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limb development, mesenchyme cells differentiate into 
chondrocytes. A primary ossification center appears in the 
middle which is followed by secondary ossification center at 
both of the extremities [2, 3]. The primary ossification center 
expands and is soon replaced by bone. The chondrocytes in 
the growth plate are arranged in morphological distinct states: 
resting, proliferative, and hypertrophic stages. This reflects 
the dynamic changes in the morphology and function of 
these cells. The resting cells are small rounded cells randomly 
distributed in the cartilage specific extracellular matrix 
(ECM). These chondrocytes secrete mainly type II and IX 
collagen, as well as large chondroitin sulphate proteoglycans 
(aggrecan) which provides osmotic resistance for the 

Introduction

Endochondral bone formation is the process by which 
the long bone continues to grow under the influence of 
growth factors and hormones [1]. During the embryonic 
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Abstract: This study was carried out to explore the effect of DNA hypomethylation on chondrocytes phenotype, in particular 
the effect on chondrocyte hypertrophy, maturation, and apoptosis. Chondrocytes derived from caudal region of day 17 
embryonic chick sterna were pretreated with hypomethylating drug 5-aza-2'-deoxycytidine for 48 hours and then maintained 
in the normal culture medium for up to 14 days. Histological studies showed distinct morphological changes occurred in 
the pretreated cultures when compared to the control cultures. The pretreated chondrocytes after 7 days in culture became 
bigger in size and acquired more flattened fibroblastic phenotype as well as a loss of cartilage specific extracellular matrix. 
Scanning electron microscopy at day 7 showed chondrocytes to have increased in cell volume and at day 14 in culture the 
extracellular matrix of the pretreated cultures showed regular fibrillar structure heavily embedded with matrix vesicles, which 
is the characteristic feature of chondrocyte hypertrophy. Transmission electron microscopic studies indicated the terminal fate 
of the hypertrophic cells in culture. The pretreated chondrocytes grown for 14 days in culture showed two types of cells: dark 
cells which had condense chromatin in dark patches and dark cytoplasm. The other light chondrocytes appeared to be heavily 
loaded with endoplasmic reticulum indicative of very active protein and secretory activity; their cytoplasm had large vacuoles 
and disintegrating cytoplasm. The biosynthetic profile showed that the pretreated cultures were actively synthesizing and 
secreting type X collagen and alkaline phosphatase as a major biosynthetic product.
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cartilage to resist compressive loads [4]. The proliferative 
zone contains cells that are undergoing rapid mitosis 
resulting in a stack of cells arranged in longitudinal column. 
The hypertrophic cells are rounded but their volumes are 
dramatically increased and start synthesizing type X collagen 
and alkaline phosphatase which helps in the mineralization 
process [5, 6]. The hypertrophic stage is considered to be the 
terminal stage of the chondrocytes which is soon replaced by 
osteocytes, osteoblasts, and bone marrow cells resulting in the 
replacement of cartilage with the bone. However the fate of 
the hypertrophic chondrocytes remains highly controversial. 
Most of the current data suggested that hypertrophic 
chondrocytes degenerate, and die by apoptosis and are 
replaced by osteoblasts during mammalian bone development. 
However, studies from avian bone development state that the 
opposite may be true: that hypertrophic chondrocytes may 
instead join the cohort of newly differentiated osteogenic 
cells, participating in bone formation [7-9]. An important 
step in apoptosis of cells is phagocytosis by macrophages 
or adjacent cells. In cartilage, this is not possible due to the 
absence of such specialized phagocytic cells and the presence 
of chondrocytes within lacunae that are separated from each 
other by abundant ECM, making it difficult for these cells to 
be phagocytized by the adjacent cells. 

The concept of asymmetrical cell division proposed by 
Horvitz and Herskowitz [10], states that this type of cell 
division results in two types of cells with different fates. 
When the hypertrophic chondrocytes derived from the tibia 
of a 14-day-old chick embryo were examined by simple 
microscopic and transmission electron microscopy, as well 
as different apoptotic markers, they found two distinct cell 
types of different morphology within one lacuna. One cell 
was osteogenic (darker cytoplasm), which was viable and 
actively synthesizing proteins as indicated by many ribosomes 
and rough endoplasmic reticulum (RER), and the other type 
of cell remained chondrogenic with pale cytoplasm which 
appeared to disintegrate. 

5-Azacytidine and 5-aza-2'-deoxycytidine are potent 
demethylation agents and shown to initiate differentiation in 
a number of cell types [11, 12]. Pretreatment of mesynchymal 
stem cells with 5-azacytidine significantly facilities osteogenic 
differentiation and caused hypomethylating of genome DNA 
and increased gene expression [13]. Altered DNA methylation 
in chondrocytes could results a shift in cartilage homeostasis 
towards degradation thus causing the onset of osteoarthritis 

[14, 15]. The purpose of this study was to elucidate the effect 
of hypomethylation of DNA on chondrocyte phenotype.

Materials and Methods

Chondrocytes culture
About 10 sterna of day 17 chick embryos were dissected 

and removed from the surrounding tissues. The cephalic and 
caudal (one third of the tip region) sterna were dissected as 
described [16]. Tissues were finely diced and preincubated 
for 30 minutes at 37oC with Bacterial collagenase type 1A 
(10 mg/ml, Sigma, Dorset, UK) and trypsin (0.4 mg/ml, 
GibcoBRL in minimal essential medium, Grand Island, NY, 
USA). The resulting supernatant containing the perichondria 
fibroblasts were removed and tissues were further incubated 
for 60 minutes under the same conditions as above. Released 
chondrocytes were washed three times with Dulbecco’s 
modified Eagle’s medium (DMEM)+10% fetal calf serum 
(FCS; GibcoBRL). Chondrocytes were cultured in 75-cm2 
plastic tissue culture dishes or in multiwall tissue culture 
plates with the seeding density of 1×105 cells/cm2. All the 
cultures were incubated at 37oC in an atmosphere of 95% 
air and 5% CO2 in DMEM which was buffered with 10 mM 
HEPES and 0.37% sodium bicarbonate and supplemented 
with 100 mg/ml ascorbate, 100 units/ml penicillin, 0.1 mg/ml 
streptomycin, 100 mg/ml glutamine, and 10% FCS. 

Treatment of chondrocyte culture 
One hour after plating the cultures, they were treated with 

5-aza-2'-deoxycytidine (15 mg/ml in DMEM containing 10% 
FCS) for 48 hours. The medium was then removed and the 
cultures were maintained in DMEM+10% FCS which was 
replaced after every other day throughout the culture period. 
Control cultures were set up without the addition of 5-aza-2'-
deoxycytidine to the culture medium. 

Determination of cell number
Each well was washed twice with phosphate-buffered 

saline (PBS). The chondrocytes were released by treatment 
with trypsin (0.4 mg/ml) and bacterial collagenase type IA (10 
mg/ml) at 37oC for 1 hour. After centrifugation at 250 ×g for 
3 minutes, the cells were re-suspended in 5 ml of DMEM and 
counted using a Coulter counter. This procedure was repeated 
five times per plate.
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Histology of the cells 

Alcian blue staining:
Cultures were washed three times with PBS. The cells 

were then fixed in ice-cold methanol for 10 minutes, rinsed 
in 0.05 M TBS, and then stained with alcian blue (pH 2.5) for 
15 minutes. The cells were counterstained with 1% aqueous 
neutral red and mounted with Loctite adhesive.

Staining with acridine orange:
The cells were fixed with formal saline (10% formaldehyde 

in PBS) for 30 minutes, washed twice with PBS and stained 
with acridine orange as described [17].

Toluidine blue staining:
Another stain used for staining proteoglycans was toluidine 

blue. The fixed cells were stained with 0.5% toluidine blue 
and 0.05 M HCl, pH 1.0 for 15 minutes. all the samples were 
mounted in water under a cover slip and examined by Leitz 
Orthoplan Fluorescent microscope (Leica, Deerfield, IL, 
USA) employing violet illumination and a yellow filter [18].

Scanning electron microscopy
Cultures were washed three times with PBS and fixed in 

1.25% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 
7.3), which had been pre-warmed to 37oC before use for at 
least 1 hour. Samples were dehydrated with the descending 
series of 50% alcohol to absolute alcohol. Using 100% ethanol 
as the intermediate solvent, the cover slips containing fixed 
cells were placed in Polaron critical point dryer (CPD) and 
flushed thoroughly with CO2 for 2 hours to remove all traces 
of residual ethanol [19]. Following CPD the samples were 
mounted on aluminum stubs, gold coated, and examined in 
301 EM (Philips, Hillsboro, OR, USA). 

Transmission electron microscopy
Cultures were washed three times with PBS and fixed in 

1.25% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 
7.3), which had been pre-warmed to 37oC before use. After 
2 hours, cultures were washed several times in the sodium 
cacodylate buffer with added 0.3 mM CaCl3 and then carefully 
peeled from the culture dishes, cut into small rectangles 
(approximately 3.5–4 mm), and transferred to glass vials for 
processing. The tissue was postfixed in 1% osmium tetroxide 
in 0.05 M sodium cacodylate buffer (pH 7.3) for 1 hour at 
4oC, rinsed in buffer, and dehydrated in an ascending alcohol 

series. After two 15-minute incubations in propylene oxide, 
the tissue was infiltrated with a 1:1 mixture of propylene oxide 
and TAAB epoxy resin (TAAB Laboratories Equipment Ltd., 
Aldermaston, UK) for 1 hour, and then left overnight in a 1:3 
mixture of propylene oxide resin at 4oC on a rotator. The next 
day, the tissues were given three 1-hour changes of neat resin 
at 48oC, placed in flat embedding molds with three or four 
rectangles overlying each other, and polymerized at 60oC for 
72 hours. Ultra-thin pale gold sections were cut and mounted 
on copper grids and contrasted with uranyl acetate and lead 
citrate. Sections were examined by an electron microscope 
EM 301 (Philips) at an accelerating voltage of 60 kV.

Immunolocalization of type X collagen in culture
Chondrocytes cultured for 14 days were used to localize 

type X collagen in culture. Control and pretreated sternal 
caudal region chondrocytes (10×106) were fixed with formal 
saline (10% formaldehyde in PBS) for 30 minutes, and washed 
twice with PBS. The cultures were then incubated with a 
polyclonal antibody known to recognize the helical domain of 
type X collagen for 1 hour. Bound antibody was reacted with 
a second antibody IgG-linked to alkaline phosphatase for 60 
to 90 minutes and subsequent color reaction at the site of type 
X collagen in the culture was identified by red staining. 

Western blotting 
Medium proteins from control and treated chondrocyte 

cultures at day 7 and day 14 were recovered by 30% ammo
nium sulphate precipitation. The precipitate was dialyzed 
extensively against PBS buffer and mixed with 4× sample 
buffer, boiled (5 minutes), then run on 8% sodium dodecyl 
sulfate polyacrylamide gel electrophoresis and transferred 
to poly(vinylidene difluoride) membrane. Membranes were 
blocked (30 minutes) in 5% dried milk, then treated with 
primary antibody (1 hour), washed 3 times (PBS/0.05% 
Tween 20), and incubated (1 hour) with secondary 
horseradish peroxidase-conjugated antibody. Sign insert 
citation al was developed with enhanced chemiluminescence 
and visualized by autoradiography.

Alkaline phosphatase assay
Alkaline phosphatase was determined by a modification 

of the method of Lowry [20]. 10×106 Chondrocytes were 
washed with PBS three times. Five hundred microliters of 
ice cold extraction buffer which contains 0.01 M Tris-HCl 
was added to the petri dishes and the cells were lysed by 
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freezing in a liquid ethanol-dry-ice bath and thawed at 37oC 
for three times. The cell lysate was centrifuged at 10.000 ×g 
for 20 minutes at 4oC and cell pellet used to estimate the 
DNA content while supernatant were removed for alkaline 
phosphatase activity. Alkaline phosphatase activity was 
assayed by measuring the release of p-nitrophenol from 
p-nitrophenylphosphate at 37oC. The assay mixture (100 ml) 
contains 0.2 M diethanolamine-HCl (pH 9.8), 1 mM MgCl2 
and 1 mg/ml p-nitrophenylphsphate. 

Results 

The chondrocytes were treated with varying doses of 
5-aza-2'-deoxycytidine for 48 hours and then maintained in 
the 5-aza-2'-deoxycytidine depleted culture conditions for 
up to 14 days. The effect of 5-aza-2'-deoxycytidine on cell 
number was assessed after 72 hours, 7 days, and 14 days in a 
culture by brief trypsinization and collagenase digestion of the 
cultured cells grown on multiwall culture plates in triplicates 
followed by counting on automated coulter counter. A dose 
dependent cytotoxic effect of 5-aza-2'-deoxycytidine was 
observed on chondrocytes in culture. Percentage cell viability 
was calculated with respect to the control cultures grown at 
the same conditions at same time without any treatment with 
5-aza-2'-deoxycytidine. Initially after 72 hours there was a loss 
of 29.5% cell viability at 15 mg/ml as compared to the control 
cultures. However, by day 7 the pretreated culture showed 
75% viability as compared to the control cultures which 
actually reached to 90% recovery from 15 mg/ml treatment at 
day 14 in culture. 

Effect on cell morphology
The effect of treatment with 5-aza-2'-deoxycytidine at 15 

mg/ml on cell morphology of caudal region chondrocytes was 
assessed. This concentration of the cytosine analogue had 
been shown in preliminary studies to produce an optimal 
dose response with respect to changes in gene expression in 
the chondrocytes. Preliminary experiments also indicated that 
not only dose but the time and duration of treatments within 
the cell cycle were also crucial. When the cells were treated 
after one week of being fully confluence, they were completely 
refractive to treatment. Exposure to the treatment proved 
most effective one or two hours after plating, before they 
actually adhere to the surface and start to proliferate. Once 
the cells were settled and committed to the chondrocytes 
morphology, treatment with the hypomethylating drug was 

ineffective. 
When caudal region chondrocytes were treated with 5-aza-

2'-deoxycytidine, they exhibited changes in morphology. 
From day 3 onward, treated cells were larger in size than the 
untreated cultures. To quantify the relative increase in cell 
volume during the culture period, cells were released from 
ECM by brief trypsinization and collagenase treatment. 
They were viewed under phase contrast microscope on 
hemocytometer. The diameter of both treated and untreated 
cells were measured directly from photograph taken at regular 
time points (Fig. 1). 

The control and 5-aza-2'-deoxycytidine treated cultures 
were stained with acridine orange, which showed that upon 
treatment, most of the cells lost their rounded morphology 
and became flattened with long cell processes projecting 
radially. Many multinucleated cells were also observed in the 
pretreated cultures (Fig. 2A, B). The chondrocytes without 
any treatment remain rounded and grew in colonies forming 
a cartilage nodule. In addition, the pretreated cells appeared to 
have increased cell size and extensively vacuolated, a feature 
thought to be a characteristic of hypertrophic chondrocytes 
[21, 22].

Chondrocytes cultured to day 7 were also stained with 
alien blue. The control cultures were stained extensively 
with this dye, providing evidence that the ECM secreted by 
these cells was rich in sulphate proteoglycans. The pretreated 
cultures, however, showed negative staining indicating the 
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Fig. 1. Effect of 5-aza-2'-deoxycytidine on cell size with time in culture. 
The diameter of 5-aza-2'-deoxycytidine treated and untreated cells 
were measured at each indicated time point. Their cell volumes were 
calculated on the assumption that chondrocytes were spherical in 
shape. One hundred cells were measured at each time point in each 
culture. This was repeated in 10 cultures. Value represent mean±SEM 
(100 cells were measured for each time point in 10 experiments).
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absence of cartilage-specific proteoglycans (Fig. 2C, D).
Toluidine blue (cationic dye that stains a variety of 

proteoglycans) was also used to stain the control and pre-
treated chondrocytes at day 7 in cultures (Fig. 2E, F). Two 
cell populations were identified in the treated cultures on 
the basis of their staining abilities. There were chondrocytes 
cells which stained with toluidine blue and fibroblastic cells 
which showed negative staining. This was in contrast to 
control cultures, which showed a homogeneous population of 
chondrocytes with toluidine positive metachromatic matrix. 

Scanning electron microscopic studies provided further 
insight into the details of various aspects of cellular 
morphology including the extracellular fibrillar assembly. The 
control and pretreated cultures were compared at day 7 in 
culture with respect to their cell shape and size. The diameter 
of the control and pretreated cells were remarkably different. 
The cell volume increased to 2-fold in the treated samples (Fig. 
3A, B). A comparison of the fibrillar assembly of control and 
pretreated cells at day 14 in culture showed the arrangement 
of the fibrillar structure to be similar in both cases, but the 

A B

C D

E F

Fig. 2. Morphological effect of deci
tabine on chondrocyte morphology. 
The control  and pretreated with 
5-aza-2'-deoxycytidine caudal region 
chick sternal chondrocytes at day 7 in 
culture were stained with alcian blue, 
acridine orange and toluidine blue. 
(A) The control cultures stained with 
Acridine orange. (B) The pretreated 
chondrocytes cultures stained with 
Acridine orange (A and B, ×80). (C) 
The control cells stained with Alcian 
blue. (D) The pretreated cultures 
stained with Alcian blue (C and D, 
×103). (E) The control cells stained 
with toluidine blue. (F) The pretreated 
cultures stained with toluidine blue (E 
and F, ×80). The arrows indicated the 
toluidine blue staining negative cells in 
the cultures.
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most striking feature of the treated cultures were the presence 
of electron dense particles about 80 to 100 nm in length 
which were extensively distributed in the ECM (Fig. 3C, D). 
This electron dense material was found to be associated with 
fibrillar structure and represented matrix vesicles since the 
length of these particles is same as that of matrix vesicles in 
other electron microscope studies [23]. When the same cells 
were analyzed for enzyme alkaline phosphatase activity, it 
was found to be greatly enhanced (Fig. 4). Matrix vesicles are 
thought to be involved actively in extracellular remodeling 
and preparing it for subsequent mineralization [24, 25].

For transmission electron microscopic (TEM) studies 
control and pretreated chondrocytes cultures grown to day 
14 were fixed in cacodylate buffer to preserve their cell shape 
and morphology. In the control cultures, all the cells looked 
healthy and viable (Fig. 5A, C), there were no signs of nuclear 
condensation and the cytoplasm looked healthy with vacuoles 
and other cytoplasmic organelles such as mitochondria and 
storage vesicles. 

The pretreated cultures however (Fig. 5B, D) clearly 
showed two types of chondrocytes. One with condensed 
nuclei  packed with electron dense materials  with 
comparatively dark cytoplasm, the type of cells which 
had been described as dark chondrocytes in a number of 
other studies [7, 8, 26, 27]. The fact that they were loaded 

with a number of ribosomes and extensive network of 
RER indicated their enhanced biosynthetic activity. The 
other types of chondrocytes observed in TEM were with 
disintegrating nucleus, with the presence of a number of 
large vacuoles which is considered to be the marker of 
hypertrophic chondrocytes. Their cytoplasm was packed 
with RER indicating a highly active protein synthesis in these 
types of cells. Another striking feature of these pretreated 

AAA BBB
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Fig. 3. Scanning electron microscopic 
photomicrographs of the chondrocytes 
in culture. (A) Control chondrocytes 
at day 7 in culture. (B) Pretreated 
chondrocytes at day 7 in culture. (C) 
Extracellular matrix secreted by control 
chondrocytes at day 14 in culture. 
(D) Extracellular matrix secreted by 
pretreated chondrocytes at day 14 as 
described in "Materials and Methods." 
Note the presence of electron dense 
particles extensively present in the 
pretreated cultures. Scale bars=4.90 mm 
(A), 4.99 mm (B), 2 mm (C, D).
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as described in "Materials and Methods" section and expressed as per 
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cells was the presence of perforated cytoplasm indicating the 
disintegration of the cytoplasmic content. These types of cells 
which were referred to as light chondrocytes were thought to 
be the hypertrophic cells undergoing terminal differentiation 
as described in the studies above. The fact that they were 
heavily loaded with RER indicated that they were undergoing 
a last burst of protein synthesis and release which could 
ultimately results in their own destruction and replacement 
by oesteogenic cells as described in other studies [2, 3]. 

Control and pretreated chondrocytes cultures grown to 
day 14 were fixed in their culture dishes and type X collagen 
was localized by the monoclonal antibody which recognizes 
the helical domain of type X collagen. The control cultures 
showed negative staining while the treated cultures showed 
positive staining which was localized in the cell aggregates 
(Fig. 6A). This was further confirmed by the immunoblotting 
technique, which showed the expression of type X collagen at 
day 7 which became the major biosynthetic product at day 14 
in culture (Fig. 6B). 

Discussion

Culture conditions plays a profound role on cell 
morphology and differentiation [28]. It has been proposed 

that epigenetics is involved in the phenotypic modulation 
that articular cartilage undergoes in osteoarthritis, which 
results in extensive degradation of cartilage specific ECM 
replacing it with the hypertrophy of the joint capsule [21, 29, 
30]. In this study, we used the hypomethylating drug 5-aza-2'-
deoxycytidine on the embryonic chick sternal caudal region 
chondrocytes and studied the phenotypic and biosynthetic 
modifications resulted with the pretreatment. We found that 
pretreatment caused profound changes in the gene expression 
which had been reflected in their morphology and the ECM 
secretion.

It was also interesting to note that unlike 5-azacytidine, 
which can intercalate in both DNA and RNA could be 
effective in inducing differentiation and morphological 
changes to the cells at any stage of cell cycle and development. 
5-Aza-2'-deoxycytidine has the ability to only intercalate in 
DNA, so it is most effective at the replicative stage of cells. 
This analogue replaces normal cytosine and forms irreversible 
adducts with dimethyl triptamine (DMTs), thus inhibiting 
genome wide methylation [11]. Once the methylation pattern 
of the growing cells was altered by the treatment of the 
demethylation drug 5-aza-2'-deoxycytidine, growing in its 
absence would make no difference to the cells as the change 
in pattern of methylation was conserved and successfully 

AA BB

CC DD

Fig. 5. Transmission electron micro
s c o p i c  p h o t o m i c r o g r a p h  o f  th e 
control and treated chondrocytes. The 
control and pretreated chondrocytes 
at day 14 were examined under the 
transmission electron microscope. 
( A)  C o ntr o l  c h o n d r o c y t e s .  ( B ) 
Pretreated chondroc yte.  (C) The 
control chondrocytes. (D) Pretreated 
chondroc ytes .  Note the presence 
of extensive and well defined rough 
endoplasmic reticulum (RER) and 
euchromatic nucleus and condensed 
chromatin in the pretreated cultures. 
Scale bars=2.01 mm (A, B), 2 mm 
(C, D). N, nucleus; V, vesicle ; M, 
mitochodria.
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maintained in their daughter cells [31, 32].
During endochondral ossification, the differentiation of 

growth plate chondrocytes is accompanied by an expression 
of a number of genes which resulted in the ECM remodeling. 
The histological studies were carried out in order to confirm 
that not only the chondrocytes phenotypes was altered on 
pretreatment, but the ECM secreted by them was also altered, 
with a loss of cartilage specific ECM. Scanning electron 
microscopy studies further shed light on the fine details of the 
ECM secreted by both control and pretreated chondrocytes 
and indicated the presence of matrix vesicles in the ECM of 
the pretreated cultures which is a characteristic feature of the 
hypertrophic chondrocytes.

The ultimate fate of the hypertrophic chondrocytes 

remained a highly controversial issue. Some studies indicated 
that terminal hypertrophic remains alive and change into 
osteoblasts and actively participate in tissue remodeling 
changing it from cartilage specific ECM to osteogenic ECM 
[8, 27, 33]. However, there is substantial evidence suggesting 
the apoptosis to be the final fate of the terminal hypertrophic 
chondrocytes [34, 35]. Our TEM studies supported the notion 
of two types of cells termed as dark cell and light cells, which 
has been reported in other avian growth plate studies [8, 36], 
which undergoes its own course of terminal hypertrophic 
differentiation and apoptosis. 

This study further emphasizes the role of methylation as 
an important epigenetic mechanism in the differentiation of 
chondrocytes towards its terminal fate. 

Our results support the notion that epigenetic mechanisms 
such as methylation play an important role in chondrocyte 
maturation pathway. The culture system described here 
proved to be the exact mimic of the processes taking place 
during endochondral ossification and thus potentially used 
as in-vitro model of bone formation. This culture system 
could be further exploited to study different regulatory 
pathways and molecular mechanisms that initiate the entry of 
epiphyseal chondrocytes into differentiation pathway, which 
could help us in better understanding of various pathological 
states of EO. 
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