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Periosteum as a source of mesenchymal stem cells:
the effects of TGF-3 on chondrogenesis

Cristiane Sampaio de Mara, Angélica Rossi Sartori, Adriana Silva Duarte, Andre Luis Lugani Andrade,
Marcio Amaral Camargo Pedro, Ibsen Bellini Coimbra

Laboratory of Molecular Biology of Cartilage - Department of Clinical Medicine, Division of Rheumatology - State University of Campinas.

INTRODUCTION: Numerous experimental efforts have been undertaken to induce the healing of lesions within
articular cartilage by re-establishing competent repair tissue. Adult mesenchymal stem cells have attracted attention
as a source of cells for cartilage tissue engineering. The purpose of this study was to investigate chondrogenesis
employing periosteal mesenchymal cells.

METHODS: Periosteum was harvested from patients who underwent orthopedic surgeries. Mesenchymal stem cells
were characterized through flow cytometry using specific antibodies. The stem cells were divided into four groups.
Two groups were stimulated with transforming growth factor B3 (TGF-B3), of which one group was cultivated in a
monolayer culture and the other was cultured in a micromass culture. The remaining two groups were cultivated in
monolayer or micromass cultures in the absence of TGF-B3. Cell differentiation was verified through quantitative
reverse transcription-polymerase chain reaction (RT-PCR) and using western blot analysis.

RESULT: In the groups cultured without TGF-f3, only the cells maintained in the micromass culture expressed type
Il collagen. Both the monolayer and the micromass groups that were stimulated with TGF-$3 expressed type Il
collagen, which was observed in both quantitative RT-PCR and western blot analysis. The expression of type Il
collagen was significantly greater in the micromass system than in the monolayer system.

CONCLUSION: The results of this study demonstrate that the interactions between the cells in the micromass culture
system can regulate the proliferation and differentiation of periosteal mesenchymal cells during chondrogenesis
and that this effect is enhanced by TGF-$3.
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INTRODUCTION needs of the site. In native articular cartilage, the
extracellular matrix (ECM) is primarily composed of a
Articular cartilage exhibits low capacity for self-repair after network-like structure of proteoglycans and type II collagen
joint damage. Previous research has shown that damaged among other proteins. Chondrocytes are the cellular
cartilage tissue shows limited potential for repair or  component of the cartilage and are responsible for the
regeneration due to its avascularity and due to the presence production and degradation of the ECM.?
of relatively few chondrocytes that exhibit low mitotic Mesenchymal stem cells (MSCs) are undifferentiated
activity.! In the instance of full-thickness articular cartilage pluripotent cells that are capable of differentiating into
defects that penetrate the cartilage tissue, the repair of many cell types. Adult human MSCs have been derived
hyaline cartilage is often performed under restrictive condi- from a variety of tissues and have exhibited the potential of
tions that are frequently insufficient for complete repair. participating in the growth and repair processes. MSCs are
Articular cartilage defects correlate with pain and joint an attractive source of cells for regenerative medicine
dysfunction and remain a practical problem, particularly in because they can be harvested in a minimally invasive
younger patients. manner, isolated easily, and expanded without difficulty
Articular cartilage is a connective tissue, which performs while preserving their pluripotent capacities including the
highly specialized functions that are adapted to the local capacity for chondrogenesis. Therefore, MSCs may be a
suitable autogenous cell source for the repair of articular
cartilage.3’4 Also, factors such as TGF play critical roles in
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chondrocyte implantation (ACI) is a biological method for
the treatment of large, full-thickness chondral defects of the
knee. Briefly, ACI involves the implantation of a suspension
of cultured autologous chondrocytes beneath a tightly
sealed periosteal flap. Periosteal coverage is a popular
technique for regairing cells or cell/scaffold composites in
cartilage defects.” This method also implants a large quantity
of progenitor cells, which differentiate into chonclrocytes.7'9
However, a previous study found that the transplantation of
MSCs or chondrocytes without a periosteal patch would be
advantageous because periosteum may be associated with
hypertrophy or ossification.'® On the other hand, Brittberg
et al.® reported that transplantation using autologous chon-
drocytes produced excellent results in patients with patellar
defects. However, this approach was limited by the number
of acquired chondrocytes and their proliferation rate.
Moreover, it has been well characterized that chondrocytes
cultured in a monolayer for a period of more than two
weeks undergo de-differentiation.''

N-cadherin, a cell-dependent adhesion molecule, is
strongly expressed in condensed mesenchyme and has
demonstrated a role in chondrogenesis in murine cell
lines."*!® Therefore, we investigated the activity of perios-
teum-progenitor mesenchymal cells (PPMCs) in high-
density micromass cultures. There are currently no
published reports on the use of this technique in human cells.

The successful employment of cell therapy for the
treatment of cartilage injury requires the determination of
the conditions or parameters that are necessary for the
selection of an appropriate cell. In the present study, our
aim was to evaluate the ability of PPMCs to differentiate
into chondrocytes and express collagen type II by compar-
ing high-density micromass cultures with monolayer
cultures in the presence and absence of TGF-f3.

MATERIALS AND METHODS

Characterization of periosteum-progenitor
mesenchymal stem cells

The periosteum samples were harvested from the proximal
tibial tissues of four human donors of various ages (ranging
from 40-60 years) who underwent surgical knee replacement
procedures. According to the protocol described by Jansan
etal.,'® the tissue samples were rinsed twice with phosphate-
buffered saline (PBS) containing an antibiotic-antimycotic
solution (Sigma, USA). The samples were minced into small
slices and treated with 1% collagenase solution (Sigma, St.
Louis, MO, USA) in PBS for digestion at 37°C for 20 min. The
collagenase solution was drained and the periosteum-
derived cells were collected after washing with PBS. The cell
suspension was centrifuged at 1200 RPM, and the cell pellet
was re-suspended in low-glucose Dulbecco’s modified
Eagle’s medium (DMEM-Gibco®) supplemented with 10%
fetal bovine serum (FBS) and 1% antibiotic-antimycotic
solution at 37°C for one week in a chamber containing 95%
humidified air and 5% CO,. When the cells reached 80%
confluence, they were trypsinized (5 mg trypsin/ml PBS),
washed in PBS, re-suspended in 20 ml medium, and re-
plated into 75-cm?® bottles (Cellstar®) for expansion. After
three passages, the cells were trypsinized again and analyzed
using flow cytometry (FACsort, BD, San Jose, CA, USA). The
following monoclonal antibodies were used: CD90-PECYS5,
CD 105-PE, CD 29-FITC, CD73-PE, STRO-PE, CD34-PE, CD
45-SPRD and HLA DR-FITC. These antibodies were
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employed because they are markers of mesenchymal
progenitor cells, which do not express the typical hemato-
poietic antigens.'”

For immunophenotypic characterization, MSCs at the
third passage were trypsinized, harvested, washed once
with PBS, and re-suspended in PBS. Cells (1x10° per
sample) were stained at room temperature for 30 min with
isotype control mAbs or with specific anti-human anti-
bodies. These samples were mixed gently and incubated for
20 min at 4°C in the dark, then washed and re-suspended in
staining buffer (PBS-BSA). Data from 10,000 events were
recorded, and flow cytometry was used to measure the
binding of antibodies (CD90 PECYS, HLA DR FITC CD34
PE) relative to that of isotype-matched control antibodies.
The specific fluorescence labeling was analyzed using a
FACSCalibur flow-cytometry instrument (Becton Dickinson,
USA) using the Cell Quest software (BD Bioscience, San
Jose, CA, USA).

Chondrogenic Differentiation

After expansion, the mesenchymal cells were re-suspended
in a chondrogenic culture medium consisting of high-glucose
Dulbecco’s modified Eagle’s medium (Gibco), Invitrogen,
California, USA, 10 ng/ml TGF-B3 (R&D Systems), 100 nM
dexamethasone, 1 xITS"1 premix, 40 pug/ml proline, and 25 pg/
ml ascorbate-2-phosphate (all obtained from Si%ma—Aldrich,
Poole, UK., http:// www.sigmaaldrich.com).18'2 To achieve
chondrogenesis in high-density cell culture, micromass-
culture cells were seeded at a density of 5x10° cells per
100 pl of medium onto dry wells in a 96-well plate (Corning
Life®). After two hours, the wells were slowly filled with 0.2 ml
of chondrogenic medium in which the cells were maintained
for 21 days at 37°C in 5% CO, and 95% air. The medium was
refreshed every three to four days. A second model of culture
(i.e., the monolayer system) was applied by seeding cells into
Costar six-well cell-culture plates (Corning) at a density of
1x10° cells/cm?. The medium in this system was also changed
every three to four days.

RNA Isolation, Reverse Transcription and RT-PCR
Total mRNA was extracted and prepared using the TRIZOL
reagent according to the manufacturer’s instructions (Invi-
trogenTM Life Technologies, Carlsbad, CA92008, USA). Total
RNA (1 pg) was treated with 1 U of deoxyribonuclease I
(DNase I) (InvitrogenTM Life Technologies, Carlsbad,
CA92008, USA) to digest any contaminating genomic DNA.
Reverse transcription was performed using SuperScriptll
(Invitrogen) according to the manufacturer’'s protocol.
Quantitative PCR was conducted using SYBR green (applied
quantitative real-time PCR was performed on a 96-well-plate
ABI Prism 7000 Sequence Detection machine; Applied
Biosystems, Foster City, CA) from the SYBR Green PCR
Master Mix (Applied Biosystems, Foster City, CA). The total
volume (12 pl) of each PCR reaction contained 6 ml SYBR
Green PCR Master Mix, 10 ng cDNA (3 pl), and 150 pM (3 ul)
of each of the forward and reverse primers. The real-time PCR
reaction was carried out at 95°C for 10 min (activation), 40
cycles of 95°C for 15 sec, 60°C for 20 sec, 72°C for 20 sec (ampli-
fication), and 72°C for 1 min (final extension). The melting
curves were acquired after the Polymerase Chain Reaction
(PCR) to confirm the specificity of the amplified products. A
standard curve, based on the threshold values of the cycle,
was used to evaluate gene expression. Glyceraldehyde 3



CLINICS 2011;66(3):487-492

Table 1 - The primer sequences used in gRT-PCR. Primer
sequences for all genes were designed using the ABI
Primer Express program (Applied Biosystems, Foster City,
CA, USA).

GGCAATAGCAGGTTCACGTACA
CGATAACAGTCTTGCCCCACTT

Collagen Il Forward
Collagen Il Reverse

Aggrecan Forward TCGAGGACAGCGAGGCC
Aggrecan Reverse TCGAGGGTGTAGCGTGTAGAGA
GAPDH Forward GCACCGTCAAGGCTGAGAAC

GAPDH Reverse CCACTTGATTTTGGAGGGATCT

phosphate dehydrogenase (GAPDH) was employed as an
internal control.

Primer Sequences

The primer sequences for all genes were designed using
the ABI Primer Express program (Applied Biosystems,
Foster City, CA, USA). The specific primers that were used
are listed in Table 1.

Western Blot Analysis

The proteins secreted by the cells into the culture medium
were analyzed as follows. The proteins were precipitated
using 2 mg/ml of pepsin (Sigma-Aldrich®) and 30 pl/ml of
acetic acid, glacial P.A. The samples were maintained in
30°C for 30 min and then stored overnight at 4°C on a
shaker. Next, the samples were centrifuged for 90 min at
6400 RPM. Finally, the pellets were washed twice with PBS
buffer, and the quantity of protein was determined using a
spectrophotometer. Next, 30 pg of protein was separated on
a 10% SDS-PAGE (sodium dodecyl sulfate)-polyacrylamide
gel electrophoresis) gel and transferred onto a nitrocellulose
Hybond membrane (Amersham) using trans-blot apparatus
(Invitrogen). The membranes were blocked with 5% (v/v)
skimmed milk in PBS containing 0.1% Tween 20. Finally, the
blot was sequentially incubated with a 1:2000 diluted
polyclonal type II collagen antibody (Chemicon®) capable
of recognizing the C-terminal telopeptides of human type II
collagen, which has a molecular weight of 70 kD (21). The
antibody was rinsed three times with PBS containing 0.1%
Tween 20 and then incubated with a peroxidase-conjugated
secondary antibody against rabbit IgG. The signals were
visualized using an ECL kit (Amersham Biosciences UK
Limited Chalfont Buckinghamshire, England).

Statistical Analysis

Statistical analysis was performed using the one-way
analysis of variance (ANOVA) test with commercially
available software (InStat; GraphPad Software, San Diego,
CA, USA, http://www.graphpad.com). The confidence
interval was 95%. Considering the multiple comparisons
between groups, P values below 0.05 were defined as
significant.

RESULTS

The MSC which firmly attached to the surface of the cell-
culture plate, formed colonies, and presented spindle-
shaped or fibroblast-like morphology and agranular appear-
ance. The sub-cultured cells grew in a monolayer and
attained a stable, fibroblast-like morphology with no signs
of granulation (Figure 1).
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Figure 1 - The morphology of PPMCs. The cells exhibited a
fibroblastoid morphology in a monolayer and then attained a
stable, fibroblast-like morphology with no signs of granulation.

The expanded cells exhibited cell-surface antigens that are
typically associated with mesenchymal stem and progenitor
cells. The results of immunophenotypic characterization of
the PPMCs (where the percentage of cells that were positive
for the cell-surface markers was determined using flow
cytometry) indicated that the cells were homogeneously
positive for the following antigens: CD90 PE: 77.29%, CD105
PE: 94.89%, CD29 FITC: 93.33%, CD73: 92.47%, STRO1 PE:
31.41%, CD34 PE: 3.11%, CD45 S PRD: 4.63%, HLA-DRFITC:
0.53% (Figure 2).

RT - PCR

After three weeks, the levels of type II collagen and
aggrecan mRNA were significantly higher upon chondro-
genic induction compared to the control group (ie.,
monolayer culture without TGF-B3) (P<<0.001). The expres-
sion of both genes, type II collagen and aggrecan, was
highest in the cells that were cultured in the micromass
system in the presence of TGF-B3 (P<0.001). The cells that
were cultured in the micromass system without TGF-p3
were not statistically different from the cells that were
cultured in the monolayer system with TGF-3 (P>0.05).
The cells that were cultured in the monolayer system
without TGF-B3 exhibited no expression of type II collagen
(Figure 3).

Western Blot

The expression of type II collagen in cultured cells was
also greater in the cells that were cultured with TGF-B3
compared to the cells that were cultured without TGF-f33.
Micromass cultures that were cultivated without TGF-f3
also exhibited higher type II collagen expression compared
to the monolayer cultures cultivated with TGF-33, corrobor-
ating the real-time PCR results. The cells that were cultured
in a monolayer without TGF-f3 did not express type II
collagen (Figure 3).

DISCUSSION

Articular cartilage shows limited capacity for self-repair
after joint damage. The regeneration of articular cartilage
using cell-based therapies requires the identification of
available cells that have the ability to differentiate into
chondrogenic cells. Several clinical studies have investi-

. 22 .
gated methods such as abrasion arthroplasty,”™ microfrac-
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Figure 2 - The expanded cells exhibited cell-surface antigens that are typical of mesenchymal stem and progenitor cells. The results of
the immunophenotypic characterization of the PPMCs indicated that the cells were homogeneously positive for the following
antigens: CD90 PE: 77.29%, CD105 PE: 94.89%, CD29 FITC: 93.33%, CD73: 92.47%, STRO1 PE: 31.41%, CD34 PE: 3.11%, CD45 S PRD:

4.63% and HLADR - FITC: 0.53%.
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Figure 3A - The expression of type Il collagen. RT-PCR analysis was conducted after three weeks of culturing of the periosteum-derived
cells in monolayer and micromass systems. We observed that in the micromass culture, the addition of TGF-3 (P mo TGF and P mi TGF)
increased the expression of type Il collagen (P<0.001). No statistical difference was observed between cells grown in a monolayer in the
presence of TGFB3 (P mo TGF) and cells grown in a micromass without TGF-$3 (P mi no TGF) (P>0.05). B. The expression of aggrecan. RT-
PCR analysis was conducted after three weeks of culturing of the periosteum-derived cells in both monolayer and micromass systems.
We observed that in the micromass culture, the cells grown in the presence of TGFP-B3 exhibited increased expression of Aggrecan
(P<0.001) compared to the cells grown in the monolayer with TGF-$3 (P mi TGF and P mo TGF). The cells in the micromass culture
without TGF-B3 (P mi no TGF) expressed less aggrecan compared to the cells in the monolayer culture with TGF-83 (P mo TGF), (P<0.01).
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Figure 4 - The expression of type Il collagen in the culture was
greater in cells that were treated with TGF-f3 than in cells
cultured without TGF-f3. Micromass cultures without TGF-f33 also
exhibited greater type Il collagen expression compared to the
monolayer cultures with TGF-$3, corroborating the real-time PCR
results. The cells that were grown in the monolayer without TGF-
B3 did not express type Il collagen.

ture chondroplasty,23 osteochondral grafting24'3° and the

transplantation of autologous chondrocytes into the defects.
Currently, the autologous chondrocyte implant (ACI)® is the
most widely employed surgical procedure for effecting the
regeneration of articular cartilage. However, this procedure
remains somewhat risky because chondrocytes in suspen-
sion can leak from the graft site after load-bearing activity is
resumed. Moreover, long-term studies have reported that
grafts can produce fibrocartilage.>" The origins of the cells
employed by this technique remain unclear (i.e., we do not
know whether the cells originate from the patient’s
chondrocytes or from the periosteal tissue) because studies
have shown that periosteum contains cells that are capable
of differentiating into chondrocytes.*>® In this study, we
induced chondrogenesis by culturing MSCs derived from
periosteum in a micromass system in the presence of TGF-
B3. We optimized culture conditions for chondrogenesis
through high-density micromass plating and TGF-f3 treat-
ment. A previous study concluded that the use of
periosteum coverage for retaining chondrocytes within an
osteochondral defect exhibited no advantage compared to a
type I/IIl collagen membrane. However, such studies
demonstrated no statistical difference in the outcome with
regard to arthroscopic findings of both clinical and func-
tional assessment after one year.”> Sub-periosteal injection
of TGF-B3 has been known to stimulate the proliferation of
periosteal mesenchymal cells to induce chondrogenic
differentiation®*>® as well as mediate differentiation into
other mesenchymal cell types.” Thus, the aim of our study
was to determine the effect of TGF-3 on PPMCs in high-
density micromass cultures compared to those in monolayer
systems. Previous studies have demonstrated the capacity
of PPMCs to cause chondrogenesis.'® In our study, we also
found that type II collagen mRNA was expressed more
robustly in a micromass culture system than in a monolayer
system following treatment with TGF-B3. Moreover, we also
found that cells kept in a micromass culture system produce
type II collagen even in the absence of TGFP-B3. We
attributed this finding to the activity of adhesion molecules,
which play a pivotal role in chondrogenesis. As other
researchers have demonstrated,® these molecules are
upregulated when the cells are grown in micromass
cultures. Specifically, in high-density micromass cultures,
these cells express the adhesion molecule N-cadherin,
which plays an important role in the regulation of the
chondrocytic phenotype.'*'>?° Cellular condensation is a
required early step in the initiation of mesenchymal
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chondrogenesis because this condensation is accompanied
by the elevated expression of N-cadherin in vitro. High cell
density has also been reported as a requirement for
mesenchymal chondrogenesis.”” Our results suggest that
the in vitro pretreatment of micromass cultures with TGF-p3
increases the ability of periosteum to undergo chondrogen-
esis and produce hyaline cartilage. Our findings also
suggest that periosteum can be used as a source of
chondrocytes for autologous implants because the perios-
teum cover provides cells for the repair of the lesion.
Moreover, periosteum-derived chondrocytes can be used
for the generation of new transplants by being applied to a
different scaffold. Further studies using periosteal chon-
drocytes grown in micromass cultures are required to
evaluate whether the chondrocytes maintain their pheno-
types in animal models of chondral defects.

ACKNOWLEDGMENTS

Source of support: This study was supported by the
CNPq (Conselho Nacional de Desenvolvimento e Pesquisa).

REFERENCES

1. Hunziker EB. Articular cartilage repair: basic science and clinical
progress. A review of the current status and prospects. Osteoarthritis
Cartilage. 2002;10:432-63, doi: 10.1053/joca.2002.0801.

2. Schaefer D, Martin I, Jundt G, Seidel ], Heberer M, Grodzinsky A, et al.
Tissue-engineered composites for the repair of large osteochondral
defects. Arthritis Rheum. 2002;46:2524-34, doi: 10.1002/art.10493.

3. De Bari C, Dell’accio F. Mesenchymal stem cells in rheumatology: a
regenerative approach to joint repair. Clin Sci (Lond). 2007;113:339-48,
doi: 10.1042/CS20070126.

4. De Bari C, Dell’Accio F, Vanlauwe J, Eyckmans J, Khan IM, Archer CW,
et al. Mesenchymal multipotency of adult human periosteal cells
demonstrated by single-cell lineage analysis. Arthritis Rheum. 2006;
54:1209-21, doi: 10.1002/art.21753.

5. Mara CS, Duarte AS, Sartori A, Luzo AC, Saad ST, Coimbra IB.
Regulation of chondrogenesis by transforming growth factor-ss3 and
insulin-like growth factor-1 from human mesenchymal umbilical cord
blood cells. ] Rheumatol. 2010;37:1519-26, doi: 10.3899/jrheum.091169.

6. Brittberg M, Lindahl A, Nilsson A, Ohlsson C, Isaksson O, Peterson L.
Treatment of deep cartilage defects in the knee with autologous
chondrocyte transplantation. N Engl ] Med. 1994;331:889-95.

7. Choi YS, Lim SM, Shin HC, Lee CW, Kim SL, Kim DI. Chondrogenesis of
human periosteum-derived progenitor cells in atelocollagen. Biotechnol
Lett. 2007;29:323-9, doi: 10.1007/510529-006-9240-2.

8. O'Driscoll SW. Articular cartilage regeneration using periosteum. Clin
Orthop Relat Res. 1999 (367 Suppl):5186-203, doi: 10.1097/00003086-
199910001-00020.

9. O'Driscoll SW, Meisami B, Miura Y, Fitzsimmons JS. Viability of

periosteal tissue obtained postmortem. Cell Transplant. 1999;8:611-6.

Ochi M, Uchio Y, Kawasaki K, Wakitani S, Iwasa ]. Transplantation of

cartilage-like tissue made by tissue engineering in the treatment of

cartilage defects of the knee. ] Bone Joint Surg Br. 2002;84:571-8, doi: 10.

1302/0301-620X.84B4.11947.

Lin Z, Fitzgerald JB, Xu J, Willers C, Wood D, Grodzinsky A]J, et al. Gene

expression profiles of human chondrocytes during passaged monolayer

cultivation. J Orthop Res. 2008 10.

Darling EM, Athanasiou KA. Rapid phenotypic changes in passaged

articular chondrocyte subpopulations. ] Orthop Res. 2005;23:425-32, doi:

10.1016/j.orthres.2004.08.008.

DeLise AM, Fischer L, Tuan RS. Cellular interactions and signaling in

cartilage development. Osteoarthritis Cartilage. 2000;8:309-34, doi: 10.

1053/joca.1999.0306.

Modarresi R, Lafond T, Roman-Blas JA, Danielson KG, Tuan RS,

Seghatoleslami MR. N-cadherin mediated distribution of beta-catenin

alters MAP kinase and BMP-2 signaling on chondrogenesis-related gene

expression. J Cell Biochem. 2005;95:53-63.

Woodward WA, Tuan RS. N-Cadherin expression and signaling in limb

mesenchymal chondrogenesis: stimulation by poly-L-lysine. Dev Genet.

1999;24:178-87, doi: 10.1002/(SICI)1520-6408(1999)24:1/2<178::AID-

DVG16>3.0.CO;2-M.

Jansen EJ, Emans PJ, Guldemond NA, van Rhijn LW, Welting TJ, Bulstra

SK, et al. Human periosteum-derived cells from elderly patients as a

source for cartilage tissue engineering? ] Tissue Eng Regen Med.

2008;2:331-9, doi: 10.1002/term.100.

10.

11.

12.

13.

14.

15.

16.


http://dx.doi.org/10.1053%2Fjoca.2002.0801
http://dx.doi.org/10.1053%2Fjoca.2002.0801
http://dx.doi.org/10.1053%2Fjoca.2002.0801
http://dx.doi.org/10.1002%2Fart.10493
http://dx.doi.org/10.1002%2Fart.10493
http://dx.doi.org/10.1002%2Fart.10493
http://dx.doi.org/10.1042%2FCS20070126
http://dx.doi.org/10.1042%2FCS20070126
http://dx.doi.org/10.1042%2FCS20070126
http://dx.doi.org/10.1002%2Fart.21753
http://dx.doi.org/10.1002%2Fart.21753
http://dx.doi.org/10.1002%2Fart.21753
http://dx.doi.org/10.1002%2Fart.21753
http://dx.doi.org/10.3899%2Fjrheum.091169
http://dx.doi.org/10.3899%2Fjrheum.091169
http://dx.doi.org/10.3899%2Fjrheum.091169
http://dx.doi.org/10.3899%2Fjrheum.091169
http://dx.doi.org/10.1007%2Fs10529-006-9240-2
http://dx.doi.org/10.1007%2Fs10529-006-9240-2
http://dx.doi.org/10.1007%2Fs10529-006-9240-2
http://dx.doi.org/10.1097%2F00003086-199910001-00020
http://dx.doi.org/10.1097%2F00003086-199910001-00020
http://dx.doi.org/10.1097%2F00003086-199910001-00020
http://dx.doi.org/10.1302%2F0301-620X.84B4.11947
http://dx.doi.org/10.1302%2F0301-620X.84B4.11947
http://dx.doi.org/10.1302%2F0301-620X.84B4.11947
http://dx.doi.org/10.1302%2F0301-620X.84B4.11947
http://dx.doi.org/10.1016%2Fj.orthres.2004.08.008
http://dx.doi.org/10.1016%2Fj.orthres.2004.08.008
http://dx.doi.org/10.1016%2Fj.orthres.2004.08.008
http://dx.doi.org/10.1053%2Fjoca.1999.0306
http://dx.doi.org/10.1053%2Fjoca.1999.0306
http://dx.doi.org/10.1053%2Fjoca.1999.0306
http://dx.doi.org/10.1002%2F%28SICI%291520-6408%281999%2924%3A1%2F2%3C178%3A%3AAID-DVG16%3E3.0.CO%3B2-M
http://dx.doi.org/10.1002%2F%28SICI%291520-6408%281999%2924%3A1%2F2%3C178%3A%3AAID-DVG16%3E3.0.CO%3B2-M
http://dx.doi.org/10.1002%2F%28SICI%291520-6408%281999%2924%3A1%2F2%3C178%3A%3AAID-DVG16%3E3.0.CO%3B2-M
http://dx.doi.org/10.1002%2F%28SICI%291520-6408%281999%2924%3A1%2F2%3C178%3A%3AAID-DVG16%3E3.0.CO%3B2-M
http://dx.doi.org/10.1002%2Fterm.100
http://dx.doi.org/10.1002%2Fterm.100
http://dx.doi.org/10.1002%2Fterm.100
http://dx.doi.org/10.1002%2Fterm.100

Chondrogenesis from periosteum
Mara CS et al.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Minguell JJ, Erices A, Conget P. Mesenchymal stem cells. Exp Biol Med
(Maywood). 2001;226:507-20.

Neumann K, Dehne T, Endres M, Erggelet C, Kaps C, Ringe J, et al.
Chondrogenic differentiation capacity of human mesenchymal progeni-
tor cells derived from subchondral cortico-spongious bone. ] Orthop Res.
2008 7.

Johnstone B, Hering TM, Caplan Al, Goldberg VM, Yoo JU. In vitro
chondrogenesis of bone marrow-derived mesenchymal progenitor cells.
Exp Cell Res. 1998;238:265-72, doi: 10.1006/excr.1997.3858.

Mackay AM, Beck SC, Murphy JM, Barry FP, Chichester CO, Pittenger
MF. Chondrogenic differentiation of cultured human mesenchymal stem
cells from row. Tissue Eng. 1998 Winter;4:415-28, doi: 10.1089/ten.1998 4.
415.

Stokes DG, Liu G, Dharmavaram R, Hawkins D, Piera-Velazquez S,
Jimenez SA. Regulation of type-II collagen gene expression during
human chondrocyte de-differentiation and recovery of chondrocyte-
specific phenotype in culture involves Sry-type high-mobility-group box
(SOX) transcription factors. Biochem J. 2001;360:461-70, doi: 10.1042/
0264-6021:3600461.

Borus T, Thornhill T. Unicompartmental knee arthroplasty. ] Am Acad
Orthop Surg. 2008;16:9-18.

Steadman JR, Rodkey WG, Rodrigo JJ. Microfracture: surgical technique
and rehabilitation to treat chondral defects. Clin Orthop Relat Res. 2001
(391 Suppl):S362-9, doi: 10.1097/00003086-200110001-00033.

Bartha L, Vajda A, Duska Z, Rahmeh H, Hangody L. Autologous osteo-
chondral mosaicplasty grafting. J Orthop Sports Phys Ther. 2006;36:
739-50.

Bodo G, Hangody L, Modis L, Hurtig M. Autologous osteochondral
grafting (mosaic arthroplasty) for treatment of subchondral cystic lesions
in the equine stifle and fetlock joints. Vet Surg. 2004;33:588-96, doi: 10.
1111/j.1532-950X.2004.04096.x.

Hangody L. The mosaicplasty technique for osteochondral lesions of the
talus. Foot Ankle Clin. 2003;8:259-73, doi: 10.1016/51083-7515(03)00017-
2.

Hangody L, Fules P. Autologous osteochondral mosaicplasty for the
treatment of full-thickness defects of weight-bearing joints: ten years of
experimental and clinical experience. ] Bone Joint Surg Am. 2003;85-A
Suppl 2:25-32.

Kish G, Modis L, Hangody L. Osteochondral mosaicplasty for the
treatment of focal chondral and osteochondral lesions of the knee and
talus in the athlete. Rationale, indications, techniques, and results. Clin
Sports Med. 1999 ;18:45-66, vi., doi: 10.1016/50278-5919(05)70129-0

492

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

CLINICS 2011;66(3):487-492

Hangody L, Feczko P, Bartha L, Bodo G, Kish G. Mosaicplasty for the
treatment of articular defects of the knee and ankle. Clin Orthop Relat
Res. 2001 (391 Suppl):S328-36, doi: 10.1097/00003086-200110001-00030.
Hangody L, Rathonyi GK, Duska Z, Vasarhelyi G, Fules P, Modis L.
Autologous osteochondral mosaicplasty. Surgical technique. ] Bone Joint
Surg Am. 2004 ;86-A Suppl 1:65-72.

Poole AR. What type of cartilage repair are we attempting to attain?
J Bone Joint Surg Am. 2003;85-A Suppl 2:40-4.

Gooding CR, Bartlett W, Bentley G, Skinner JA, Carrington R, Flanagan
A. A prospective, randomised study comparing two techniques of
autologous chondrocyte implantation for osteochondral defects in the
knee: Periosteum covered versus type I/III collagen covered. Knee.
2006;13:203-10, doi: 10.1016/j.knee.2006.02.011.

Brittberg M, Sjogren-Jansson E, Thornemo M, Faber B, Tarkowski A,
Peterson L, et al. Clonal growth of human articular cartilage and the
functional role of the periosteum in chondrogenesis. Osteoarthritis
Cartilage. 2005;13:146-53, doi: 10.1016/j.joca.2004.10.020.

De Bari C, Dell’Accio F, Luyten FP. Human periosteum-derived cells
maintain phenotypic stability and chondrogenic potential throughout
expansion regardless of donor age. Arthritis Rheum. 2001;44:85-95, doi:
10.1002/1529-0131(200101)44:1<85:: AID-ANR12>3.0.CO;2-6.

Hsieh PC, Thanapipatsiri S, Anderson PC, Wang GJ, Balian G. Repair of
full-thickness cartilage defects in rabbit knees with free periosteal graft
preincubated with transforming growth factor. Orthopedics. 2003;26:393-
402.

Reinholz GG, Fitzsimmons JS, Casper ME, Ruesink TJ, Chung HW,
Schagemann JC, et al. Rejuvenation of periosteal chondrogenesis using
local growth factor injection. Osteoarthritis Cartilage. 2009;17:723-34, doi:
10.1016/j.joca.2008.10.011.

Koga H, Muneta T, Nagase T, Nimura A, Ju Y], Mochizuki T, et al.
Comparison of mesenchymal tissues-derived stem cells for in vivo
chondrogenesis: suitable conditions for cell therapy of cartilage defects in
rabbit. Cell Tissue Res. 2008 17.

Tuan RS, Boland G, Tuli R. Adult mesenchymal stem cells and cell-based
tissue engineering. Arthritis Res Ther. 2003;5:32-45, doi: 10.1186/ar614.
Oberlender SA, Tuan RS. Expression and functional involvement of N-
cadherin in embryonic limb chondrogenesis. Development. 1994;120:177-
87.

Denker AE, Haas AR, Nicoll SB, Tuan RS. Chondrogenic differentiation
of murine C3H10T1/2 multipotential mesenchymal cells: I. Stimulation
by bone morphogenetic protein-2 in high-density micromass cultures.
Differentiation. 1999;64:67-76, doi: 10.1046/].1432-0436.1999.6420067 .x.


http://dx.doi.org/10.1006%2Fexcr.1997.3858
http://dx.doi.org/10.1006%2Fexcr.1997.3858
http://dx.doi.org/10.1006%2Fexcr.1997.3858
http://dx.doi.org/10.1089%2Ften.1998.4.415
http://dx.doi.org/10.1089%2Ften.1998.4.415
http://dx.doi.org/10.1089%2Ften.1998.4.415
http://dx.doi.org/10.1089%2Ften.1998.4.415
http://dx.doi.org/10.1042%2F0264-6021%3A3600461
http://dx.doi.org/10.1042%2F0264-6021%3A3600461
http://dx.doi.org/10.1042%2F0264-6021%3A3600461
http://dx.doi.org/10.1042%2F0264-6021%3A3600461
http://dx.doi.org/10.1042%2F0264-6021%3A3600461
http://dx.doi.org/10.1042%2F0264-6021%3A3600461
http://dx.doi.org/10.1097%2F00003086-200110001-00033
http://dx.doi.org/10.1097%2F00003086-200110001-00033
http://dx.doi.org/10.1097%2F00003086-200110001-00033
http://dx.doi.org/10.1111%2Fj.1532-950X.2004.04096.x
http://dx.doi.org/10.1111%2Fj.1532-950X.2004.04096.x
http://dx.doi.org/10.1111%2Fj.1532-950X.2004.04096.x
http://dx.doi.org/10.1111%2Fj.1532-950X.2004.04096.x
http://dx.doi.org/10.1016%2FS1083-7515%2803%2900017-2
http://dx.doi.org/10.1016%2FS1083-7515%2803%2900017-2
http://dx.doi.org/10.1016%2FS1083-7515%2803%2900017-2
http://dx.doi.org/10.1016%2FS0278-5919%2805%2970129-0
http://dx.doi.org/10.1016%2FS0278-5919%2805%2970129-0
http://dx.doi.org/10.1016%2FS0278-5919%2805%2970129-0
http://dx.doi.org/10.1016%2FS0278-5919%2805%2970129-0
http://dx.doi.org/10.1097%2F00003086-200110001-00030
http://dx.doi.org/10.1097%2F00003086-200110001-00030
http://dx.doi.org/10.1097%2F00003086-200110001-00030
http://dx.doi.org/10.1016%2Fj.knee.2006.02.011
http://dx.doi.org/10.1016%2Fj.knee.2006.02.011
http://dx.doi.org/10.1016%2Fj.knee.2006.02.011
http://dx.doi.org/10.1016%2Fj.knee.2006.02.011
http://dx.doi.org/10.1016%2Fj.knee.2006.02.011
http://dx.doi.org/10.1016%2Fj.joca.2004.10.020
http://dx.doi.org/10.1016%2Fj.joca.2004.10.020
http://dx.doi.org/10.1016%2Fj.joca.2004.10.020
http://dx.doi.org/10.1016%2Fj.joca.2004.10.020
http://dx.doi.org/10.1002%2F1529-0131%28200101%2944%3A1%3C85%3A%3AAID-ANR12%3E3.0.CO%3B2-6
http://dx.doi.org/10.1002%2F1529-0131%28200101%2944%3A1%3C85%3A%3AAID-ANR12%3E3.0.CO%3B2-6
http://dx.doi.org/10.1002%2F1529-0131%28200101%2944%3A1%3C85%3A%3AAID-ANR12%3E3.0.CO%3B2-6
http://dx.doi.org/10.1002%2F1529-0131%28200101%2944%3A1%3C85%3A%3AAID-ANR12%3E3.0.CO%3B2-6
http://dx.doi.org/10.1016%2Fj.joca.2008.10.011
http://dx.doi.org/10.1016%2Fj.joca.2008.10.011
http://dx.doi.org/10.1016%2Fj.joca.2008.10.011
http://dx.doi.org/10.1016%2Fj.joca.2008.10.011
http://dx.doi.org/10.1186%2Far614
http://dx.doi.org/10.1186%2Far614
http://dx.doi.org/10.1046%2Fj.1432-0436.1999.6420067.x
http://dx.doi.org/10.1046%2Fj.1432-0436.1999.6420067.x
http://dx.doi.org/10.1046%2Fj.1432-0436.1999.6420067.x
http://dx.doi.org/10.1046%2Fj.1432-0436.1999.6420067.x

	Title
	Authors
	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Characterization of periosteum-progenitor mesenchymal stem cells
	Chondrogenic Differentiation
	RNA Isolation, Reverse Transcription and RT-PCR
	Primer Sequences
	Western Blot Analysis
	Statistical Analysis
	RESULTS
	RT - PCR
	Western Blot
	DISCUSSION
	Table 1
	Figure 1
	Figure 2
	Figure 3A
	ACKNOWLEDGMENTS
	REFERENCES
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Figure 4
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 30%)
  /CalRGBProfile (None)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed false
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /FRA <>
    /JPN <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Settings for the Rampage workflow.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


