEL), ameloblastin (AMBN) as well
as growth factors such as TGF-p and BMP-2, platelet-derived growth
factor (PDGF), osteoprotegerin (OPG), and cementum-derived growth
factor (CGF) [5-8].

Cementum matrix contains novel cementum-derived molecules
known as CEMP1 (cementum protein 1; GenBank Accession:
NM_001048212; NM_001048216; GI: 313677962; HGNC: ID 32553)
and a mRNA encoding a polypeptide of 140 amino acids (GenBank
Accession Number: AAR22554.1; GI:38503520) that is a truncated
isoform of 3-hydroxyacyl-CoA dehydratase 1 (HACD1) (GenBank
Accession Number: AY455942.1; GI:38503519) and of which a gene
synonym is the cementum attachment protein (CAP). These proteins
have shown to be expressed by cementoblasts, some periodontal
ligament (PDL) cell populations and mesenchymal stem cells located
paravascularly in the PDL [9-11]. Therefore, cementum components
and cementoblasts appear to hold the potential to achieve regeneration
of the periodontium and other mineralized tissues [12-14]. A
thorough understanding of the biological properties of cementum
and cementoblasts is required to determine its role in periodontal
formation and therefore, periodontal regeneration. Furthermore, the

principles attributed to cementum regeneration might be used in the
regeneration of other mineralized tissues. In this respect, cementum
and bone share some structural, biochemical and functional features,
however, there is limited knowledge regarding if cementoblasts and
osteoblasts belong to the same cell lineage [15]. It is not clear if the
tissue described histologically in several reports as a cementum-like or
bone-like refers to the same tissue [15-17]. Nevertheless, the histological
features of bone are very similar to the cellular intrinsic fiber cementum
[CIEC] [18]. A study based on immunolabeling of osteoblast specific
markers has suggested that cementoblasts of cellular cementum and
osteoblasts share the same precursor cells [19]. This supports our
current knowledge regarding the location in endosteal spaces of the
alveolar bone and the perivascular location in the periodontal ligament
of progenitors cells that will give rise to the progeny of periodontium
cell populations named cementoblasts, osteoblasts and periodontal
ligament fibroblasts [20,21] which have the potential to recreate the
original periodontal tissues [22,23].

It has been shown that periodontal ligament cells cultured in a
three-dimensional fashion have a multi-lineage potential since these
cells differentiated into cementoblastic/osteoblastic and chondrogenic-
like phenotypes [24]. Additionally, cementum extracts have shown
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to induce cartilage phenotype in mesenchymal cells [25]. In vitro
and in vivo, human recombinant CEMP1 has proven to possess
functional abilities for inducing chondrogenic and osteogenic activities
[13,14,26,27]. CEMP1 induces periodontal ligament cells to express
cartilage markers such as type Il and X collagen, ACAN and SOX9 [24]
and shares a similar sequence with types X and XI collagens. It also
presents cross-reaction with type X collagen [3].

We hypothesized that human cementoblastoma-derived cells
express some stem cell-like properties, express cartilage-like phenotype
in vitro and in vivo and promote bone regeneration in critical-size
defects in rat calvarium which implies a cartilage intermediary. To test
this hypothesis, we determined the expression of stem cell and cartilage
markers, CD146, STRO-1, type II and X collagen, ACAN and SOX9
in vitro and then transplanted human cementoblastoma-derived cells
into critical-sized defects in a rat cranium model to study their role in
bone regeneration.

Materials and Methods
Cell culture

Human cementoblastoma-derived cells (HCDC) and human
gingival fibroblasts (HGF) were isolated and grown as described
previously [28,29]. Cells between the 1% and 2™ passages were used for
the experiment. The cells were grown in DMEM media supplemented
with 10% fetal bovine serum and antibiotics (streptomycin 100 ug/
ml, penicillin 100 units/ml). Cell cultures were maintained in an
atmosphere of 95% air/5% CO, at 37°C with 100% humidity.

Western blot

HCDCand HGF cells were plated ata 5 x 10* density in 6/well culture
plates and cultured for 3, 7 and 14 days. At the end of the experimental
period, cells were scraped with a policeman and dissolved in lysis
buffer containing 1% SDS and protease inhibitor cocktail [3]. Protein
concentrations were determined as described elsewhere [30]. Western
blot analyses were performed using rabbit polyclonal antibodies against
human SOX9, type II and X collagen, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), CEMPI, (produced in house) and mouse
anti-human CD146, (Santa Cruz Biotech. USA). Proteins from HCDC
and HGF-derived cells (10 pg/lane) were separated on SDS/12%
PAGE (except for type II collagen and CD146 which were separated
on SDS/10% PAGE), and electroblotted onto an Immobilon-P (PVDF)
membrane (Millipore Corp.). Membranes were blocked using 5% non-
fat milk for 1 h and then incubated with 1:300 diluted antibodies for 1
h. After washing, membranes were incubated with 1:1000 diluted HRP
(horseradish peroxidase)-conjugated goat anti-rabbit IgG or goat anti-
mouse secondary antibody for 1 h. Membranes were washed with PBS
and developed as described elsewhere [31]. Blots were scanned and
analyzed with a Kodak Electrophoresis Documentation and Analysis
System (EDAS) 290. The relative level of each protein was assessed by
measuring the integrated intensity of all pixels in each band excluding
the local background. Results are expressed as percentages of protein
intensity.

Real-time PCR

HCDC and HGF cells were cultured during 3, 7 and 14 days as
described above. At term, cells were collected and analyzed for nRNA
expression of ACAN, SOXO9, type II and X collagen and CEMP1 by
real-time RT-PCR. Total RNAs were extracted according to the
manufacturer’s recommended protocols with Trizol Reagent (Invit-
rogen, Carlsbad, USA). Ten Nano grams were used per reaction and

the level of mRNA expression was quantified by the one-step real-
time RT-PCR method using Superscript® IIT Platinum® SYBR® Green
One-Step qPCR Kit (Invitrogen, Carlsbad, USA). Primer sequences
for human genes encoding CEMP1, SOX9, types II and X collagens,
ACAN and GAPDH were as follows (forward/reverse): CEMP1
(5'- ATGGGCACATCAAGCACCTGA -3'/5'-CCCCATTAGTGT-
CATCCGC -3"); SOX9 (5'- GTAATCCGGGTGGTCCTTCT -3'/5'-
GACGCTGGGCAAGCTCT -3'); type II collagen (5- CGGCTTC-
CACACATCCTTAT -3'/5- CTGTCCTTCGGTGTCAGGG -3');
type X collagen (5'- GTGGACCAGGAGTACCTTGC -3'/5'- CATA-
AAGCCCACTACCCA -3'); aggrecan (5'- ACAGCTGCAGTGAT-
GCCCT -3'/5'- TTCTTGGAGAAGGGAGTCCA -3); GAPDH (5'-
CAACGGATTTGGTCGTATTGG-3'/5"- GCAACAATATCCACTT-
TACCAAGAGTTAA -3'). A 25 pL reaction was set up with the follow-
ing PCR conditions: (cDNA synthesis) 50°C for 3 min, denaturation at
95°C for 5 min followed by 40 cycles of 95°C for 15 sec, 60°C for 30 sec,
and finally 40°C, 1 min. Amplifications were performed in a Corbett
Rotor-Gene 6000 (Qiagen, Valencia, CA, USA). All experiments were
performed in triplicate and expression levels of the abovementioned
molecules were obtained using delta-delta ct method normalizing for
GAPDH.

Flow cytometry

HGF and HCDC were cultured up to confluence and then
incubated with DMEM supplemented as mentioned before and with
the addition of brefeldin A (BFA) to a final concentration of 10 ug/ml,
for 4 hrat 37°C, 5% CO,, 95% air atmosphere. Cells were detached with
0.02% trypsin-0.1% EDTA, re-suspended in PBS with 0.05% bovine
serum albumin (BSA) and then washed twice with PBS-0.05%-BSA. An
indirect immunofluorescence technique was used for protein detection.
Briefly, Non-specific binding was blocked by incubating the cells in
PBS with 5% BSA for 10 min. For STRO-1 and CD146 detection, cells
were incubated for 30 min at 4°C with STRO-1 or CD146 mouse anti-
human monoclonal antibodies (Santa Cruz Biotechnology, CA, USA),
diluted 1:100 in PBS, followed by FITC-labeled rabbit anti-mouse IgG
antibody (Invitrogen, Carlsab, CA, USA) for 30 min at 4°C for CEMP1,
type II and X collagen, SOX9 and ACAN. Cells were first fixed and
permeabilized with Cytofix/Cytoperm (Becton Dickinson, CA, USA)
for 15 min, followed by fluorochrome-labeled IgG Cy5 goat antibody
against rabbit (Invitrogen, Carlsab, CA, USA) for 30 min at 4°C. For
isotype controls monoclonal I1gG2a-FITC (eBioscience, San Diego,
CA, USA) was used. Cells were fixed with 1% paraformaldehyde at pH
7.4 and 3 x 10* events were acquired using a BD Biosciences FACS
Calibur cytometer (Becton Dickinson, San Jose, CA, USA) and a BD
Cell Quest, Pro v.5.1.1 software (Beckton Dickinson). The percentage
of cells labelled with each Ab was calculated compared to cells stained
with isotype control antibody. Cytometry data were analyzed using the
WinMidi 2.8 software.

In vivo cranial defect surgery

Ethics Statement: All animal procedures were approved by the
Institutional Research Ethical and Animal Care and Use Committee
(Facultad de Odontologia, Universidad Nacional Auténoma de
México). The animals were euthanized with carbon monoxide gas. For
orthotopic implantation, 72 Wistar rats (average mass of 250 g and
6 weeks old) (Harlan Laboratories, México City, México) were used.
Since in this study a critical-size calvarial defect was used, in order to
prevent rejection, rats were given a single dose of cyclophosphamide
immunosuppressant (100 mg/kg) two days after human cells
implantation [32,33]. Three dimensional gelatin matrix scaffolds with
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or without cells (HCDC or HGF) were implanted under anesthesia
(0.2 mL/100 g body weight via intramuscular injection of a pre-mixed
solution composed of ketamine-hydrochloric acid (HCL) (64 mg/
mL) (Keta-Sthetic, Boehringer Ingelheim, St. Joseph, MO), xylazine
(3.6 mg/mL) (Rompun, Miles, Shawnee Mission, KS) and atropine
sulfate (0.07 mg/mL), (Elkins-Sinn, Cherry Hill, NJ). Hair over the
calvarium was shaved and cleaned with a depilator. Xylocaine (1%, 0.5
mL) was injected intradermally in the middle of the calvarium. A 3 cm
midline calvarial incision was made, cranial skin flaps were elevated,
the subcutaneous fascia was divided and periosteal flaps were reflected
bilaterally. Using a trephine drill (Fine Science Tools, Inc., Foster City,
CA), a9 mm hole was drilled, penetrating through the calvarial bone.
Constant saline irrigation was used during this process and extreme
care was taken not to damage the dura mater. The animals were
randomly assigned to 4 groups; two groups acted as control with 6
animals each. A trephine burr was used to create a standardized defect.
The various groups were treated as follows: Group 1: The defect was
implanted with gelatin matrix scaffold without cells. Group 2: The
defect was left empty. Group 3: The defect was implanted with gelatin
matrix carrier scaffold with a 5 x 10°HCDC suspension. Group 4: The
defect was implanted with gelatin matrix scaffold containing 5 x 10°
HGF suspensions. Each subgroup consisted of 6 rats. The scaffolds
containing HCDC or HGF were then placed into the cranial defects.
Cranial skin was sutured with Vicryl 5-0 sutures. All animals in each
group were euthanized with carbon monoxide at 14, 30 and 60 days
post-implantation and the calvariae were harvested. All animals
survived throughout the experimental terms.

Histomorphometric analysis

After 14, 30 and 60 days the animals were euthanized and the
whole calvarium was removed and fixed in 10% paraformaldehyde
for 24 h. decalcified in 0.5% formaldehyde containing 10% EDTA, pH
7.4, at 4°C for 5 wks. The samples were dehydrated in a graded alcohol
series, embedded in paraffin, and 5 pm thick sections were prepared
and stained with H&E (hematoxylin and eosin). Sections from 14 days
specimens were axially oriented in order to produce a plane of analysis
through the center of the defect. Three central section’s/defects were
used for histometric/histological analysis. Additionally, three central
sections were stained with Masson’s trichrome for cross-reference.
Sections were stained with safranin-O to detect sulfated GAG. Briefly,
slides were stained 0.1% Safranin-O for 5 min with a brief rinse in
1% acetic acid in water. In order to stain acidic polysaccharides such
as glycosaminoglycans in cartilage slides were stained with Alcian Blue
8GX 1% (w/v), pH 2.5 (Sigma) for 30 min at room temperature. Slides
were washed, dehydrated and cleared with xylene before covering
with mounting medium and cover slipped. Assessment under light
microscopy was conducted to complete morphological evaluation
of the tissue’s response in the different groups. Furthermore, on all
sections from the specimens that were implanted for 30 and 60 days
image analysis was performed for quantitative analysis of the newly
formed bone. The outline of the implant area was defined. Finally,
using the image analysis program, surface area of bone and percentage
of bone area were assessed and an average value was calculated (Zen
Lite, Carl Zeiss, Germany).

Immunostaining in human periodontal tissues

Immunoexpression of ACAN, SOX9, type II and X collagen,
CEMPI, and CD146 was determined in human dental tissues which
were obtained from autopsy specimens (Departmento de Patologia,
Facultad de Odontologia, Universidad Nacional Auténoma de

México), following the policies of the Ethics and Research Review
Board of the Facultad de Odontologia, Universidad Nacional
Auténoma de Meéxico. The specimens containing periodontal
structures were fixed, decalcified, embedded in paraffin, sectioned and
mounted on glass salinized slides as described elsewhere [4]. Double-
immunofluorescence staining was performed using mouse anti-human
CD146 monoclonal antibody (Santa Cruz Biotechnology, Inc.), rabbit
polyclonal antibodies against human ACAN, SOXO9, type II and X and
XI collagen (Santa Cruz Biotechnology, Inc.), and CEMP1 (produced
in house) as described elsewhere [3]. Briefly, sections were pre-treated
with 10% BSA in PBS for 1 hour at room temperature and incubated
with primary monoclonal antibodies (diluted 1:300 in PBS) and
polyclonal antibodies (diluted 1:500 in PBS) for 12 h at 4°C. Sections
were then incubated with 1:50 diluted FITC-conjugated anti-mouse
IgG (Molecular Probes; Eugene, OR) and Alexa-Fluor-594-conjugated
anti-rabbit IgG (Molecular Probes), diluted 1:400 as secondary
antibodies for 1 h at room temperature. Samples were analyzed using
a fluorescent microscope (Axioskope 2, Carl Zeiss, and Germany) with
the appropriate filter combinations. Sections incubated with normal
rabbit or mouse serum or lacking first antibody were used as controls.

Statistical analysis

Seventy two animals were used for control and experimental
groups and values are expressed as mean + S. E. Multiple comparisons
between treatment groups were made with the Neuman-Keuls post-
hoc test with a two-way analysis of variance (ANOVA). P<0.05 was
considered statistically significant. Statistical analyses were performed
with Sigma Stat V 3.1 software (Jandel Scientific Ashburn, VA).

Results

Expression of molecules associated with cartilage phenotype

Gene expression: Gene expression profiling of isolated cell
fractions from HGF and HCDC is shown in Figure 1. Quantitative
PCR demonstrated that HCDC expressed ACAN (P<0.001), collagen
type II, (P<0.001) and collagen type X (P<0.003) at 3, 7 and 14 days
of culture. However, SOX9 mRNA expression showed no differences
between HGF and HCDC. There was also significant enrichment of
CEMP1 mRNA in the cell population representing HCDC at 7 and 14
days of culture as compared to HGF mRNA (P<0.001) (Figure 1).

FACS: Figure 2 shows that CEMP1 cementum molecule is
expressed by HCDC approximately 5 fold when compared with
HGF. The expression of cartilage markers revealed that there is a high
expression of HCDC; SOX9 was expressed 4 fold, ACAN 3.5 fold, type
1I collagen 3-fold and importantly, type X collagen was expressed 7-fold
when compared to HGF. The expression of STRO-1 and CD-146 stem
cell markers was analyzed in both HGF and HCDC. The results show
that STRO-1 is incipiently expressed in HGF and HCDC. Nevertheless,
CD-146 is expressed 2.5 fold in HCDC when compared to HGF.

Western Blot: Total protein extracted from HCDC and HGF was
subjected to western blotting and used to determine the expression of
cementum and cartilage-related proteins The results shown in Figure 3
indicate that cementum protein 1 (CEMP1) is expressed in HCDC in 3,
7 and 14 days by 2, 1 and 2.2-fold when compared to HGF. Cartilage-
related proteins such as type X collagen were expressed by 5, 3.2 and
4-fold at 3, 7 and 14 days of culture respectively. CD146 was expressed
1,3 and 7-fold at 3, 7 and 14 days of culture respectively, type II collagen
was expressed 0.5 fold at 3 days of culture when compared to HGF, and
SOX 9 showed an incipient expression in both HCDC and HGF.
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Figure 1: Gene expression of cartilage-related molecules in HCDC and HGF. Quantitative real time PCR shows that the expression of ACAN, types Il and X collagens
is restricted to HCDC. CEMP1 expression was higher at 7 and 14 days in HCDC. SOX 9 show that there is no difference between HCDC and HGF at this expression
level. HCDC show CEMP1’ higher expression at 7 and 14 days when compared to HGF (*p<0.05).
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Figure 2: FACS analyses of cartilage-related molecules and STRO-1 and CD146 stem cell markers in HCDC and HGF. A strong expression of SOX9, ACAN, types Il
and X collagens, CD146 and CEMP1 is revealed in comparison with HGF. Results indicate that the population of human cementoblastoma-derived cells, highly express
these markers when compared to HGF. STRO-1 expression was similar between both cell types. (*p<0.05).
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Figure 3: Western Blot analysis. CEMP1 and CD146 are noticeably expressed when compared to HGF. Type X collagen is strongly expressed at 3, 7 and 14 days of
culture. SOX9 and type Il collagen show no statistical differences between HCDC and HGF (*p<0.05).

Figure 4: Histological analysis of regenerated tissue in rat calvaria at 14 days post-implantation shows a center of cartilage-like tissue in the center with hypertrophic
cartilage in the periphery and strips of new bone formation stained with Masson’s Thrichrome (A). Axial section representing cartilage-like tissue revealed to be strongly
stained by alcian blue as well as some islands on the extension of the defect (Arrow), (B). Magnification 10x.

Cartilage and bone formation in vivo by HCDC: In order to
determine if HCDC or HGF could induce bone formation, we used
a standardized model of critical-sized defects in rat calvaria. For
this purpose a gelatin scaffold containing either HCDC or HGF or a
gelatin blank scaffold was used. Calvarial rat samples were collected

after 14, 30 and 60 days. Samples obtained at 14 days revealed that
those defects treated with HCDC embedded in gelatin matrix scaffold
showed tissue with histomorphological characteristics resembling
cartilage-like tissue surrounded by strips of bone (Figure 4A). A
panoramic section stained with alcian blue revealed the presence of
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acid mucopolysaccharides around the cartilage-like tissue (Figure
4B). In Figure 5 it is observed at major detail the tissue representing
cartilage. The cells showed the characteristics of chondrocytes and
hyperthrophic cartilage becoming bone-like tissue. The staining of
cartilage-like tissue with Masson’s trichrome stain reveals in detail
the cellular characteristics of cartilage, hypertrophic cartilage and
newly formed bone (Figure 5A). Safranin O and alcian blue reveal its
identity as a cartilage (Figure 5B and 5C). Defects treated with HGF
showed only connective tissue (data not shown). Calvarial defects
showed that control specimens (gelatin matrix) analyzed 30-days post-
surgery displayed a band of thin connective fibrous tissue bridging the
extremes of the defect without evidence of any sign of bone growth
(Figure 6A). Defects that were implanted with HGF embedded in
gelatin matrix showed a band of fibrous connective tissue connecting

both extremes of the defect (Figure 6B). Experimental scaffolds of
gelatin matrix containing HCDC showed an almost complete filling
of the cranial defect. Interestingly the bone-like formed tissue was
located in the middle of the defect. The bone-like tissue was connected
to the extremes of the defect by a thick bundle of fibrous connective
tissue (Figure 6C). At sixty days post-surgery, control specimens
(blank defect) showed a thin fibrous bridge of connective tissue (Figure
7A). Defect treated with HGF embedded in gelatin matrix showed a
disorganized and amorphous mineralized tissue which represented
23% + 2.3% of new bone (Figure 7B). Experimental defects treated with
HCDC embedded into the gelatin matrix showed a complete filling
of the defect with bone-like tissue; the newly formed bone-like tissue
showed morphological characteristics of normal bone with osteocytes
embedded in their lacuna and osteoblasts lining the outer edge of

Figure 5: A detailed histological analysis of the center of the calvarial defect is shown. A. Staining of the center of the cartilage-like-tissue with Masson’s Thrichrome
shows that the center of the defect is filled with chondroblast-like cells with a “mirror” (arrow) appearance, the periphery composed by hypertrophic cartilage (arrowhead)
and strips of mineralized bone (thick arrow). B. Staining with Safranin O revealed the identity of cartilage-like tissue by staining the tissue formed in the center of the
defect. Detailed alcian blue staining shows that cells located in the center of the defect are stained (arrow) as is the band of tissue surrounding it where chondrocytes
nucleus are also stained (arrowhead). The periphery of this tissue is strongly stained with alcian blue (thick arrow) Magnification 20x.

Figure 6: Histological analysis at 30 days post-implantation. Sections were stained with Masson's trichrome. Critical-sized calvarial defects treated either with gelatin scaffold
or without treatment show a bridge of dense connective tissue fiber bundles (A). Defects treated with HGF shows a bridge of connective tissue (B). Defects treated with HCDC
show bone-like tissue occupying most of the defect. Notoriously, bone connection was not observed with the margins of the defect (C) Magnification 10x.
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Figure 7: Histological analysis at 60 days post-implantation. (A) The figure shows the control defect which was either empty or treated with gelatin scaffold. A band of
connective tissue connects the borders of the defect; no bone formation is evident. (B) Defects treated with HGF show the formation of amorphous and disorganized
bone-like tissue (ossicles) in the center of the defect. (C) Defects treated with HCDC show almost complete filling up to 91% of the defect with bone-like tissue.
Magnification 10x.

Figure 8: Immunostaining of cells in the calvarial defect. At 14 days cells located in the vicinity of bone and cartilage-like tissue express CD146 strongly (A). Immuno-
expression of type X (B) and Il (C) collagens is observed in bone-marrow-like tissue. Some cell populations express these cartilage markers as well. Cells located
in these spaces strongly express CEMP1 (D) and human nuclear antigen which implies that the cells that deposit cartilage-like tissue are from human origin (E).
Magnification 20x A, B and C. 10x B and C. Specimens stained with Masson’s thrichrome for anatomical orientation (F-J), magnification 20X. Negative controls (K-O).
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Figure 9: Molecular analysis of bone-like tissue by double immunostaining. Osteoblast cells facing the border of bone (OB) and osteocytes (OCT) express BSP. Arrows
(A). Osteocalcin shows similar expression in osteoblasts (OB) and osteocytes (OCT) and stains intensively (B). Co-localization of both proteins is shown in osteoblasts
(OB) and osteocytes (OCT) (C). Negative control using rabbit or mouse preimmune serum (D). H&E staining for anatomical orientation (E). Magnification 20x.

the bony tissue (Figure 7C). There was no evidence of inflammatory
response in the experimental or control groups. Histomorphometric
analysis was performed using H&E stained sections. Cranial critical-
size defects treated with HCDC demonstrated a 70% * 1.6% and 91%
+ 1.3% of newly formed bone at 30 and 60 days respectively. This was
statistically significant as compared to the gelatin-only matrix scaffold
and the blank cranial defect. Control specimens, blank defect and
gelatin matrix alone, were filled with fibrous tissue only.

Molecular analysis of the filled defect: In order to assess the
molecular identity of the filled defect, the presence and expression
of cartilage related molecules was analyzed by immunofluorescence
tissue sections from 14 days. Our results revealed that CD146, a
stem cell marker for chondroprogenitors, is strongly expressed by
cells located in bone-marrow like spaces (Figure 8A). Type X and II
collagen had a similar location; however there was evidence that some
cell subpopulations expressed these cartilage-related molecules (Figure
8B and 8C respectively). Cells surrounding the cartilage-like tissue and
surrounded by bone-like tissue expressed CEMP1 which was observed
widely distributed among cells located into the spaces between bone
strips (Figure 8D). Human nuclear antigen reveals that cells located
around the cartilage-like tissue in spaces that resembled bone marrow
cross-reacted with this antibody, establishing that the cells responsible
of cartilage and bone regeneration are induced by HCDC (Figure 8E).
Double-immunofluorescence revealed that bone related molecules such
as BSP and OCN were expressed by osteoblasts facing the mineralized
front of bony tissue as well as osteocytes immersed into the mineralized
matrix and both co-localized in the same cellular structures (Figure 9A-
9C). However, OCN showed a more intense expression in osteocytes.
Controls using pre-immune mouse and rabbit serum were negative.

Immunolocalization of cartilage-related molecules in human
periodontal tissues: Figure 10 shows the immunolocalization of
CD146 on human periodontal tissues revealed that it was expressed
by cementoblasts facing the cementoid phase as well as some
periodontal ligament cell subpopulations. CEMP1 showed a similar
tissue distribution and was strongly expressed by cementoblasts. Both
proteins were localized in the same tissue components. Periodontal
ligament cells and some cementoblasts expressed type II collagen.
Type X collagen was lightly expressed by cementoblasts facing
the cemented phase of cementum and a few cells located into the
periodontal ligament. SOX9 was strongly expressed by cells in the
periodontal ligament and highly expressed in cementoblasts. ACAN
was also expressed by cementoblasts facing the cementum. Periodontal
ligament cells also expressed this molecule. CD146 and the molecules
tested in this study immunoreacted with cells around blood vessels in
the periodontal ligament which were strongly positive. Controls using
pre-immune mouse and rabbit serum were negative.

Discussion

In this research human benign cementoblastoma-derived
cells have been used. Previously, these cells were characterized as
putative cementoblasts [29]. Although cementoblastoma is a rare
ectomesenchymal odontogenic tumor that originates from the root
of the tooth, it is characterized by the formation of cementum-like
tissue and recapitulates cementum deposition similar to that during
root formation in the later stages of odontogenesis. Furthermore,
cementoblastoma has continuity with the cementum layer of the
apical third of the tooth root and remains separated from bone by a
continuation of the periodontal ligament, all of which supports an
odontogenic origin [33]. Therefore these cells have been used in the
past as putative cementoblasts-like cells [29].

Our results show that HCDC express cartilage-related molecules
in vitro and promote bone formation in critical-sized defects in rat
cranjum through endochondral ossification. From our findings we
infer that HCDC can give rise to cartilage, which eventually becomes
hypertrophic and turns to bone. We have shown that HCDC express
CD146 which is a 113 kDa to 119 kDa transmembrane glycoprotein
expressed in normal adult tissues by vascular endothelium and bone
marrow cells and it was recently identified as a marker of isolated
chondroprogenitor cell sub-populations localized near and around
blood vessels. It also identifies osteoprogenitors [34]. Since CD146*
chondroprogenitors exhibit high potential for cartilage formation
[35], our findings demonstrate that pericytes and cells in the
periodontal ligament with paravascular location are CD146". Perycytes
expressing CD146" have shown to yield osteocytes, chondrocytes and
adypocytes [36], thus indicating that perycites and paravascular cells
have multi-lineage potential including the ability to differentiate into
cementoblasts. From these results we infer that cementoblasts might
maintain their “ancestral memory” with chondrogenic/osteogenic
differentiation potential.

Cell populations in HGF and HCDC show similarity in STRO-1
expression. This is not an uncommon finding since there is evidence
that human gingival fibroblasts-derived cells possess a heterogeneous
mesenchymal stem cell population which can differentiate in vitro
into osteoblasts, chondroblasts and adypocytes [37-41]. Therefore
they are able to form bone in calvarial defects [42]. Interestingly, it has
been shown that STRO-1* gingival MSCs induce regeneration of the
periodontal structures, including bone, cementum and periodontal
ligament [43]. Isolated mRNA from HCDC and HGF showed the
expression of key chondrogenic genes, including type II and X
collagen, SOX9 and ACAN [44]. Type II collagen is present in native
cartilage and is a marker for chondrocyte differentiation [45-47].
Our results show that type II collagen (the primary structural protein
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a-CD 146

a-CEMP-1

Figure 10: Immunofluorescence identification of CD146, cartilage markers and CEMP1 on human periodontal tissues. Triplets of microphotographs show the distribution
and co-localization of CD146 with CEMP1, types Il and X collagens, SOX9 and ACAN. Masson'’s trichome staining sections for anatomical orientation are shown.
The row at the right is a representative negative control using normal rabbit or mouse serum, which was negative. Notice the strong SOX9 and CEMP1 expression
in cells lining the cementum and weak expression of type Il and X collagens and ACAN. CEM=cementum; CB=cementoblasts; BV=blood vessel; PC=perycites;

PDL=periodontal ligament. Magnification 20x.

for cartilage) is only expressed by HCDC and not by HGF. HCDC
contained a higher cell population that express type II collagen, ~3-
fold relative to HGF. The expression of SOX9, a transcription factor
which plays a regulatory role during chondrogenesis and type II
collagen expression, showed no differences between HCDC and HGF.
Nevertheless, FACS analysis revealed that SOX9 was expressed 3.5
fold more by HCDC when compared to HGF. ACAN is a structural
glycoprotein important in mediating chondrocyte-chondrocyte and
chondrocyte-matrix interaction and it is a marker for pre-hypertrophic

chondrocytes [48,49]. It also regulates chondrocyte morphology
[50,51]. This molecule was only expressed by HCDC. Type X collagen
is specific to cartilage and is synthesized by terminally differentiating
chondrocytes, mainly hypertrophic chondrocytes. It is thought to
facilitate the calcification process. Thus, it is of major importance in
endochondral bone growth and development [52-56] and invariably
precedes the onset of ossification [57,58]. However, a hypertrophic
cartilage template contains all necessary signals to initiate bone tissue
formation, vascularization, remodeling, and establishment of bone. The
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central construct core is progressively filled with matrix and ultimately
remodeled into trabecular-like bone structures [59]. In our model,
bone regeneration was probably engineered by activating HCDC
toward an endochondral ossification route and thus by invoking a
developmental engineering paradigm [59]. CEMP1 a specific marker
for cementum has been shown to induce periodontal ligament cells
towards osteogenic/chondrogenic phenotype and it is thought to play
a role during mineralization in vitro and induce bone regeneration in
vivo [13]. It is expressed at high levels in HCDC relative to HGF; it is
therefore possible that HCDC producing CEMP1 have the potential to
differentiate to osteoblasts-like and chondroblast-like cells.

Our in vivo studies using a standard critical-size model in rat
cranium clearly demonstrate that HCDC induces bone formation
through endochondral ossification. Our results show that cartilage-
like tissue formed after 14 days contains core cells morphologically
similar to chondrocytes and a hypertrophic zone of cartilage on the
periphery. Molecular analysis reflects the nature of cartilage based on
expression of type II and X collagen and CD146. We believe that these
cells are chondroprogenitors. However, there was heterogeneity in the
expression of cartilage markers in cells facing cementum thus indicating
that this is not a unique cementoblast phenotype. This phenomenon has
also been described for osteoblasts [60]. More importantly these cells
exhibited immunoreaction with anti-human nuclear antigen indicating
that HCDC possess the potential to differentiate towards osteoblasts
and chondroblasts. The histological and molecular characteristics of the
formed bone reflected mineralized tissue with lamellar organization,
bone marrow spaces; osteoblasts bordering bone surface and osteocytes
within bone which immunoreacted with antibodies against BSP and
OCN. This observation confirms the identity of bone. HGF showed a
disorganized mass composed mainly by ossicles without the apparent
presence of bone marrow spaces. As demonstrated previously, a single
administration of cyclophosphamide (100 mg/kg) soon after antigenic
stimulation duplicates the administration of multiple injection [31,32].

Taken together, all these data indicate that HCDC possess some
stem cell-like properties and the capacity of lineage differentiation at
least to chondroblastas and osteoblasts. Our data adds to the hypothesis
that chondroblasts, cementoblasts and osteoblasts might have their
origin in an ancestral source of progenitor cells located paravascularly
and in perycites bordering blood vessels in the periodontal ligament
[9,22,61,62]. Therefore, possibly, cementoblasts hold the potential to
maintain homeostasis in the periodontium and act as progenitor cells
themselves. However, it is important to consider that HCDC may
not represent a homogeneous cell population. In this respect HCDC
possess some characteristics of stem cells which have the ability to
divide asymmetrically giving rise to two daughter cells, one with self-
renewal capability and the other, a progenitor cell which has the ability
of differentiation but not self-renewal [63]. Nevertheless it appears
highly plausible that within each neoplasm there is a small fraction of
cells with stem cell property which are the responsible for initiating
and maintaining a tumor like it might happen in the case of human
cementoblastoma [64]. Based on this statement and according to our
findings HCDC contains some cell populations with stem cell potential.

In conclusion, the present study has demonstrated that HCDC are
a highly potent population of progenitor cells retaining some stem cell-
like properties, with ability to differentiate into specialized lineages and
regenerate functional tissues. Together, our findings provide a greater
insight into HCDC phenotype and illustrate their ability to regenerate
mineralized tissues.
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