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Changes in the endogenous BMP expression during
redifferentiation of chondrocytes in 3D cultures
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Abstract. Engineering cartilage tissue is challenging, mainly
because chondrocytes lose their differentiated phenotype when
cultured in monolayer. The aim of this study was to analyse
the influence of 3D-culture conditions on the redifferentiation
of chondrocytes, devoting special attention to BMPs. Dediffer-
entiated chondrocytes were seeded onto two different scaffolds
(Bio-Gide® and HYAFF-11®) and were then cultured for
38 days. Every week, samples were taken for gene expression
analysis and immunohistochemistry. In both scaffolds an
increasing differentiation was observed caused by an increase
in Col2 and a reduction in Coll expression. The various BMPs
were regulated, albeit differently by the changing culture
conditions. While GDF-5 and BMP-4 expression increased in
the monolayer culture in comparison with native cartilage and
decreased again in the 3D culture, the BMP-2 and BMP-6
expression decreased dramatically in the monolayer as well as
in the 3D culture. BMP-7 was not detectable in any probe.
Scaffold cultivation appears to stimulate the induction of
redifferentiation, but is not sufficient to induce expression of
BMP-2 -6 or -7. Since, in comparison to cartilage develop-
ment, there is a lack of surrounding signal centres, external
stimuli seem to be required to obtain complete rediffer-
entiation. Our data indicate that a combination of BMP-2, -6
and -7 may be promising for this purpose.

Introduction
Articular cartilage is a promising target for tissue regeneration

strategies since cartilage defects have a bad regeneration
capacity and cause osteoarthritis in the long-term (1). This is
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responsible for large socioeconomic problems. Furthermore,
specific properties, e.g., the existence of only one cell type or
the lack of vascularisation and innervation, make cartilage an
ideal candidate for tissue engineering. The process of cartilage
tissue engineering has, however, turned out to be very
challenging.

One cell-based method, which has already been in clinical
use for several years, is called matrix-associated chondrocyte
transplantation (MACT). This two-step technique requires
articular chondrocytes to be isolated and propagated in
monolayer cultures. During cultivation in monolayer, the cells
undergo morphological and molecular-biological changes.
This process is called dedifferentiation (2,3). The cells lose
their rounded cell shape, become elongated and decrease the
synthesis of collagen type II in favour of collagen type I (4-6).
In order to obtain differentiated cells for transplantation,
several methods have been established to induce rediffer-
entiation after cell propagation. The most common method is
the use of 3D-culture conditions. A variety of different
materials are used as scaffolds, including collagen I/III
membranes (7), hyaluronic fleeces (8), collagen gels (9) and
collagen matrices (10). Other procedures that can be used
alone or in combination with 3D-culture conditions include
the supplementation of differentiation factors, mechanical
stimulation of the cells and the use of low oxygen tension
during cultivation (11-13).

One family of proteins that is promising for cartilage
redifferentiation are the bone morphogenetic proteins (BMPs).
BMPs are a subfamily of the TGF- superfamily and consist
of approximately 20 members (14). They are involved in
embryonic development and tissue homeostasis and govern
multiple functions, such as differentiation and cell prolif-
eration. They signal through serine/threonine kinase receptors
(BMPRs), themselves composed of type I and II subtypes
(15,16). To date three type I receptors (BMPR-Ia, BMPR-Ib
and ActR-Ia) and 3 type II receptors (BMPR-II, ActR-II and
ActR-IIb) have been identified (17-21). Ligand binding leads
to the assembly of a tetrameric complex of BMPRs, consisting
of two type I and two type II receptors (22). Signal transfer is
obtained by Smad-1, -5 and -8, which are phosphorylated by
the receptor complex. After phosphorylation, the smad
proteins associate with Smad-4. This complex is translocated



318

into the nucleus and evokes alterations in the transcription of
different genes (14).

In several studies it has been demonstrated that BMPs
[including BMP-2, BMP-4, BMP-6, BMP-7 and growth and
differentiation factor 5 (GDF-5 or BMP-14)] have a positive
effect on the differentiation of mesenchymal stem cells
towards chondrocytes (23-25) as well as on the rediffer-
entiation of chondrocytes (26-30). Very little is known,
however, about the endogenous expression of BMPs during
redifferentiation of chondrocytes, although this should have
an impact on the selection of the appropriate BMPs added
during cultivation. Therefore, our aim was to analyse the
redifferentiation behaviour of chondrocytes cultured on two
different scaffolds with special attention devoted to the
expression of BMPs.

Materials and methods

Isolation and monolayer culture of human articular chondro-
cytes. Human articular cartilage samples were collected from
the hips of four patients (aged 43-81 years) with no history of
joint disease, who were scheduled to undergo joint
replacement following femoral neck fracture (approved by the
Ethics Board of the University of Vienna; code: 184/98). Non-
calcified cartilage was dissected from the bone immediately
after surgery. The cells were isolated and cultured in mono-
layer according to our standard operation procedure, as
previously described (5). From the same cartilage used for
the cell culture a fraction was pooled and used as native
cartilage control. Cells isolated from the ligamentum capitis
femoris were used as a fibroblast control. The chondrocytes
were dedifferentiated in monolayer culture for six weeks and
were seeded on two scaffolds (1x10° cells/cm?) consisting of
hyaluronan (HYAFF-11®, Fidia, FAB, Italy) or porcine
collagen I/IIT (Bio-Gide®, Geistlich Pharma, Wolhusen,
Switzerland) for redifferentiation. The culture medium for
both the monolayer culture and the 3D culture consisted of
DMEM, containing 10% fetal calf serum, 2 g/l HEPES, 1%
L-glutamine, 100 pg/ml streptomycin, 2.5 pxg/ml fungizone
(all from Life Technologies) and 50 mg/l ascorbic acid
(Sigma-Aldrich, St. Louis, MO).

RNA extraction and purification. Total RNA was obtained
from cells cultured in monolayer and on 3D scaffolds. Cells
were harvested by adding 1 ml of TRI reagent™ (Sigma-
Aldrich). Lysis of the cells was performed directly on the
culture dish. RNA isolation was performed according to the
standard protocol.

For total RNA extraction from native cartilage, slices of
human articular cartilage were frozen in liquid nitrogen and
ground using a mortar and pestle. Further steps were
performed using the RNeasy® plant mini kit (Qiagen,
Germany). The procedure for isolating total RNA was
executed as described in the RNeasy mini handbook
(06/2001, Qiagen).

cDNA synthesis. Total RNA (0.1-1 ug) was diluted with
nuclease-free water to a volume of 15 pl. Thereafter 4 ul
iScript™ reaction mix, as well as 1ul iScript reverse
transcriptase were added (Bio-Rad Laboratories, Hercules,
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Table I. Description of the designed primers and probes.

mRNA template Primer sequence
Col2al Left: 5'-gectggtgtcatgggttt-3'

Right:  5'-gtcecttctcaccagctttg-3'

Probe:  5'-aaaggtgccaacggtgagect-3'
Collal Left: 5'-atgcctggtgaacgtggt-3'

Right:  5'-aggagagccatcagcacct-3'

Probe:  5'-accagcatcacctctgtcaccctta-3'
GDF-5 Left: 5'-caccatcaccagctttattga-3'

Right:  5'-cacgtacctctgcttcctga-3'

Probe:  5'-caaagggcaagatgaccgaggt-3'
BMP-2 Left: 5'-catgtggacgctctttcaat-3'

Right:  5'-agcagcaacgctagaagaca-3'

Probe:  5'-tctcctaaaggtcgaccatggtgg-3'
BMP-4 Left: 5'-agcactggtcttgagtatcctg-3'

Right:  5'-gctgaggttaaagaggaaacg-3'

Probe:  5'-ccaccacgaagaacatctggagaac-3'
BMP-6 Left: 5'-cagcatttatcaagtcttacaggag-3'

Right:  5'-ttcttctgaggcccatactaca-3'

Probe:  5'-catcagcacagagactctgacctgttt-3'
BMP-7 Forward: 5'-gcaagatagccatttcctcac-3'

Reverse: 5'-gaaagatcaaaccggaactctc-3'

Probe:  5'-aacctcgtggaacatgacaaggaatt-3'
noggin Left: 5'-agatcaaagggctagagttctcc-3'
Right:  5'-acagccacatctgtaacttccte-3'
Probe: 5'-aagaagcagcgcctaagcaagaa-3'
connexin 43 Left: 5'-acttggcgtgacttcactactt-3'
Right:  5'-agttgagtaggcttgaaccttgt-3'
Probe:  5'-aagagtggtgcccaggcaac-3'

CA, USA). The reaction mixture was incubated for 5 min at
25°C, for 30 min at 40°C, and for 5 min at 85°C.

Primers and probes for quantitative analyses. Primers and
probes were designed using the Primer3 program (http://
frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) which
generates oligonucleotides with similar melting temperatures
and minimal self complementarity. To avoid amplification of
genomic DNA, the probes were placed at the junction of two
exons. Gene specificity of the primers and probes and the
absence of DNA polymorphism were confirmed by BLAST
searches. Primers and probes were synthesised by biomers.net
(Ulm, Germany). Primer concentrations were tested for each
primer at concentrations of 50, 300 and 900 nM, choosing the
combination that displayed the lowest Ct value. Primer
sequences are listed in Table 1.

Real-time PCR amplification and analysis. Real-time PCR
amplification was performed and monitored using an ABI
PRISM® 7500 Fast real-time PCR system (Perkin-Elmer
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Figure 1. Real-time PCR analysis of Col2 and Coll expression in native cartilage (cart.), dedifferentiated chondrocytes which were cultured for 6 weeks in
monolayer (ML), dedifferentiated chondrocytes seeded on a HYAFF-11 fleece (H3d-H38d) or a Bio-Gide membrane and cultured for 3-38 days (B3d-B38d)
and ligament fibroblasts (lig.). Gene expression was normalized to /8S rRNA expression. Data were log transformed and expressed as mean + SD of the real-
time PCR triplicate analysis. The dedifferentiation index was calculated as the ratio of the Col2 expression divided by the Coll expression.

Applied Biosystems, Foster City, CA, USA). The master mix
was based on the Brilliant™ QPCR master mix (Stratagene,
San Diego, CA, USA). The thermal cycling conditions
comprised the initial steps at 50°C for 2 min and at 95°C for
10 min. Amplification of the cDNA products was performed
with 40 PCR cycles, consisting of a denaturation step at 95°C
for 15 sec and an extension step at 60°C for 1 min. For
SYBR Green amplification, an additional dissociation step
(95°C for 15 sec, 60°C for 20 min and 95°C for 15 sec) was
performed. /85 rRNA was chosen as the internal standard,
using the predeveloped Taq Man® assay (Applied Biosystems).
All cDNA samples (3 ¢l in 25 ul) were analysed in triplicate.
The final numeric value was calculated as the ratio of the
gene to /85 rRNA and was expressed in arbitrary units.

Histology and immunohistochemistry. For histological
examinations standard protocols were used. In brief,
HYAFF-11 and Bio-Gide membranes were fixed with 4%
paraformaldehyde, dehydrated in alcohol, rinsed in xylol and
infiltrated with paraffin. Deparaffinized sections were
permeabilized with 20 pg/ml Proteinase K for 15 min at
37°C. After incubation with Image-iT FX Signal Enhancer
(Invitrogen, Carlsbad, CA, USA) and 2% BSA blocking
solution (both for 30 min) primary antibodies were applied
overnight at 4°C (goat anti-type I collagen, SouthernBiotech,
Birmingham, UK; mouse collagen II Ab-3, Thermo Fisher
Scientific, Waltham, MA, USA). Secondary antibodies were
Alexa Fluor 488 donkey anti-goat and Alexa Fluor 488 goat
anti-mouse (Molecular Probes, Eugene, OR, USA). Sections
were counterstained with DAPI nuclear stain (Molecular
Probes). Native articular cartilage and bone served as positive

controls; negative controls were performed by omitting the
primary antibody.

Statistical analysis. All samples were assayed by real-time
PCR in triplicates. The values were log transformed and
reported as the mean + SD of the real-time PCR analyses. The
differentiation index was calculated as the ratio of the Col2
expression (mean) divided by the Coll expression (mean).

Results

Expression of Coll and Col2. During the six weeks of mono-
layer culture we observed a >1000-fold decrease in Col2
expression compared to native cartilage. The cultivation in
HYAFF-11 as well as in Bio-Gide led in turn to an increase
in Col2 expression, although with a different rate and extent.
Whereas in HYAFF-11, the Col2 expression increased rather
continuously to 16-fold, the Col2 expression in Bio-Gide
remained unaltered until day 24, thereafter increasing to 78-fold
in the last two weeks (Fig. 1a).

Coll expression increased a thousand times in the mono-
layer culture compared to the native cartilage. However,
cultivation in both scaffolds caused an immediate and
continuous decline (~10-fold) in Coll expression (Fig. 1b).

The calculated differentiation index rose between 60-fold
(in Bio-Gide) and 470-fold (in HYAFF-11) after 38 days of
3D culture and demonstrated the increasing redifferentiation
of the cells (Fig. 1c¢).

DAPI staining. A nuclear staining with DAPI was performed
to illustrate cell distribution. After 3 days in Bio-Gide, a cell
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Figure 2. DAPI nuclear staining of dedifferentiated chondrocytes 3 and
38 days after seeding on a HYAFF-11 fleece or a Bio-Gide membrane.
Scale bar, 100 ym.

distribution appeared that was restricted to the surface of the
membrane (Fig. 2a). Five weeks later, we observed a higher
cell density as well as several cells that had infiltrated deeper
into the membrane (Fig. 2b).

Due to the loose structure of the HYAFF-11 fleece, the
cells were evenly distributed over the whole scaffold from the
beginning (Fig. 2c). After 38 days there was also a distinctly
higher cell density (Fig. 2d).

Immunofluorescence. Col2 expression was detected in cells
grown in the Bio-Gide membrane as well as the HY AFF-11
fleece. However, there was no recognizable difference
between the different time points (Fig. 3a-d).

collagen type Il

Bio-Gide

HYAFF-11

3 days 38 days
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Although the Bio-Gide membrane consisted of Coll and
therefore caused a strong background staining, some chondro-
cytes showed an intense Coll staining (Fig. 3e and f). After
38 days, especially, a large fraction of the cells exhibited
weak or no Coll staining at all, whereas several cells were
strongly positive for Coll (Fig. 3f).

In the HAYFF fleece the chondrocytes showed a positive
Coll staining as well, at both time points. In addition, there
were membrane-like, Coll-positive structures visible on the
bottom side of the fleece to which cells were attached
(Fig. 3g and h).

BMP expression. GDF-5 expression was highly increased in
the monolayer culture in contrast to the native cartilage
(>100-fold). In the 3D culture, GDF-5 expression immediately
decreased in both scaffolds to a level approximately 10-fold
higher than in the native cartilage. During the following
cultivation time, expression remained unchanged. In ligament
fibroblasts, GDF-5 expression levels were between the levels
of the native cartilage and that of the chondrocytes in the 3D
culture (Fig. 4a).

In contrast to GDF-5, BMP-2 expression declined in the
monolayer culture to 12.5% of the level of native cartilage.
In the 3D culture a further decrease (one tenth) in the BMP-2
expression was observed (Fig. 4b).

BMP-4 expression showed characteristics very similar to
GDF-5 expression. After a 100-fold increase in the mono-
layer culture the expression decreased by a factor of ten
during cultivation in the 3D culture (Fig. 4c).

BMP-6 expression resembled that of BMP-2. Similar to
BMP-2, BMP-6 expression declined in the monolayer culture
and further decreased in the 3D culture (Fig. 4d).

Noggin was dramatically down-regulated after six weeks
of monolayer culture. At the beginning of the 3D culture,
noggin expression stayed at the low level of chondrocytes in

collagen type |

3 days

38 days

Figure 3. Confocal laser micrographs of dedifferentiated chondrocytes 3 and 38 days after seeding on a HYAFF-11 fleece or a Bio-Gide membrane. Detection

of Col2 and Coll by IHC (Alexa 488 in green, DAPI nuclear staining in blue).
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Figure 4. Real-time PCR analysis of BMP expression in native cartilage (cart.), dedifferentiated chondrocytes which were cultured for 6 weeks in monolayer
(ML), dedifferentiated chondrocytes seeded on a HYAFF-11 fleece (H3d-H38d) or a Bio-Gide membrane and cultured for 3-38 days (B3d-B38d) and
ligament fibroblasts (lig.). Gene expression was normalized to /8S rRNA expression. Data were log transformed and expressed as mean + SD of the real-time

PCR triplicate analysis.
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Figure 5. Real-time PCR analysis of noggin and connexin 43 expression in native cartilage (cart.), dedifferentiated chondrocytes which were cultured for 6
weeks in monolayer (ML), dedifferentiated chondrocytes seeded on a HYAFF-11 fleece (H3d-H38d) or a Bio-Gide membrane and cultured for 3-38 days
(B3d-B38d) and ligament fibroblasts (lig.). Gene expression was normalized to /8S rRNA expression. Data were log transformed and expressed as mean + SD

of real-time PCR triplicate analysis.

the monolayer culture. After 31 days, however, a slight
increase in the noggin expression was detectable in both
scaffolds (Fig. 5a).

Similar to GDF-5 expression, a higher expression of
connexin 43 was detected after six weeks of monolayer
culture. Chondrocytes in the 3D culture exhibited a slightly
lower level of connexin 43 expression than in the monolayer
culture, but was still higher when compared to native
cartilage (Fig. 5b).

Discussion

One of the most common methods used to induce rediffer-
entiation in chondrocytes is the 3D culture of cells on

scaffolds. For this study we selected two frequently used
scaffolds of completely different composition in order to
analyse possible influences of the scaffolds on the rediffer-
entiation behaviour of chondrocytes. One of the scaffolds
was a fleece consisting of hyaluronic acid called HY AFF-11,
the other a collagen type I/IIl membrane merchandised as
Bio-Gide. Both scaffolds have been demonstrated to have a
positive influence on the redifferentiation of chondrocytes
(31). Furthermore, both scaffolds have been used for MACT
for quite some time (7,8).

By means of the differentiation index we were able to
demonstrate a distinct tendency of cells in both scaffolds for
redifferentiation during the cultivation in the 3D culture. The
increase in the differentiation index was caused on the one
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hand by the decrease in the Coll expression at the first time
point of analysis (day 3) and on the other hand by a slower
rise in Col2 expression that exhibited scaffold-dependent
differences. While Col2 expression began to increase in the
HYAFF-11 fleece already at the beginning of the 3D culture,
a rise in Col2 in the Bio-Gide membrane was not detectable
until day 31. However, this increase appeared more rapidly.
These differences may have been caused by the unequal cell
distribution in the scaffolds. In HYAFF-11, a relatively even
distribution of the cells existed from the beginning of
cultivation. In Bio-Gide, however, the cells were concentrated
at the surface of the membrane. The closer contact between
the cells therefore may have delayed the increase in Col2
expression until the time point when the cells were separated
by the matrix produced and after some cells migrated into
deeper layers of the membrane.

In search of novel approaches to improve the differ-
entiation of chondrocytes, BMPs have been the object of
interest in recent years. BMPs play an important role during
the development of cartilage by regulating proliferation and
differentiation of chondrocytes and their progenitors (32).
Furthermore, they are of importance for the homeostasis of
mature cartilage (33). This has led to numerous studies
dealing with the influence of the addition and overexpression
of BMPs on matrix synthesis of cultured chondrocytes. For a
number of BMPs a positive effect on the synthesis of proteo-
glycans and collagens has been demonstrated (30,34,35).
Almost nothing, however, is known about the endogenous
expression of BMPs in chondrocytes during cultivation and
redifferentiation. Therefore, in order to obtain optimal
redifferentiation conditions, knowledge of endogenous
expression of BMPs is required for their application as
external stimuli. For redifferentiation analysis we therefore
focused on the expression of those genes which are most
important for the development of cartilage.

Several BMPs were regulated quite differently, although
between the two scaffolds only marginal differences were
demonstrated. At the beginning of the 3D culture, GDF-5
and BMP-4 expression approached the values of the native
cartilage through a distinct decrease. GDF-5 and BMP-4 are
closely related proteins that are able to induce growth and
differentiation of cartilage (36). In our case, the decrease in
expression was associated with an induction of rediffer-
entiation. Thus, it can be assumed that there is an association
between the expression of both proteins and the proliferation
rate of chondrocytes.

The function of GDF-5 depends on connexin 43 (37-39).
Analogous to GDF-5 expression, there was a reduction in
connexin 43 in the 3D culture. It was apparent that the
decrease in GDF-5 and connexin 43 expression occurred
more slowly in the Bio-Gide membrane than in HYAFF-11.
This could have been caused again by the different properties
of the scaffolds. On the Bio-Gide membrane, chondrocytes
formed a dense cell layer, and the cells were separated with
time by the production of extracellular matrix.

Contrary to GDF-5 and BMP-4, which still show a
relatively high expression in the 3D culture, BMP-2 and -6
expression dramatically decreased in the monolayer culture
as well as in the 3D culture. BMP-7 was detected in neither
sample.
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If one assumes that redifferentiation imitates, at least
partially, processes that happen during embryogenesis, then
BMP-2, -4, -7 and GDF-5 may play an important role at the
beginning of redifferentiation. Expression of BMP-6 is not
generally demonstrated until later phases of cartilage
development, particularly in hypertrophic chondrocytes (40).
In context with our findings the question therefore arises, why
only low or almost non-existent expression of BMP-2, -6 and
-7 is observed. The cultivation on scaffolds seems to be an
important stimulus for the induction of redifferentiation, but
may not be sufficient to induce BMP-2, -6 or -7 expression.
In contrast to cartilage development, important structures are
missing in vitro, such as a perichondrium, an interzone or a
synovial membrane. All of these exhibit important signal
centres and express different BMPs (40,41). In the absence of
these signal centres an external stimulus may be necessary in
order to obtain complete redifferentiation. Our data revealed
that a combination of BMP-2, -6 and -7 may be promising,
although the sequence, chronology and the extent of addition
still have to be demonstrated.

Another factor that has to be addressed is the inhibitor
noggin. It has been shown that noggin can inhibit BMPs by
binding to them and preventing the interaction with their
receptors (42). Since native cartilage expresses noggin, a
balance between BMPs and noggin may be necessary to
prevent the further differentiation towards hypertrophic
chondrocytes and the calcification of the tissue. The reduction
in noggin during redifferentiation therefore may amplify the
effect of the added BMPs. For this reason, an optimally timed
addition of noggin should be considered to avoid hypertrophy
after redifferentiation. However, additional research must be
undertaken to gain further insight into this complex field of
delicately regulated system of growth and differentiation.
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