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a b s t r a c t

Expansion of articular chondrocytes in monolayer culture leads to loss of the unique

chondrocyte phenotype and the cells’ redifferentiation capacity. Dedifferentiation of chon-

drocytes in monolayer culture is a challenging problem for autologous chondrocyte trans-

plantation (ACT). It is well established that Igf-I exerts positive anabolic effects on

chondrocytes in vivo and in vitro. Accordingly, in this study, we examined whether the

anabolic insulin-like growth factor-I (Igf-I) is capable of extending the chondrogenic poten-

tial of dedifferentiated chondrocytes in vitro. Chondrocyte monolayers were cultured up to

10 passages. At each passage chondrocytes were stimulated with Igf-I (10 ng/ml) and

introduced to high-density cultures for up to 7 days. Expression of collagen type II,

cartilage-specific proteoglycans, activated caspase-3, integrin b1, extracellular signal-regu-

lated kinase (Erk) and Sox9 was examined by Western blotting, immunoprecipitation and

immunomorphological techniques. Monolayer chondrocytes rapidly lost their differen-

tiated phenotype. When introduced to high-density cultures, only chondrocytes from P1–

P4 redifferentiated. In contrast, Igf-I treated cells from P1 up to P7 redifferentiated and

formed cartilage-like tissue in high-density culture. P8–P10 cells exhibited apoptotic altera-

tions and produced significantly less matrix. Igf-I markedly increased expression of integrin

b1, Erk and Sox9. Immunoprecipitation revealed that phosphorylated Erk1/2 physically

interacts with Sox9 in chondrocyte nuclei, suggesting a previously unreported functional

association which was markedly enhanced by Igf-I. Treatment of chondrocyte cultures with

Igf-I stabilizes chondrogenic potential, stimulates Sox9 and promotes molecular interac-

tions between Erk and Sox9. These effects appear to be regulated by the integrin/MAPK

signaling pathways.
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1. Introduction

OsteoArthritis (OA) is a degenerative disorder which is

characterized by degradation of extracellular matrix macro-

molecules and loss of joint function. In the last decade, the

technique of autologous chondrocyte transplantation (ACT) has

been introduced for cartilage repair. ACT relies on isolation of

chondrocytes from the patient, ex vivo culture and expansion in

the laboratory and implantation into the cartilage defect [1]. The

success of this approach correlates with the capacity of

implanted chondrocytes to produce a functionally and

mechanically competent hyaline cartilage matrix consisting

of collagen type II and cartilage-specific proteoglycans (CSPG)

[2]. However, the main drawback associated with ACT is that

during proliferation in monolayer culture chondrocytes rapidly

dedifferentiate [3–7]. Dedifferentiated chondrocytes develop a

fibroblast-like appearance and produce collagen type I, a matrix

component not normally found in articular cartilage [8,9].

Recent studies have shown that dedifferentiated human

chondrocytes are able to redifferentiate toward the chondro-

genic lineage upon transfer to a three-dimensional culture

system [10]. However, prolonged proliferation in monolayer

culture leads to irreversible loss of differentiated functions and

chondrogenic capacity resulting in cells that are biochemically

incompetent for implantation and cartilage defect repair [4,5]. It

is therefore of considerable practical and clinical interest to

prolong the redifferentiation capacity of chondrocytes in vitro

and to increase the pre-requisite cell yield for improving the

chances of ACT success. In recent studies we have shown that

dedifferentiated human chondrocytes from P1 to P4 maintain

the capacity to redifferentiate if transferred to high-density or

alginateculturesystem and forma cartilage-specificmatrix. We

have also shown that loss of chondrogenic potential is

accompanied by reduced expression of key signaling proteins

in the mitogen-activated proteins (MAP) kinase (MAPK) path-

way and apoptosis [11,12].

It is becoming increasingly accepted that anabolic growth

factors influence important cellular processes including

differentiation, growth and survival [13–15]. For example,

transforming growth factor-b (TGF-b) is abundantly expressed

in normal articular cartilage [16] and augments cell prolifera-

tion and production of matrix proteins [17]. Fibroblast growth

factor-2 (FGF-2) has been demonstrated to maintain the

chondrogenic potential during chondrocyte expansion in

monolayer culture [18] and induces growth arrest and

differentiation [19]. Insulin like growth factor-I (Igf-I) is

capable of stimulating chondrocyte differentiation and survi-

val and stimulating matrix synthesis in vivo and in vitro [14,20–

22]. In contrast to other growth factors Igf-I more potently

influences the differentiation and proliferation state of

chondrocytes; Igf-I strongly promotes chondrogenesis in

progenitor cells in vitro [23]. We have previously shown that

Igf-I plays a role in chondrocyte differentiation; in response to

Igf-I stimulation the Igf-I receptor activates key signaling

proteins of the MAPK pathway [24]. Adult human articular

chondrocytes in vivo contain high Sox9 mRNA levels [25]. Sox9

has been strongly implicated in the regulation of cartilage-

specific matrix components in chondrocytes (such as collagen

type II and aggrecan) and may play an important role in

chondrocyte differentiation [26–29], but other co-factors are
also important for collagen type II promotor activation

[25,30,31]. Indeed, it has been reported that Sox9 expression

does not positively correlate with collagen type II expression in

adult articular chondrocytes [25]. However, Sox9 is implicated

in prevention of hypertrophic terminal differentiation of

chondrocytes [25,30].

Thus, in this study we tested the hypothesis that Igf-I

extends the redifferentiation capacity of dedifferentiated

chondrocytes by modulating the expression of components

of the MAPK pathway and promoting the function of the

chondrogenic transcription factor Sox9.
2. Materials and methods

2.1. Antibodies

Antibodies against collagen type II (AB746), cartilage-specific

proteoglycan (MAB 2015) and b1-integrin (MAB1977) were

purchased from Chemicon International (Temecula, CA, USA).

Antibodies to active caspase-3 (AF835) were from R&D

Systems, Inc., (Heidelberg, Germany). Sox9 antibody was

purchased from Acris Antibodies GmbH (Hiddenhausen,

Germany). Antibodies to phospho-p42/p44 Erk1/2 were pur-

chased from Promega (Mannheim, Germany). Anti-pan Erk1/2

antibodies were purchased from Transduction Laboratories

(Heidelberg, Germany). Gold particle conjugated secondary

antibodies were purchased from Amersham (Braunschweig,

Germany).

2.2. Cell culture and growth media

Growth medium (Dulbecco’s modified Eagle’s/Ham’s F-12

medium (50/50) containing 0.1/10% fetal calf serum, 25 mg/

ml ascorbic acid, 50 IU/ml streptomycin, 50 IU/ml penicillin

and 2.5 mg/ml amphotericin B, 1% glutamine and 1% essential

amino acids) was obtained from Seromed (Munich, Germany).

Alginate, collagenase, O.C.T. compound embedding medium

and trypsin/EDTA (EG 3.4.21.4) were purchased from Sigma

(Munich, Germany). Plano (Marburg, Germany) provided Epon.

Igf-I was purchased from Biomol (Hamburg, Germany). The

APAAP-Kit was derived from Dako (Carpinteria, CA, USA).

2.3. Chondrocyte isolation and culture

Primary cultures of human chondrocytes were prepared from

articular cartilage of femoral heads obtained during joint

replacement surgery for femoral neck fractures as described

previously [24]. Twelve samples of cartilage derived from the

same donor were used for these investigations. Cartilage

samples were derived from the human patient with full

informed consent and local ethics committee approval.

2.4. Igf-I treatment

Chondrocytes in monolayer culture were washed three times

with serum-free medium. Following stimulation with Igf-I

(10 ng/ml in serum-free medium) for 24 h, every third day the

confluent monolayer culture cells were passaged, finally

reaching passage 10. Cells from each monolayer passage were



b i o c h e m i c a l p h a r m a c o l o g y 7 2 ( 2 0 0 6 ) 1 3 8 2 – 1 3 9 51384
grown in high-density cultures. Briefly, cells were washed

twice in growth medium and pelleted by centrifugation

(600 rpm for 10 min). Ten microliter aliquots of the sedimen-

ted cells (�2 � 106 cells/10 ml) were pipetted onto a membrane

filter with a pore diameter of 0.2 mm (Sartorius, Göttingen,

Germany) on top of a stainless steel grid at the medium-air

interface in a Petri dish. The same procedure was used for

untreated controls. Cultures were grown at 37 8C in a

humidified atmosphere with 5% CO2 and growth medium

was changed every third day.

2.5. Light microscopy

One-micrometer-thick sections were prepared from the Epon-

embedded high-density culture, stained with toluidine blue

(Merck, Darmstadt, Germany), rinsed with distilled water, and

air-dried. The slices were cover-slipped with Kaisers’ glycerol

gelatin before examination under a light microscope (Axio-

phot, Zeiss, Germany) and digital photomicroscopy.

2.6. Alkaline phosphatase anti-alkaline phosphatase
(APAAP) technique

Alkaline phosphatase anti-alkaline phosphatase (APAAP)

technique was performed as described earlier [5,6,32].

2.7. Isolation of chondrocyte nuclei

Cells were trypsinized and washed 2� in 1 ml ice cold PBS

buffer. After removal of the supernatant, the pellet was

resuspended in 400 ml hypotonic lysis buffer containing

protease inhibitors and incubated on ice for 15 min. 12.5 ml of

10% NP-40wereadded and the cell suspensionvigorouslymixed

for 15 s. The extracts were centrifuged for 1.5 min. The

supernatants were removed and 25 ml ice cold nuclear extrac-

tion buffer were added to the pellets and incubated for 30 min

with intermittent mixing. Extracts were centrifuged and the

supernatant (nuclear extracts) transferred to pre-chilled tubes

for storage at �70 8C. The purity of the preparations was

determined by transmission electron microscopy.

2.8. Transmission electron microscopy

Transmission electron microscopy was performed as

described earlier [5,6,32]. For statistical analysis, ultrathin

sections of the samples were prepared and evaluated with an

electron microscope (Zeiss EM 10). The number of cells with

morphological features of apoptotic cell death was deter-

mined by scoring 100 cells from 20 different microscopic fields.

2.9. Immunoelectron microscopy

A detailed description of the culture technique used for

immunoelectron microscopy has been published [4,33]. After

fixation in 3% formaldehyde (freshly prepared from parafor-

maldehyde plus 0.25% glutaraldehyde) in PBS for 1 h, the

cultures were washed with PBS/1% BSA, dehydrated in ethanol

and embedded in LR-white. Ultrathin sections were cut and

treated with the following solutions: (1) 1% BSA at AT for

30 min; (2) testicular chondroitinase (5000 U/ml) for 5 min at
AT to unmask epitopes; (3) PBS/1% BSA/0.5% Tween 20 2�
5 min at AT; (4) primary antibodies (1:50 in PBS/1% BSA/0.5%

Tween 20) overnight at 4 8C; (5) PBS/BSA/Tween for 2� 5 min at

AT; (6) secondary antibodies conjugated with goat anti-rabbit

immunoglobulin with 10 nm gold particles (1:50 for 30 min) at

AT; (7) after rinsing for 2� 5 min at AT; (8) contrasting was

carried out with 1% tannic acid for 20 min at AT, with OsO4 for

10 min and with 2% uranyl acetate for 30 min. Finally, the

sections were rinsed and examined under a transmission

electron microscope (TEM 10, Zeiss, Germany).

2.10. Immunoblotting

Western blotting was performed as described earlier [24,32].

2.11. Immunoprecipitation of Sox9 and Erk

For immunoprecipitation, the extracts were precleared by

incubation with 25 ml of normal rabbit IgG-serum or normal

mouse IgG-serum and Staphylococcus aureus (S. aureus) cells,

incubated with primary antibodies diluted in wash buffer

(0.1% Tween 20, 150 mM NaCl, 50 mM Tris–HCl, pH 7.2, 1 mM

CaCl2, 1 mM MgCl2, 1 mM PMSF) for 2 h at 4 8C followed by S.

aureus cells for 1 h at 4 8C. Control immunoprecipitations were

performed by incubating the samples with rabbit anti-mouse

IgG alone. S. aureus cells were washed five times with wash

buffer and once with 50 mM Tris–HCl, pH 7.2 followed by

boiling in SDS-PAGE sample buffer. Samples were separated

on SDS-polyacrylamide gels under reducing conditions as

described above.

2.12. Statistical analysis

The results are expressed as the means � S.D. of a represen-

tative experiment performed in triplicate. The means were

compared using student’s t-test assuming equal variances.

p < 0.05 was considered statistically significant.
3. Results

3.1. Chondrocyte proliferation with or without Igf-I
treatment in monolayer culture

Primary human chondrocytes were cultivated in alginate

beads. During the first 4–7 days of culture, some cells migrated

from alginate beads and adhered to Petri dishes reaching

confluence 3 days later. At this point it is important to

highlight the rationale for adopting this approach which is a

critical aspect of our experimental design. We have previously

shown that alginate migrated cells are fully differentiated

chondrocytes and uniquely possess chondrogenic potential.

Our ultrastructural studies have demonstrated that alginate

culture may be used as a selective filter to separate motile cells

with chondrogenic potential from dying and degenerating

cells trapped within the alginate bead [11,12]. This monolayer

(P1) was passaged every 3 days until passage P10 with or

without Igf-I. The alginate migrated chondrocytes exhibited a

typical chondrocytic round shape and proliferated rapidly

(data not shown). During Igf-I-stimulation, the cells did not
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show any morphological features indicative of degeneration at

the light and electron microscopic levels.

3.2. Igf-I is able to extend the viability of chondrocytes
in culture

High-density cultures were prepared from chondrocytes of

monolayer passages 1–10 (untreated control and Igf-I treated

chondrocytes) and cultivated for 7 days under identical

conditions, before they were fixed and prepared for transmis-

sion electron microscopy. During the first day of the high-

density culture period, chondrocytes from monolayer culture

formed blastema-like nodules and made tight contacts

(Fig. 1A). They revealed round to oval shapes, prominently

large euchromatic nuclei, free cytoplasmic ribosomes, mito-

chondria and endoplasmatic reticulum (ER) as well as

vacuoles. In contrast, high-density cultures of Igf-I treated

cells produced more distinct and robust cell–cell-contacts

from day 1 (such as desmosomes and gap-junctions) (Fig. 1B).
Fig. 1 – Electron microscopic demonstration of early high-

density cultures of Igf-I treated chondrocytes. Serum

starved chondrocytes were cultured and incubated with or

without Igf-I (10 ng/ml) for 24 h; every third day the

confluent monolayer culture cells were passaged, finally

reaching passage 10. Cells from each monolayer passage

were then grown in high-density cultures. Electron

micrographs of chondrocytes (C) in 1-day old high-density

cultures that were derived from passage P3 either treated

with 10 ng/ml Igf-I (B) or left untreated (A). Chondrocytes

had a typically round or oval profile and had intimate

contact. These chondrocytes contained a well-developed

rough endoplasmic reticulum, a Golgi apparatus,

mitochondria, vacuoles and cytoplasmic granules. In Igf-I-

treated chondrocyte cultures many cell–cell contacts were

evident (arrows). 15 000�; bars = 1 mm.
Transmission electron microscopy revealed that high-

density cultures of untreated cells (control) appear as viable

chondrocytes exhibiting characteristic morphological features

and they formed a dense and regular fibrillar extracellular

matrix (Fig. 2, P1–P4: A). From P5, control cells developed

unequivocally less matrix and exhibited characteristic signs of

cellular degeneration, organelle destruction and apoptosis;

morphological alterations included appearance of condensed

material in the nucleus, formation of apoptotic bodies and bleb

formation at the cell surface (Fig. 2, P5–P10: A).The few surviving

cells that remained in the periphery were fibroblast-like and

had completely lost their chondrocytic appearance. Up to P10

apoptotic cell death was apparent throughout the high-density

cultures and only a few viable cells were still recognizable.

In contrast, high-density cultures treated with Igf-I

exhibited significantly more viable cells featuring cytoplasmic

glycogen accumulation. Igf-I treated chondrocytes formed

cartilaginous nodules and these conditions were maintained

up to P6 (Fig. 2, P1–P6: B). At that time point, fibroblast-like cells

could be seen in the periphery and cartilaginous nodules

featured abundant extracellular matrix at the center. P6

appeared to be the turning point; high-density cultures

exhibited some viable chondrocytes, which produced an

irregular matrix with non-specific proteoglycans around the

cells and a pericellular matrix free space was visible.

Chondrocytes showed signs of degeneration and apoptosis

including annular condensation of nuclear chromatin, multi-

ple vacuoles with fatty deposits accumulating in the cell

periphery. Although some fibrillar matrix was detectable, it

seemed disjointed and disorganized. Most of the cells featured

a swollen ER. At P9 and P10 the majority of the cells were

already dead or dying (Fig. 2, P8–P10: B).

Scoring the frequency of apoptotic cells and statistical

evaluation of the data clearly highlighted changes in the

number of apoptotic and viable cells during high-density

culture in the presence and absence of Igf-I. The frequency and

total number of apoptotic cells increased in control cultures

from P5. The data confirm the findings observed by immu-

nomorphology and electron microscopy (Fig. 3).

3.3. Igf-I treated chondrocytes produced more collagen
type II and CSPG

Monolayer cultures derived from each initial passage (control

and Igf-I treated cells) were transferred to high-density

cultures and maintained for up to 7 days. They were then

stained with APAAP-coupled antibodies against collagen type

II and CSPG. Collagen type II and CSPG labeling were found in

the extracellular matrix.

No differences in synthesis were seen with respect to these

extracellular matrix proteins between the untreated control

and the Igf-I stimulated chondrocytes until P4 (Fig. 4, P1–P5: A

and B, C and D). The P4 samples yielded abundant and evenly

distributed staining for collagen type II and CSPG in the

cartilage nodules. From P5 onwards staining of the control

cells became significantly weaker and nearly disappeared by

P8–P10 (Fig. 4, P6–P10: A and C). At the same time a similar

signal to the earlier time points could be observed in Igf-I

treated chondrocytes (Fig. 4, P6–P10: B and D). The intensity of

the staining was still high in P9 and P10, but had remarkably
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Fig. 2 – Electron microscopic demonstration of 7-day old high-density cultures of Igf-I treated chondrocytes. Serum starved

chondrocytes were cultured and incubated with or without Igf-I (10 ng/ml) for 24 h; every third day the confluent monolayer

culture cells were passaged, finally reaching passage 10. Cells from each monolayer passage were then grown in high-

density cultures. Electron micrographs of chondrocytes in 7-day old high-density cultures derived from passages P1, P4, P5,

P6, P8 and P10 either treated with Igf-I (B) or left untreated (A). Round nodules consisting of typical round chondrocytes that

were surrounded by several layers of flattened fibroblast-like cells were evident in control cells of P1–P4. The cells had



b i o c h e m i c a l p h a r m a c o l o g y 7 2 ( 2 0 0 6 ) 1 3 8 2 – 1 3 9 5 1387

Fig. 3 – Statistical evaluation of data obtained by electron

microscopy: the frequency of apoptosis in control and Igf-

I-treated cultures was evaluated by scoring 100 cells from

20 different microscopic fields in each situation. The graph

highlights the number of pathologically altered cells in

control cells compared to Igf-I-treated cells; mean

values are shown with standard deviations (n = 3

independent experiments).
decreased. Similar expression was found for both collagen

type II and CSPG.

3.4. Demonstration of collagen type II and activated
caspase-3 in high-density cultures treated with and
without Igf-I

Immunoblotting was performed to determine the effect of Igf-I

treatment on protein synthesis in human chondrocytes.

Specimens from each passage were analysed in triplicate.

We focused primarily on the cartilage-specific extracellular

matrix protein collagen type II (Fig. 5A) as the presence of this

extracellular matrix protein correlates with the chondrogenic

potential of chondrocytes and exemplifies the basic assump-

tion that cartilage matrix is being produced. Densitometric

evaluation of a representative Western blot experiment

performed in triplicate (Fig. 5C) revealed that collagen type

II expression in untreated control was decreased from P5. In

contrast, Igf-I-treated cells exhibited increased collagen type II

expression during the culture period compared to chondro-

cytes maintained in the absence of Igf-I.

Western blot analysis was also used to examine the

expression of the apoptosis marker activated caspase-3 in

Igf-I treated and control chondrocytes. Our objective was to

underline the correlation of decreasing matrix production

with increasing apoptotic cell death. From P1 to P4 activated

caspase-3 was not detectable in control or Igf-I treated cells

(Fig. 5D). However, control cultures began expressing activated

caspase-3 at P5 with increasing amounts up to P10. In contrast,

Igf-I treated chondrocytes showed the first sign of activated

caspase-3 expression at P7 which only marginally increased to

P10 (Fig. 5D). Densitometric analysis of Western blot experi-

ments (performedintriplicate) showedanincreased expression
intimate contact to a well developed fibrillar matrix. The same

control cells from P6 until P10 no specific matrix could be seen.

P10 treated with Igf-I had a rounded shape, appeared viable an

pericellular areas of low matrix density. Nuclei of P8–P10 Igf-I-t

heterochromatin at the nuclear membrane. 5000�; bars = 1 mm.
of caspase-3 in untreated control cells from P5 (Fig. 5F). In

contrast expression of activated caspase-3 was detected in Igf-I

treatedchondrocyte from P7 with minor increase to P10 (Fig. 5F).

3.5. Igf-I stimulates expression of b1-integrins in
chondrocytes

Thus far our observations confirm that Igf-I-treated cells in

monolayer cultures survive longer after being introduced to

high-density cultures. We then proceeded to determine the

molecular mechanisms and downstream signaling induced by

Igf-I in chondrocytes.

It is well established that Igf-I receptor associates with b1-

integrins in chondrocytes and stimulates the MAPK pathway

which is an important signaling cascade for chondrocyte

differentiation and survival [24]. To investigate the hypothesis

that integrin-dependent intracellular signaling proteins were

influenced by Igf-I in chondrocytes, human chondrocytes

were grown in monolayer culture from P3 in the presence or

absence of Igf-I and the expression of b1-integrin was

examined by immunoelectron microscopy. As shown in

Fig. 6, a marked increase in expression of b1-integrin was

seen in Igf-I-treated chondrocytes, (Fig. 6B) compared to

chondrocytes cultivated without Igf-I treatment (Fig. 6A).

To clarify the role of b1-integrins in this process, human

chondrocytes were cultured in the presence or absence of Igf-I,

lysed and immunoblotted with antibodies raised against-b1

integrin. Western blot analysis of Igf-I-treated chondrocytes

showed that the expression of b1-integrins increased sig-

nificantly (Fig. 6C) compared to untreated chondrocytes.

Densitometric evaluation of the results indicated (Fig. 6D) a

significant increase in the expression of the b1-integrin in

response to Igf-I (10 ng/ml) compared to chondrocytes in the

absence of Igf-I. These findings confirm the immunomorpho-

logical results described above.

3.6. Igf-I induces activation of Erk1/2 in chondrocytes

It has been shown that a reduction in the Erk signaling pathway

stimulates the apoptotic pathway in different cell types (26).

Serum-starved human chondrocytes were examined for the

Erk1/2 protein after stimulation with 10 ng/ml Igf-I for 24 h

(Fig. 7A and B). Samples from each passage were analysed in

triplicate. Western blot analysis with anti-activated Erk1/2 from

chondrocytes stimulated with Igf-I demonstrated a significant

increase in Erk phosphorylation (a more intense 42 kDa band

compared with the 44 kDa band), compared with chondrocytes

in the absence of Igf-I (Fig. 7A). The expression of activated

Erk1/2 was completely abolished from passage 5 in control

cultures but in cultures stimulated with Igf-I it was still

detectable until passage 7. In contrast, Western blot analysis

with a pan-Erk antibody which recognizes both the phosphory-

lated and non-phosphorylated form of Erk1 and 2 did not reveal

any change in response to Igf-I treatment (Fig. 7B).
scenario was observed in Igf-I-treated cells until P6. In

Chondrocytes exhibited cell lysis. Chondrocytes of P8 until

d were embedded in a fibrillar matrix but exhibited

reated chondrocytes showed areas of condensed
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Fig. 4 – Immunolabeling for collagen type II and CSPGs of chondrocyte high-density cultures treated with Igf-I. Serum

starved chondrocytes were cultured and incubated with or without Igf-I (10 ng/ml) for 24 h; every third day the confluent

monolayer culture cells were passaged, finally reaching passage 10. Cells from each monolayer passage were grown in

high-density cultures. Immunolabeling of chondrocytes (P1, P4, P5, P6, P8, P10) that were either treated with Igf-I (B and D)

or were left untreated (A and C) for CSPG and for collagen type II according to the APAAP method. Immunolabeling for CSPG

and collagen type II (A and C) was clearly observed around control cells derived from passages P1–P4 or P1–P5, but was

barely visible around those obtained from passages P6–P10. In cultures treated with Igf-I collagen type II (D) and CSPG (B)

expression could be seen up to P8. 160�, bars = 50 mm.
3.7. Effects of Igf-I-induced expression of Sox9 in the
chondrocyte nucleus

It has been shown that the MAPK pathway mediates the up-

regulation of Sox9 expression, a master regulator of the

chondrocyte lineage by growth factors in mouse chondrocytes

[34]. To test the hypothesis that Igf-I is able to activate the

transcription factor Sox9 in human chondrocytes, monolayer

cultures (P1–P10) were either left unstimulated (Fig. 8A) or

stimulated with Igf-I (Fig. 8B). Cells were labelled with APAAP-

coupled antibodies against Sox9. Positive immunolabeling

was found in chondrocyte nuclei. Control chondrocytes

revealed positive Sox9 labeling from P1 to P5 (Fig. 8A, P1–

P5). From P6 onwards immunolabeling of control cells became

weaker and almost disappeared by P8–P10 (Fig. 8A, P6–P10). A

similar expression of Sox9 in the earlier time points could be

observed in Igf-I treated chondrocytes (Fig. 8B, P1–P5), but the

immunolabeling was still present in P8 and P9. By P10 Sox9

labeling had remarkably decreased (Fig. 8B; P6–P10).

Sox9 is a specific transcription factor that controls the

expression of chondrocyte-specific extracellular matrix protein
genes and plays a pivotal role in chondrocyte differentiation

[35]. To confirm the immunomorphological results described

above and to show more precisely the influence of Igf-I on the

expression of Sox9 in chondrocytes, nuclear extracts of serum-

starved human chondrocytes were probed for Sox9 expression

after the chondrocytes had been stimulated with 10 ng/ml Igf-I

for 24 h (Fig. 9A and B). Specimens from each passage were

analysed in triplicate. Treatment of chondrocytes with Igf-I at

different passages revealed increased Sox9 expression in the

nuclear extracts (Fig. 9A). Densitometric analysis of a typical

Western blot experiment performed in triplicate (Fig. 9B)

showed that Sox9 expression increased in Igf-I treated

chondrocytes compared to untreated chondrocytes.

3.8. Association between translocated Erk1/2 with Sox9
in the chondrocyte nucleus

We hypothesized that activation of Erk and its translocation

to the nucleus has a direct connection with Sox9 because the

MAPK pathway mediates up-regulation of Sox9 and its gene

products. To test this hypothesis, nuclear extracts of serum-
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Fig. 5 – Demonstration of collagen type II and activated caspase-3 in high-density cultures treated with or without Igf-I by

Western blot analysis. Serum starved chondrocytes were cultured and incubated with or without Igf-I (10 ng/ml) for 24 h;

every third day the confluent monolayer culture cells were passaged, finally reaching passage 10. Cells from each

monolayer passage were grown in high-density cultures. Synthesis of collagen type II in 7-day old high-density cultures

treated with Igf-I vs. control as revealed by Western blotting. A decrease in collagen type II synthesis could be

demonstrated after P6 in control and Igf-I treated cultures. In P7 until P10 Igf-I-treated cultures showed a significantly

higher synthesis of collagen type II compared to untreated cultures as revealed by densitometric evaluation (A). Expression

of the house-keeping gene b-actin was unaffected by Igf-I treatment (B). Quantitative densitometry (C) demonstrated

increasing expression of collagen type II in the presence of Igf-I and showed a significantly higher expression from the

beginning of the Igf-I cultivation period in comparison to those cultivated without with Igf-I. The mean values and standard

deviations from three independent experiments are indicated. Activation of caspase-3 could be shown in untreated high-

density cultures of P5 until P10. Cultures treated with Igf-I showed caspase-3 activation in P7 until P10. Caspase-3

activation was significantly higher in control cultures compared to Igf-I treated cultures as revealed by densitometric

evaluation (D). The mean values and standard deviations from three independent experiments are indicated. Expression of

the house-keeping gene b-actin was not affected by Igf-I treatment (E). Quantitative densitometry (F) demonstrated

increasing expression of caspase-3 protein in the absence of Igf-I and showed a significantly higher density from P5.

The mean values and standard deviations from three independent experiments are indicated.
starved human chondrocytes were probed for the presence of

the Sox9 protein after stimulation of chondrocytes with 10 ng/

ml Igf-I for 24 h. Specimens from each passage were analysed

in triplicate by performing co-immunoprecipitation assays.
After immunoprecipitation of nuclear lysates with anti-Sox9

antibodies, the SDS-PAGE resolved samples were probed by

immunoblotting with antibodies to Erk1/2. Results indicated

that Sox9 interacted with Erk1/2 up to P4 in both Igf-I-treated
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Fig. 6 – The influence of Igf-I on the expression of adhesion molecules in chondrocytes in vitro. (A and B) Immunoelectron

microscopic demonstration of integrin-b1 in monolayer cultures of chondrocytes. Unstimulated chondrocytes (A) and Igf-I-

stimulated chondrocytes (B) labeled with anti-integrin-b1 antibodies and gold-coupled secondary antibodies. Gold particles

(10 nm) were detectable at the plasma membrane (arrows) and cytoplasmic processes of Igf-I-stimulated chondrocytes

(Fig. 6B) were clearly increased compared to control cells (Fig. 6A). 50 000�; bars = 0.1 mm. (C) To confirm the results from

immunoelectron microscopy, serum starved chondrocytes were cultured and incubated with or without Igf-I (10 ng/ml) for

24 h. Total cell lysates were prepared and analyzed by Western blot using antibodies that recognize the integrin-b1

receptor (C). Molecular weight markers are indicated in kDa. Quantitative densitometry (D) demonstrated increasing

expression of integrin-b1 receptor protein in the presence of Igf-I and showed a significantly higher density from the

beginning of the Igf-I cultivation period in comparison to those cultivated without treatment with Igf-I. The mean values

and standard deviations from three independent experiments are indicated.
and control cells. The interaction of Sox9 with Erk1/2 was en-

hanced in chondrocytes treated with Igf-I. However this inter-

action could only be shown in Igf-I-treated cells up to P6 (Fig. 10).
4. Discussion

In this study we investigated the effect of Igf-I on the redif-

ferentiation capacity of dedifferentiated human chondrocytes
using a high-density redifferentiation model system pre-

viously established in our laboratory. Chondrocytes were

passaged up to 10 times in monolayer culture, followed by

transfer to high-density cultures for each passage. The results

of this study demonstrate that loss of redifferentiation

capability and apoptosis are significantly delayed up to

passage 7 by Igf-I treatment of monolayer cultured chondro-

cytes. Indeed, it seems that the Igf-I stabilizes chondrogenic

potential by MAPK signaling pathway, Sox9 stimulation
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Fig. 7 – Effect of Igf-I on MAPK pathway in chondrocyte

monolayer cultures. Activity profiles of Erk1/2 with or

without Igf-I in monolayer cultures. Serum starved

chondrocytes were cultured and incubated with or

without Igf-I (10 ng/ml) for 24 h. Total cell lysates were

prepared and analyzed by Western blot using antibodies

that recognize phosphorylated Erk1/2 and pan-Erk1/2 to

verify equal loading. Igf-I treatment increased p-Erk1/2

protein levels significantly compared to untreated controls

and the expression of activated Erk1/2 was completely

abolished from passage 5 in control cultures, but in

cultures stimulated with Igf-I Erk1/2 expression was still

apparent until passage 7 (A). In contrast, Western blot

analysis with a pan-Erk antibody which recognizes both

the phosphorylated and non-phosphorylated forms of

Erk1 and 2 showed that total Erk did not change in

response to Igf-I treatment (B). The results shown are

representative of three identical experiments.
and interaction between Erk and Sox9 and strongly suggest

that these effects are regulated by the integrin signaling

pathway. Therefore, the redifferentiation capability of ded-

ifferentiated monolayer chondrocytes may be substantially

extended (up to a further three monolayer passages) by Igf-I

stimulation.

4.1. Dedifferentiation delay tactics: use of anabolic growth
factors to stabilize the chondrogenic potential of
dedifferentiated chondrocytes

Exposing chondrocytes in monolayer culture to anabolic

growth factors may present a novel strategy of ‘‘dedifferentia-

tion delay’’ to postpone, albeit briefly, the rapid loss of

chondrogenic potential and cartilage-specific matrix produc-

tion during monolayer expansion in vitro. This approach may

also partially protect chondrocytes from apoptotic cell death.

Recently, several investigators have reported on the beneficial

effects of various growth factors such as FGF-2, BMP-2 and

TGF-b on chondrocyte differentiation or redifferentiation in

culture [15,17,18,36,37]. We have demonstrated the positive

effects of Igf-I on the maintenance of chondrogenic potential

in chondrocytes during redifferentiation in high-density

culture. In addition, the present study confirms and extends

the findings of previous investigations carried out by our group

and others [5,10–12,18] by demonstrating that dedifferentiated

chondrocytes or mesenchymal cells are able to (re)differenti-

ate after transfer into high-density or alginate cultures, but

irreversibly lose their chondrogenic potential in response to

prolonged passaging (e.g. more than four passages) in

monolayer culture. In the present study the redifferentiation

capability of human chondrocytes could be further extended

by Igf-I treatment for at least 2–3 passages up to passage 7. This

delay may result in significant increases in chondrocyte yield

especially if the starting primary cell population was already

low. However, the present study and results of others support

the hypothesis that growth factors have a central role in the

interplay of these signaling pathways associated in this

process. Indeed, one of the very essential signaling pathways

in chondrocytes is the integrin-dependent intracellular sig-

naling pathway, which obviously, as shown here, can be

influenced by Igf-I. Cell–matrix interaction is mediated by

integrin receptors [6,24,38–40] which play a crucial role in early

cartilage differentiation, since the presence of anti-integrin

antibodies is able to inhibit differentiation of blastemal cells to

chondroblasts [33].

4.2. Synergistic action of Igf-I and high-density cultures: a
case for cell–cell contacts

The high-density culture system employed here has been

successfully used as a model for chondrogenic differentiation

and redifferentiation of dedifferentiated chondrocytes [11,41–

44]. During the first phase of chondrocyte differentiation in

chondrogenesis cells go through a ‘‘condensation’’ phase

which is symbolized by strong cell–cell contacts [41,45]. This

phase can clearly be observed in the early stages of high-

density cultures [11,45]. The three-dimensional architecture of

densely packed cells in high-density culture provides many

cell–cell contacts. One form of cell–cell contact is the direct
coupling between the cytoplasm of adjacent cells through gap-

junctions, which have been demonstrated in primary cultures

of bovine articular chondrocytes and in rat and human

chondrocyte high-density cultures [45,46]. The gap-junction

protein connexin 43 mediates the condensation phase of

chondrogenesis and plays an important role in the (re-)

differentiation of chondrocytes [45]. We have used electron

microscopy to demonstrate that chondrocytes on day 1 of P1–

P4 feature more gap-junctions after treatment with Igf-I than

control cells, underlining the influence of Igf-I on the

differentiation of chondrocytes and vital junctional contacts.

Indeed, this phase also occurs at the early stages of high-

density culture. During the condensation phase of chondro-

genesis enhanced expression of the HMG family transcription

factor Sox9 has been reported [26,27,47]. Sox9 is also strongly

expressed in high-density cultures [44]. Sox9 has been

implicated together with other co-factors such as Sox5 and

Sox6 in the regulation of expression of cartilage-specific

matrix components such as collagen type II and aggrecan by

several authors [26,27,29,30,47]. Igf-I is known to stimulate

collagen type II expression in chondrocytes [25,48]. However,

Aigner et al. [25] reported also that Sox9 expression does

not positively correlate with type II collagen expression in

adult human articular chondrocytes. This observation seems

somehow contradictory since Sox9 has been directly impli-

cated in collagen type II expression and a Sox9 regulatory

element is known to reside in the type II collagen gene

enhancer [49].
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Fig. 8 – (A and B) Immunohistochemical detection of Sox9 in chondrocyte nuclei in monolayer cultures treated with or

without Igf-I in vitro. Immunolabeling of chondrocytes (P1–P10) treated with 10 ng/ml Igf-I (B) or untreated (A) for Sox9

according to the APAAP method. Immunolabeling for Sox9 (A) was clearly observed in the nuclei of chondrocytes from

passages P1–P5, but was barely visible around those obtained from passages P6–P10. In cultures treated with Igf-I the

expression of Sox9 (B) could be seen up to P9. 160�, bars = 50 mm.
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Fig. 9 – Igf-I stimulated expression of Sox9 in nuclear extracts of chondrocytes in monolayer cultures. Serum-starved human

chondrocytes were plated and then treated with Igf-I (10 ng/ml) for 24 h (A). The chondrocytes were lysed and equal

amounts of total protein separated by 10% SDS-PAGE and analyzed by immunoblotting with anti-Sox9 antibodies.

Densitometric quatitation (B) demonstrated an increase in Sox9 synthesis after P1 in Igf-I treated cultures compared to

controls. In P4–P8 Igf-I-treated cultures showed a significantly higher synthesis of Sox9 compared to untreated cultures.

Values are means W S.D. of a representative experiment performed in triplicate. Synthesis of the gene product PARP

remained unaffected in nuclear extracts (C). Data shown are representative of three independent experiments.

Fig. 10 – Association of Sox9 protein with activated Erk1/2

in monolayer cultures with or without Igf-I treatment

(nuclear extracts). Serum-starved human chondrocytes

were cultured and then treated with Igf-I (10 ng/ml) or left

untreated for 24 h. Equal amounts of total protein were

lysed and immunoprecipitated using anti-Sox9 antibody

(S) and control normal IgG-serum (C). Immunoprecipitates

were separated by 10% SDS-PAGE and analyzed by

immunoblotting with anti-activated Erk1 (44 kDa) and

Erk2 (42 kDa) antibodies. Synthesis of the gene product

PARP remained unaffected in nuclear extracts (B). Data

shown are representative of three independent

experiments. IgH: immunglobulin heavy chain.
4.3. Effects of Igf-I and high-density cultures on
chondrocyte apoptosis, caspase activation and matrix markers

Chondrocyte apoptosis (revealed by activation of caspase-3)

was observed in control monolayer cultures for the first time

in passage 5. This was confirmed by electron microscopy

which morphologically revealed apoptotic features character-

istic of apoptotic chondrocytes in high-density cultures of

monolayer P5–P10. In Igf-I treated cultures activated caspase-3

was evident later at P7. Deposition of cartilage-specific matrix

proteins such as collagen type II and CSPGs as revealed by

Western blot and immunohistochemical analysis showed a

significant decrease in collagen type II and CSPG deposition in

passages 7–10 of Igf-I treated cultures.

4.4. Rationale for effectiveness of Igf-I

Igf-I has been shown to support cell survival since inhibition of

the type 1 Igf-receptor (Igf-IR) leads to caspase activation and

increased apoptosis [14]. Since dedifferentiation-induced

apoptosis accompanies the loss of expression of cartilage-

specific matrix proteins such as collagen type II and cartilage-

specific proteoglycans one can assume that inhibition of cell–

matrix interaction may significantly contribute to chondro-

cyte apoptosis. Many investigators agree that interaction

between chondrocytes and cartilage-specific matrix compo-

nents stimulates chondrocyte survival, since inhibition of

cell–matrix interaction leads to apoptosis [32,50,51]. Cell

matrix receptors such as b1-integrins play an important role

in cell–matrix interactions and inhibition of such interactions
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leads to cell death. Inhibition of b1-integrins has been shown

to prevent chondrogenesis in high-density cultures [33]. The

Igf-IR has been shown to associate with b1-integrins in

chondrocytes and stimulates the MAPK pathway [24], an

important signaling cascade for chondrocyte differentiation

and survival. Indeed, it has been reported that the MAPK

pathway increases the chondrogenic factor Sox9 in chondro-

cytes and this process is improved by fibroblast growth factor

[34]. In a previous study the expression and interaction of key

signaling proteins of the MAPK pathway were shown to

correlate with the maintenance of chondrogenic potential [12].

Interestingly, inhibition of MAPK pathway has been shown to

lead to chondrocyte apoptosis and further inhibits the

expression of Sox9 [32,34]. Furthermore, Sox9 is a well known

chondrogenic transcription factor for chondrocyte differentia-

tion and expression of chondrocyte specific genes. One

explanation might be that Igf-I treatment stabilizes chondro-

genic potential and chondrocyte survival via Integrin/MAPK

signaling. Therefore, Igf-I and the adhesion/signal transduc-

tion receptor b1-integrin play an essential role in chondrocyte

differentiation and survival. Further work is in progress

concerning the Igf-I stimulated signaling pathways during

redifferentiation of chondrocytes.

4.5. Functional association between Sox9 and Erk1/2

We surmised that functional activation of Erk and its nuclear

translocation may have a direct connection with Sox9 since

the MAPK pathway mediates the up-regulation of Sox9 and its

gene products. The results presented here indicate that Sox9

interacts with Erk1/2 up to P4 in both Igf-I-treated and control

cells. Thus, Igf-I markedly enhances Sox9 expression and this

effect appears to be mediated by the integrin signaling

pathway thereby stabilizing chondrocyte differentiation.
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