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ABSTRACT

Endochondral ossification (EO) occurs in the growth plate where chondrocytes pass through discrete stages
of proliferation, maturation, hypertrophy, and calcification. We have developed and characterized a novel
bovine cell culture model of EO that mirrors these events and will facilitate in vitro studies on factors
controlling chondrocyte differentiation. Chondrocytes derived from the epiphyses of long bones of fetal calves
were treated with 5-azacytidine (aza-C) for 48 h. Cultures were maintained subsequently without aza-C and
harvested at selected time points for analyses of growth and differentiation status. A chondrocytic phenotype
associated with an extensive extracellular matrix rich in proteoglycans and collagen types Il and VI was
observed in aza-C—treated and —untreated cultures. aza-C—treated cultures were characterized by studying
the expression of several markers of chondrocyte differentiation. Parathyroid hormone—related protein
(PTHrP) and its receptor, both markers of maturation, were expressed at days 5-9. Type X collagen, which
is restricted to the stage of hypertrophy, was expressed from day 11 onward. Hypertrophy was confirmed by
a 14-fold increase in cell size by day 15 and an increased synthesis of alkaline phosphatase during the
hypertrophic period (days 14-28). The addition of PTHrP to aza-C—treated cultures at day 14 led to the
down-regulation of type X collagen by 6-fold, showing type X collagen expression is under the control of
PTHrP as in vivo. These findings show that aza-C can induce fetal bovine epiphyseal chondrocytes to
differentiate in culture in a manner consistent with that which occurs during the EO process in vivo. (J Bone
Miner Res 2001;16:309-318)
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INTRODUCTION hypertrophy, secreting a unique extracellular matrix. As this
cartilage matrix is degraded gradually, osteoblasts are de-

URING THE early stages of embryonic development iosited on the partially degraded cartilage. Osteoblasts se-
Dhigher vertebrates, long bone formation occurs by tHgete bone matrix and the cartilage eventually is replaced by
process of endochondral ossification (EO). During this préone. This process results in the radial growth of bone.
cess, chondrocytes in the central part of the cartilaginousAs the center of the cartilaginous model is converted to
template of the axial and appendicular skeleton enlarge apane, an ossification front is formed between the newly
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synthesized bone and the remaining cartilage and growth MATERIALS AND METHODS
plates are subsequently formed. Longitudinal bone grovv&:h
takes place in the growth plate cartilage by EO. Within the
mammalian growth plate, chondrocytes undergo a series ofepiphyseal cartilage was dissected from the long bones of
discrete stages of differentiation, namely, proliferation, mabovine fetuses (170—235 days) well away from the growth
uration, and hypertrophy, which are under strict spatial aglate and from any secondary centers of ossification. The
temporal controf>? EO normally ceases at puberty butcartilage was cleaned of adhering tissue, chopped finely,
is reinitiated in cases of bone fracture repair and osteo&nd digested fio3 h at37°C with bacterial collagenase type
thritis &9 IA (10 mg/ml; Sigma Chemical Co., Dorset, UK) and tryp-
Most of the convincing data regarding the role, regulasin (0.4 mg/ml; Gibco BRL, Paisley, Scotland) in minimal
tion, and importance of factors required for chondrocytgssential medium (MEM; Gibco BRL) containing 10% fetal
differentiation within the growth plate have come from thé&alf serum (FCS; Gibco BRL). The released chondrocytes
generation and/or examination of the phenotypes of mou&gre plated on 9-cfnculture dishes at a density of 03
and human forms of osteochondrodyspl&&i&. However, 10° cells/cnt. The culture medium used throughout was
targeted experiments to investigate the precise mechanisiisM-buffered to pH 7.2 with 10 mM HEPES and supple-
of action of these factors have been hampered in part by tﬁ@n.ted with pen.|C|II.|n (100 1U/ml; GIbCO. BRL), strepto.-
lack of a reliable mammalian cell culture model that caf'Ycin (100xg/ml; Gibco BRL), gentamycin (0.01 mg/ml;

reprodu_ce _the chondrocyte differentiation pathway as 6?:‘;) B(SVIE/)\’/(L)I)glgthdTL:&e gc?rﬁéiA?Z?Ogaztelg’%g(/\rgl)/voI)

oceurs In vivo. . . .. FCS. All cultures were incubated at 37°C in 5% £9%%
Chondrocytes can be propagated using a wide varletyB atmosphere

cell culture systems. Of the various cell culture models that® '

have been developed to study the differentiation of chon-

drocytes in vitro, most have used chick chondroct@s. aza-C treatment of chondrocyte cultures

Studies of mammalian chondrocyte differentiation have in- one hour after plating, cultures were treated with aza-C

cluded the fractionation of growth plate chondrocytes b(yl5 ng/mlin standard MEM containing 10% FCS) for 48 h.

density gradient separation and the culture of each cethe medium was then removed and the cultures were main-

fraction separatel’” three-dimensional (3D) pellet cul tained in standard MEM containing 10% FCS, which was

tures™® and cultures of clonal chondrocytic cell linesreplaced every other day throughout the culture period.

CFK2213) and the RCJ family of cell lineS**® Trans  Control cultures were set up without the addition of aza-C.

formed chondrocyte cell lines also have been suggested as

an alternative to the use of primary chondrociytes becaus@iarmination of cell number

they represent a renewable source of maté&ffal® How-

ever, to date no robust model of chondrocyte differentiation Each well was washed twice with phosphate-buffered

using primary mammalian chondrocytes, where all the celgline (PBS). The chondrocytes were released by treatment

are at the same stage of differentiation, has been develop@#h trypsin (0.4 mg/ml) and bacterial collagenase type IA
The work presented in this article describes the developlO mg/ml) at 37°C for 1 h. After centrifugation at 2ptor

ment and characterization of a mammalian cell culturdminutes, the cells were resuspended in 5 ml of MEM and

model of chondrocyte differentiation that mimics event§ounted using a Coulter counter. This procedure was re-

occurring during EO. This model involves the treatment di€ated five times per plate.

fetal bovine epiphyseal chondrocytes with 5-azacytidine

(aza-C), which induces their differentiation. aza-C is a poFransmission electron microscopy

tent DNA demethylating agent and it has been reported to

. . o Cultures were washed three times with PBS and fixed
induce the differentiation of mesenchymal C3H10T1/2 celll?1 1.25% glutaraldehyde in 0.1 M sodium cacodylate

to myoblasts, adipocytes, and chondrocyt&sPreliminary guffer (bH 7.3), which had been prewarmed to 37°C

studies in our laboratory indicated that aza-C was able Qfore use. After 2 hours. cultures were washed several

indyce epiphyseal chondr.o.cyte.s to express type X Couageff}nes in the sodium cacodylate buffer with added 0.3 mM
which under normal conditions is expressed only by ypeg, i and then carefully peeled from the culture dishes,

trophic cho_ndrqcytes in the _grovvth plate. These studies 18t into small rectangles (approximately 4 m#n5 mm),

us to examine in more detail the consequences of the tregfy transferred to glass vials for processing. The tissue
ment of fetal bovine epiphyseal chondrocytes with aza-fyas postfixed in 1% osmium tetroxide in 0.05 M sodium
and we found that phenotypic changes associated Wicodylate buffer (pH 7.3) for 1 hour at 4°C, rinsed in
chondrocyte differentiation are mirrored in this culture sysyyffer, and dehydrated in an ascending alcohol series.
tem. The cells in this culture model of EO are synchronizegfter two 15-minute incubations in propylene oxide, the
allowing the study of individual stages of the differentiationissue was infiltrated with a 1:1 mixture of propylene
pathway. The potential of this model for the study of regexide and Taab epoxy resin (Taab Laboratories Equip-
ulatory factors involved in EO was confirmed by investiment Ltd., Aldermaston, UK) for 1 hour, and then left
gating the effect of parathyroid hormone—related proteiovernight in a 1:3 mixture of propylene oxide/resin at
(PTHrP) on type X collagen expression. 4°C on a rotator. The next day, tissues were given three

ondrocyte isolation and culture
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1-h changes of neat resin at 48°C, placed in flat embehltayer's hematoxylin for 5 minutes, rinsed in water, and
ding molds with three or four rectangles overlying eacthen stained in slightly acidified eosin for 30 s. Sections
other, and polymerized at 60°C for 72 h. Ultrathin palevere rinsed and left to air dry before being mounted with
gold sections were cut and mounted on copper grids ahdctite adhesive.
contrasted with uranyl acetate and lead citrate. SectionsAlcian blue staining:Cultures were washed three times
were examined in a EM 301 electron microscope (Philwith PBS. The cells were then fixed in ice-cold methanol for
ips, Hillsboro, OR, USA) at an accelerating voltage 010 minutes, rinsed in 0.05 M TBS, and then stained with
60 kV. alcian blue (pH 2.5) for 15 minutes. The cells were coun-
terstained with 1% aqueous neutral red and mounted with
Loctite adhesive.
RNA extractionChondrocytes released by trypsinization
Collagen type I:Cultures were washed three times wittwere pelleted by centrifugation and resuspended in RNAzol
PBS and the cells were fixed in ice-cold methanol for 1B (Biogenesis) and 1/10 volume of chloroform. Total RNA
minutes. After rinsing in 0.05 M Tris-buffered saline (TBS)was extracted according to the manufacturer’s instructions.
(Tris, 121.1 g; NaCl, 170.0 g; 2 liters distilled water; pHThe resulting RNA pellet was washed with ice-cold 70%
7.4—7.6), the cells were incubated with 3%@®3 solution ethanol, dried, and resuspended in 0.5% NP-40 containing
for 5 minutes to block any endogenous peroxidase activity:100 dilution of RNAse inhibitor (Boehringer Mannheim,
The cells were rinsed in distilled water and then in 0.05 Mewes, UK).
TBS before incubation with normal rabbit serum (1:5 dilu- Reverse-transcription polymerase chain reactidmo-
tion in 0.05 M TBS; DAKO, Buckinghamshire, UK) for 20 tal RNA (1.0 ug) was denatured by heating at 90°C for 5
minutes. The cells were incubated with a 1:100 dilution ahinutes and then cooled on ice for 5 minutes. RNA was
the primary antibody against bovine type | collagen (Bioncubated with freshly prepared complementary DNA
genesis Ltd, Dorset, UK) for 30 minutes at room tempergeDNA) first-strand buffer (100 mM Tris, pH 8.3, 100
ture. TBS was used instead of the antibody as a negativévl KCI, 100 mM MgCL 1 mg/ml bovine serum albu
control. After rinsing with 0.05 M TBS, the cells weremin [BSA], 1 mM deoxynucleoside triphosphate [dNTP]
incubated with a 1:100 dilution of peroxidase-conjugated uM Random Hexamers, and 4l AMV reverse tran-
rabbit anti-guinea pig secondary antibody foh atroom scriptase [Boehringer Mannheim, Mannheim, Germany])
temperature. The cells were then washed in 0.05 M TBS aimd a total volume of 20ul at room temperature for 10
incubated with 3,3diaminobenzidine (DAB)/HO, solu- minutes. The mixture was transferred to 42°C for 30—60
tion (SIGMA FAST;Sigma Chemicals Co.) for 10 minutes.minutes followed by 5 minutes at 95°C and then cooled
The cells were counterstained in Mayer’'s hematoxylin anoh ice. Type X collagen-polymerase chain reactions
mounted with Loctite adhesive. Skin fibroblasts were usd®CRs) were carried out in a total volume of 100
as a positive control for the type | collagen antibody. containing 1ul of cDNA, 10 ul 10X buffer (15 mM
Collagen types Il and VICut paraffin wax sections of MgCl,, 0.5 M KCI, 0.1 M Tris, pH 8.3), 100 pmol of
cell layers were dewaxed and processed as described gogward primer (3GAA ACA TTC GGG AGA TGT
viously. Some sections were incubated with 1.5 mg/n€AT3’), 100 pmol of reverse primer (5[priiETT CAT
hyaluronidase type I-S at 37°C for 1 h. They were theBAG GCA CAG CTT AAG3), 10 ul of dNTP mix (20
washed three times in 0.05 M TBS. All sections werenM each), and 2.5 U offaq DNA polymerase (Boehr-
incubated with normal swine serum (1:5 dilution in 0.05 Mnger Mannheim). All PCRs were performed for 35 cy-
TBS; DAKO) for 15 minutes at room temperature beforeles of 1 minute at 94°C, 1 minute at 55°C, and 1 minute
the addition of the primary antibody for 1 h. For the detecat 72°C, in a Omnigene PCR machine (Hubaid, Ashford,
tion of collagen types Il and VI, the sections were incubatediddlesex, UK).
with a 1:200 dilution of a polyclonal antibody against bo- In situ hybridization: Suspensions of chondrocytes ob-
vine type Il collagen (Biogenesis Ltd) and a 1:500 dilutiottained by trypsinization and collagenase digestion were
of a primary antibody against bovine type VI collagéfl, centrifuged in a cytocentrifuge onto glass slides and fixed
respectively. The sections were rinsed three times in 0.05WMth paraformaldehyde. cDNA probes were used to identify
TBS and then incubated with a 1:300 dilution of biotinylthe messenger RNA (MRNA) expression of type X colla-
ated swine anti-rabbit secondary antibody for 45 minutes gén, PTHrP, PTHrP receptor, alkaline phosphatase, and
room temperature. After rinsing three times in 0.05 M TBS-enolase on cytospins from aza-C—treated and —untreated
the sections were incubated with streptavidin-peroxidasbondrocytes by in situ hybridization as previously de-
(1:500 dilution with 0.05 M TBS) for 30 minutes at roomscribed®
temperature. They were then washed in 0.05 M TBS beforelmage analysisin situ hybridization slides were viewed
incubating with DAB/HO, solution. Cells were counter using a Leica DB research microscope (Leica Ltd., Milton
stained in Mayer’s hematoxylin and mounted as describ&kynes, UK) to which was attached a CF8/1 Kappa mono-
previously chrome camera for image capture. All images were down-
loaded in to a Quantimet 600S image analysis package
(Leica Ltd.). Hybridization signals were seen as black
grains and the level of mMRNA expression was represented
Hematoxylin and eosin staining?araffin wax sections by the concentration of black grains obtained. Results were
were dewaxed and rehydrated. Sections were stainedouantified as described previou$ty.>® Data from 10 ex

Immunohistochemical analyses

Histological studies
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FIG. 1.
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Cell morphology and extracellular matrix expression. (a) Hematoxylin and eosin staining of an aza-C-treated culture. Both aza-C—
treated and —untreated cultures showed a structure similar to cartilage in vivo. Note the presence of round chondrocytes either singly (open arrow)
or in pairs (arrowhead; magnification242). (b) Electron micrograph of a pair of chondrocytes located in lacunae. Chondrocytes found in the
deeper areas of the cell layer are round in shape. Note the separation of the territorial extracellular matrix from the interterritorial matrix by a

capsular structure consisting of fine fibrils (arrow; magnificatiof915) (c) Electron micrograph of a fetal bovine epiphyseal chondrocyte grown

for 20 days in the absence of aza-C treatment. The chondrocyte has relatively few cytoplasmic organelles and its nucleus contains condensed

chromatin indicating that the cell is in a “resting” stage (magnificatioh8,750). (d) Electron micrograph showing the ultrastructural

characteristics of a hypertrophic chondrocyte 20 days after aza-C treatment. Note the presence of abundant rough endoplasmic reticulum

(arrowhead), mitochondria (arrow), and a euchromatic nucleus with dispersed chromatin (N; magnifid&i@B0). (e) Electron micrograph
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periments were pooled. For each time point studied, 10 10000 7 @AUntreated
fields were chosen at random and the number of grains and

; . & gooo{ BAzaC
cells were counted in the areas selected. The analysis pro- 5 N
gram counted the grains automatically, but a person counted o 6000 - s
the cells in each field in a blinded manner. The level of S Q
MRNA expression was expressed as the mean grain density _9 4000 1 s
per cell. 3 2000 4 S
A
0 u A\
RESULTS 2 6 8 1 13 15 20

Days in culture

Effects of aza-C treatment on chondrocyte phenotype
in culture FIG. 2. Effect of aza-C on cell size with time in culture. The
diameters of aza-C-treated and —untreated chondrocytes were mea-
When fetal bovine epiphyseal chondrocytes were isolategred at each indicated time point. Their cell volumes were calculated
and plated out, they appeared spherical and were dispersedhe assumption that chondrocytes were spherical in shape. One
uniformly on culture dishes. After approximately 4-5 dayghundred cells were measured at each time point in each culture. This
cells were surrounded by an extracellular matrix, leading ¥#s repeated in 10 cultures. Values represent me&EM (100 cells
the formation of a 3D structure several cell layers thickvere measured for each time point in 10 experiments).
Chondrocytes were released from the cell layers by
trypsinization and collagenase digestion and cell counts
were carried out using a Coulter counter. Both treated and . L . .
untreated cultures had similar cell counts. There was gHanufy the relative increase in cell volume during the

initial decrease in the cell number immediately after platin uItu_re period, cells were re!eased from the extracellular
out followed by an increase in cell number by day 3. By da atrix by treatment with trypsin and collagenase, as for cell

11 in culture, the cell number had returned to the origin unts, resuspended in culture media and viewed under

plating density of 0.5 10° cells/cn? and remained un phase contrast on a hemocytometer. The diameters of both
changed at subseqL.Jent time points untreated and treated cells were measured directly from the

Paraffin wax sections of chondrocyte cell layers were Capotographs taken at regular time points. Assuming the
and used for histological examination under the light m(_eleased chondrocytes have a sph(_encal siepe, cell
croscope. Hematoxylin and eosin staining of the cut sectio}@lumes were caalcula_ted from qell dlamet_ers. A graph_of
revealed a cartilage-like structure in which chondrocyt Il volume @) against days in culture is presented in

were surrounded by an extracellular matrix (Fig. 1a). Tran 1. 2. The small SEM shows that the treated cells were all

mission electron microscopy showed the chondrocytes hﬁhltlhe 'lsame sft?ge tofddlfr']feredntlatl?n. A stea;)dy mcrdease n th%
a rounded morphology and were present either singly or ?ﬁ}thvo l:metod rea}te chon rc;_cy es !Vjsf olds_erve cort?pzre
pairs in separate “lacunae” surrounded by a distinct peric ith untreated cultures, reaching a 12-10id Increase by day

lular and fine fibrillar territorial matrix (Figs. 1b and 1e). 5in c_ulture. Th's d_egree ofincrease n cell size is consis-
The interterritorial matrix was dense and consisted of rafg"t with the size |_ncrgasée241;rom resting tohypertrophic
domly arranged collagen fibrils. Proteoglycan granules We?gondrocytes seen in viv8™

attached to the collagen fibrils at regular intervals (Fig. 1e).

In a_lll cases, cells were healthy and viable as shown by thqi_r,e effects of aza-C on extracellular matrix
maintenance of an intact plasma membrane and cytoplasrgigmposition

organelles and a prominent nucleus and nucleoli.

When epiphyseal chondrocytes were treated with aza-C,The expression of type | collagen, a marker of a fibro-
they exhibited changes in morphology after a few days islastic phenotype, was investigated by immunohistochem-
culture. From day 6 onward, treated cells were larger in sizgtry. Type | collagen was not detected in any of the treated
than their untreated counterparts (Figs. 1c and 1d). Tw untreated cultures at any time point (results not shown),

(Fig. 1 legend cont.) showing the extracellular matrix produced by chondrocytes with time in culture. The extracellular matrix is dense and consists
of randomly organized collagen fibrils (arrow) in close association with smaller structures resembling proteoglycans (arrowhead; magnification
x11,875). All electron micrographs were taken after 5 days in culture and are typical representations of both aza-C-treated and control
chondrocytes throughout the culture period. Proteoglycans were detected by alcian blue staining. Cell nuclei were stained red with aqueous neutral
red. The increase in staining intensity corresponding to an increase in matrix synthesis as the cells proliferated with time in culture at (f) 2 days
and (g) 8 days. All results here are typical representations of the presence of proteoglycans in the extracellular matrix in aza-C—treated and
—untreated chondrocyte cultures throughout the culture period (magnificaB0). Collagen expression was detected on wax sections using
rabbit antibovine (h) type Il and (i) type VI collagen antibody with hyaluronidase treatment. (j) TBS buffer was used instead of the antibody in
the negative control. Results shown are typical representations of type Il and VI collagen expression in aza-C—treated (h and i) cultures at all time
points throughout the 3- to 4-week culture period. Both collagens were expressed at all time points and type VI collagen’s pericellular localization
in the matrix was clearly apparent. (h) Magnificatis®0. (i) and (j) magnificationx103.
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showing that the cells had not dedifferentiated. To confirig ~ +Aza-C
that the extracellular matrix produced by the cultures wz 555b
consistent with a chondrocytic phenotype, the presence

proteoglycan, type Il collagen and type VI collagen wa EgooNeora IV IIER T
confirmed by alcian blue staining (Figs. 1f and 1g) an -Aza-C
immunolocalization (Figs. 1h—1j), respectively. Alcian blue
staining initially was restricted to lacunae, but with time th
chondrocytes surrounded themselves with a proteoglyce
rich matrix (Fig. 1g). Immunolocalization showed type Il
collagen to be present at high levels throughout the inte
territorial matrix surrounding the chondrocytes (Fig. 1h
whereas type VI collagen revealed high expression in tl
pericellular environment of chondrocytes and was onl
faintly present in the interterritorial matrix (Fig. 1i). Both
aza-C—treated and —untreated cultures showed similar
pression of these three matrix constituents throughout t
culture period showing the chondrocytic phenotype of th
cultured cells.

The expression of type X collagen, a marker of chondre

cyte hypertrophy in vivo, was investigated by RT-PCR. I & = 30 - 7 Control

the aza-C—treated cultures, type X collagen expression w £ > 5

detectable on day 11 and at all subsequent time points (F £ g 51 mAza-C

3a), which was confirmed by SDS-PAGE (results nc & 2 20

shown). In situ hybridization studies confirmed these finc ‘=u? o 15 4

ings (Figs. 3b and 3c) and showed that from day 11 onwa S8 E

all cells expressed type X collagen. However, no expressic X § 10 1

of type X collagen mRNA was detected in the untreate 'é ﬁ 5 -

cultures throughout the culture period (Fig. 3c). e ol 7N
. 7 13 15 20

Effects of aza-C on nonextracellular matrix gene Days in Culture

expression FIG. 3. Expression of type X collagen in aza-C—treated and

Th ttern of expr ion of thr n Kknown t —untreated cultures. (a) RT-PCR showed the expression of type X
€ pattern of expression o €€ genes kno 0 llagen was evident from day 11. No expression of type X collagen

expressed at discrete stages of the chondrocyte differgys opserved when RT-PCR was performed under the same experi-
tiation pathway in the growth plate in vivo was determental conditions using total RNA extracted from untreated chondro-
mined in the aza-C-treated and —untreated cultures bydyie cultures. (M, 1 kb ladder-ve, negative control:+ve, positive

situ hybridization. The three genes chosen for this part ofntrol [NRNA extracted from the hypertrophic region of a bovine
the study were PTHrP and PTH/PTHrP receptor, twerowth plate]; 1-18, days in culture). (b) In situ hybridization using a
genes expressed during chondrocyte pr0|iferaﬁ87ﬁ7) human cDNA probe specific for type X collagen against aza-C—treated

and alkaline phosphatase, which is expressed during ﬁyl_d —untreated chondrocytes. Ap RNAse contrpl was included yvhere
ertrophy(zg'zg) In addition, a gene recently identified a the chondrocytes were treated with RNAse to eliminate any hybridiza-
p ’ ’ Sion signal (magnificationx582). (c) All ISH results were quantified

being up-regulated in the mammalian growth platging o Quantimet 600S image analysis system. Values represent

a-enolase, also was studi&tf’ ) mean=+ SEM (10 counts were made for each of 10 experiments).
In aza-C—treated cultures, PTHrP mRNA expression was

detected on day 5, peaked at day 7, and decreased at
subsequent time points (Fig. 4a). PTH/PTHrP recept .
MRNA expression was up-regulated on day 9 when c ffects qf ETHrP on aza-C-induced chondrocyte
proliferation was maximal and then decreased at subsequ merentlatlon

time points (Fig. 4b). Spectrophotometric assay showed|n vivo, PTHrP expression must be down-regulated in
alkaline phosphatase was not produced until day 14 (resudigler for type X collagen to be expres<ét.In the aza-C—

not shown); therefore, alkaline phosphatase mMRNA exprageated cultures we observed that type X collagen is only
sion was only measured from day 14 onward, showingkpressed once PTHrP is down-regulated. To determine
levels increased during the hypertrophic period of culturghether the expression of type X collagen is regulated
when type X collagen was expressed (Fig. 4cEnolase negatively by the expression of PTHrP in the aza-C cultures,
MRNA expression increased markedly on day 9 and das has been shown in vivo, aza-C—treated cultures were
creased by day 12 (Fig. 4 days). In untreated cultures, lsupplemented with PTHrP (16 M) for various lengths of
levels of each gene were present throughout the cultuime (0, 6, 24, and 48 h) on day 14 (the time point where a
period. decrease in PTHrP was first observed). We found that
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a % 301 @ Control b s 351 @ Control
8 _ 25{ mAzaC a _ 301 mAzaC
23 \ 1
S 0] g9
2 N\ 22
£ S 15 \ £E
5 N\ &2
2§ 10 \ Es _
S E 7 § TE FIG. 4. Expression of markers of
14 54 p 7 [ . c .
N / S /\ S I chondrocyte differentiation in aza-
E 04 %§ %%\ %§ 72\ C—treated and —untreated cultures.
5 7 9 23 In situ hybridization analyses of
Days in Culture Days in Culture chondrocyte cultures at selected
time points, using human cDNA
c = 87 aconol ds °v7  @Control probes for (a) PTHrP, (b) PTHrP
E § 01 gAzaC . § 501 mAzC S receptor, (c) alkaline phosphatase,
@ g 60+ \\ 33 40 Q and (d) a-enolase. RNAse control
§ 2501 \ < 2 § represents chondrocytes treated
g E 401 % \ to 301 Q § with RNAse to eliminate any hy-
§ c 30 \ § 2§ 20 § N\ bridization signal. All results were
£ 204 \ \ N s & i N N N quantified using a Quantimet 600S
R SN N % ERAANNNNA lysis system. Val
<5 ol ”M:\\ AN \\ & 0 % N N AN N N image analysis system. Values rep-
resent meant SEM (10 counts
14 2 7 2 s ’ ° 1z M2 were made for each of 10 experi-
Days in Culture Days in Culture ments).
- enotype. This mechanism of inducing chondrocyte differen-
< 100 h Th h find hond diffi
% S 80 tiation therefore provides a potential in vitro model for the
s 52« study of chondrocyte differentiation during EO.
29 60 - Because DNA methylation is known to play an important
§ o 40 - role in the control of eukaryotic gene expression, there has
x £ 204 been considerable interest in cytosine analogues such as
§ w aza-C and their effects on the methylation state of genes and
- 04 their expression. Aza-C is an antileukemia drug, known to
0 6 24 48 be a powerful inhibitor of DNA methylatioff? It is still
Length of exposure to PTHrP (hours) obscure how aza-C exerts its demethylating eff&t.

o Aza-C has been shown to induce novel gene expression
FIG. 5. Effect of PTHrP on type X collagen expression in aza-Cyyoth in vitro and in vivd® aza-C converts cultures of the

treated cultures. Aza-C—treated chondrocyte cultures were exposeqﬁg ; ; :
use embryo cell line C3H10T1/2 into three functionall
PTHrP (107 M) for 6, 24, and 48 h on day 14 and processed for in situ Y y

L : - nd biochemically differentiated cell types: myoblasts,
hybridization analyses using a human cDNA probe specific for type d d di |
collagen. RNAse control represents chondrocytes treated with RNASEON rocy_tes’ an . adipocytes. aza-C a_so C(_)nve_rts
to eliminate any hybridization signal. A positive control also wad€ratocarcinoma-derived mesenchymal cells into epithelial

included where no PTHrP was added to the aza-C—treated cultures. @@lls*? and induces erythroid differentiation in treated

results were quantified using a Quantimet 600S image analysis systémiend erythroleukemia cel(€®

Values represent meah SEM (10 counts were made for each of 10 |n the characterization of the effects of aza-C on chon-

experiments). drocytes in culture it did not appear that aza-C had a
generalized toxic effect on the chondrocytes because both
the aza-C—treated and the control cultures had similar

treatment of aza-C cultures for 6, 24, and 48 h resulted in SFPW_th profile_s. Histological staining and electron micro-
at least a 90% decrease in the level of expression of typesgoplcal studies of both treated and untreated cultures re-

collagen, as determined by in situ hybridization (Fig. 5). vealed the formation of a cartilage-like structure in which
chondrocytes were present in lacunae and surrounded by an

extracellular matri¥>® Therefore, it appears that culturing
DISCUSSION fetal bovine epiphyseal chondrocytes under conditions de-
scribed in this study allows the chondrocytes to grow and
We have investigated the effects of the treatment of fetabtablish their own environment by elaborating an extracel-
bovine epiphyseal chondrocytes with aza-C in terms of thdislar matrix similar to that found in cartilage in vivo. The
morphology, extracellular matrix formation, and gene expregitensity of the alcian blue reaction increased gradually with
sion. We have found that aza-C—treated cultures differentidtee, indicating an increase in the amount of matrix pro-
and become hypertrophic in vitro in a manner similar to thatuced by the chondrocytes with time in culture. Morpho-
which occurs in the mammalian growth plate in vivo. Idogically, in the treated and the untreated cultures the chon-
contrast, untreated chondrocyte cultures maintained a restargcytes appeared similar up to day 11 when the treated
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cells increased in size. Estimates of cell volume of thigeated previously with aza-C. Other studies also have ob-
aza-C—treated chondrocytes showed that from day 1 to dayned a similar level of suppression of type X collagen in
20 there was a 14-fold increase in cell volume. Such ahort-term cultures of chick growth plate chondrocytes at
increase is characteristic of the hypertrophic stage of chathre same concentration and for the same length of exposure
drocyte differentiation and is consistent with previous stude PTHrP“® The present findings show that the hypertro
ies that have indicated a steady increase in cellular volurphic stage of differentiation induced by aza-C treatment is
as chondrocytes progressed down the maturation pathwagulated, at least in part, by PTHrP, as is the case in the
and became hypertrophft?3-2©) growth plate in vivo.

During EO, the differentiation of growth plate chondro- The mechanism by which aza-C induces the chondrocytes
cytes is accompanied by the synthesis of several collagendifferentiate in culture is not known. It is possible that
types, which are incorporated into the extracellular matrixza-C switches on the expression of EO genes individually
of growth plate cartilage. The composition of the extraceby its demethylating action, as shown in previous stud-
lular matrix produced by the cells in culture was studied fqes“142)|t js also possible that aza-C acts on a single gene
two reasons. First, to confirm that the cells had maintainggyolved in the early stages of the differentiation pathway,
a chondrocytic phenotype and not dedifferentiated to fibrgghich in turn triggers the whole differentiation process.
blasts as is often seen in chondrocyte cell culttifeSee  Despite the mechanism of action of aza-C being uncertain,
ond, to confirm that the large cells seen in the treatafe fact that the hypertrophic stage of differentiation in this
cultures expressed type X collagen, a marker of hypertropgg|| culture model can be influenced by the presence of
in EO. No type | collagen was detected, confirming cellgxogenous PTHrP in a fashion similar to that in the growth
had not dedifferentiated to fibroblasts. Immunohistochemyiate in vivo suggests that the stage of hypertrophy has not
cal analyses revealed the presence of type Il and VI collgeen induced directly by aza-C. Rather, the hypertrophic
gens throughout the extracellular matrix in all culture%tage is part of the differentiation pathway that has been
confirming the chondrocytic nature of the cell culture§nqguced by aza-C and is influenced by stage-specific regu-
RT-PCR and in situ hybridization studies showed that typgiory molecules involved in the EO pathway.

X collagen was expressed from day 11 onward in aza-C—n aqdition to the many well-characterized differentiation-

treated cultures but not in the untreated cultures. Thegesociated molecules involved in the chondrocyte differentia-
findings confirm that the aza-C—treated chondrocytes hagn pathway in the growth plate, a number of novel genes
attained a hypertrophic phenotype, as had been indicateddyyressed in specific regions of the bovine growth plate during
their morphological status. The hypertrophic phenotype wagy recently have been identified by an RT-PCR—based sub-

further confirmed by the expression of alkaline phosphataggtive hybridization techniqué&*“4One of the cDNAs iden

in the later stages of the aza-C-treated cultures, whichyjgaq as being significantly up-regulated in the growth plate
consistent with hypertrophy in vivg?

X X _represents the gene far-enolasé®® In situ hybridization

EO occurs under strict spatial and temporal control du”rkﬁudies revealed high expressioregnolase on day 9 and day
the embryonic development of the axial and appendiculgb j, 5,5 c_treated cultures, showing thegnolase is ex-
skeletal system. The control_of EO is achieved by a vane[}fessed in both maturing and hypertrophic chondrocytes. The
of regulatory molecules, which are expressed by chondr, ignificance of the abundant presencevegnolase in growth
cytes at specific stages of cell differentiation in the growt late chondrocytes is yet to be determined. The aza-C—based

plate. PTHrP and PTH receptor are key regulatory facto ?/stem provides an opportunity for further characterization of

gﬂg‘r']vn ;?hwgﬁg?rcrg rglri ngthriscsheodn?Oecc)ﬁﬁ;e?lllﬁeiraemeihe role of a-enolase and other newly identified genes in
P ) y P P y specific zones of the growth plate.

proliferative and maturation zones of the growth plate bé- The molecular mechanisms that initiate the entry of

fore hypertrophy?>39In the present study, results obtained, . : , s
by inygitu h?/b)r;i dization re[\)/eale d a hi)éh expression piphyseal chondrocytes into the differentiation pathway
ﬁtill remain obscure. In addition, the role(s) of regulatory

PTHIP and PTH receptor in aza-C—treated cultures at ea dctors involved in the differentiation pathway and their

time points in culture with a maximum level of expressioril tricate interplay in the control of the developmental pro-
reached on day 7 and day 9, respectively. It is interesting 10 play P P

note that the high expression of PTHrP and PTH receptﬁfﬁ? rof[ gr:g;/;]/th R:ate rchc;ndr;cytzs rl15| rr]r?t f;J"y Tnt?:rsggdi
was obtained before the expression of type X collagen. ersta g the precise mechanisms regulating S

Consequently, it is possible to define the culture perio‘HUCial because abnormalities in this process lead to severe,
“days 5-9" as, the maturation stage of chondrocyte diffep_nd often lethal, skeletal disorders. The cell culture system
entiation in vitro described here provides an excellent tool for determining

In vivo PTHIP blocks the expression of type X collathe factors controlling mammalian chondrocyte differentia-

gen®® To verify that type X collagen expression is con loN-

trolled directly by the down-regulation of PTHrP in the

aza-C—treated cultures, aza-C—treated chondrocytes were

exposed to PTHrP on day 14, which was soon after they had ACKNOWLEDGMENTS

entered hypertrophy and synthesized type X collagen in
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