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Abstract: Murine micromassnodelshavebeenextensivelyappliedto studychondrogenesi
andosteogenesi® elucidatepathwaysof endochondraboneformation. Herewe provide
a detailed comparativeanalysis of the differentiation potential of micromasscultures
establishedrom eitherBMP-2 overexpressin@€3H10T1/2cells or mouseembryoniclimb
bud-derived chondroprogenitorcells, using micromass cultures from untransfected
C3H10T1/2cellsascontrols.Althoughthe BMP-2 overexpressing€3H10T1/2cells failed
to form chondrogeniaodules cells of both modelsexpressednRNA transcriptsor major
cartilagespecific marker genesincluding Sox9 Acan Col2al, Snor¢ and Hapinl at
similar temporalsequencewhile notablelubricin expressiorwasonly detectedn primary
cultures Furthermore, mRNA transcripts for markers of osteogenic differentiation
including Runx2 Osterix alkaline phosphataseosteopontirandosteocalcinweredetected
in both models,alongwith matrix calcification. Although the adipogenidineagespecific
markergeneFABP4 was also expressedn micromasscultures,Oil Red O-positive cells
along with PPAR 2 #ranscriptswere only detectedin C3H10T1/2derived micromass
cultures.Apart from lineagespecificmarkergenespluripotencyfactors(Nanogand Sox3
were also expressedn thesemodels reflecting on the presenceof variousmesenchymal
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lineagesaswell asundifferentiatedcells. This cellular heterogeneithasto be takeninto
consideratiorior the interpretatiorof dataobtainedoy usingthesemodels

Keywords: chondrogenesisisteogenesigdipogenesigpluripotencyfactors;marker gene
expressionC3H10T1/2 high densityculture

Abbreviations: AP, alkaline phosphataseBMP, bone morphogenicprotein; CMF-PBS, calcium
andmagnesiuniree PBS; DMEM, Dulbeccds modified essentiamedium;DMMB, dimethytmethylene
blue; dNTP, deoxy nucleotidetriphosphate;ECM, extracellularmatrix; EDTA, ethylenediamine
tetraaceticacid; ERK, extracellularsignatregulatedkinase;ESC, embryonicstemcell; FABP, fatty
acid binding protein; FCS, foetal calf serum; FGF, fibroblast growth factor; GDF, growth and
differentiation factor; HD, high density; HDC, high density culture; HE, haematoxylireosin;
hMSC, humanmesenchymaktem cell; IGF, insulin-like growth factor; MAPK, mitogen activated
protein kinase; N-CAM, neuronalcell adhesionmolecule; OC, osteocalcin;OP, osteopontin;Oskx,
osterix; PBS, phosphatebuffered saline; PPAR gamma,peroxisomeproliferatoractivatedreceptor
gamma;RT-PCR, reversetranscriptionfollowed by polymerasechainreaction;TGFb, transforming
growthfactorbeta

1. Introduction

The main events marking the formation of the embryonic skeletonare cell proliferation and
condensatiorof undifferentiatedmesenchymatells, followed by differentiationinto chondroblasts
and chondrocygs that can undergohypertrophyand contributeto tissuecalcification,and eventually
endochondraboneformation. This procesdargely dependson complexsignalling that is facilitated
throughcell-cell and cell-matrix contacts regulatedby severaladheion moleculesand extracellular
componentssuch as N-cadherinand N-CAM, as well as gap junctions[1,2]. It has beenwidely
establishedthat soluble factors including membersof the transforming growth factorb (TGFb )
superfamily,bonemorphogenetiproteins(BMPs; BMP-2 in particular)andgrowth anddifferentiation
factor5 (GDF-5) play importantrolesin inducing chondrocytespecific genesas they are known to
upregulatetype Il collagenexpressionn mesenchymactells [3]. Since abnormalregulationof this
intricate processmay lead to various conditionsthat affect cartilageand bone [4], studiesaimed at
elucidatingthe molecularstepsof chondrogenesiandsubsequentndochondraboneformationare of
particularimportance.

Over the pastdecadesmanyin vitro model systemshavebeenestablishedand validatedto study
chondrogenesiandearly phase®f matrix calcification.Sincetheinitial condensatiomf mesenchymal
cells is a prerequisiteto their subsequentifferentiation, by mimicking these conditionsin vitro,
chondrogenesisaneasilybe studied.In this manner high cellular density(HD) favoursthe formation
of cellular interactions, and thus facilitates the chondrogenic differentiation of pluripotent
mesenchymatells. A well-known andeasilyreproducibleavianexperimentalmodelto studyhyaline
cartilageformationin vitro wasfirst describedy Ahrensandcolleagueg5]. In thesehigh densitycell
cultures(HDC), the inherentcapabiliy of chickenlimb bud-derivedchondroprogenitomesenchymal
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cellsto spontaneouslgifferentiateto chondroblasteind chondrocyte®n days2 and3 of culturingis

exploited; a well-detectableamountof hyaline cartilageextracellularmatrix (ECM) is produed by

day6. A significantadvantagef this methodover othersis its costeffectivenesandtherelativeease
by which sufficient amountsof cells can be yielded from embryosat the samedevelopmentaktage
(HamburgetfHamilton developmentaktages22i 24) by synchronisedncubationof fertilised eggs.
However, althoughthe main stepsof chondre and osteogenesisre largely conservedduring the

evolution of vertebratesthere is evidencethat certain key signalling pathwaysare differentially

regulatedin the avian system;while the extracellular signatrelatedkinase ERK1/2, memberof the

mitogenactivatedproteinkinaseg MAPKS), is a negativeregulatorof chondrogenesis chickenlimb

bud-derived HDC [6], ERK-inhibition leadsto decreasedox9 levelsin murine chondrocyteq7].

Conversely, ERK1/2 is a positive regulator of chondrogenesisn BMP-2 induced C3H10T1/2
cultures[8]. Moreover,applicationsof the avian model are also restrictedby the limited numberof

available antiseraand publishednucledide sequencesNonethelessthe significanceof such avian
modelsis underpinnedy the fact that manybasicprocesse®sf chondrogenesigereidentified using
this system[91 14].

Therefore thereis a needfor mammalianmodelsto overcomethe limitations encounteredor the
avian system.Mouse embryoniclimb budderived micromasscultures[15] certainly representan
option; however, they also exhibit certain disadvantagessuch as the need of precisely timed
pregnanciesf multiple female mice to yield the requiredamountof chondrogeniccells; and the
relatively high level of variationsbetweenexperimentd aninherentfeatureof primary cell cultures.
Neverthelesspne of the key merits of suchprimary systemss the possibility of using cells derived
from transgenicand knockoutanimals.Mature chondrocytessolatedfrom articularor othercartilage
using mild enzymaticdigestioncan also be applied with certain restrictionsbecausechondrocytes
deprivedof their ECM rapidly lose their characteristigphendype and tend to dedifferentiateunder
in vitro conditionsowing to lack of physiologicalstimuli [16].

As an attemptto overcomesuch limitations posedby primary cultures,various cell lines with
chondrogenicand osteogeniccapabilities have been estabished over the past decades Examples
include the ATDC5 cell line originally isolated from a differentiating culture of murine AT805
teratocarcinomdl17]; RCJ 3.1, a clonally derived cell populationisolated from 21-day foetal rat
calvaria[18]; or the murine embryonicmultipotentialmesenchymatell line C3H10T1/2[2]. Micromass
culturesestablishedrom C3H10T1/2cells are an attractivesystemto studyin vitro chondrogenesis
becausehesecells do not spontaneouslylifferentiateunder normal culture condtions. This, at the
sametime, is alsoa disadvantagéecauset necessitateadministrationof exogenousgactorsinto the
culturemedium,suchasBMP-2 or TGFb [2,19] To addresghis constraint,a plasmidcontainingthe
human BMP-2 has beentransfectedinto C3H10T1/2 cells and the constitutive expressionof this
morphogenasanautocrineparacrindactor,drivesin vitro chondrogenesisf this cell clone[20].

Although transition from using animal modelsto human cell line or mesenchymaltem cell
(hMSC) basedsystemdo studyin vitro chondrogenesiss inevitable,manylaboratoriesarestill using
thesecosteffective and simple animalsystemdor variousreasonsnovel therapeutidargetsfor most
of the diseaseshat affect the musculoskeletasystem(i.e., osteoarthritislare easierto identify using
suchmodels,andalsobecausédeforeclinical trials areinitiated, the safetyprofile andefficacy of drug
candidats are usually testedin theseanimal models.Although chondrogenidifferentiation of the
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C3H10T1/2cell line and primary limb bud-derivedmicromasscultureshasbeenextensivelystudied,
no comprehensiveeporton the mMRNA expressiorprofiles of geneshat mark differentiationtowards
various mesenchymali.e., chondrge, ostee and adipogaic) lineagesin thesetwo murine models
underidenticalHD culturing conditionshasbeenpublished.In this study,therefore by monitoringan
arrayof markergeneswe providea detailedanalysisof the differentiationpotentialof BMP-2 induced
C3H10T1/2 micromassculturesand mouse embryoniclimb bud-derived micromasscultures, with

specialemphasison the ostee and chondrogenicdifferentiation of thesesystemsto enableeasier
comparisorof their differentiationpotentials.

2.Results

2.1.BMP-2 OverepressingC3H10T1/2Derivedand EmbryonicLimb Bud-DerivedMicromass
CulturesShowDifferentMorphology

Sincecondensatioandprecartilagimusnoduleformationarethefirst visible signsof chondrogenesis
from the embryonic connectivetissue in vivo [21], we first looked at whether the two models
investigated in this study recapitulated these processesin vitro. To this end, routine
haematoxylireosin (HE) stainingproceduresvere performed on day 3 of culturing to visualisethe
cellular morphologyof the two different micromasscultures.As seenin Figure 1, the cell line-based
colony exhibited a substantiallydifferent morphology than the primary model. Cells in the limb
bud-derived HDC formed numerousnoduleswith multiple cell layers (marked by arrows), while
cellular density remained low in the internodular areas. The fact that differentiation of
chondroprogenitorcells into chondroblastsprimarily occurs within these foci was confirmed by
stainingwith DMMB: on day 3, metachromaticcartilage matrix could only be detectedwithin the
aggregateandno metachromasiavasvisible in the internodularareaqseeFigure 2). By contrastthe
centralregionof the C3H10T1/2basedculturewasdenselypopulatedwith completelack of foci and
internodularareaqFigurel1). Furthermorecellularbehaviourin termsof migratorycharacteristicsvas
also different in the two models: althoughsome cells have also migratedto the peripheryof the
primaryHD culture,this arearemainedelatively sparsecomparedo thecell line-basedHDC in which
avery high numberof cells havespreadrom the centreandthey evenformeddensemultiple cellular
layersontheperiphery
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Figure 1. Morphology of 3-day-old micromass cultures establishedfrom BMP-2
overexpressingC3H10T1/2 and embryonic limb bud-derived mesenchymalells after
stainingwith HE. Original magnificationwas2x (upperpanes), 10x (middle pane$), and
20x (lower pane$). Scalebars:2 mm (upperpanes), 200 um (middle panes), and100 um
(lower panes). In the upperpanes, both the peripheral(left) and central(right) regionsof
micromasscultures are shown. Arrows point at precartilaginousnodulesin primary
embryoniclimb budderived HDC. Representativgphotomicrographof 3 independent
experimentareshown.

C3H10T1/2+BMP2 Primary HDC




Int. J. Mol. Sci2013 14 16146

Figure 2. Metachromaticcartilage matrix in micromasscultures on different days of
culturing. Metachromaticcartilage areasin HDC were visualised with 0.1% DMMB
dissolved in 3% acetic acid (pH 1.0). Original magnification was 40x for all
photomicographs Scalebar, 50 um. Metachromatiqpurple)areascorrespondo cartilage
matrix rich in sulphated GAGs. Representativephotomicrographsof 3 independent
experimentareshown.
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2.2. MicromassCulturesEstablishedrom eitherBMP-2 Overexpressin@3H10T1/2Cellsor
Primary EmbryonicLimb Bud-DerivedCells UndergoChondrogenidifferentiation

To assesghe amountof metachromatiacartilage matrix accumulationin micromasscoloniesat
selectdaysof culturing, acidic DMMB staining was used.This is a generallyacceptedapproachto
verify cartilage matrix formation, as the moleculesthat are responsiblefor this phenomenon
(i.e., proteoglycanscontaining highly sulphatedglycosaminoglycanscannotbe found at this large
abundanceén othertissuetypes.As seenin Figure 2, thereis anincreasingendencyin the amountof
metachromaticECM areas as differentiation proceeds.However, the temporal pattern of the
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appearancef relatively large metachromatiderritoriesdiffers betweenthe examinedmodels.While
we observedextensivemetachromati@areaswithin cartilaginousnodules(but not in the internodular
areas)in 3-day-old primary HDC, mainly orthochromaticstainingwas visible in the cell line based
modelson the sameculturing day. By days6 and 10 of culturing the disparity becameeven more
pronouncedetweerprimary HDC andthe C3H10T1/2models Nonethelesgshe BMP-2 overexpressing
cell line-basedculturespreseted higheramountsof metachromati&€CM areasn comparisorwith the
control ones. After 15 days of culturing, the ECM was exclusively metachromaticand enlarged,
presumablyhypertrophicchondrocytesverealsovisible in the primaryHDC. The sizeof metachromatic
matrix areasalsoincreasd in the BMP-2 overexpressing3H10T1/2colonies,but it failed to reach
the amountdetectedfor primary culturesof the sameage.In contrast,no metachromatiderritories
couldbeidentifiedin micromas<ulturesof control C3H10T1/2cellsevenon day 15 of culturing.lIt is
of notethatthe appearancef metachromatiderritoriesin the embryoniclimb bud-derivedHDC and
thatin culturesestablishedrom the BMP-2 overexpressingariantof C3H10T1/2wasdifferent after
stainingwith DMMB; while the former model exhibiteddistinct, heavily metachromatiagegionsthat
correspondedo cartilaginousnodules,a weaker but relatively homogenousmetachromasiavas
observedin the latter one. Furthermore,considerableorthochromaticterritories were also visible
throughouthe culturing periodin coloniesof the BMP-2 overexpressing@3H10T1/2

The mRNA expressionprofiles of specific ECM molecule genesthat are associatedwith
differentiationtowardsthe chondrogenidineagewere also examinedover the 15-day-long culturing
period(Figures 3 andS1). Sox9 which encods a transcriptionfactor responsibldor the expressiorof
genesinvolved in cartilage matrix secretionand is therefore consideredas the master gene of
chondrogenesisyas found to be expressedat a constantlevel in both the primary and the BMP-2
overepressingC3H10T1/2culturesfrom the beginningof their HD culturing. Interestingly, mMRNA
transcriptsfor Sox9were alsodetectedn control C3H10T1/2micromasscultures,but they gradually
decreasedy culturing day 15. While Col2al, the genethat codesfor the alphal chain of type Il
collagen,exhibiteda constantlevel of expressionn all three micromasscultures(including control
C3H10T1/2coloniesthat did not produceabundantcartiiageECM), Acan which encodeshe core
proteinof aggrecanpneof the maincomponent®f cartilagespecificECM, only showedstronglevels
of expressionin the embryoniclimb budderived micromasscultures,and remainedat a relatively
lower level in the BMP-2 overexpressin€3H10T1/2colonies.mMRNA expressiorof the gere Hapinl
coding for the hyaluronanand proteoglycanink proteinthat connectsproteoglycancore proteinsto
hyaluronanscaffoldswas strongin the primary and in the BMP-2 overexpressingnodel, but only
weak signalswere detectedin the control C3H10T1/2cultures.The mRNA expressiornof Snorg a
cartilagespecificsmalltrangnembranegroteoglycarin differentiatingandarticularchondrocyteswas
confirmedin both the primary and in the BMP-2 overexpressingc3H10T1/2modek commencing
from day 3, when carilage matrix producingchondrdlastshaveformed Finally, in the caseof the
secretedprotein lubricin (Prg4), which is specifically expressedyy chondrocytesn the superficial
zoneof articularcartilageandby synoviocytef the joint capsule strongsignalswereonly detectable
in the embryoniclimb bud-derivedHDC andonly from day 6 of culturing This observatiorsuggest
that the molecularcompositionof cartilageproducedin this model better mimics articular cartilage
comparedo thatin coloniesestablishedrom the C3H10T1/2cell line. Col10al the markergenethat
codesfor the alphal chain of type X collagenexpressedy hypertrophicchondrocytesshowedan
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almost constant level of expressionthroughout the entire culturing period in the primary
cultures while signals without any specific temporal pattern could be detected in the
C3H10T1/2basedcolonies.

Figure 3. mMRNA expressiorof chondrogenianarkergenesn cells of micromasscultures
on variousdaysof culturing. Sox9codesfor the main chondrogenidranscriptionfactor;

Acan and Col2al are cartilagespecific ECM components;Haplnl codes for the

hyaluronanand proteoglycanlink protein; Snorcis a novel cartilagespecific membrane
proteoglycanin chondrocytes;Prg4 is specifically expressedby chondrocytesin the

superficial zone of articular cartilage; Col10al is a marker gene for hypertrophic
chondrocytes.GAPDH was used as a control. Numbers below gel images represent
integrateddensitiesof signalsdeterminedusing ImageJ1.46; datawere normalizedto the

value detecible on the earliest day of culturing, day 0 (1.0) where applicable

Representativelata of 3 independenexperiments Graphsrepresentingneanvalues of

relativeopticaldensitiesof PCRresultsareshownin the FigureS1
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2.3. Matrix Calcificationand Osteogeni®ifferentiationof C3H10T1/2Cell Line or
Primary EmbryonicLimb Bud-DerivedMicromassCultures

Alizarin Redstainingprocedurevasappliedon variousdaysof culturingto assessgalcified matrix
accumulatio in both embryoniclimb bud-derivedand C3H10T1/2basedmicromasscultures.While
no specificstainingcould be observedn the control C3H10T1/2colonies,a very strongpositivity was
detectedin HDC from the BMP-2 overexpressingC3H10T1/2cells even from day 6 (Figure 4).
By contrast,we could only detectstrongerstaining for calcified matrix from day 10 in the primary
micromass cultures primarily within the cartilaginous nodules. These results suggestthat both
micromasscultures undergo matrix calcification and presumably hypertrophic transformationof
chondrocyteswhich precedegndochondrabssification

Figure 4. Visualisationof calcified ECM productionin HDC on different culturing days.
Matrix calcificationwas detectedwith Alizarin Red staining. Original magnificationwas
40x for all photomicrographs.Scale bar, 50 um. Orangered areas correspondto
extracellular matrix rich in calcium deposits. Representativephotomicrographsof
3 independenéxperimentareshown.

C3H10T1/2+BMP2 C3H10T1/2 Primary HDC
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Figure 5. mRNA expressia patternsof osteogenianarkergenesin cells of micromass
cultures on various days of culturing. Runx2 and Osx code for major osteogenic
transcriptionfactors; Collal encodesthe alphal chain of type | collagen;osteocalcin
(OC) and osteopontin (OP) are markers of late stages of osteogenesis;
alkaline phosphatasdAP) is a marker for osteoblastactivity. GAPDH was used as a
control. Numbersbelow gel imagesrepresentintegrateddensitiesof signalsdetermined
using ImageJ1.46; datawere normalizedto the value detecable on the earliestday of
culturing, day 0 (1.0) where applicable Data is representativeof 3 independent
experimentsGraphsrepresentingneanvaluesof relative optical densitiesof PCRresults
areshownin the FigureS2
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To this end, differentiationtowardsthe osteogenidineagewas also monitoredusing conventional
RT-PCR analysisof lineagespecific genes.The Runtrelated transcription factor-2 (Runx2 also
known as Cbfa-1), the key transcriptionfactor associatedvith osteoblasdifferentiation,exhibiteda
constantexpressionin the two differentiating micromasscultures but gradually decreasedn the
control C3H10T1/2 colonies. In contrast, mMRNA transcriptsfor Osterix (OsX, anotherimportant
osteoblasspecific transcription factor downstreamof Runx2 and essentially required for bone
formationand osteoblastifferentiation,were only foundto be expressedn a constantmannerin the
primary and the BMP-2 overexpressingC3H10T1/2 colonieswith strongersignalsfrom culturing
day 3 (Figures 5 and S2). Although Osx mRNA expressioncould also be detectedin control
C3H10T1/2colonieson certaindays,it followed a ratherirregular pattern. The mRNA expressiorof
Collal(thatencodeghe alphal chainof typel collagen)followed a very similar patternto whathas
beenobservedor Runx2 a steadybut strongexpressiorwasseenin the BMP-2 inducedC3H10T1/2
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and in the primary cultures,whereasa decline was detectedin the control C3H10T1/2 colonies.

MRNAs for osteocalcin(OC) and osteopontinOP), markersof late stagesof osteogenesijowever,

exhibitedexpressiorsequencesimilar to thoseof Osx both markersshowedstrongersignalstowards

the endof the 15-day-long culturing periodandcould mainly be detectedn the BMP-2 overexpressing
C3H10T1/2and in the limb budderived micromasscultures. Alkaline phosphatasgAP), another
importantmarkerfor osteoblasactivity, wasalsoonly expressedh the BMP-inducedandthe primary

micromassgultures,with avery strongupregulaion by day 15 in thelattermodel.

2.4. Differentiationtowardsthe AdipogenicLineagel s also Characteristicof the Micromass
ModelsStudied

As C3H10T1/2is a multipotent mesenchymactell line, pathwaysof differentiation other than
chondre and osteogeasisare necessaryto consider.To identify whethercells in the two different
modelsappliedin this studyunderwendifferentiationtowardsthe adipogenidineageandacquiredan
adipocytelike phenotypelipid dropletspecific Oil Red O staining procedues were performedon
selectdays of culturing. Haematoxylinnuclear staining was also applied on culturesto facilitate
identificationof cells.As seenn Figure®6, cellsin theembryoniclimb bud-derivedmicromasscultures
did not exhibit large lipid dropletseven at later stages(day 15); only small lipid dropletsthat are
structural componentsof chondrocyteswere visible [22]. In contrast to complete lack of
adipocytelike cells in primary HDC, C3H10T1/2basedcultures (both the control and the BMP-2
overexpressingariant) showedcells with strongOil Red O-positivelipid dropletsespeciallyat later
time points (days10 and 15). Interestingly,many adipocytelike cells could be identified evenin the
control C3H10T1/2basedmicromassultures(Figure 6). The numberof largecellswith multiple lipid
dropletsthat canbe consideredas precursorof white adipocytedurther increasechat later stagesby
day 25 of culturing, thesecells virtually outnumberedther cell types at the peripheryandin the
superficiallayer overthe centreof the cell line basedmicromassculture This phenomenorould not
be observedn theembryoniclimb bud-derivedHDC (datanot shown).

The mRNA expressiorpatternsof genesthat mark differentiationtowardsthe adipogenicliineage
were analysedby RT-PCR. mRNA transcriptsof the adipocytespecific fatty acid binding protein4
FABP4 (adipocyte protein2) could be detectedin all three micromasscultures with a strong
upregulationin boththe BMP-2 overexpressingariantof the C3H10T1/2culturesandin the primary
HDC at later stagesof culturing (Figures 7 and S3). By contrast,strongersignalsof the peroxisome
proliferatoractivatedreceptorgamma2 ( P P &)Ran adipocytespecific nuclearhormonereceptor
and key regulatorof adipocytedifferentiation,could only be detectedn the BMP-2 overexpressing
C3H10T1/2 derived HDC and only at later developmentalstages,which further supports our
observatios basedn Oil RedO stainingprocedures.
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Figure 6. Analysis of adipogenesisn micromassculturesestablishedrom C3H10T1/2
cell line (control and BMP-2 overexpressingariants)and embryoniclimb budderived
mesenchymatells on selectdaysof culturing. Oil RedO wasappliedto selectivelystain
cytoplasmiclipid droplets (red). Nuclei were counterstainedvith haematoxylin(blue).
Original magnification was 100x for all photomicrographs.Scale bar, 20 pm.
Representativphotomicrographsf 3 independenexperimentareshown.



