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Stimulation of Superficial Zone Protein/Lubricin/PRG4
by Transforming Growth Factor-b in Superficial Zone

Articular Chondrocytes and Modulation
by Glycosaminoglycans

Araceli Cuellar, PhD, and A. Hari Reddi, PhD

Superficial zone protein (SZP), also known as lubricin and proteoglycan 4 (PRG4), plays an important role in the
boundary lubrication of articular cartilage and is regulated by transforming growth factor (TGF)-b. Here, we
evaluate the role of cell surface glycosaminoglycans (GAGs) during TGF-b1 stimulation of SZP/lubricin/PRG4 in
superficial zone articular chondrocytes. We utilized primary monolayer superficial zone articular chondrocyte
cultures and treated them with various concentrations of TGF-b1, in the presence or absence of heparan sulfate
(HS), heparin, and chondroitin sulfate (CS). The cell surface GAGs were removed by pretreatment with either
heparinase I or chondroitinase-ABC before TGF-b1 stimulation. Accumulation of SZP/lubricin/PRG4 in the
culture medium in response to stimulation with TGF-b1 and various exogenous GAGs was demonstrated by
immunoblotting and quantitated by enzyme-linked immunosorbent assay. We show that TGF-b1 and exogenous
HS enhanced SZP accumulation of superficial zone chondrocytes in the presence of surface GAGs. At the dose of
1 ng/mL of TGF-b1, the presence of exogenous heparin inhibited SZP accumulation whereas the presence of
exogenous CS stimulated SZP accumulation in the culture medium. Enzymatic depletion of GAGs on the surface
of superficial zone chondrocytes enhanced the ability of TGF-b1 to stimulate SZP accumulation in the presence of
both exogenous heparin and CS. Collectively, these results suggest that GAGs at the surface of superficial zone
articular chondrocytes influence the response to TGF-b1 and exogenous GAGs to stimulate SZP accumulation.
Cell surface GAGs modulate superficial zone chondrocytes’ response to TGF-b1 and exogenous HS.

Introduction

Superficial zone protein (SZP), also known as lubricin
and proteoglycan 4 (PRG4), is a mucinous glycoprotein

involved in the boundary lubrication of articular cartilage.1

The majority of SZP is secreted into the synovial fluid
in vivo with minimal retention in the extracellular matrix
(ECM), as demonstrated by the fact that most of SZP
synthesized by superficial zone articular chondrocytes in
culture is secreted into the media.2 SZP plays an important
role in articular joint physiology, and the loss of accumu-
lation of SZP may have a role in the pathology of oste-
oarthritis (OA). Mice lacking the Prg4 gene display
alterations of the articular surface and subsequent degra-
dation of articular cartilage reminiscent of osteoarthritic
degeneration.3,4 The regulation of SZP by transforming
growth factor (TGF)-b in superficial zone articular chon-
drocytes has previously been studied.1,2,5,6 Exposure of ar-
ticular chondrocytes to TGF-b enhances SZP expression and
accumulation.5,6 Interestingly, conditional mutant mice

lacking Ext-1, which encodes a subunit of the Ext1/Ext2
protein complex responsible for heparan sulfate (HS) syn-
thesis, develop an uneven articulating superficial zone that
expresses very low levels of lubricin.7 Achieving optimal
lubrication remains one of the primary goals of tissue en-
gineering of articular cartilage.8

TGF-b, a potent pleiotropic regulator, plays an important
role in the development and maintenance of articular carti-
lage.9,10 TGF-b1 stimulates the cell growth rate and mediates
cell survival and matrix synthesis in articular chondrocytes.11–14

Lack of TGF-b1 or abnormalities in its signaling path-
ways result in a cartilage phenotype closely resembling
pathological osteoarthritic tissue.15 Proteoglycans decorin
and biglycan, both with chondroitin sulfate (CS) chains, bind
to TGF-b. This serves to keep TGF-b sequestered in the
pericellular matrix surrounding cells and regulates the activ-
ity of TGF-b in the synthesis of matrix components.16,17

TGF-b1 binds to heparin, a highly sulfated analog of HS,
under physiological conditions.18 HS proteoglycans potenti-
ate the activity of TGF-b1 by providing protection from
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enzymatic proteolysis at the cell surface, leading to the ac-
cumulation of TGF-b1 in the pericellular environment.19

Transfection with syndecan-2, a cell surface proteoglycan
containing both HS and CS,20 increases the expression of
TGF-b receptors on the cell surface.21 In addition, heparin
and HS have been shown to enhance the binding of TGF-b1
to TGF-b type II receptor.22 TGF-b1 may be used to enhance
synthesis of SZP/lubricin in articular chondrocytes; however,
the synergic effects of exogenous glycosaminoglycans
(GAGs), specifically in the presence and absence of cell
surface proteoglycans, require further investigation.

GAGs are linear polysaccharides—linked covalently to a
protein core to form proteoglycans—with diverse functions
in cell growth, migration, and differentiation present in the
cell surface and ECM.16,23 GAGs bind and provide locali-
zation of growth factors at the cell surface or ECM and
promote their biological activities.24,25 The ECM of artic-
ular cartilage—composed of water, collagen, and GAGs—
contributes to its biomechanical and low friction properties.
OA involves a combination of abnormal mechanical stresses
and biochemical imbalances that lead to a loss of proteo-
glycans and disruption of the collagen network in articular
cartilage.4 In articular cartilage, the ECM contains primarily
CS while the pericellular matrix is abundant in HS.26 Ad-
dition of exogenous CS to superficial zone chondrocytes is
shown to augment mRNA expression of PRG4.27 Mice with
impaired secretion of perlecan—the most abundant HS
proteoglycan present in articular cartilage—exhibit postna-
tal joint abnormalities, including degeneration of articular
cartilage.28 In addition, mice deficient in Ext-1 exhibit ec-
topic formation of hypertrophic-like chondrocytes within
the articular cartilage of synovial joints similar to those
often seen in the joints of OA.29

The aim of this study was to investigate the accumulation
of SZP in superficial zone articular chondrocytes in response
to stimulation with TGF-b1 using cell culture. We investi-
gated the effects of TGF-b1 on SZP accumulation in the
presence of exogenous HS, heparin, or CS. We further
demonstrated the role of cell surface GAGs during stimu-
lation of SZP accumulation by TGF-b1 and exogenous
GAGs.

Materials and Methods

Isolation of superficial zone articular chondrocytes

Bovine stifle joints from 3-month-old calves were ob-
tained from an abattoir and dissected under aseptic condi-
tions to expose the femoral condyles.5 The superficial zone
of articular cartilage constitutes 5–7% (*100–500 mm) of
the top surface thickness.30 Superficial zone articular carti-
lage (*100mm thick) was harvested using a dermatome.
The cartilage was enzymatically digested for 2.5 h with
0.2% collagenase P (Roche) in culture medium (Dulbecco’s
modified Eagle’s medium/F-12; Gibco) containing 50 mg/
mL ascorbate-2-phosphate (Sigma-Aldrich), 0.1% bovine
serum albumin (BSA; Sigma-Aldrich), and 1% penicillin/
streptomycin supplemented with 3% heat-inactivated fetal
bovine serum (FBS; Gibco) at 37�C. Isolated superficial
zone articular chondrocytes were plated at a density of
100,000 cells/well (25,000 cells/cm2) in 12-well dishes
(Corning), and incubated in 5% CO2 at 37�C overnight in
culture medium containing 10% FBS.

Monolayer culture of primary articular chondrocytes

Superficial zone chondrocytes were cultured in serum-
free, defined conditions consisting of culture medium sup-
plemented with 1% ITS + Premix (BD Biosciences) and
0.5% fungizone in a humidified, 5% CO2 incubator at 37�C.
After the media exchange, various concentrations of TGF-
b1 (0.3, 1 ng/mL) and GAGs (30mg/mL) mentioned earlier
were added to the cell culture. Bovine kidney HS, bovine
trachea CS, and porcine intestinal mucosa heparin were
purchased from Sigma-Aldrich. TGF-b1 was purchased
from R&D Systems. Heparinase I (HEP-I) and chondro-
itinase-ABC (C-ABC) enzymes, which selectively degrade
HS/heparin and CS, respectively, were used to deplete sur-
face GAGs. For HEP-I and C-ABC treatments, chon-
drocytes were pretreated with either HEP-I (0.05 mg/mL) or
C-ABC (0.1 mg/mL) (both from Sigma-Aldrich) for 2 h in a
humidified, 5% CO2 incubator at 37�C and washed with
phosphate-buffered saline (PBS) before the addition of
TGF-b1 (0.3, 1 ng/mL) and/or GAGs (30 mg/mL). Pre-
liminary studies on chondrocyte cultures were conducted to
optimize dosage of TGF-b1, exogenous HS, heparin and CS,
HEP-I, and C-ABC. Chondrocytes were harvested after 4
days of culture. Viable cell counts were taken on the day of
initial seeding and at day 4 of treatment using 0.4% Trypan
blue (Sigma-Aldrich) exclusion assay with a hemocytome-
ter. Viable cell count values are presented as the percent
difference between treated and untreated controls.

Immunoblot analysis of SZP

The culture media was collected from chondrocyte cul-
tures at day 4 for qualitative analysis. Equal volumes of media
sample were denatured and electrophoretically separated
under reducing conditions in 4–12% Bis–Tris polyacrylamide
gels using MOPS buffer (Life Technologies). Proteins were
then transferred to polyvinylidene fluoride membranes using
a semidry transfer cell (Bio-Rad). Membranes were blocked
with 5% nonfat dry milk in TBST (25 mM Tris–HCl, 125 mM
NaCl, and 0.1% Tween 20) for 1 h at room temperature and
incubated overnight at 4�C with mouse monoclonal anti-SZP
S6.79 antibody (1:5000). After a washing step, the membrane
was incubated with a goat anti-mouse IgG conjugated with
horseradish peroxidase (1:3000; Bio-Rad) for 4 h at 4�C. The
SuperSignal West Pico Chemiluminescent Substrate (Ther-
mo Scientific) was added after a subsequent wash, and the
immunoblot was imaged using film.

Quantitation of SZP by enzyme-linked
immunosorbent assay

SZP accumulation in the culture medium was quantified by
sandwich enzyme-linked immunosorbent assay (ELISA).
The capture reagent peanut lectin (EY Laboratories) was
prepared as a 1mg/mL solution in a 50 mM sodium carbonate
buffer (pH 9.5), and used to coat black 96-well MaxiSorp
plates (50 mL/well; Nalge Nunc International) overnight at
4�C. The wells were blocked with 1% BSA in the same buffer
at room temperature for 2 h. SZP standards and samples were
serially diluted in PBS and incubated for 1 h at room tem-
perature.31 Plates were incubated overnight at 4�C with
monoclonal antibody S6.79 (1:5000) followed by incuba-
tion with goat anti-mouse IgG conjugated with horseradish
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peroxidase (1:3000; Bio-Rad) for 1 h at room temperature.
The SuperSignal ELISA Femto Maximum Sensitivity Sub-
strate (Thermo Scientific) was used and the chemilumines-
cent signal was recorded using a chemiluminescent imaging
system (Alpha Innotech). Wells were washed with PBS
containing 0.05% Tween 20 (Sigma-Aldrich) between all
steps. SZP levels from samples were quantified using a bovine
SZP standard. Purity of standard SZP was verified by im-
munoblot analysis, and the SZP standard concentration was
determined using a Micro BCA Protein Assay Kit (Thermo
Scientific) based on a BSA protein standard.32

Statistical analysis

Each treatment group consisted of a sample size of n = 6.
Results were evaluated using a one-way analysis of variance
followed by a Tukey’s honestly significant difference. Sta-
tistical significance was established at p-values less than
0.05. All the quantitative data are presented as an SZP fold
increase compared with untreated control groups. Results
are presented as the mean – standard error.

Results

Characterization of superficial zone
articular chondrocytes

In articular cartilage, SZP is localized in the cells of the
superficial zone.33 The secretion of SZP is characteristic of
superficial zone chondrocytes, as SZP accumulation is not
detected in cultures of middle and deep zone chondrocytes,
even when stimulated by TGF-b1.5,33 Superficial zone chon-
drocytes have a flattened, fibroblast-like appearance. By day 4
of culture, untreated and treated chondrocytes maintained their
phenotypical appearance under a light microscope (Fig. 1). To
address the concern that our treatments could have an inhibi-
tory impact on chondrocytes by increasing cell death, the
viability of the chondrocytes was examined. Trypan blue ex-
clusion assay was used to distinguish the live cells from the
dead ones in the cell cultures of superficial zone articular
chondrocytes. The differences in cell numbers between treat-
ment groups and untreated controls were determined. Treat-
ments did not result in cell death nor did they inhibit the
chondrocyte proliferation (Fig. 2). Treatment with TGF-b1
(1 ng/mL) and exogenous heparin significantly increased

chondrocyte proliferation as a 34% increase in cell numbers
was observed compared with untreated controls (Fig. 2A). No
significant differences in cell numbers between the other ex-
perimental groups and the untreated controls were observed.

TGF-b1 actions on SZP accumulation in the presence
of exogenous GAGs

The dose response of TGF-b1 with regard to the accu-
mulation of SZP was demonstrated by Niikura and Reddi.5

The study showed that TGF-b1 behaved in a biphasic
manner with maximal effects observed with a dose of 3 ng/
mL. Our preliminary data on TGF-b1 dose response con-
firmed the published study. Therefore, based on the pub-
lished and preliminary results, the submaximal doses of
TGF-b1 at 0.3 and 1 ng/mL were selected for this study.
Monolayer superficial zone articular chondrocyte cultures
were established and treated for 4 days with either 0.3 or
1 ng/mL of TGF-b1 in the absence or presence of 30mg/mL
of GAGs. Since the majority of SZP synthesized by super-
ficial zone chondrocytes is secreted,2 the amount of SZP in
the culture media was quantified to determine the actions of
TGF-b1 on SZP accumulation in the presence of exogenous
HS, heparin, or CS. In the absence of exogenous GAGs,
TGF-b1 was able to stimulate the accumulation of SZP in
superficial zone articular chondrocytes. Compared with
untreated controls, the maximum increase in SZP accumu-
lation was threefold with TGF-b1 at 0.3 ng/mL and 3.4-fold
with TGF-b1 at 1 ng/mL (Fig. 3). No significant SZP fold
difference was observed between the TGF-b1 doses. TGF-
b1 in the presence of exogenous HS increased the accu-
mulation of SZP compared with that observed on treatment
of TGF-b1 in the absence of exogenous HS (Fig. 3). In the
presence of exogenous HS, TGF-b1 at the dose 0.3 ng/mL
was significantly more effective at increasing SZP accu-
mulation than at the dose of 1 ng/mL, when compared with
untreated controls. Compared with its absence, the presence
of exogenous HS increased SZP accumulation by about
onefold with 0.3 ng/mL of TGF-b1. The maximum in-
crease in SZP accumulation compared with untreated
control was 4.1-fold with 0.3 ng/mL of TGF-b1 and 3.6-
fold with 1 ng/mL of TGF-b1. In the presence of exoge-
nous heparin, TGF-b1 stimulated the accumulation of
SZP in a dose-dependent manner (Fig. 3). The presence of

FIG. 1. The effect of
treatments on the cellular ap-
pearance of superficial zone
articular chondrocytes. Primary
bovine superficial zone chon-
drocytes were treated and cul-
tured for 4 days. Chondrocyte
morphology was examined un-
der a light microscope at day
4 of treatment. The control
displayed a flattened, fibroblast-
like appearance. Treated
chondrocytes had a similar
appearance to the controls.
Chondrocytes were treated ac-
cording to the corresponding
treatment labels above the
image. Scale bar = 50mm.
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exogenous heparin significantly increased SZP accumula-
tion by 1.2-fold with 0.3 ng/mL of TGF-b1 (Fig. 3A) but
decreased SZP accumulation by onefold with 1 ng/mL of
TGF-b1 (Fig. 3B) compared with that observed on treatment
of TGF-b1 in the absence of exogenous heparin. When
compared with untreated controls, the maximum response in
SZP accumulation in the presence of exogenous heparin was
4.2-fold with TGF-b1 at 0.3 ng/mL and 2.4-fold with TGF-
b1 at 1 ng/mL. In the presence of exogenous CS, the action
of TGF-b1 on the accumulation of SZP in superficial zone
articular chondrocytes was independent of TGF-b1 dose
(Fig. 3). TGF-b1 at 1 ng/mL in the presence of exogenous
CS increased the accumulation of SZP by half fold com-
pared with that observed on treatment of TGF-b1 at 1 ng/mL
alone (Fig. 3B). The maximum increase in SZP accumula-
tion compared with the untreated controls was 3.4-fold with
0.3 ng/mL of TGF-b1 and 3.9-fold with 1 ng/mL of TGF-b1.

TGF-b1 actions on SZP accumulation after enzymatic
removal of endogenous GAGs

GAGs are commonly present on the cell surface of su-
perficial zone articular chondrocytes. Endogenous GAGs are

known to promote the biological activity of growth factors
by binding and concentrating them at the cell surface or
ECM.25,34 To investigate the interaction of endogenous
GAGs with TGF-b1 during its stimulation of SZP, endog-
enous GAGs were enzymatically removed and the accu-
mulation of SZP in the culture medium was quantified.
Monolayer cultures of superficial zone articular chondrocyte
were treated with either HEP-I to enzymatically remove
surface HS or C-ABC to enzymatically remove surface CS.
After enzymatic treatment, chondrocytes were treated with
either 0.3 or 1 ng/mL of TGF-b1. Accumulation of SZP in
the absence of endogenous GAGs was stimulated by TGF-
b1 in a dose-dependent manner. In the absence of endoge-
nous GAGs, TGF-b1 at 0.3 ng/mL significantly increased
the accumulation of SZP compared with untreated controls
and with that observed on treatment of TGF-b1 at 0.3 ng/mL
in the presence of endogenous GAGs (Fig. 4A). The absence
of endogenous HS and endogenous CS increased SZP ac-
cumulation by 1.1- and 1.8-fold, respectively, with 0.3 ng/
mL of TGF-b1 when compared with TGF-b1 at 0.3 ng/mL
in the presence of endogenous GAGs. The maximum increase
in SZP accumulation with 0.3 ng/mL of TGF-b1 compared
with untreated controls was 4.1-fold in the absence of

FIG. 2. The effect of
treatment on chondrocyte
proliferation. Viable cell
counts were taken using
Trypan blue exclusion assay
with a hemocytometer. The
values, given as percentage,
represent the difference in
cell numbers at the end of the
experiment (day 4) between
the treatment groups and
untreated controls. (A) Con-
current treatment with trans-
forming growth factor
(TGF)-b1 (1 ng/mL) and ex-
ogenous heparin (30 mg/mL)
significantly increased chon-
drocyte proliferation as a
34% increase in cell numbers
was observed compared with
untreated controls. (B) No
significant increase in cell
numbers between experi-
mental and untreated control
groups was observed after
enzymatic removal of sur-
face glycosaminoglycans
(GAGs) with heparinase I
(HEP-I) or chondroitinase-
ABC (C-ABC). Values pre-
sented as percent mean –
standard error. *p < 0.05
compared with untreated
control.
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endogenous HS and 4.8-fold in the absence of endogenous
CS. TGF-b1 at 1 ng/mL significantly increased the accumu-
lation of SZP by 2.1-fold in the absence of endogenous CS
compared with untreated controls and with that observed on
treatment of TGF-b1 at 1 ng/mL in the presence of endoge-
nous GAGs (Fig. 4B). The maximum increase in SZP accu-
mulation compared with untreated control was 5.5-fold with
1 ng/mL TGF-b1. On the other hand, a 1.5-fold decrease in
SZP accumulation by TGF-b1 at 1 ng/mL was observed in the
absence of endogenous HS (Fig. 4B). Compared with un-
treated control, the maximum increase in SZP accumulation
in the absence of endogenous HS was 1.9-fold with 1 ng/mL
of TGF-b1. Hence, endogenous HS may be involved in the
ability of TGF-b1 at 1 ng/mL to enhance SZP. These results

suggest that TGF-b1 may not require the presence of en-
dogenous CS to exercise its actions on SZP accumulation in
superficial zone articular chondrocytes. Together, the data
suggest that the ability of TGF-b1 to stimulate SZP is mod-
ulated by endogenous GAGs.

TGF-b1 actions on SZP accumulation in the presence
of exogenous GAGs after enzymatic removal
of endogenous GAGs

After enzymatic removal of endogenous GAGs, exoge-
nous HS, heparin, and CS were added to replenish the GAGs
to further evaluate the actions of TGF-b1 on SZP accumu-
lation in superficial zone articular chondrocytes (Fig. 5).
Monolayer cultures of superficial zone articular chondrocyte
were treated with either HEP-I or C-ABC. After enzymatic
treatment, cultures were treated for 4 days with either 0.3 or
1 ng/mL of TGF-b1 in the presence of 30 mg/mL of GAGs.
Accumulation of SZP after exogenous GAGs were re-
plenished was stimulated by TGF-b1 in a dose-dependent
manner (Fig. 5). The replenishment of exogenous HS re-
duced the ability of TGF-b1 at 0.3 ng/mL to stimulate SZP
accumulation by 0.6-fold compared with that observed with
TGF-b1 at 0.3 ng/mL after enzymatic removal of endoge-
nous HS. The maximum fold increase in SZP accumulation
compared with untreated controls was 3.6-fold (Fig. 5A). On
the other hand, SZP accumulation increased by 2.1-fold with
TGF-b1 at 1 ng/mL after exogenous HS was replenished
compared with that observed with TGF-b1 at 1 ng/mL after
enzymatic removal of endogenous HS (Fig. 5B). The max-
imum fold increase in SZP accumulation was similar to that
observed with 1 ng/mL of TGF-b1 in the presence of ex-
ogenous HS before enzymatic removal of endogenous GAG
(Figs. 5B and 3B). Taken together, these results suggest that
exogenous HS enhances the ability of TGF-b1 to stimulate SZP.
In addition, both endogenous GAGs and exogenous HS are
utilized by TGF-b1 at 1 ng/mL to enhance SZP accumulation.

Replenishment of exogenous heparin enhanced the ability
of TGF-b1 to stimulate SZP accumulation. Notably, the
accumulation of SZP increased by 1.3-fold with TGF-b1 at
1 ng/mL after exogenous heparin was replenished compared
with that observed on treatment of TGF-b1 at 1 ng/mL after
enzymatic removal of endogenous GAGs (Fig. 5B). The
maximum fold increase in SZP accumulation compared with
untreated control was similar to that observed with TGF-b1
at 1 ng/mL in the absence of exogenous heparin (Figs. 5B
and 3B). These observations imply that with TGF-b1 at
1 ng/mL, the presence of both exogenous heparin and en-
dogenous GAGs produces an inhibitory response on SZP
accumulation. Replenishment of exogenous CS significantly
increased the ability of TGF-b1 to stimulate SZP accumu-
lation in superficial zone articular chondrocytes compared
with untreated controls (Fig. 5). Accumulation of SZP in-
creased 0.7-fold with TGF-b1 at 0.3 ng/mL and about one-
fold with TGF-b1 at 1 ng/mL after exogenous CS was
replenished compared with that observed with TGF-b1 after
enzymatic removal of endogenous CS. Thus, the presence of
endogenous CS appears to have an inhibitory effect on SZP
accumulation. These results suggest that in the presence of
TGF-b1, endogenous CS restricts the ability of exogenous
CS to enhance SZP accumulation in superficial zone artic-
ular chondrocytes.

FIG. 3. Accumulation of superficial zone protein (SZP)
stimulated by TGF-b1 in the presence of exogenous GAGs.
Monolayer superficial zone articular chondrocyte cultures
were treated for 4 days with either 0.3 or 1 ng/mL of TGF-
b1 in the absence or presence of 30 mg/mL of GAGs. (A)
Treatment of TGF-b1 (0.3 ng/mL) in the presence of ex-
ogenous heparan sulfate (HS) or heparin significantly in-
creased SZP accumulation compared with untreated
control groups. (B) Treatment of TGF-b1 (1 ng/mL) in the
presence of exogenous chondroitin sulfate (CS) signifi-
cantly increased SZP accumulation compared with un-
treated control groups. Results presented as SZP protein
fold increase compared with untreated controls. Values
presented as mean – standard error. *p < 0.05 compared
with untreated control.
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TGF-b1 actions on SZP accumulation
after regeneration of endogenous GAGs

The production and turnover of proteoglycans and endog-
enous GAGs are a general property of animal cells.16 After
enzymatic removal of endogenous GAGs, endogenous GAGs
were allowed to regenerate and replenish on the cell surface.
The actions of TGF-b1 on the accumulation of SZP in super-
ficial zone articular chondrocytes in the presence of re-
generated endogenous GAGs were determined. Monolayer
cultures of superficial zone articular chondrocyte were treated
with either HEP-I or C-ABC to enzymatically remove cell
surface HS or CS, respectively. After enzymatic treatment,
chondrocytes were incubated for 72 h in serum-free conditions
to allow for endogenous GAGs to regenerate and replenish the
cell surface. After the 72 h incubation period, cultures were
treated for 4 days with either 0.3 or 1 ng/mL of TGF-b1. The
replenishment of endogenous HS enhanced the ability of TGF-
b1 to stimulate SZP accumulation. In particular, the accumu-
lation of SZP increased by 1.3-fold with TGF-b1 at 1 ng/mL
compared with that observed after enzymatic removal of en-
dogenous HS (Fig. 4B). The maximal increase in SZP accu-
mulation compared with untreated control was 4.8-fold with
0.3 ng/mL of TGF-b1 and 3.2-fold with 1 ng/mL of TGF-b1.
These results further support the notion that endogenous HS
may be involved in the ability of TGF-b1 at 1 ng/mL to enhance

SZP. Compared with its absence, the regeneration of endoge-
nous CS caused a slight decrease in SZP accumulation by 0.1-
fold with TGF-b1 at 0.3 ng/mL and by 0.2-fold with TGF-b1 at
1 ng/mL, providing further evidence to an inhibitory role for
endogenous CS. Compared with untreated controls, the max-
imum increase in the accumulation of SZP was 4.7-fold with
0.3 ng/mL of TGF-b1 and 5.3-fold with 1 ng/mL of TGF-b1
(Fig. 4). Overall, these results further suggest that endogenous
GAGs modulate the ability of TGF-b1 to stimulate SZP in
superficial zone articular chondrocytes.

Discussion

SZP, also known as lubricin, and PRG4 are encoded by
the PRG4 gene and function as a boundary lubricant in the
synovial joints.2,35 In this study, we established that TGF-b1
can stimulate SZP accumulation in superficial zone articular
chondrocytes in the presence of exogenous GAGs. Further,
we demonstrate that endogenous GAGs present on the sur-
face of articular chondrocytes influence the ability of TGF-
b1 to stimulate the accumulation of SZP. Next, addition of
exogenous GAGs influences the ability of TGF-b1 to reg-
ulate the accumulation of SZP in superficial zone chon-
drocytes depleted of endogenous GAGs. These findings will
have useful applications in the tissue engineering of func-
tional articular cartilage constructs.

FIG. 4. Accumulation of SZP stimulated by TGF-b1 after enzymatic removal and regeneration of endogenous GAG.
Monolayer superficial zone articular chondrocyte cultures were treated with HEP-I or C-ABC for the enzymatic removal of
endogenous HS or CS, respectively. After enzymatic treatment, cultures were treated with either 0.3 or 1 ng/mL of TGF-b1
immediately or incubated for 72 h to allow regeneration of endogenous GAGs before treatment with either 0.3 or 1 ng/mL of
TGF-b1. Cultures were treated for 4 days after initial TGF-b1 treatment. (A) SZP accumulation significantly increased with
TGF-b1 (0.3 ng/mL) in the absence of endogenous GAGs. (B) SZP accumulation significantly increased with TGF-b1 (1 ng/
mL) in the absence of endogenous CS. The replenishment of endogenous HS enhanced SZP accumulation by 1.3-fold.
Results presented as SZP protein fold increase compared with untreated controls. Values presented as mean – standard error.
*p < 0.05 compared with untreated control.
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TGF-b is a critical regulator of SZP in superficial zone
articular chondrocytes. Exposure to TGF-b induces the ac-
cumulation of SZP in both superficial zone articular chon-
drocytes and synoviocytes in vitro.5,6 In this study, we
utilized superficial zone articular chondrocytes and investi-
gated the actions and modulations of TGF-b1 on SZP ac-
cumulation in the presence of exogenous GAGs. SZP
accumulation regulated by TGF-b1 increased in the pres-
ence of exogenous HS. TGF-b1 at 0.3 ng/mL was more
effective at stimulating SZP accumulation than at 1 ng/mL
in the presence of exogenous HS. Previous work on the
actions of TGF-b on SZP accumulation demonstrated the
duration of phosphorylation of Smad2 in superficial zone
articular chondrocytes to be inversely proportional to the

dose of TGF-b.36 A longer duration of persistence of Smad
phosphorylation in TGF-b1 at 0.3 ng/mL explains the higher
increase in SZP accumulation observed with the lower TGF-
b1 dose. In the presence of exogenous heparin or CS, the
ability of TGF-b1 to regulate SZP accumulation was in a
dose-dependent manner. TGF-b1 at 0.3 ng/mL in the pres-
ence of exogenous heparin increased the accumulation of
SZP found in the culture medium. However, TGF-b1 at a
dose of 1 ng/mL produced an inhibitory response toward
the accumulation of SZP in the presence of exogenous
heparin. This decrease was not attributed to a loss or death
of cells in culture, as an increase in cell numbers was noted.
This inhibitory response might be due to increased cell
density. Addition of exogenous heparin along with endog-
enous GAGs present on chondrocytes may result in an
oversaturation of GAGs, reducing the ability of TGF-b1 to
interact with its receptors on the cell surface. The presence
of exogenous CS may not affect TGF-b1 at 0.3 ng/mL, as
the response in SZP accumulation was similar to the re-
sponse observed in the absence of exogenous CS. However,
the accumulation of SZP increased with TGF-b1 at 1 ng/mL
in the presence of exogenous CS. The presence of exoge-
nous GAGs may aid TGF-b1 in prolonging its binding in-
teractions with its receptor and increasing the duration of
phosphorylation of signal transducing Smad proteins.

Endogenous GAGs are commonly expressed on the cell
surface of articular chondrocytes and deposited in the ECM.
The ECM of articular cartilage contains primarily CS, while
the pericellular matrix is abundant in HS.26 Enzymatic re-
moval of endogenous CS increased the ability of TGF-b1 to
stimulate SZP and was further enhanced by the replen-
ishment of exogenous CS. Enzymatic treatment of articu-
lar cartilage with C-ABC alters matrix characteristics and
promotes matrix maturation.37,38 Thus, alterations in the
matrix induced by C-ABC and the depletion of endogenous
CS may change the way in which TGF-b1 is perceived by
chondrocytes, enhance the actions of TGF-b1 by allowing
access for exogenous CS to interact with TGF-b1, and
help contribute toward stimulating SZP accumulation. Car-
tilage has demonstrated the ability to restore endogenous
GAG content after enzymatic digestion.39 Regeneration of
endogenous CS decreased the ability of TGF-b1 to stimulate
SZP, further supporting an inhibitory role for endogenous
CS. In conclusion, endogenous CS is not involved in the
actions of TGF-b1 and may have an inhibitory effect on SZP
accumulation in articular chondrocytes.

Enzymatic removal of endogenous HS increased the
ability of TGF-b1 to stimulate SZP and was further en-
hanced when exogenous HS and heparin were replenished.
However, replenished exogenous HS reduced the ability of
TGF-b1 at 0.3 ng/mL to stimulate SZP, indicating that en-
dogenous HS may be involved in the activity of TGF-b1 at
low doses. This was supported by the fact that replenish-
ment of endogenous HS enhanced the ability of TGF-b1 to
stimulate SZP accumulation. Endogenous HS proteoglycans
bind to and localize growth factors at their site of action and
potentiate their biological activities.25 Depletion of endog-
enous HS may limit the ability of TGF-b1 to properly in-
teract with its receptors at the cell surface and reduce the
activity of TGF-b1. Exogenous HS enhances the ability of
TGF-b1 to stimulate SZP, as it may aid in sequester-
ing TGF-b1 at the cell surface to facilitate binding to its

FIG. 5. Accumulation of SZP stimulated by TGF-b1 in
the presence of exogenous GAGs after enzymatic removal
of endogenous GAGs. Monolayer superficial zone articular
chondrocyte cultures were treated with HEP-I or C-ABC for
the enzymatic removal of endogenous HS or CS, respec-
tively. After enzymatic treatment, cultures were treated for 4
days with either 0.3 or 1 ng/mL of TGF-b1 in the presence of
30 mg/mL of GAGs. (A) TGF-b1 (0.3 ng/mL) in the presence
of replenished exogenous heparin and CS significantly in-
creased SZP accumulation in the culture media. (B) TGF-b1
(1 ng/mL) in the presence of replenished exogenous CS sig-
nificantly increased SZP accumulation in the culture media.
Results presented as SZP protein fold increase compared with
untreated controls. Values presented as mean – standard er-
ror. *p < 0.05 compared with untreated control.
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receptor, supporting the role of HS as a growth factor
modulator and co-receptor.24,25,40

It is well accepted that SZP plays an important role in the
integrity of synovial joints as the key modulator in boundary
lubrication.3,5,31,32,41,42 In this study, we investigated the
accumulation of SZP in superficial zone articular chon-
drocytes in response to stimulation with TGF-b1 in the
presence of exogenous GAGs. Our findings demonstrate that
the presence of exogenous HS enhances the capacity of
TGF-b1 to regulate SZP accumulation in superficial zone
articular chondrocytes. Furthermore, enzymatic removal of
endogenous GAG enhanced the ability of TGF-b1 to stim-
ulate SZP. Enhancing the capacity of superficial zone ar-
ticular chondrocytes to produce SZP may aid in reducing the
friction coefficient and contribute to the tissue engineering
of functional articular cartilage constructs.
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