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Correlation of the size of type II transforming
growth factor ,B (TGF-1) receptor with TGF-
responses of isolated bovine articular chondrocytes

H L Glansbeek, P M van der Kraan, E L Vitters, W B van den Berg

Abstract
Objectives-Transforming growth factor
, (TGF-3) is a multipotent regulator of
cell proliferation and extraceliular matrix
production. The effect of TGF-0 on
chondrocyte matrix production was
studied in relation to the expression of
TGF-, binding proteins. The effect of
TGF-, on proteoglycan synthesis of
isolated articular chondrocytes depended
on the culture period. Proteoglycan
synthesis of chondrocytes which were
cultured for one day was inhibited by
TGF-B whereas proteoglycan synthesis of
chondrocytes cultured in monolayer for
seven days or longer was stimulated by
TGF-0. To investigate if this differential
response is related to a distinct expression
of TGF-,B receptors, this parameter was
studied by affinity labelling.
Methods-Chondrocytes were incubated
with 100 pM TGF-j labelled with iodine-
125. Crosslinking was performed using
0*25 mM disuccinimidyl suberate.
Membrane proteins were extracted and
analysed by denaturating sodium
dodecylsulphate polyacrylamide gel elec-
trophoresis (SDS-PAGE) and auto-
radiography.
Results-Freshly isolated and cultured
chondrocytes expressed types I, II, and III
TGF-,B receptors. The type II TGF-3
receptor of cultured chondrocytes
appeared to be about 15 kilodaltons
smaller than the type II TGF-,B receptor
expressed on freshly isolated chondro-
cytes, however.
Conclusions-As the type II TGF-[
receptor appears to be involved in signal
transduction, this change in size of the
type II TGF-, receptor might be related to
the differential effect ofTGF-,B on proteo-
glycan synthesis of freshly isolated and
cultured bovine articular chondrocytes.
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Transforming growth factor (TGF-13) is a

multipotent regulator of cell proliferation and
extracellular matrix synthesis.' 2 It is produced
as a lc tent, high molecular weight complex2 3
which -an be activated by proteolytic cleavage
or extremes of pH.2 Active TGF-1 is a 25
kilodalton polypeptide consisting of two
identical subunits of 1 12 amino acids linked by

disulphide bonds.' 2 Transforming growth
factor 1 might be an important regulator of
articular chondrocyte metabolism during joint
diseases, as high concentrations of latent TGF-
1 (300 ng/g) are present in articular cartilage4
and active TGF-13 is found in the synovial fluid
of patients with rheumatoid arthritis or osteo-
arthritis.5
The reported effects of TGF-1 on

chondrocyte metabolism are contradictory.
Stimulating and inhibitory effects ofTGF-1 on
proteoglycan and DNA synthesis of articular
chondrocytes have been described."9 We have
shown that the effects of TGF-13 on
proteoglycan and DNA synthesis of isolated
bovine articular chondrocytes are related to
differences in culture time."' Transforming
growth factor [ inhibits proteoglycan and
DNA synthesis of isolated bovine articular
chondrocytes which have been cultured for one
day ('freshly isolated chondrocytes'), whereas
TGF-1 stimulates proteoglycan and DNA
synthesis of bovine articular chondrocytes
cultured for seven days or longer ('cultured
chondrocytes'). This effect appeared to be the
result of phenotypical changes between freshly
isolated and cultured chondrocytes.

Effects of TGF-13 are mediated by cell
surface receptors. Articular chondrocytes
express at least four distinct types of TGF-r
binding proteins: type I (53 kilodalton), type II
(70-100 kilodalton), type III (250-350
kilodalton), and type V (400 kilodalton).' "
Other types of TGF-P binding proteins, like
the type VI TGF-1 receptor, are described on
several cell types,'2-14 but it is not known if
these are also present on chondrocytes. Little
is known about the function of these different
binding proteins, though on a large variety of
cell types it was shown that the type I and II
receptors are important in signal transduc-
tion.'5-21 Involvement of the type II TGF-1
receptor in signal transduction is also sug-
gested by the presence of a serine/threonine
kinase domain.22 The type V receptor might
also have a function in signal transduction as
it contains a serine/threonine kinase domain,23
and TGF-1 resistant tumour cell lines have
been described which have no expression of
type V receptors, but a normal expression of
the other TGF-[ receptors." The type III
receptor, also called betaglycan, probably does
not have a role in signal transduction as it has
a small intracellular domain24 25 and cells are
described which lack betaglycan but have a
normal response on TGF-[3.26 27
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The aim of this study was to investigate if the
differential effect of TGF-1 on proteoglycan
synthesis of freshly isolated and cultured
articular chondrocytes is related to differences
in TGF-,B receptor expression.

Methods
ISOLATION OF BOVINE ARTICULAR

CHONDROCYTES

Articular cartilage chondrocytes were isolated
from bovine metacarpophalangeal joints.
Cartilage slices were incubated for 48 hours in
RPMI DM (Flow Laboratories) supplemented
with 1 mg/ml clostridium collagenase (371
U/mg, Worthington Biochemical) at 37°C in a
humidified 5% CO2 atmosphere. After incuba-
tion with collagenase, chondrocytes were
washed three times with collagenase free
medium. Cells were seeded at a density of
5x 105 cells/ml in 24 well cluster dishes (1 ml/
cluster, Costar) and grown for one day ('freshly
isolated chondrocytes') or 14 days ('cultured
chondrocytes') in medium supplemented with
20% fetal calf serum (FCS) (Flow Labora-
tories). The culture medium was changed
every other day. The cell number doubled
during culture in about one week, after which
confluence was reached.

EFFECT OF TGF-13 ON PROTEOGLYCAN
SYNTHESIS
Recombinant TGF-3 1 (Serva) was solubilised
in 4 mM HCI with 0-1% bovine serum
albumin (Sigma). Freshly isolated and
cultured chondrocytes were incubated for 24
hours in the presence ofTGF-3 (5 ng/ml, 200
pM). Four hours before the end of the
incubation period, 370 kBq [35S]sulphate (Du
Pont de Nemours) was added. After the
incubation period, the culture medium was
treated with papain (1 mg/ml papain (Sigma),
0-2 M NaCl, 0 1 M sodium acetate, 10 mM
L-cysteine hydrochloride (Sigma), 50 mM
Na2EDTA, 50 ,ug/ml chondroitin sulphate
carrier (Sigma), pH 6 0) for two hours at 60°C.
The glycosaminoglycans were precipitated by
incubation (two hours, 37°C) with 011%
cetylpyridinium chloride (Sigma). After centri-
fugation (15 minutes, room temperature,
10 000 g) the pellet was washed three times
with 0.05% cetylpyridinium chloride. The
pellet was solubilised for two hours at 60°C
with Lumasolve (Perstorp Analytical) and after
the addition of scintillation fluid was counted
in a liquid scintillation counter.
The Wilcoxon's rank sum test was used to

test statistical significance. Differences were
significant when the p value was less than
0 05.

COLLAGENASE TREATMENT OF CULTURED

CHONDROCYTES

Chondrocytes, cultured for 14 days in medium
supplemented with 20% FCS, were incubated
for 48 hours in RPMI DM supplemented with
1 mg/ml clostridium collagenase (371 U/mg) at
37°C in a humidified 5% CO2 atmosphere.

After incubation with collagenase, chondro-
cytes were washed three times with collagenase
free medium. Cells were seeded at a density of
5 x 105 cells/ml in 24 well cluster dishes (1 ml/
cluster) and grown for one day, after which the
effect of TGF-P on the proteoglycan synthesis
was measured.

125I LABELLING OF TGF-,

Transforming growth factor I 1 was labelled
with iodine-125 using the oxidising agent
1,3,4,6-tetrachloro-3ot,6a-diphenyl glycoluril
(Iodogen; Pierce) according to the method
described by Salacinski et al.28 Transforming
growth factor c (5 ,ug in 100 RI sodium
phosphate buffer (0 05 M, pH 7 4)) was
incubated in the presence of 18 5 MBq carrier
free iodine-125 labelled sodium iodide
(Amersham) in a reaction vial coated with 2 ,ug
Iodogen. After an incubation of 15 minutes at
room temperature, the reaction was terminated
by the addition of 1 M KI. Radiolabelled TGF-
3 was separated from free iodine using a
Sephadex G25 column which was equilibrated
with 4 mM HCI containing bovine serum
albumin (BSA) (0- 1% W/V).

AFFINITY LABELLING

Affinity labelling was performed according to
the method of Massague and Like.29
Chondrocytes were washed with binding buffer
(128 mM NaCl, 5 mM KCl, 1-2 mM CaCl2,
1 2 mM MgSO4, 50 mM 4-(2-hydroxyethyl)-
1-piperazine ethanesulphonate, pH 7 5), after
which they were incubated with 100 pM
[251I]TGF-13 in binding buffer, supplemented
with 5 mg/ml BSA, for three hours at 4°C.
Competition studies were performed in the
presence of 4 nM non-radiolabelled TGF-3.
After the incubation period the buffer was
discarded and the crosslink reaction was
performed in binding medium supplemented
with 0-25 mM disuccinimidyl suberate (Pierce)
for 30 minutes at 4°C. After washing cells with
binding buffer the cells were incubated (16
hours, 4°C) with extraction buffer (I/% v/v
Triton X-100, 1 mM EDTA, 10 mM TRIS,
and 1 mM p-methyl sulphonyl fluoride).
Detergent soluble material was analysed by
denaturing sodium dodecylsulphate polyacryl-
amide gel electrophoresis (SDS-PAGE) using
prefabricated 5-20% gradient gels (Bio-Rad)
and by autoradiography. Autoradiograms were
scanned using an automatic gel scanner (LKB
Ultroscan XL). Sizes of binding proteins were
determined using prestained molecular weight
markers (Bio-Rad).

Results
As shown previously,'0 TGF-,B inhibited
proteoglycan synthesis of freshly isolated
chondrocytes whereas proteoglycan synthesis
of cultured chondrocytes was stimulated by
TGF-P (fig 1). It was suggested that this
phenomenon is the result of phenotypical
changes occurring during culture. The
possibility that the lack of stimulation on
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Figur-e I Effect of tansforniinggrozth factor ,8 (TGF- 3)
onl the proteoglycaii synthesi's offreshly i'solated articiular
chondrocvtes (A), cutltutred chondrocytes (B), anid clultur)edc
chondrocytes after- collagenzase treatmlenit (C). Chondrocytes
zwere incutbated zwith (shadecd) or without (solid black) 200
pM TGF-f3 for 24 hours. Diilng the last four hours the
cultuire niiediuniziwas suppleniented zith 370 kBq
I?fSjsulphate. After incubationi proteogl4'canis were
precipitated anid "S colnteiit zuas niieasutred. Experinllients
zvere peifoni-ied in quintltple. Witholut a TGF-,B incubatio
the "S incoiporation of cultured chiondrocvtes aiid cuilturecd
chondrocvtes after collageiiase treatient zvas coniparable
zwith the '-'S i71cOmp)ratioii of fieshl/v isolated chondrocvctes.
Results are iiiean('iD) o° a represenitative experimielit ol
foii: KSignificanlt differences Lire indicated zith aii asterisk.

freshly isolated chondrocytes was a result of the
collagenase treatment, which was used to
isolate chondrocytes from cartilage, still
remained, however. To exclude this possibility,
cultured chondrocytes were treated with
collagenase, seeded in the original density of
5 x 105 cell/ml and cultured for 24 hours, after
which the effect ofTGF-3 on the proteoglycan
synthesis was measured. As shown in fig 1,
collagenase treatment of cultured chondro-
cytes did not alter the effect of TGF-,B, show-
ing that the differential effect of TGF-P3 was
indeed a result of phenotypical changes.
To investigate if this effect was related to

alterations in TGF-3 receptor expression,
affinity labelling was performed. After SDS-
PAGE and autoradiography, several bands
were demonstrated. The sizes of these bands
correspond with sizes of the affinity labelled
type I (65 kilodalton), type 11 (85 kilodalton),
and type III (diffuse high molecular band
250-350 kilodalton) TGF-3 receptors (fig 2).
It might be possible that the diffuse high
molecular band also includes the affinity
labelled types V (400 kilodalton) and VI (180
kilodalton) binding proteins, but that the
separation capacity in this region of the gel was
not enough to distinguish them from the type
III receptor. Studies in which affinity labelling
was performed in the presence of 4 nmol/l non-
radiolabelled TGF-,B showed that these affinity
labelled proteins are specific TGF-r binding
proteins as competition between [125I]TGF-3
and non-radiolabelled TGF-r for binding to
these receptors was demonstrated (fig 2). In
addition to the types I, II, and III TGF-4
receptors, we showed a band of about 30
kilodalton, corresponding to a binding protein
of 18 kilodalton. This binding protein appears
not to be a specific TGF-3 binding protein, as
we could not show competition between

Figlure 2 Affinitv labelling of cIultur-ed chondronctes
zithoutt (A) anid in the preseiice (B) of 4 niMIiol-
radiolabelled tranisforming grozwth factor /3 (7GJ-/).
Chiondrocvtes zvere iniclubated zwit/ 100 pAl [f' I]TGE /.
Crosslinking was perfornied using 0 25 niiM disuccininiidy/
suberate. Meniibranie proteins were extracted andCt analsed
by deniaturating sodiunii dodecylsulphate polyacrg'laniide gel
electrophoresis aiid autoradiography. Molecidlar weight
niiarkers anzd bands corresponiding zvith the affinity labelled
tipes I, II, aiid III TGF-13 receptors areC indicaCted.

radiolabelled and non-radiolabelled TGF-3 for
binding to this protein (fig 2).
Although isolated and cultured chondro-

cytes expressed the 18 kilodalton binding
protein and types I, II, and III TGF-r
receptors, a difference in TGF-r receptor ex-
pression was shown between these chondro-
cytes. A small but significant difference was
observed in the size of the type II TGF-r
receptors, whereas no other reproducible
differences were observed in TGF-13 receptor
expression. The type II TGF-r receptor of
freshly isolated chondrocytes appears to be
about 15 kilodalton larger than the type II
receptor of cultured chondrocytes (fig 3). The
variation in size of the type II receptor was also
shown after scanning autoradiograms with an
automatic gel scanner (fig 4). The ratio
between the intensities of bands showed
variation between experiments. We could not
show a correlation between the ratio of the
intensities of the type I and type II receptors
and the effects of TGF-r on chondrocytes,
however. The TGF-,B receptor expression of
cultured chondrocytes which were treated with
collagenase was also analysed. We were not
able to show differences between TGF-3
receptor expression of cultured chondrocytes
and cultured chondrocytes which were treated
with collagenase (data not shown).
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Discussion
Proteoglycan synthesis of isolai
chondrocytes has been reported
lated and inhibited by TGF-13.
shown that these differential findin,
result of differences in culture peri
glycan synthesis of bovine articu
cytes which were cultured for one
isolated chondrocytes') was inhibi
the proteoglycan synthesis of (

cultured for seven or more days ('cultured
chondrocytes') was stimulated by TGF-P.

In this study we excluded the possibility that
this was an effect of the collagenase treatment

Type III used to isolate chondrocytes from cartilage,
suggesting that the differential effect of TGF-3
on freshly isolated and cultured chondrocytes is
a result of phenotypical changes occurring
during culture. We showed that freshly isolated
chondrocytes are normal differentiated chon-

Type II drocytes as they have the typical polygonal
morphology of differentiated chondrocytes and

Type produced predominantly large proteoglycans,
both characteristics of differentiated chondro-
cytes.'° During culture, phenotypical changes
occur as monolayer cultured chondrocytes had
an altered morphology and synthesised, in
addition to large proteoglycans, a considerable
amount of smaller proteoglycans.
The observation that proteoglycan synthesis

of normal differentiated chondrocytes is
inhibited by TGF-1 is in agreement with
earlier observations.6 30 Proteoglycan synthesis
of articular chondrocytes cultured in agarose,
a system in which chondrocytes maintain their
differentiated phenotype, was inhibited by

ed (A) and TGF-r3.6 Moreover, proteoglycan synthesis of
ore incubated intact murine articular cartilage, cultured for
as performed one day, was also inhibited by TGF-(.30 As the
embrane effects of TGF-3 are mediated by its cell
~aturating
electrophoresis surface receptors, we investigated whether the
irkers and bands dissimilar effect of TGF-1 on proteoglycan
s II, and III synthesis of freshly isolated and cultured
itive chondrocytes could be the result of differences

in TGF-1 receptor expression.
Using affinity labelling we were able to show

that the type II TGF-1 receptor of cultured
chondrocytes is about 15 kilodaltons smaller
than the type II TGF-P receptor of freshly
isolated chondrocytes. No other reproducible
variations in TGF-1 receptor expression were
found. This observation suggests a relation
between the size of the TGF-1 type II receptor
and the effect of TGF-3 on the proteoglycan
synthesis of articular chondrocytes. As the type
II TGF-P receptor has been shown to play a
part in mediating inhibition of proteoglycan
synthesis on chondrocytes,3' 32 we postulate
that the small sized type II TGF-1 receptor on
cultured chondrocytes is non-functional,
leading to stimulating effects of TGF-1 by way

152 of the type I or other TGF-3 receptors. The
existence of comparable non-functional, small

|(mm) sized type II TGF-3 receptors on other cell
liograms were types has been reported earlier. Resistance to
isorption units ..epositions of growth inhibition by TGF-1 was correlated
Factor 3 receptors with the expression of non-functional small
ndrocytes are sized type II TGF-1 receptors on mutant

bovine endothelial cells,33 mutant mink lung
epithelial cells,'9 and human colon carcinoma
cells.34 As the TGF-1 type II receptor is a

ted articular glycoprotein, with about 15 kilodalton of
to be stimu- N-linked carbohydrate,' 35 it is possible that
,6-9 We have the difference in molecular weight between
gs may be the normal and small sized type II receptors is a
iod.'0 Proteo- result of alterations in glycosylation. Normal
lar chondro- glycosylation was shown on the altered type II
day ('freshly TGF-P receptors on mink lung epithelial
ited, whereas cells,35 however, suggesting that other
chondrocytes mechanisms may be involved. The difference

815



Glansbeek, van der Kraan, Vitters, van den Berg

between normal and small sized type II
receptors might also be the result of alternative
splicing. Alternative splicing is described for

36the type II activin receptor, a receptor like the
type II TGF-P receptor, belonging to the
serine/threonine kinase family.13

In this study we have shown a small sized
type II TGF-, receptor on phenotypically
altered chondrocytes. Stimulation of the pro-

teoglycan synthesis of these chondrocytes
appears to be correlated with the expression of
this small sized receptor. As phenotypically
changed chondrocytes are also present in
osteoarthritic (OA) cartilage37-39 and the pro-

teoglycan synthesis of human OA cartilage is
stimulated by TGF-r, whereas under the same

conditions TGF-3 had no effect on the proteo-
glycan synthesis of normal human cartilage,40
non-functional, small sized type II TGF-3
receptors might be expected in OA cartilage.
The increased proteoglycan synthesis, charac-
teristic of OA cartilage,41 42 might be the result
of the expression of non-functional, small sized
type II TGF-3 receptors in combination with
functional type I TGF-P receptors. Alteration
of expression and function of TGF-, receptors
could be a mechanism of chon-
drocytes in pathological cartilage to initiate
the repair process. Interference with cellular
physiology by pharmacological modulation of
TGF-r receptor expression might provide new
directions for the stimulation of tissue repair.
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