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Degradation of the cartilage proteoglycan aggrecan is one of
the earliest events that occurs in association with osteoarthritis.
Little is known concerning the fate of the residual N-terminal
G1 domains of cleaved aggrecan; domains that remain bound to
hyaluronan. In this study, 68–72-kDa bands representative of
aggrecan G1 domains containing ITEGE373 neoepitope were
detected within a hyaluronidase-sensitive pool at the cell sur-
face of bovine articular chondrocytes and within a hyaluroni-
dase-insensitive, intracellular pool. To determine the mecha-
nisms that contribute to this distribution, CD44 expression
was knocked down by siRNA or function by CD44-DN. Both
approaches prevented the retention and internalization of
G1-ITEGE. Inhibition of CD44 transit into lipid rafts blocked
the endocytosis of G1-ITEGE but not the retention at the cell
surface. Chondrocytes derived fromCD44 null mice also exhib-
ited limited potential for retention and internalization of
G1-VTEGE. The consequence of a lack of chondrocyte-medi-
ated endocytosis of these domains in cartilage of the CD44 null
mice was the accumulation of the degradation fragments within
the tissue. Additionally, chondrocytes or fibroblasts derived
from CD44 null mice exhibited little capacity for retention and
internalization of exogenous G1-ITEGE derived from bovine
cartilage explants. Bovine or wild type mouse fibroblasts were
able to bind and internalize bovine-derived G1-ITEGE. Al-
though several pathways are available for the clearance of these
domains, CD44-mediated cellular internalization is the most
prominent.

In cartilage the maintenance of a highly hydrated extracellu-
lar matrix is essential for the biomechanical function of the
tissue. The primary extracellular macromolecule responsible
for this hydration is the proteoglycan aggrecan. Aggrecan is
organized as a multiunit aggregate composed of aggrecan
monomers bound to a core filament of hyaluronan (HA)2 and
stabilized by association of link proteins (1, 2). The HA/aggre-

can/link protein complex is retained at the chondrocyte cell
surface either via HA that maintains connections with an HA
synthase or HA bound to CD44 (3, 4). All three of these matrix
components constantly undergo turnover in healthy cartilage.
When studied by precursor radiolabeling, it was found that the
biosynthetic rates for HA and aggrecan were remarkably simi-
lar (5, 6). Given that the total overall content of HA and aggre-
can remains constant led to the conclusion that the two mac-
romolecules must be turned over at the same rate. Subsequent
pulse-chase studies confirmed this suggestion (5, 6). Moreover,
even when culture conditions were altered such that tissue
depletion was enhanced, the elevated rates of turnover for
aggrecan and HA remained coordinated (6). The observations
imply that the various extracellular processing pathways
responsible for the turnover of aggrecan and HAmust interact
to achieve this level of coordination.
One of the early events associated with osteoarthritis is the

pronounced loss of aggrecan from the cartilage (1). Aggrecan
turnover occurs within the extracellular environment because
of the activity of endoproteinases termed aggrecanases and, to a
lesser extent, matrix metalloproteinases (MMPs) (7–9). The
aggrecanases, including ADAMTS4 (10, 11) and ADAMTS5
(12), are thought to be the key mediators of aggrecan loss, and
ADAMTS5 is known to be the major aggrecanase in the mouse
(13, 14). MMP cleavage of aggrecan occurs with late-stage car-
tilage damage in mouse models of arthritis (7, 15–17) and may
also be involved in the normal turnover of aggrecan in vitroThe
proteolysis of aggrecan by either aggrecanase orMMPresults in
an initial cleavage of the aggrecan monomer within interglob-
ular domain. The C-terminal, chondroitin sulfate-rich portion
of aggrecan is lost from the cartilage by diffusion and recovered
in the medium or synovial fluid (7, 9, 18, 19).
The fate of the N-terminal G1 domain of aggrecan as well as

the link protein, both presumably still bound toHA, is less clear.
ADAMTS5 and ADAMTS4 generate G1 domains with Glu373
at the C terminus.MMP cleavage of aggrecan generates slightly
smaller G1 domains terminating with Asn341. The respective
terminating ITEGE373 and DIPEN341 sequences of these G1
domains have been used for the production of neoepitope
antibodies (20, 21) and provide a signature for aggrecanase or
MMP activity. Using these antibodies, both G1-ITEGE and
G1-DIPEN can be observed in medium of cartilage explants
(22) as well as human synovial fluid (7) but are also observed to
accumulate within the cartilage extracellular matrix (7, 9, 13,
19, 23). For example, HA, G1 domains, and link proteins are
released into the medium of bovine cartilage explants treated
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with interleukin-1� (IL-1�) (24) or explants treatedwith a com-
bination of IL-1� and oncostatin M (25). The HA released was
still a polysaccharide but reduced in molecular size (25). How-
ever, in earlier studies by Ng et al. (6), although turnover of
newly synthesized HA that resulted from release into the
medium was observed, this fraction represented only 9% of the
total HA that was lost from the tissue. These investigators also
noted a reduction in size of the HA but at a rate of reduction
more consistent with the kinetics of a free radical depolymer-
ization of HA (6). The fate of the remaining 91% radiolabeled
HA lost from the tissue remained unknown. Given that HA is
clearly lost from the tissue but cannot be fully accounted for by
release into the medium led to the early suggestion that HA
turnover in cartilage must also involve another mechanism
such as endocytosis by the resident chondrocytes (5, 6). We
have demonstrated that most cells expressing the HA receptor
CD44, including chondrocytes, exhibit the capacity for CD44-
mediated internalization of HA (26–32). Using an immuno-
histo/cytochemistry approach, it was observed that chondro-
cytes exhibit a capacity to internalize G1-ITEGE (19, 33), thus,
providing another turnover fate for these domains.
In the present study we demonstrate that aggrecan

G1-ITEGE is retained by chondrocytes in culture and that a
fraction of the retained G1-ITEGE is internalized via a mecha-
nism that requires CD44. Moreover, we show that internaliza-
tion of G1-ITEGE can be blocked by interfering with CD44
transit into lipid rafts and that the intracellular G1-ITEGE was
derived by internalization of extracellular G1-ITEGE.

EXPERIMENTAL PROCEDURES

Materials—Dulbecco’s modified Eagle’s medium (DMEM)
andHam’s F-12were obtained fromMediatech (Herndon, VA).
Fetal bovine serum (FBS) was purchased from Hyclone (South
Logan, UT). Specific primers for real time RT-PCR were cus-
tom made by Integrated DNA Technologies (Coralville, IA).
CD44 and control siRNAs were obtained from Thermo Scien-
tific Dharmacon RNAi Technologies (Chicago, IL). Pronase
and collagenase P used in dissociation of tissues were obtained
from EMD Scientific (San Diego, CA) and Roche Applied Sci-
ence (Indianapolis, IN), respectively. Clear Blue x-ray film was
from Genesee Scientific (San Diego, CA). The nuclear stain, 4�,
6-diamidino-2-phenylindole, dihydrochloride (DAPI), anti-
mouse CD44 antibody, and rhodamine phalloidin were from
Invitrogen. qScriptTM cDNA synthesis kit was obtained from
QuantaBiosciences (VWR), andRT2Real TimeTMSYBRGreen
reagents were from SA Biosciences (Frederick, MD). IL-1� was
from R&D Systems, Inc. (Minneapolis, MN). Cell lysis buffer
was fromCell Signaling Technologies (Danvers, MA). All other
enzymes and chemicals were either molecular biology or
reagent grade materials, and the anti-�-actin monoclonal
antibodies were purchased from Sigma.
Cell Culture—Primary bovine articular chondrocytes were

isolated from the metacarpophalangeal joints of 18–24-
month-old adult steers. Chondrocytes were liberated from full-
thickness slices of articular cartilage by sequential Pronase/col-
lagenase digestion (34). The primary bovine chondrocytes were
cultured in a 1:1 mixture of DMEM/Ham’s F-12 medium con-
taining 10% FBS and 50 units/ml penicillin, L-glutamate, and

ascorbic acid. The chondrocytes were plated as high density
monolayers (2.0 � 106 cells/cm2) for immediate analysis of pri-
mary cells or low density monolayers (5000 cells/cm2) to allow
the cells to undergo de-differentiation.When lowdensity chon-
drocytes reached confluence, the cells were passaged by treat-
ment with 0.25% trypsin, 2.21 mM EDTA. To prepare bovine
synovial fibroblasts, 2 � 2 � 1-mm sections of synovial mem-
brane immediate adjacent to cartilage condyles were placed in
explant culture. After 1 week, fibroblasts that had grown out
from the explants were trypsinized and passaged. Synovial
fibroblasts between the third and fifth passage were used.
Primarymouse chondrocytes were isolated from the femoral

hip joints of 1-week-old CD44�/� mice (35) or BALB/c wild
type control mice (BALB/cAnNCrl, Charles River, Wilming-
ton, MA). Briefly, the animals were euthanized, and the hind
limbs were dissected from the acetabulum and freed of sur-
rounding muscle, tendons and connective tissue. Isolated fem-
oral heads were subjected to 3 mg/ml collagenase D with stir-
ring at 37 °C, 5% CO2. Primary murine chondrocytes were
collected every hour for the first 5 h and thenplated into 35-mm
dishes containing DMEMmedium, 10% FBS, 50 units/ml pen-
icillin, and 2 mM/ml L-glutamine. When the mouse chondro-
cytes reached confluence, the cells were passaged one timewith
0.25% trypsin, 2.21 mM EDTA into 6-well plates for experi-
ments. To preparemouse fibroblasts, 2� 2� 1-mm sections of
loose connective tissue immediately adjacent to knee joints of
1-week-old mice were placed in explant culture. After 1 week,
fibroblasts that had grown out from the explants were
trypsinized and passaged. Fibroblasts between the third and
fifth passage were used.
In other experiments intact femoral heads of 1-week-old

mice were grown as explant cultures in DMEM medium con-
taining 10% FBS. After 1 day of culture for recovery, the heads
were washed, and medium was replaced with fresh medium
containing 10 ng/ml IL-1�. After 7 days of incubation the heads
were removed, fixed with 4% buffered paraformaldehyde over-
night at 4 °C, decalcified in 5% EDTA for 24 h, rinsed in 30%
sucrose, PBS, and embedded in OCT-freezing medium. Cryo-
stat sections (8.0 �m) were prepared and blocked in PBS, 10%
goat serum, 0.2% Triton before immunostaining.
Preparation of Exogenous G1-ITEGE from Bovine Cartilage

Slices—Full-thickness slices (�1 � 10 � 10 mm) of bovine
articular cartilage were cultured directly in 1.0 ml of DMEM/
F-12medium containing 10% FBS for the purpose of harvesting
conditioned medium containing G1-ITEGE fragments. After 2
days of culture for recovery, the tissue slices were washed, and
mediumwas replacedwith fresh serum-freeDMEM/F-12with-
out or stimulated with 10 ng/ml IL-1�. After 3 days the slices
were rinsed in fresh medium and then incubated for another 5
days in serum-free DMEM/F-12 medium without IL-1�. Ali-
quots of the IL-1 wash-out-conditioned media (G1-ITEGE
medium) were then added to cell cultures as a source of exog-
enous G1-ITEGE. Control medium was obtained from slices
pre-cultured without IL-1.
Treatment of Cells—Confluent cultures of chondrocytes

were treated for varying time periods with 10 ng/ml IL-1� in
fresh culturemediumwith reduced serum (5% FBS). For exper-
iments designed to test the role of lipid rafts or receptor palmi-
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toylation in endocytosis, chondrocytes were pretreated for 30
min with 10 mM methyl-�-cyclodextrin (M�CD) or for 24 h
with 10 �M 2-bromopalmitate (2-BP) as described previously
(32). In most experiments, with the exception of M�CD, the
pretreatment inhibitors were present throughout the incuba-
tion period. For siRNA inhibition of chondrocyte CD44 or
dominant negative inhibition of CD44 function, bovine articu-
lar chondrocytes were released frommonolayer culture using a
1.5-h incubationwith 0.1% collagenase P and 0.1%Pronase. The
released cells (2.0 � 106 cells) were next mixed with AmaxaTM
human chondrocyte solution (Lonza Walkersville Inc., Walk-
ersville, MD) and 5 �g of siRNA or 4 �g of an empty control
pcDM8 plasmid or CD44-DN/pcDM8 (30). The chondrocytes
were then transfected by nucleofection using an Amaxa
Nucleofector� device at setting U-28. The CD44 siRNA was
constructed as the bovine orthologue of a human CD44 siRNA
sequence originally described by Ghatak et al. (36). The control
siRNA (D-001206-09-05, Dharmacon) was also as described
(36). For analysis of G1 domains released into the medium,
chondrocytes were treated without or with 10 ng/ml IL-1� in
serum-free medium for varying times. The medium samples
were concentrated 10-fold using Ultracel 10k centrifugal filter
units (Millipore), and equal volumes were analyzed byWestern
blot detection.
Detection of Cell Surface and Intracellular Aggrecan

G1-ITEGE—For immunofluorescence studies, chondrocytes
were cultured on Lab-TekTM II chamber slides. For the analysis
of G1-ITEGE, two pools were isolated from bovine articular
chondrocytes, grown as high density cultures under a variety of
conditions. The culture medium was removed, and the cells
were incubated for 30 min with 0.25% trypsin, 2.21 mM EDTA
or for 60 min with 200 turbidity reducing units/ml testicular
hyaluronidase containing proteinase inhibitor mixture at 37 °C in
serum-free DMEM/F-12. This extracellular enzyme-susceptible
pool was referred to as the “matrix” fraction. The remaining cells
were solubilized in cell lysis buffer and referred to as the “intracel-
lular” fraction. Aliquots of each fraction were analyzed byWest-
ern blot analysis. Alternatively, cells before and after hyaluron-
idase treatment were fixed, permeabilized, and then analyzed
by immunofluorescence (21, 33). Briefly, after washing in PBS
the chondrocytes were incubated with rabbit anti-ITEGE373
(0.5 �g/ml) antibodies overnight at 4 °C as described (19, 21).
Cells were then washed and incubated with FITC-conjugated
goat anti-rabbit IgG antibody (1:50, Jackson ImmunoResearch)
followed by the addition of the nuclear stain, DAPI. To visualize
stress fibers associated with synovial fibroblasts, these cells
were incubated with rhodamine phalloidin for 20 min at room
temperature. Chondrocytes or fibroblasts were visualized using
a Nikon Eclipse E600 microscope equipped with Y-Fl Epi-fluo-
rescence (Melville, NY), a 60� 1.4 NA oil-immersion objective
and, rhodamine isothiocyanate (red), FITC (green), and DAPI
(blue) filters. Images were captured digitally in real time using a
Spot-RT camera (Diagnostic Instruments, Sterling Heights,
MI) and processed using NIS Elements BR imaging software
(Nikon, Lewisville, TX).
Western Blot for Detection of G1-ITEGE—Total protein was

extracted using cell lysis buffer containing protease inhibitor
mixture. Twenty micrograms of total protein per sample was

loaded and separated on Novex 4–12% gradient SDS-PAGE
gels (Invitrogen). After electroblot transfer onto nitrocellulose
membranes and blocking in 5% nonfat dry milk, membranes
were incubated with primary antibodies followed by HRP-con-
jugated secondary antibodies. Detection was performed using
chemiluminescence (Novex ECL, Invitrogen). In some cases
the blots were stripped using stripping buffer (0.76 g of Tris
base, 2 g of SDS, and 700 �l of �-mercaptoethanol volume to
100ml with water, pH 6.8) for 30min at room temperature and
re-probed using another primary antibody. Specific antibodies
used for analysis were rabbit affinity-purified anti-CD44 cyto-
plasmic tail antisera (1:10,000) (37, 38), rabbit anti-ITEGE373
(0.5 �g/ml), and rabbit anti-G1 (1:1000) (19, 21) as well as
mouse anti-CD44 IM7.8.1 (1:1000) (3) and �-actin.

RESULTS

Aggrecan G1-ITEGE Is Internalized by Articular Chondro-
cytes—Chondrocytes at all times of culture exhibited a back-
ground level of ITEGEneoepitope primarily localized at the cell
surface (Fig. 1A). After 24 h of treatment with IL-1�, the levels
of G1-ITEGE were substantially enhanced (Fig. 1C), even more
so than at 3 days (Fig. 1E). To visualize whether the G1-ITEGE
was internalized, the chondrocytes were treated either with
trypsin (data not shown) or hyaluronidase to enzymatically
release the cell-associated matrix pool of neoepitope.

FIGURE 1. G1-ITEGE are bound and internalized by articular bovine artic-
ular chondrocytes. Bovine articular chondrocytes, grown on chamber slides,
were incubated in the absence (A and B) or presence of 10 ng/ml IL-1� for 1
(C and D) or 3 (E and F) days under serum free conditions. Panels A, C, and
E represent total G1-ITEGE, whereas panels B, D, and F represent intracellular
accumulation of G1-ITEGE revealed after testicular hyaluronidase treatment
to remove cell surface-associated G1-ITEGE. After treatments, the cells were
fixed, permeabilized, and immunostained for G1-ITEGE. Coverslips were
mounted with medium containing DAPI, and cells were visualized by fluores-
cence microscopy. Shown are digital overlay images of green and blue fluo-
rescence channels. Ctr, control.
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G1-ITEGE that remains with the cells after hyaluronidase and
is presumably intracellular was visualized in IL-1�-treated
chondrocytes (Fig. 1D) but was more evident at the 3-day time
point (Fig. 1F). Cell surface-bound and intracellular G1-ITEGE
was also detected on Western blots. As shown in Fig. 2A, a
heterogeneous doublet band between 68 and 72 kDa was evi-
dent in the hyaluronidase-released fraction of bovine chondro-
cytes. We have termed this cell-associated matrix fraction, the
matrix fraction; it represents extracellularmatrix dependent on
HA for retention. The 68–72-kDa bands were similar in size to
the G1-ITEGE domain present in the conditioned medium of
IL-1�-treated explant cultures of bovine articular cartilage
(supplemental Fig. 1, lane �). The accumulation of G1-ITEGE
bands within the matrix fraction of chondrocytes peaked after
24 h of IL-1� treatment (Fig. 2,A andC, black bars).Within the

intracellular fraction (lysates from intact cells remaining after
hyaluronidase treatment, Fig. 2,B andC,white bars), only back-
ground levels of G1-ITEGE were detectable on days 0–2 of
IL-1� treatment. However, intracellular G1-ITEGE increased
on days 3–5, during the same period as there was a reduced
matrix G1-ITEGE. When trypsin treatment (rather than hyal-
uronidase) was used to discern intracellular G1-ITEGE, an
increased accumulation of G1-ITEGEwas also observed on day
3 in both hyaluronidase and trypsin treatment groups (Fig. 2,D
and E). A progressive increase in G1-ITEGE was also observed
in the matrix (Fig. 2, F andH, black bars) and intracellular (Fig.
2, G and H, white bars) fractions in response to 24 h treatment
with increasing concentrations of IL-1�. The strongest immu-
nostaining for G1-ITEGE in both fractions was detected at 10
ng/ml IL-1�, and this concentrationwas used for all subsequent
experiments.
In others experiments, chondrocyte lysates were also exam-

ined using an anti-G1 antibody (Fig. 3). Again, the highest level
of total G1 domains within the matrix fraction was observed
after 24 h of IL-1� treatment, but therewas less apparent reduc-
tion of G1 domains on days 2 and 3 (Fig. 3,A andC, black bars).
Within the intracellular pool (Fig. 3, B and C,white bars) a faint

FIGURE 2. Changes in G1-ITEGE accumulation in bovine articular chon-
drocytes. Bovine articular chondrocytes were incubated in the absence or
presence IL-1� for varying times and concentrations and then analyzed by
Western blot analysis for G1-ITEGE. Panel A, shown is the matrix fraction
released from chondrocytes with testicular hyaluronidase; aliquots used rep-
resent equivalent volumes of samples. Panel B, shown is the intracellular frac-
tion of chondrocytes after pretreatment with testicular hyaluronidase. Ali-
quots used represent equivalent protein of samples, verified by reprobing of
the Western blot for �-actin. Panel D, shown is the intracellular fraction from
another set of chondrocytes after pretreatment with testicular hyaluronidase
(HA’ase) or trypsin with Western blots reprobed for �-actin. Panel F depicts the
effect of varying concentration of IL-1� on the matrix, and Panel G depicts
intracellular fractions with Western blots reprobed for �-actin. Bar graphs rep-
resent the average -fold increase in pixel intensity � S.D. of bands represent-
ing G1-ITEGE, obtained from three separate Western blot analyses for each
cell condition. Gel images were subjected to densitometric analysis using
Image J software (rsb.info.nih.gov). -Fold increase in pixel density was
obtained by normalizing band intensity for each condition to untreated, con-
trol sample values (Ctr). Relative band intensity of control values was set to 1.
In addition, each Western blot of cell lysates was re-probed for expression of
�-actin, and for each condition, the relative ITEGE band intensity values were
normalized for changes in respective �-actin pixel intensity (as compared
with �-actin of control condition). The normalized -fold increase changes in
pixel intensity for each condition, derived from three separate experiments,
were averaged, and S.D. was determined. Quantification of the matrix frac-
tion is represented by dark bars (panels C and H), and the intracellular fraction
is represented by white bars (panels C, E, and H). D1–D5, days of incubation
with IL-1�.

FIGURE 3. Changes in accumulation of aggrecan G1 domains in bovine
articular chondrocytes. Bovine articular chondrocytes were incubated in
the absence or presence IL-1� for varying times, and medium, matrix, and
intracellular fractions were analyzed by Western blot analysis for immunore-
activity with anti-G1 or anti-ITEGE antisera as labeled. Panel A, shown is the
matrix fraction released from chondrocytes with testicular hyaluronidase. Ali-
quots used represent equivalent volumes of samples. Panels B, shown is the
intracellular fraction of chondrocytes after pretreatment with testicular hy-
aluronidase. Aliquots used represent equivalent protein of samples, verified
by reprobing of the Western blot for �-actin. Panels D and E represent serum-
free medium samples collected from cultures shown in panel A, concentrated
10-fold, and equivalent volumes analyzed by Western blotting using anti-G1
(D) or anti-ITEGE (E) antisera. *, bands indicative of G1-ITEGE; **, band likely
indicative of G1-DIPEN. Bar graphs represent the normalized average -fold
increase in pixel intensity for aggrecan G1 domain or G1-ITEGE as labeled for
each condition and including data derived from three separate experiments.
Error bars depict S.D. In panel C, quantification of the matrix fraction is repre-
sented by dark bars, and the intracellular fraction is represented by white bars;
panel F, medium G1 domains are gray bars, and medium G1-ITEGE are gray
striped bars. Ctr, untreated control cultures; D1–D5, days of incubation with
IL-1�.

CD44 Internalization of ITEGE

NOVEMBER 12, 2010 • VOLUME 285 • NUMBER 46 JOURNAL OF BIOLOGICAL CHEMISTRY 36219

http://www.jbc.org/cgi/content/full/M110.129270/DC1


68-kDa band (asterisk) could be detected using the anti-G1
antibody in day 2 lysates, but the highest level of accumulation
was again observed on day 3. In all subsequent experiments, the
24-h time point is shown for the hyaluronidase-releasedmatrix
fraction, and the 72 h time point is shown for the intracellular
fraction. In an effort to determine whether aggrecan G1
domainswere also being shed, concentrated conditionedmedia
from these same chondrocyte cultures was analyzed using the
anti-G1 (Fig. 3,D and F, gray bars) or anti-ITEGE (Fig. 3, E and
F, gray striped bars) antibodies. Doublet bands of 68–72 kDa
forG1 domains (asterisk) increased inmediumof day 4 through
day 5 cultures, as did an �60-kDa band (double asterisk). Upon
detection with that anti-ITEGE antibody, 68–72-kDa bands
(asterisk) were most prominent in day 3–5 media samples (Fig.
3, E and F, gray striped bars).
G1-ITEGE Domain Internalization Is Dependent on CD44—

Using a single, CD44-specific siRNA transfected into primary
bovine chondrocytes, CD44 mRNA was knocked down by
�50% in chondrocytes compared with cells transfected with a
nonspecific control siRNA (Fig. 4A). Moreover, the IL-1�-in-
duced increase in CD44 expressionwas blocked in the presence
of the CD44 siRNA. An approximate 50% knockdown of
CD44 was confirmed by Western blot analysis (Fig. 4B). In

IL-1�-treated chondrocytes transfected with control siRNA,
G1-ITEGE was retained in the matrix fraction (Fig. 4C) and,
after 3 days of incubation, could also be observed within the
intracellular fraction (Fig. 4D). However, in the CD44-specific
siRNA-treated chondrocytes, there was no accumulation of
matrix fractionG1-ITEGE evenwith IL-1� treatment (Fig. 4C).
Likewise, accumulation of intracellular G1-ITEGEwas reduced
by treatment with CD44-specific siRNA (Fig. 4D). As a second
approach, bovine articular chondrocytes were transfected with
a CD44 dominant negative mutant (CD44-DN) (30). After
IL-1� stimulation G1-ITEGE was reduced in both the matrix
and the intracellular fraction of cells transfected with
CD44-DN (Fig. 4, E and F).
To further substantiate the role of CD44 in G1-ITEGE

retention and internalization, experiments were done using
chondrocytes derived from CD44-null (CD44�/�) or wild
type mice. As expected, chondrocytes from CD44 null mice
do not express CD44 mRNA (Fig. 5A) or protein (Fig. 5B). In
primary chondrocytes derived from wild type mice, IL-1�
treatment for 24 h generated G1-VTEGE (mouse sequence)
retained in the matrix fraction (Figs. 5, C and E, black bars
and 6A). This G1-VTEGE domain is approximately the same
size as G1-ITEGE observed for bovine chondrocytes (Fig.
2A). After 3 days of treatment with IL-1�, an intracellular
pool of G1-VTEGE was visualized in chondrocytes fromwild
type mice (Fig. 5, D and E, white bars and Fig. 6B). However,
chondrocytes from CD44�/� mice had a substantially

FIGURE 4. Altering CD44 expression or function in bovine articular chon-
drocytes affects the retention and internalization of G1-ITEGE. Bovine
articular chondrocytes were transfected as labeled in panels A–D with either
control or CD44-specific siRNAs or in panels E and F, an empty control pcDM8
plasmid or CD44-DN/pcDM8 (30, 41). Two days after transfection, the cells
were incubated in the absence or presence IL-1 and then analyzed by West-
ern blot analysis for changes in G1-ITEGE (panels C–F). Panel A depicts CD44
expression as measured by real time RT-PCR after 1 day (black bars) or 3 days
(striped bars) of IL-1 treatment; panel B shows CD44 protein expression on
Western blots probed with an anti-CD44 cytotail antibody. Panels C and
E, shown is the matrix fraction released from chondrocytes with testicular
hyaluronidase. Aliquots used represent equivalent volumes of samples. Pan-
els D and F, shown is the intracellular fraction of chondrocytes after pretreat-
ment with testicular hyaluronidase. Aliquots used represent equivalent pro-
tein of samples, verified by reprobing of the Western blot for �-actin. Ctr,
control.

FIGURE 5. Changes in accumulation of G1-VTEGE in murine articular
chondrocytes. Wild type (WT) and CD44�/� murine articular chondrocytes
were first characterized for the expression of CD44 by conventional RT-PCR
using GAPDH as a control (panel A) or Western blotting using IM7.8.1, an
anti-mouse CD44 antibody (panel B). Wild type and CD44�/� mouse chondro-
cytes were then incubated in the absence or presence IL-1� and then ana-
lyzed by Western blot analysis for G1-VTEGE. Panel C, the matrix fraction was
released from chondrocytes with testicular hyaluronidase. Aliquots used rep-
resent equivalent volumes of samples. Panel D, shown is the intracellular frac-
tion of chondrocytes after pretreatment with testicular hyaluronidase. Ali-
quots used represent equivalent protein of samples, verified by reprobing of
the Western blot for �-actin. The bar graph (panel E) shows the normalized
average -fold increase in pixel intensity for G1-VTEGE in each condition,
derived from three separate experiments, of the matrix fraction (dark bars)
and the intracellular fraction (white bars). Error bars depict S.D.
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reduced level of matrix G1-VTEGE even with IL-1 stimula-
tion (Figs. 5C and 6A), and no internalized G1-VTEGE was
detected (Fig. 6B). Moreover, although a faint band for intra-
cellular G1-VTEGE was seen in CD44 null chondrocytes
(Fig. 5, D and E, white bars), there was no enhancement
or accumulation after stimulation with IL-1�. Although
G1-VTEGE is reduced in CD44�/� cells, this is not because
of less HA or proteoglycan at the surface of these cells as
compared with wild type. CD44�/� and wild type chondro-
cytes exhibit similar cell surface-associated HA and proteo-
glycan (supplemental Fig. 3). In both cell types, the HA was

removed by treatment with testicular or Streptomyces hyal-
uronidase, which in turn resulted in the loss of stained
proteoglycan.
These data suggest that CD44 is required for G1-ITEGE

retention and internalization by chondrocytes. However, the
assays using murine primary chondrocytes depend on cell
responsiveness to IL-1� to generate endogenous G1-VTEGE
and adequate levels of aggrecan and aggrecanase synthesis. As
an alternative approach, G1-ITEGE-containing conditioned
medium, obtained from explant cultures of bovine articular
cartilage (supplemental Fig. 1), was added to cultures of chon-
drocytes derived from wild type or CD44 null mice as a source
of exogenous G1-ITEGE. However, in this series of experi-
ments the mouse chondrocytes were allowed to de-differenti-
ate for two passages. Under these conditions, no endogenous
aggrecan is synthesized, and thus, no endogenous G1-VTEGE
domain can be generated. By immunohistochemistry, bovine
G1-ITEGE could only be observed binding to wild type mouse
chondrocytes (Fig. 6E). No G1-ITEGE could be detected on
chondrocytes derived from CD44�/� mice. When the cells
were treated with hyaluronidase to reveal intracellular neo-
epitope, bovine-derived G1-ITEGE had accumulated within
the wild type chondrocytes but not within the CD44�/� chon-
drocytes (Fig. 6F). To exclude the possibility that residual IL-1�
in the explant-conditioned media had resulted in endogenous
mouse G1-ITEGE, the cells were treated with IL-1� directly,
and no G1-ITEGE accumulation was observed (data not
shown). Taken together, these data suggest that CD44 expres-
sion is required for G1-ITEGE internalization.
If G1-VTEGE generation does occur in CD44�/� mouse

chondrocytes in response to IL-1 (Figs. 5C and 6A), but inter-
nalization is limited (Figs. 5D and 6B), G1-VTEGE would be
expected to accumulate within the intact cartilage of CD44�/�

mice. To investigate this hypothesis, intact newborn femoral
heads from wild type and CD44 null mice were incubated in
media containing IL-1� for 5 days, similar to culture conditions
used to culture bovine cartilage slices. Substantially more
G1-VTEGE accumulation was observed in sections of the fem-
oral heads of CD44�/� mice (Fig. 6D) as compared with wild
type mice (Fig. 6C).
G1-ITEGE Internalization Is Dependent on Cholesterol-rich

Membrane Microdomains and Protein Palmitoylation—We
have shown previously that HA internalization via CD44 in
transfected cells was dependent on CD44 palmitoylation and
the transit of the receptor into lipid rafts (32).Whether a similar
mechanism occurs in chondrocytes and is an event necessary
for the co-internalization of aggrecan G1 domains is not
known. One approach to examine this question was to chelate
chondrocyte membrane cholesterol using M�CD (32). In con-
trol non-M�CD-treated bovine articular chondrocytes, IL-1�
treatment increased G1-ITEGEwithin the matrix fraction (Fig.
7, A and C, black bars) as well as the intracellular fraction (Fig.
7, B and C, white bars). Upon pretreatment of chondrocytes
with M�CD, the IL-1�-mediated increase in G1-ITEGE accu-
mulation within the matrix fraction was still observed (Fig. 7,A
and C, black bars). However, within the intracellular fraction,
no increase inG1-ITEGE due to IL-1�was observed after treat-
ment with M�CD (Fig. 7, B and C, white bars). Thus, blocking

FIGURE 6. Binding and internalization of endogenous G1-VTEGE or exog-
enous G1-ITEGE domains by wild type and CD44 null murine articular
chondrocytes. Murine articular chondrocytes, grown on chamber slides,
were incubated in the absence or presence of 10 ng/ml IL-1� under serum-
free conditions as labeled. Panel A represents total G1-VTEGE, whereas panel
B represents intracellular G1-VTEGE revealed after testicular hyaluronidase
treatment to remove cell surface-associated G1-VTEGE. Wild type chondro-
cytes (WT) and CD44�/� cells are labeled as shown. Cells were fixed, perme-
abilized, and immunostained for G1-VTEGE, mounted in medium containing
DAPI, and visualized by fluorescence microscopy. Shown are digital overlay
images of green and blue fluorescence channels. In a separate study, explants
cultures of wild type (panel C) or CD44�/� (panel D) femoral heads were incu-
bated with 10 ng/ml IL-1� for 7 days. The tissue explants were then fixed,
embedded, cryostat-sectioned, and immunostained for G1-VTEGE domains.
In panels E and F, passaged murine articular chondrocytes, grown on chamber
slides, were incubated with control media (Ctr) or G1-ITEGE-containing
medium derived from bovine cartilage explants cultures. Cells were fixed and
immunostained for G1-ITEGE, as the cells shown in panels A and B. Panel E
represents total G1-ITEGE retained, whereas panel F represents intracellular
G1-ITEGE, revealed after testicular hyaluronidase treatment to remove cell
surface-associated G1-ITEGE. Bars in panels A, B, E, and F indicate 20 �m.
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lipid raft-dependent CD44 internalization blocked accumula-
tion of intracellular G1-ITEGE. Another approach was to use
the palmitoylation inhibitor 2-BP. As with the M�CD-treated
cells, 2-BP had no effect on matrix G1-ITEGE retained at the
cell surface (Fig. 7, D and F, black bars), but 2-BP blocked
uptake and accumulation of intracellular G1-ITEGE (Fig. 7, E
and F,white bars). The results suggest that conditions that limit
CD44 endocytosis also prevent G1-ITEGE uptake. IL-1� treat-
ment affects an increase in overall CD44 expression as we have
shown previously (27); however, M�CD or 2-BP had no effect
on this change in CD44 (data not shown).
G1-ITEGE Internalization Is Dependent on CD44 but Also

Occurs in Synovial Fibroblasts—Although HA and bound
aggrecan G1 domains are internalized locally by CD44-positive
chondrocytes, a certain amount of the HA is also thought to be
lost from the tissue (6, 25). To address the possible fate of this
fraction, G1-ITEGEuptakewas examined on cultures of bovine
and mouse synovial fibroblasts. Bovine synovial fibroblasts
(supplemental Fig. 2,white bars) express CD44 andADAMTS5
mRNA but show no change in expression of CD44 or
ADAMTS5 in response to treatmentwith IL-1� comparedwith
cultures of bovine articular chondrocytes (supplemental Fig. 2,
black bars). No expression of ADAMTS4 or aggrecan mRNA
was observed in cultures of bovine synovial fibroblasts as com-
pared with bovine articular chondrocytes. Thus, although the
synovial fibroblasts exhibit a basal level of ADAMTS5, they do
not express sufficient endogenous aggrecan to generate signif-
icant endogenous G1-ITEGE, and this is validated in control

cultures stained for G1-ITEGE (Fig. 8A). However, when con-
ditionedmedium containing bovineG1-ITEGE (collected from
IL-1 stimulated bovine cartilage slices) was added to the syno-
vial fibroblasts, G1-ITEGE was retained at the cell surface (Fig.
8B). Moreover, upon hyaluronidase treatment of these cells,
intracellularly localized G1-ITEGE domains could also be
detected in synovial fibroblasts (Fig. 8D). Fibroblast cultures
were established from the loose connective tissue immediately
adjacent to knee joints of newborn mice. These cells were used
as amodel formouse synovial fibroblasts. Like the bovine syno-
vial fibroblasts, wild typemouse fibroblasts bound (Fig. 8F) and
internalized (Fig. 8H) bovine G1-ITEGE, whereas no binding
(Fig. 8J) or internalization (Fig. 8L) was observed on synovial
fibroblasts from CD44�/� mice.

DISCUSSION

In this study the cellular fate of aggrecan G1-ITEGE in chon-
drocytes was determined. Although previous studies have doc-
umented that G1-ITEGE can be internalized by chondrocytes
(19, 33), these earlier works were primarily based on immuno-
histological/cytological analyses. One goal of this study was to
demonstrate directly the retention and internalization of the
68–72-kDa G1-ITEGE by way of Western blotting. Interest-
ingly, although a doublet band for G1-ITEGE was commonly
observed in the cell-associated matrix fraction, only the single,
smaller band is observed within the intracellular fraction. At
present it is not known whether the larger band was not inter-
nalized or internalized and then rapidly degraded. A single

FIGURE 7. Altering CD44 capacity to transit into lipid rafts affects inter-
nalization but not retention of G1-ITEGE domains. Bovine articular chon-
drocytes were pretreated with or without either 10 mM M�CD (panels A–C) or
10 �M 2-BP (panels D–F). The cells were next incubated in the absence or
presence IL-1� and then analyzed by Western blot analysis for accumulation
of G1-ITEGE. Panels A and D depict the matrix fraction released from chondro-
cytes with testicular hyaluronidase. Aliquots used represent equivalent vol-
umes of samples. Panels B and E depict the intracellular fraction of chondro-
cytes after pretreatment with testicular hyaluronidase. Aliquots used
represent equivalent protein of samples, verified by reprobing of the Western
blot for �-actin. Bar graphs in panels C and F represent the normalized average
-fold increase in pixel intensity for G1-ITEGE in each condition, derived from
three separate experiments. Error bars depict S.D. Quantification of the matrix
fraction is represented by dark bars, ad the intracellular fraction is repre-
sented by white bars. Ctr, control.

FIGURE 8. Binding and internalization of exogenous G1-ITEGE by bovine
or murine synovial fibroblasts. Bovine synovial or murine limb fibroblasts
(Fb), grown on chamber slides, were incubated with control (A, C, E, G, I, and K)
or G1-ITEGE-containing media (B, D, F, H, J, and L) derived from bovine carti-
lage explant cultures. Panels labeled Total ITEGE represent direct immunode-
tection of all cell-associated G1-ITEGE, whereas panels labeled Internalized
ITEGE depict G1-ITEGE revealed after testicular hyaluronidase treatment to
remove cell surface-associated G1-ITEGE. Bovine synovial fibroblasts are
shown in panels A–D. WT mouse Fb are shown in panels E–H, and CD44�/�

fibroblasts are shown in panels I–L. After treatments, the cells were fixed,
permeabilized, and immunostained for G1-ITEGE and rhodamine isothiocya-
nate-phalloidin. Coverslips were mounted in medium containing DAPI, and
cells were visualized by fluorescence microscopy. Shown are digital overlay
images of red, green, and blue fluorescence channels. Bars in these images
indicate 20 �m. Ctl, control.
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band for the intracellular-localized ITEGE-G1 band was also
observed when blots were probed with an anti-G1 antibody.
Moreover, the detection by this second antibody (the anti-G1
antibody that targets an epitope independent from the C-ter-
minal ITEGE neo-epitope) provides confirmation that these
68–72-kDa aggrecanG1 domains are retained and internalized
by chondrocytes.
Changes in the matrix fraction pool of G1-ITEGE are likely

due to a balance between continued generation of G1-ITEGE
and turnover, with turnover mediated via internalization and
shedding of the G1 domains. A progressive increase in G1
domains in the medium fractions was observed that closely
matched the decrease in matrix fraction G1 domains. Interest-
ingly, a proportion of the G1-ITEGE in thematrix fractionmay
also be cleaved further by matrix metalloproteinases and con-
verted into G1-DIPEN domains. A progressive increase in a
60-kDa band detected with the anti-G1 antibody was observed
in the medium fractions from day 3 to day 5 cultures, which is
indicative of G1-DIPEN. However, at present it is not known
whether the G1 domains present in the medium fraction rep-
resent G1 domains shed from the cell-associated matrix or
aggrecan monomer degraded within the medium itself. Intra-
cellular accumulation also likely represents the slow but con-
tinuous uptake of G1 domains from the cell surface. Nonethe-
less, considering day 2 as a snapshot in time, the intracellular
pool of G1-ITEGE represents �10% of the total G1-ITEGE
associated with the chondrocytes in both pools. These results
are in good agreement with our early studies documenting the
internalization of 3H-labeled HA by rat chondrosarcoma chon-
drocytes. In that study, 11% of the total [3H]HA was intracellu-
lar 8 h after adding exogenous [3H]HA (26). Notwithstanding,
G1-ITEGE is released from the tissue (7, 22, 39, 40). However,
the shedding of G1-ITEGE from intact cartilage is more closely
aligned with HA loss described in earlier studies by Ng et al. (6)
wherein only 9% of the loss of total newly synthesizedHA could
be attributed to release from the tissue.
Another outcome of this study is that the HA receptor CD44

is required for accumulation of intracellular G1-ITEGE. The
simplest model to explain these results is that CD44 mediates
the internalization of HA together with small molecules that
remain bound to the HA; that is, molecules such as the
G1-ITEGE. The current data are consistent with our previous
work on the requirement of CD44 for the endocytosis of HA
and that reagents that prevent the transit of CD44 into lipid
rafts block the endocytosis of HA (32). If G1-ITEGE is gener-
ated primarily within the extracellular space and there is a
defect in the local CD44-mediated turnover of these fragments,
it would be expected that these domains would accumulate
within the matrix. Therefore, we also explored cartilage and
chondrocytes derived from CD44�/� mice. Accumulation of
G1-VTEGE within intact cartilage of CD44�/� mice was sub-
stantially elevated as compared with similarly treated wild type
mouse cartilage. This suggests that local CD44-mediated endo-
cytosis does represent a major mechanism for the clearance of
G1 domains after aggrecanolysis. We predict that the accumu-
lation of degradation products within cartilage will eventually
with age be detrimental to the health of the tissue. For example
the accumulation of degradation products may obstruct carti-

lage repair by limiting available binding sites on HA and, thus,
reduce the retention of newly synthesized aggrecan. To our
knowledge there are no reports on cartilage changes with aging
in CD44�/� mice, and thus, it remains one of our long term
goals as we continue to age this colony.
We have previously shown that HA decorated with intact

aggrecanmonomers cannot be internalized by bovine chondro-
cytes in culture (31). However, when the monomers are
cleaved, the HA and bound G1 domains are readily internal-
ized. Thus, we propose one mechanism in which aggrecanase
cleavage releases the chondroitin sulfate-rich domain of aggre-
can from aggregates followed by the immediate uptake of the
residual HA-G1 complexes by local chondrocytes. The extent
of this uptake combined with shedding from the tissue would
need to match the overall loss of aggrecan. To be effective this
would necessitate aggrecanase cleavage within an area close
enough to the chondrocyte cell surface to allow CD44 binding
and uptake. However, in CD44�/� chondrocytes there is less
G1-VTEGE present in the matrix fraction as compared with
wild type mouse chondrocytes. Both wild type and CD44�/�

chondrocytes exhibit similar levels of pericellular HA as well as
stainable proteoglycan, retained at the cell surface via HA (sup-
plemental Fig. 3). Thus, the deficit in G1-VTEGE associated
with CD44�/� chondrocytes cannot be explained by a deficit
HA or proteoglycan substrate for aggrecanases. This resultmay
indicate that 1) CD44-retained HA/aggrecan aggregate is pref-
erentially cleaved by aggrecanases, or 2) after aggrecanolysis,
HA/G1 domain complexes are more readily retained at the cell
surface in CD44-expressing cells for subsequent endocytosis.
Coordinate turnover of aggrecan and HA may, thus, be regu-
lated by spatial organization of CD44 and aggrecanase to gen-
erate a temporal activity for cartilage homeostasis. In this
model the turnover of both aggrecan and HA would be both
initiated and regulated by the activity of an aggrecanase. How-
ever, if a defect occurs in CD44 function or aggrecan is
degraded within the more distant extracellular matrix, HA and
G1-ITEGE will likely accumulate.
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