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ABSTRACT

Mesenchymal stem cells (M SC) can differentiate into different kind of cell
types such as osteocytes, chondrocytes and adipocytes. Therefore, MSC
isvery promising for tissue engineering, such as cartilage tissue engineer-
ing. However, the signaling pathways for cartilage development are also
involved in boneformation, either directly or viaacartilagetemplate. There-
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fore, for cartilage engineering, the choice of factors that promote cartilage
development that devoid of bone formationisof great importance, and this
mini review addrressed the stages of endochondral bone formation, the
signaling pathway that are involved in endochondral bone formation, and

itsimplication in cartilage tissue engineering.
© 2012 Trade Sciencelnc. - INDIA

INTRODUCTION

Mesenchymal stem cells(M SC), which originated
from themesenchyme, aregetting moreattentionintis-
sue engineering due to their ability to undergo
multilineage differentiation. Giventheright stimulating
condition, mesenchyma stem cdlscan differentiateinto
different kind of cell types such as osteocytes,
chondrocytes and adipocytes™. Cartilageisan avas-
cular tissue and therefore hasapoor ability to regener-
ateitself. Therefore, thischondrogenic potential hasa
great importancein cartilagetissue engineering.

M SC for autol ogous use can beisolated from vari-
ous adult tissues, among others, from bone marrow and

adiposetissue. Afizah et d (2007) haspublished acom-
parison of chondrogenic potential between M SC iso-
lated from adi posetissue and from bone marrow taken
from the same donor. It wasreported that bone-mar-
row derived mesenchymal stem cells(BM SCs) were
superior to M SC from adiposetissuein term of chon-
drogenic potential; and concluded bonemarrow asthe
better M SC source!?.

However, in endochondral ossification, bonefor-
mationisinitiated through cartilage devel opment™®, and
thereisno guaranteethat cartilageti ssue engineering
will not proceed to endochondral ossification. There-
fore, understanding of thesignaing pathway in endoch-
ondra ossificationisof great importance, asinterfering


mailto:jeanneadiwip@fk.ui.ac.id

46 Signaling pathways in endochondral ossification: implication for cartilage tissue engineering

BCAIJ, 6(2) 2012

Minireview ==

the pathway may prevent the cartilagefrom proceed-
inginto ossification. Therefore, thismini review ad-
dressesthe stages of endochondral boneformation,
the signaling pathway that areinvolved in endochon-
dral boneformation, and itsimplication in cartilage
tissue engineering.

STAGESOFENDOCHONDRAL BONE FOR-
MATION

Endochondra boneformation consistsof fivedif-
ferent stagesi.e.: M SCscommitment, chondrogenes's,
proliferation of chondrocytes, development of hyper-
trophic chondrocytes and bone formation(.

M SCscommitment

MSC’scommitted into chondrocyte differentiation
migrateto chondrogenesissite, proliferate, and there-
fore become condensed. These processes are regu-
lated by mesenchymd -epithdlia interaction!®.

Chondrogenesis

Chondrogenesisisaprocessof cartilage deve op-
ment from mesenchyma stem cells, inwhich thecom-
mitted M SCsdifferentiateinto chondroblasts®.

During early chondrogenesis, committed M SCsdart
toformextracdlular matrix typicd for hydinecartilage
such astypell collagen, N-cadherin and tenascin C.
After MSCsdifferentiated into chondrocytes, aggrecan
depositiontakesplace®. At thedistal end of the devel-
oping cartilage, the chondrocytesremain roundin shape
and formtheresting zone of boneformation, whichfi-
nally will becomethearticular cartilage.

Proliferation of chondrocytes

Further, chondrocytesproliferate, and undergo early
step of maturation. Proliferating chondrocytesbecome
flattened and stacked inarow to form acolumn paral-
Il tothelongitudina axisof thecartilage®. Theprolif-
erating chondrocytes form the proliferation zone of
endochonfra boneformation.

Development of hypertrophic chondrocytes

Inthisstage, chondrocytes undergo maturation and
hypertrophy and become the maturation zone. As
chondrocytes become larger, they secrete akaline
phosphatase and type X collagenintotheextracellular
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matrix®. Further, chondrocytesdeposit ccium sdtsin
thematrix, and when the matrix became calcified, the
region becomethecacification zone. Ca cified matrix
causes impairment in diffusion of nutrition and
chondrocytesdie by apoptosis, leaving spacesin the
cacified matrix, and theregion become degeneration
zong.

Boneformation

The empty spaces|eft by the dead chondrocytes
areinvaded by blood vesselsand M SCsthat differen-
tiateinto osteoblast in oxygen-rich condition. Theos-
teoblast lay bone matrix that |ater becomes calcified,
which turn the cartilage into bone and the region be-
cometheossification zond.

SIGNALING PATHWAY THAT ARE IN-
VOLVED IN ENDOCHONDRAL BONE
FORMATION

The commitment of MSCsto differentiate into
chondrocytesisregulated by transcription factorssuch
asSox and Runx, inadditiontosignaling moleculessuch
asfibroblast growth factors (FGFs), bone morphoge-
netic proteins (BMPs), Indian Hedgehog (Ihh)!1, and
transforming growth factor § (TGF-B).

TGF-p signaling pathway stimulates chondrogen-
es sthrough activation of Smad2/3 protein, and BMP
signaling pathway stimul ates chondrogenesisby acti-
vating Smadl/5/8 protein. Both signding pathwaysin-
teract to each other during different phases of chon-
drogenesis. Their interaction regulate Wnt signaling
through 3-catenin in non-canonical and/or canonical
pathways, and play an important rolein the progress of
chondrogenesisinto endochondrd ossfication®9, which
isnegatively regulated by theIndian hedgehog (1hh) and
parathyroid hormone-related protein (PTHrP)%, Fur-
ther, Wnt/B-catenin pathway is supposed to set the
bal ance of FGF and BM P pathway in mesenchymal
stem cellsthat opt to favor chondrocyteinstead of os-
teocytefate'y.

In resting zone, the chondrocytes express specific
hydinecartilageextracd lular matrix proteins, aswell as
sex-determining region Y-box 9 (Sox9) that isanim-
portant transcription factor in early chondrogenesis, and
low leve of fibroblast growth factor (FGF) receptor 3
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(FGFR3).,

Inproliferation zone, the chondrocytes expresslow
levelsof Runx2 and Osterix (Osx)!®, aswell aslhhi*2,
and highlevdsof FGFR3, Nkx3.2 and Ptch18. Runx2
and Osx are transcription factorsthat play aroleon
chondrocytedifferentiation and cartilage minerdiza-
tion'®, and differentiation into osteoblast!*¥, directly from
mesenchymal stem cdllg*4. Ihh stimul ates chondrocyte
proliferation and induces PTHrP, and together they co-
operaetoinhibit termina chondrocytedifferentiation,
thuschondrocyte hypertrophy. A few PTHrPissecreted
by proliferating chondrocytesand it isupregulated when
the cellsstop proliferating™. Nkx3isaPTHrPsignal-
ing dependent transcription repressor, which is ex-
pressed by proliferating chondrocytes. It inhibits Runx
expression andis supposed to mediate PTHrP func-
tion, which prevent chondrocyte hypertrophy and
progress to ossificationd. Ptchl is a receptor that
mediates |hh signaling, and isupregulated in hyper-
trophic chondrocytes, thusinvolved inthe progressinto
ossification!® 1],

Inmaturation zonethat usudly overlgpped with ca-
cification and degeneration zone, thechondrocytesini-
tialy expresslhh and PTHrPreceptor, aswell asabun-
dant alkaline phosphatase, Runx2, Osx, matrix
metdloproteinl3 (MMP13), Vegfaand variousgrowth
factors. MMP13isamatrix degrading enzymethat aids
in clearing theremnants of cartilage matrix in thede-
generation zone, which creates the bone marrow
spaces. Vegfaplaysarolein vascular invasioninto the
spacesthat isleft by the dead chondrocytes and de-
graded cartilagematrix®. Vascularization followstoform
bone marrow and to accommodate surrounding osteo-
blasts®. Thegrowth factorsarecrucial inthesignaling
pathway toinducethe cellsin perichondriumto differ-
entiateinto osteoblasts, which secrete the bone matrix
intheossification zong®.

Further, during chondrocyte maturation and hyper-
trophy, threeimportant factorsplay arolein the matu-
ration process, i.e. thyroid hormone, retinoids and
BMP9, Thyroid hormoneisknown asskeleta growth
influencing hormone during childhood devel opment.
Eventhough cartilage has no vascul arization, thethy-
roxine (T4) and tri-iodothyronine (T3) moleculesare
ableto diffusein extracel lular matrix to bind to their
receptors, and indoing so, T3 and T4 moleculeswork
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to counteract upregulated PTHrP and stimul ate chon-
drocyteto expresstype X collagen and alkaline phos-
phatase, which aremolecular markersof hypertrophy!*2,
andtoinduce matrix minerdization™.
Retinoidsactinsmilar manner asthyroid hormones
by stimulating cellsto expresstypeX collagen. How-
ever, retinoids enhance chondrocytes maturationin
dose-dependent manner, high concentration of retinoids
may leadintoinhibition of type X collagen deposition*.
At theend of theendochondral ossification process,
another osteogenic marker, Ihhisupregulated and ex-
tracelular matrix minerdizationwill take place®.

IMPLICATION OF SIGNALING PATHWAY IN
CARTILAGETISSUE ENGINEERING

Infutureclinica setting, ¢l ose connection between
chondrogenesisand endochondral ossification process
could generate some problems, for instance, during
M SC therapy for cartilagerepair, onwhich transplanted
cdlsareexpected to remain aschondrocytes, they may
undergo further processand initiate boneformation on
thecartilagetemplate. Another possbility istheM SCs
differentiateinto osteoblastsand form boneinstead of
cartilage. Therefore, for cartilageengineering, thechoice
of factorsthat promote cartilage devel opment that de-
void of boneformationisof great importance.

Somefactorsthat are supposed toinhibit chondro-
cytematuration and thusendochondra boneformation
arenoggin, chordin, lhh, PTHrP, Smad6/ 7%, Runx2!7,
NKx312, parathyroid hormone-like hormone
(PTHLH), Sox9, stanniocalcin-2 (Stc2), and S100
calcium binding protein A1 and B (S100A1, and
S100B)17. Ihh, Nkx3, PTHLH and PTHrP cooperate
to inhibit chondrocyte hypertrophy, while noggin,
chordinf**1 and Smad 6/7 areknown to haveinhibit-
ing effect on both TGF- and BM P pathway of chon-
drogenesisd.

However, using TGF-3 and BM P pathway inhibit-
ing factorsthat prevent the progressinto ossification
may prevent chondrogenesisaswell, whengiven at the
beginning of theprocess. Inaddition, Wt %, Runx2(®.
713,14 gnd | hhi® 12 15 may have dual action depending
onthestage of endochondra ossificationand with other
moleculesthey interact(® 115,

A recent study showed that compared to osteo-
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phytic chondrocytes, articular chondrocytes expressed
increaseintranscript levelsof Gremlin-1 (GREM1),
FRZP, and Wnt induciblesignaing pathway protein-3
(WISP3), which are BMP- and Wnt-signaling path-
way inhibitors. The most prominently increased was
GREM 1 that was confirmed by imunohistochemistry
of tissuesactions, which may beuseful in cartilageengi-
neering asit may stabilize the chondrocyte phenotype
permanently”.

Inconclusion, for future cartilage engineering, more
researches are necessary to provewhether thekey fac-
torsthat areimportant in the stimulation of MSCsto
undergo chondrogenesis and prevent the progressto
endochondrd ossficationredly yiedd new cartilagede-
void of ossfication.

ABBREVIATIONS

MSC = mesenchymd semcdls

BMSCs = bone-marrow derived mesenchymal
semcdls

FGFs = fibroblast growthfactors

BMPs = bonemorphogenetic proteins

lhh = Indian Hedgehog

TGF-p = transforminggrowthfactor 8

PTHP = parahyroid hormone-related protein

Sox9 = gex-determiningregionY-box 9

FGFR3 = fibroblast growthfactor (FGF) recep-
tor 3

Osx = Oderix

MMP13 = matrix metaloprotenl3

PTHLH = parathyroid hormone-like hormone

T4 = thyroxine

T3 = tri-iodothyronine

Stc2 = danniocdcin-2

S100A1 = S100caciumbindingproteinAl

S100B = S100caciumbinding protein B

GREM1 = Gremlin-l

WISP3 = Wntinduciblesgnaling pathway pro-
tein-3
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