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Background: The extracellular events that precede the endocytosis and turnover of hyaluronan are poorly understood.
Results: Progressive degradation of aggrecan results in a threshold size that permits hyaluronan endocytosis.
Conclusion: Hyaluronan internalization is controlled by changes in size of the macromolecule and its bound constituents.
Significance: The initial event in the turnover of hyaluronan is the extracellular cleavage of aggrecan.

In many cells hyaluronan receptor CD44 mediates the
endocytosis of hyaluronan and its delivery to endosomes/
lysosomes. The regulation of this process remains largely
unknown. In most extracellular matrices hyaluronan is not
present as a free polysaccharide but often is found in complex
with other small proteins and macromolecules such as pro-
teoglycans. This is especially true in cartilage, where hyalu-
ronan assembles into an aggregate structure with the large
proteoglycan termed aggrecan. In this study when purified
aggrecan was added to FITC-conjugated hyaluronan, no
internalization of hyaluronan was detected. This suggested
that the overall size of the aggregate prevented hyaluronan
endocytosis and furthermore that proteolysis of the aggrecan
was a required prerequisite for local, cell-based turnover of
hyaluronan. To test this hypothesis, limited C-terminal
digestion of aggrecan was performed to determine whether a
size range of aggrecan exists that permits hyaluronan endo-
cytosis. Our data demonstrate that only limited degradation
of the aggrecan monomer was required to allow for hyaluro-
nan internalization. When hyaluronan was combined with
partially degraded, dansyl chloride-labeled aggrecan, blue
fluorescent aggrecan was also visualized within intracellular
vesicles. It was also determined that sonicated hyaluronan of
smaller molecular size was internalized more readily than
high molecular mass hyaluronan. However, the addition of
intact aggrecan to hyaluronan chains sonicated for 5 and 10 s
reblocked their endocytosis, whereas aggregates containing
15-s sonicated hyaluronan were internalized. These data sug-
gest that hyaluronan endocytosis is regulated in large part by
the extracellular proteolytic processing of hyaluronan-bound
proteoglycan.

The glycosaminoglycan hyaluronan (HA)2 is a ubiquitous
matrix macromolecule present in nearly all vertebrate tissues.
HA turnover within most tissues occurs via two mechanisms,
namely, local degradation within the tissue of origin and/or
release of HA into the lymphatic and vascular systems (1–3)
where it is taken up by receptors lining the endothelium and
degraded. We (4 –9) and others (10 –13) have demonstrated
that endocytosis via the HA receptor CD44 is a major mecha-
nism used for local turnover of HA, one that results in the deliv-
ery of HA to lysosomes for complete breakdown. Local turn-
over of HA is of particular necessity in non-vascularized
articular cartilage (14). For example, in studies on the turnover
of newly synthesized HA in bovine cartilage explants, the
release of HA into the medium represented only 9% of the total
radiolabeled HA that was lost from the tissue (15).

In cartilage, HA participates in the retention of the pro-
teoglycan aggrecan. Within the extracellular space, aggrecan is
organized as a multicomponent aggregate composed of aggre-
can monomers bound to a core filament of HA and stabilized by
the association of link proteins (16). The HA-aggrecan-link
protein complex is retained at the chondrocyte cell surface
either via HA that maintains connections with an HA synthase
or via HA bound to CD44 (17, 18). All three of these compo-
nents of the aggrecan aggregate constantly undergo turnover in
the pericellular and territorial matrix of healthy and osteoar-
thritic cartilage. For example, one of the early events associated
with osteoarthritis is the pronounced loss of aggrecan from
the cartilage (16). Aggrecan turnover occurs extracellularly
because of cleavage of the core protein by endoproteinases
termed aggrecanases as well as matrix metalloproteinases)
(19 –21). The aggrecanases ADAMTS-4 (22, 23) and
ADAMTS-5 (20, 24 –26) are thought to be the key mediators of
aggrecan loss. C-terminal, chondroitin sulfate-rich fragments
of aggrecan are lost from the cartilage by release into the syno-
vial fluid (27, 28). In addition to aggrecan, a significant loss of
HA is also observed in human osteoarthritic cartilage (29). A
marked depletion of HA was observed in the articular cartilage
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of dogs following anterior cruciate ligament transection (30) or
following reduced loading splint immobilization (31). In our
previous studies, cultured explants of human articular cartilage
treated with IL-1� displayed a loss of HA within the superficial
and upper middle layers of cartilage, the same layers in which
aggrecan loss also occurred (32). We have demonstrated that
the other residual components of the aggrecan aggregate,
namely the HA, together with bound aggrecan G1 domains and
presumably link protein, are internalized by chondrocytes via a
CD44-mediated mechanism (4, 7–9). The endocytosis of HA
and aggrecan G1 domains (G1-ITEGE and G1-DIPEN) could
be blocked by pretreatment of chondrocytes with anti-CD44-
blocking antibodies (8), CD44 siRNA, or a CD44 dominant-
negative construct (9). Additionally, no internalization of HA
and G1-ITEGE was observed in murine Cd44�/� chondrocyte
or fibroblast cultures (9).

Less is known of whether the turnover of aggrecan (an extra-
cellular proteolytic processing event) and the turnover of HA
(internalization and intracellular degradation) are in any way
coordinated. Previous studies using radiolabeling of bovine
articular cartilage explant cultures demonstrated that newly
synthesized HA and proteoglycan (aggrecan) had nearly iden-
tical half-lives of �13–25 days (15, 33). How these turnover
rates could be similar giving the differing mechanisms involved
remained to be clarified. We have shown previously, using
bovine chondrocytes, that the addition of full-size aggrecan to
HA limits the ability of HA to be internalized (8). This sug-
gested a hypothesis that HA endocytosis occurs only after a
sufficient degree of degradation of the large aggrecan mono-
mers has occurred. In other words, there may be an overall size
requirement for HA aggregates that inhibits or permits HA
endocytosis. In the current study, HA endocytosis was exam-
ined in the presence and absence of bound aggrecan monomers
of decreasing size. Partially degraded aggrecan species were
obtained following limited, controlled C-terminal proteolysis
of purified aggrecan monomers or digestion of HA/aggrecan
aggregates. We demonstrate that the capacity for HA endocy-
tosis by chondrocytes is dependent on changes in size of the
aggrecan decorating the HA.

Rat chondrosarcoma (RCS) cells, an immortalized chondro-
cyte-like cell line, were used in this study. These cells exhibit
similar maintenance of their HA and aggrecan cell-associated
matrices as we observed previously on bovine and human artic-
ular chondrocytes (18). These cells display HA/aggrecan-de-
pendent pericellular matrices that are retained at the cell sur-
face via CD44 as well as the capacity for CD44-mediated
endocytosis of HA (4, 18, 34). The retention of the HA/aggrecan
pericellular matrix can be blocked with the use of anti-CD44
antibodies (18). Of importance to this kind of study, RCS cells
maintain the chondrocyte phenotype when attached to glass
chamber slides.

EXPERIMENTAL PROCEDURES

Materials—DMEM was obtained from Mediatech (Herndon,
VA), and FBS was purchased from Hyclone (South Logan, UT).
High molecular mass HA (1.2–1.8 MDa), mid-HA (180 –350
kDa), and low molecular mass HA (�5 kDa) were from Lifecore
Biomedical (Chaska, MN). Agarose and Tris acetate-EDTA

buffers were from IBI Scientific (Peosto, IA), and the 1-kb DNA
ladder was from Thermo Fisher Scientific (Waltham, MA).
Stains-all reagent was from MP Biomedicals (Solon, OH). All
other enzymes and chemicals either molecular biology or rea-
gent-grade materials were purchased from Sigma-Aldrich.

Cell Culture—The RCS cell line is a continuous long-term
culture line derived from the Swarm rat chondrosarcoma
tumor (35). The RCS cell line in the Knudson laboratories was a
gift from Dr. James H Kimura (formerly of Rush University
Medical Center) and represents an early clone of cells that
eventually became known as long-term culture RCS (36). RCS
chondrocytes were cultured as high density monolayers (2.0 �
106 cells/cm2) in DMEM containing 10% FBS and 1% L-gluta-
mine and penicillin-streptomycin and incubated at 37 °C in a
5% CO2 environment. The RCS cells were passaged at conflu-
ence using 0.25% trypsin/2.21 mM EDTA.

Isolation and Purification of Aggrecan from Bovine Articular
Cartilage—Full thickness slices of bovine articular cartilage
were excised from 18 –24-month bovine metacarpophalengeal
joints obtained from the local abattoir (37). The cartilage was
frozen in liquid nitrogen, ground to a powder, and extracted in
dissociative buffer consisting of 4.0 M guanidine HCl, 0.01 M

EDTA, and 0.05 M sodium acetate, pH 5.8 (38, 39). After gentle
stirring at 4 °C for 24 h, the solution was centrifuged at 13,000 �
g and brought to a final density of 1.5 g/ml by the addition of
0.5452 g of CsCl/ml. Samples were centrifuged at 100,000 � g
for 48 h at 4 °C in a Beckman 50.2Ti rotor. Upon completion,
the bottom fifth of each centrifuge tube was isolated, dialyzed
against water for 3 days, and lyophilized.

Clostripain Digestion of Aggrecan—Clostripain from Clos-
tridium histolyticum was diluted to 5 units/ml (20 �g/ml) in 0.6
mM dithiothreitol/5.0 mM CaCl, and the enzyme was activated
by incubating at 37 °C for 3 h (40, 41). Purified aggrecan (6.0
mg/ml) or HA/aggrecan aggregates (0.5–1.0 mg/ml) dissolved
in 0.1 M Tris/0.1 M NaC2H3O2 were mixed 1:1 (v/v) with the
activated clostripain solution (40). At various times, the enzy-
matic activity was deactivated by the addition of iodoacetamide
to a final concentration of 1.1 mM. Digested proteoglycan-con-
taining preparations were then precipitated by adjustment of
the solution to 70% (70 ml/100 ml) ethanol containing 1.3% (1.3
g/100 ml) potassium acetate followed by centrifugation at
1,300 � g for 10 min at 4 °C. The resulting pellet was allowed to
dry thoroughly in a chemical hood.

Preparation of Fluorescent HA and Aggrecan—Fluorescein-
conjugated hyaluronan (FITC-HA) was prepared as described
previously (4, 7) using high molecular mass (1.2–1.8 MDa)
research-grade HA as the substrate. After conjugation, the
FITC-HA was precipitated by an adjustment to 70% ethanol
containing 1.3% (w/v) potassium acetate. After centrifugation
at 1,300 � g for 10 min at 4 °C, the resulting pellet was allowed
to dry thoroughly in a dark chemical hood. The dried pellet was
resuspended in culture media containing 10% FBS at a final
concentration of 1 mg/ml. To prepare shorter length HA, a
FITC-HA sample was cooled in an ice bath and sonicated with
a microtip probe at output level 6 for 5–30 s using a W-220
sonicator ultrasonic processor (Heat Systems-Ultrasonic, Pla-
inview, NY). The aggrecan monomer or aggregate was labeled
with dansyl chloride using the method of Tenglad (42) and
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Bartzatt (43). Briefly, 6 mg of purified aggrecan monomer or
aggregate was dissolved in 1 ml of distilled water. The solution
was then mixed with an equal volume of 2 M Na2CO3 (pH 11).
Then 5 mg of dansyl chloride (Alfa Aesar, Heysham, England)
in 1 ml of acetone was slowly added to the mixture with stirring,
and the mixture was allowed to sit at room temperature for 1 h
in the dark. The mixture was then ethanol precipitated in 70%
ethanol containing 1.3% (w/v) potassium acetate and centrifu-
gation at 1,300 � g for 10 min at 4 °C. The resulting pellet was
allowed to thoroughly dry in a dark chemical hood and resus-
pended in media � 10% FBS or in 0.1 M Tris, 0.1 M NaC2H3O2
buffer.

Agarose Gel Electrophoresis—HA and proteoglycans were
separated on 1% agarose gels prepared in Tris acetate-EDTA
buffer and cast into 10 � 15-cm trays of a MP-1015 horizontal
electrophoresis apparatus (ISI Scientific) (44 – 46). Samples (15
�l) were loaded into each well with one well loaded with 5 �l of
a 1 kb-PLUS DNA ladder (1,000 –12,000 bp) for reference. Elec-
trophoresis was carried out for 30 min at 150 V. Gels were first
visualized by UV transillumination and fluor imaging detection
using a ChemiDoc imager (Bio-Rad). Gels were then fixed by
rinsing them in 70% ethanol for 30 min and stained overnight
with Stains-all or dimethylmethylene blue (DMMB) followed
by destaining in 70% ethanol. The stained bands were imaged
by trans-white light on the ChemiDoc imager.

Particle Exclusion Assay—RCS chondrocytes were cultured
overnight in 35-mm wells. The medium was replaced with a
suspension of formalin-fixed erythrocytes in PBS/0.1% BSA
(17). Cells were photographed using a Nikon TE2000 inverted
phase-contrast microscope, and images were captured digitally
in real time using a Retiga 2000R digital camera (QImaging,
Surrey, British Columbia, Canada). The presence of cell-bound
extracellular matrix is seen as the particle-excluded zone sur-
rounding the chondrocytes.

Fluorescence Microscopy—For immunofluorescence studies,
RCS cells were plated into 4-well chamber slides at 12,000 cells/
well and cultured for 24 h. Prior to assay, the cell monolayers
were treated for 20 min at 37 °C with 200 turbidity-reducing
units (TRU)/ml of bovine testicular hyaluronidase or 5 units/ml
Streptomyces hyaluronidase prepared in media containing 10%
serum. The HA-free cells were then rinsed repeatedly and incu-
bated with FITC-HA or FITC-HA/aggrecan aggregates at vary-
ing concentrations for 3 h at 4 °C to visualize total extracellular
binding or for 24 h at 37 °C to visualize internalized HA. After
incubation, cells were rinsed with PBS and fixed directly (to
visualize total binding) or, post-treated with 5 units/ml Strep-
tomyces hyaluronidase (to visualize internalized HA and aggre-
can) prior to fixation in 4% paraformaldehyde for 10 min at
room temperature. The fixed cells were quenched with 0.2 M

glycine in PBS and mounted using medium containing DAPI
nuclear stain. The accumulation of FITC-HA was visualized
using a Nikon Eclipse E600 microscope equipped with Y-Fl Epi
fluorescence, a 60 � 1.4 n.a. oil-immersion objective, and FITC
(green) and DAPI (blue) filters. Images were captured digitally
using a Retiga 2000R digital camera and processed using NIS-
Elements BR, version 1.30, imaging software (Nikon, Lewisville,
TX).

To prevent intracellular lysosomal degradation of FITC-HA,
the RCS chondrocyte culture media contained 25 �M chloro-
quine during the endocytosis incubation period. Preliminary
studies (not shown) determined that the standard 100 �M con-
centration of chloroquine often used by investigators (47, 48)
was toxic for RCS cells. A chloroquine concentration of 25 �M

was found sufficient to prevent acidification of lysosomes
(eliminate LysoTracker Red staining for low pH organelles) but
non-toxic for these cells.

Morphometric Analysis of Fluorescence Microscopy Images—
Changes in the mean pixel intensity of FITC-HA bound to or
localized within RCS chondrocytes were quantified using NIS-
Elements BR2.30 imaging software (Nikon). Single region-of-
interest squares of equal size (area � 55 �m2) were placed over
each cell within a field of view to be quantified. Three squares of
similar size were placed over cell-free areas within the field for
determination of background intensities. The mean, maximal,
and summed intensities were determined for each region of
interest represented on each of the 12-bit gray-scale cell images
(0 – 4095 relative intensity values). Twenty-five to 30 cells were
analyzed for each condition within a separate experiment. Val-
ues from multiple experiments were then normalized and used
for statistical quantification of results.

Statistical Analysis—All data were obtained from at least
three independent experiments performed in duplicate or trip-
licate. Statistical significance was determined using the two-
tailed unpaired Student’s t test. A p value of less than 0.05 was
considered significant.

RESULTS

Analysis of Purified Aggrecan Monomers—Aggrecan mono-
mer was isolated from young bovine metacarpophalangeal joint
cartilage following extraction of pulverized tissue with 4 M gua-
nidine HCl. The cartilage extract was centrifuged in a CsCl
gradient under dissociative conditions to yield a D1 fraction
containing proteoglycan monomer. The physical properties of
this aggrecan preparation were analyzed by electrophoresis on
1% agarose gels. Agarose gel electrophoresis has been used in
recent years (44 – 46, 49, 50) to separate various sizes of HA as
shown in Fig. 1A. Reasonable separations can be achieved of
high, middle, and low molecular mass HA as well as FITC-
conjugated HA species detectable by UV transillumination
(Fig. 1B). Under these same conditions, the D1 fraction-aggre-
can monomers ran as a unimodal but disperse band midway
between high and middle molecular mass HA standards (Fig. 1,
C and D). No change in the migration of the aggrecan monomer
was observed following treatment with Streptomyces hyaluron-
idase, suggesting little contamination by HA present in the
neighboring D2 fraction of the CsCl gradient. As a positive con-
trol, high molecular mass HA treated with Streptomyces hyalu-
ronidase migrated to a region of small oligosaccharides within
the gel (Fig. 1C, lane 2). The aggrecan monomer exposed to
exhaustive treatment with clostripain protease (CP) shifted to
faster migrating bands, indicative of degradation of the pro-
teoglycan core protein (Fig. 1, C, lane 5, and D, lane 4). In Fig.
1D, the panel was stained with DMMB, indicative of sulfated
glycosaminoglycans such as keratan sulfate and chondroitin
sulfate; HA (in lane 1) was not detected by DMMB.
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Visualization of HA and Reconstituted Aggregate—To verify
that the purified aggrecan monomer retained a functional
capacity to bind to HA, the D1 aggrecan monomer was mixed in
varying proportions with a fixed concentration of FITC-HA
and allowed to re-aggregate. Fig. 2A depicts Stains-all detection
of FITC-HA and aggrecan monomers. Upon re-aggregation,
HA/aggrecan aggregates exhibited a size shift wherein most of

the aggrecan visualized by DMMB staining (Fig. 2B) was now
detected in the loading wells of the agarose gel. The same gel
under UV transillumination, which detects FITC-HA exclu-
sively, showed a size shift of the HA that co-localized with
aggrecan in the loading wells (Fig. 2C). It is important to note
that a minimal ratio of aggrecan to FITC-HA of �2:1 was
required to consistently obtain a complete size shift of the
FITC-HA (Fig. 2C). It should also be noted that a small percent-
age of the aggrecan monomer population does not exhibit a size
shift in the presence of HA (Fig. 2B).

Another approach to verify the functionality of the D1 aggre-
can fraction was to observe its ability to bind to endogenous HA
on live cells in culture. A particle exclusion assay was used to
visualize the presence of pericellular matrices surrounding our
model chondrocyte cell line, the RCS cells. Fig. 2D depicts the
small particle-excluding coats present on RCS cells after 48 h of
culture in monolayer. As we have shown previously (17, 18, 34),
these pericellular matrices are dependent on HA as a scaffold,
as pretreatment of the RCS cells with 5 units/ml Streptomyces
hyaluronidase removed the coat, allowing the particles to abut
the plasma membrane (Fig. 2F). When fresh medium contain-
ing 2 mg/ml aggrecan monomer was added to the RCS cells for
1 h, large particle-excluding coats, up to 1-cell-diameter in size,
were now observed (Fig. 2E). Post-treatment of cells (as in Fig.
2E) with Streptomyces hyaluronidase resulted in a rapid deple-
tion of the pericellular matrix (Fig. 2G). These experiments
demonstrate that the purified D1 aggrecan monomer is func-
tionally competent to reconstitute with HA into an aggregate
structure and contains sufficient glycosaminoglycan substitu-
tion to support assembly of a robust, hydrated, pericellular
matrix typically associated with primary chondrocytes.

Total HA and HA/Aggrecan Aggregate Binding to Cells—The
goal of this study was to determine the extent to which the
binding of aggrecan to HA filaments affects HA endocytosis. As
such, it was first necessary to demonstrate that FITC-HA, with
or without bound aggrecan monomers, bound in an equivalent
fashion to the plasma membrane/pericellular matrix of the RCS
cells. Hyaluronidase-pretreated cultures were incubated with
medium containing FITC-HA alone or FITC-HA/aggrecan
aggregates for either 3 h at 4 °C (Fig. 3, A, C, and E) or 24 h at
37 °C (Fig. 3, B, D, and F). Hereafter, aggrecan will be designated
simply as proteoglycan (PG), FITC-HA as HA, and FITC-HA/
aggrecan aggregates as HA � PG. Nearly equivalent fluores-
cence was observed between RCS cultures incubated with HA
alone (Fig. 3, C and D) or with HA � PG (Fig. 3, E and F).
Cultures held at 4 °C presumably depict HA or HA � PG
retained exclusively at the cell surface with little internalization
(Fig. 3, C and E). Cultures incubated for 24 h at 37 °C represent
intracellularly and extracellularly localized FITC-HA (Fig. 3, D
and F). However, the majority of the punctate, clustered fluo-
rescence observed in Fig. 3, D and F, is extracellular and sensi-
tive to trypsin or Streptomyces hyaluronidase, as shown in Fig.
4. The mean pixel intensity of cells illustrated in Fig. 3 was
quantified with the subtraction of background (Fig. 3, A and B)
and included cells from other fields of view. Box plots of the
representative experiments, shown at both 4 °C (Fig. 3G) and
37 °C (Fig. 3H), demonstrate nearly equivalent binding of
FITC-HA (�) and HA � PG (�). The bar graph of percent

FIGURE 1. Analysis of purified aggrecan monomers. Three commercially
available HA standards were analyzed by electrophoresis on 1% agarose gels
at a concentration of 1 mg/ml and detected with Stains-all reagent (A, shown
in gray scale). High, HA of 1,200 –1,800 kDa; mid, HA of 180 –350 kDa; low,
HA � 5 kDa. The same HA samples were conjugated with FITC, and following
electrophoresis visualized with transillumination UV fluorescence (B, UV
fluor). Aggrecan was purified from cartilage slices derived from bovine meta-
carpophalangeal joints. Aliquots of the purified aggrecan D1 fraction (C, lanes
3–5, and D, lanes 2– 4) and high molecular mass HA (C and D, lane 1) were
electrophoresed on 1% agarose gels and detected using Stains-all (C) or
DMMB (D). Some samples were predigested with Streptomyces hyaluronidase
(C, lanes 2 and 4, and D, lane 3) or clostripain protease (C, lane 5, and D, lane 4)
prior to electrophoresis. A 1-kb DNA ladder standard (S) was used for refer-
ence and alignment of the gel; critical bands are labeled in A. The data shown
in C and D are a representative example of four replicated, independent
experiments.
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change of averaged mean pixel intensities of the HA � PG con-
ditions, as compared with HA alone (value set to 100%), from
four independent experiments performed at 4 °C (Fig. 3I) again
demonstrates that the differences between total binding of HA
(�) and HA in the presence of PG (�) were not significant.

Effect of Aggrecan on HA Endocytosis by RCS Cells—To more
reliably visualize the internalized pool of FITC-HA, RCS cells
were post-treated with either Streptomyces hyaluronidase or
trypsin after incubations with HA or HA � PG for 24 h at 37 °C.
Both of these conditions removed extracellularly exposed HA
and HA � PG. As shown in Fig. 4, C and D, FITC-HA added

alone was observed primarily within intracellular, perinuclear
organelles as we had shown previously in rat, bovine, and
human chondrocytes as well as pCD44-transfected COS-7 cells
(4, 6 – 8). It should also be noted that the RCS cells were treated
with an optimal concentration of chloroquine to block lyso-
somal degradation. Thus, the fluorescence observed in Fig. 4
(and Figs. 6 – 8) represents accumulated ligand internalized
over the incubation period. When RCS cells were incubated
with HA � PG, green fluorescent vesicles were observed, but
the fluorescence intensity was substantially reduced (Fig. 4, E
and F). The difference between endocytosis of HA alone (�)

FIGURE 2. Visualization of HA and reconstituted aggregates. The ability of the purified aggrecan (D1 fraction) to form stable aggregates with HA was
analyzed by observing size changes on 1% agarose gels following electrophoresis under non-dissociative conditions. Undecorated FITC-HA (HA) and various
concentrations of aggrecan monomer (0.2– 4.0 mg/ml) were first visualized with Stains-all (A). Reconstituted aggregates were then established using a fixed
concentration (500 �g/ml) of high molecular mass FITC-HA, combined with varying concentrations of aggrecan monomers (0.2– 4.0 mg/ml) prior to electro-
phoresis on 1% agarose gels. Band locations were then visualized by DMMB staining (B) or by transilluminator UV fluorescence (C). Next, a particle exclusion
assay was used to visualize the pericellular matrix that surrounds live cells. D, control RCS cells with no treatment. E, RCS cells after the addition of 2.0 mg/ml
aggrecan. F, RCS cells pretreated with Streptomyces hyaluronidase prior to the addition of aggrecan. G, RCS cells as in E, post-treated with Streptomyces
hyaluronidase. High power images of individual cells are shown as insets (D–G). The data shown in D–G are a representative example of five replicated,
independent experiments. The bar in F is 20 �m and is also applicable to D–G.
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and HA � PG (�) was verified by quantification of mean pixel
intensities following post-treatment with Streptomyces hyalu-
ronidase (Fig. 4, G and I) and trypsin (Fig. 4H). Trypsin post-
treatment generated more uniform rounded cells but ones that
were released into suspension and more difficult to image in a
single plane of focus. Cells remained attached to the substratum

following post-treatment with Streptomyces hyaluronidase, and
this condition was used for all subsequent experiments.

Limited C-terminal Cleavage of Aggrecan with Clostripain
Protease—Purified aggrecan was incubated with clostripain
protease under conditions optimized to affect a limited diges-
tion of the proteoglycan within a workable time period. First,

FIGURE 3. Binding of total HA and HA/aggrecan aggregates to cells. RCS cells grown in chamber slides were treated with 200 TRU/ml bovine testicular
hyaluronidase, washed extensively, and then incubated for 3 h at 4 °C (A, C, and E) or 24 h at 37 °C (B, D, and F) in control medium (A and B, Blank), medium
containing FITC-HA alone (C and D, HA), or aggregates of FITC-HA � aggrecan (E and F, HA � PG). The washed cells were then fixed, mounted in medium
containing DAPI nuclear stain, and visualized by fluorescence microscopy. Shown are representative digital overlay images of green (HA) and blue (nucleus)
fluorescence channels. The images shown are representative experiments from six independent experiments performed at 4 °C and three independent
experiments performed at 37 °C. All bars are 20 �m. The mean pixel intensity of 25–30 cells/each experimental condition was evaluated for experiments
performed at 4 °C (G) and 37 °C (H). Shown are the box plots of mean pixel intensities in RCS cells treated with FITC-HA without (�) or with (�) the inclusion of
purified aggrecan. The mean pixel intensities of cells recorded as outliers are included and shown as round dots (●). The bar graph in I represents the mean pixel
intensity average � S.D. of six independent experiments performed at 4 °C and is illustrated as the normalized percent change in mean pixel intensity of
HA � PG-treated cells (�), as compared with RCS cells treated with HA alone (�), set to 100%.
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aggrecan was incubated with clostripain as a free monomer
(Fig. 5A). A modest shift in migration on agarose gels was
observed for aggrecan monomers exposed to clostripain with
increasing incubation time at 37 °C (Fig. 5A). When these frac-
tions were ethanol-precipitated and redissolved in the presence

of HA to allow for re-aggregation, fractions at all time points
still exhibited a shift in migration into the loading wells (Fig.
5B). An increase in non-shifted, DMMB-positive proteoglycan
was also observed. Next, when aggrecan was exposed to clostri-
pain as an HA � PG aggregate (Fig. 5C), DMMB-positive pro-

 

FIGURE 4. Effect of aggrecan on HA endocytosis. RCS cells grown in chamber slides were treated with 200 TRU/ml bovine testicular hyaluronidase, washed
extensively, and then incubated for 24 h at 37 °C in control medium (A and B, Blank), medium containing FITC-HA alone (C and D, HA), or FITC-HA � aggrecan
aggregates (E and F, HA � PG). The washed cells were then treated with Streptomyces hyaluronidase (A, C, and E, Streptomyces hyaluronidase) or trypsin (B, D,
and F) to remove all extracellularly localized glycosaminoglycan. The Streptomyces hyaluronidase-treated cells were additionally fixed and mounted in medium
containing DAPI nuclear stain. Both Streptomyces hyaluronidase- and trypsin-treated cells were visualized by fluorescence microscopy. Shown are digital
overlay images of green (HA) and blue (nucleus) fluorescence channels. The images shown are representative experiments from eight independent experi-
ments with Streptomyces hyaluronidase post-treatment and three independent experiments performed with trypsin post-treatment. All bars are 20 �m. The
mean pixel intensity of 25–30 cells/each experimental condition was evaluated for experiments with post-treatment by Streptomyces hyaluronidase (G) or
trypsin (H). Shown are the box plots of the mean pixel intensities in RCS cells treated with FITC-HA without (�) or with (�) the inclusion of purified aggrecan.
The mean pixel intensities of cells recorded as outliers are included and shown as round dots (●). The bar graph in I represents the mean pixel intensity
average � S.D. of eight independent experiments with Streptomyces hyaluronidase post-treatment and illustrates the normalized percent change in mean
pixel intensity of HA � PG-treated cells (�) as compared with RCS cells treated with HA alone (�) set to 100%. The asterisks denote p � 0.05.
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teoglycan remained in the loading wells of each time point. As
in the digestion of monomers (Fig. 5B), a time-dependent
increase of faster migrating proteoglycan was also observed. At
each time point the clostripain-digested HA�PG fractions
were subsequently post-treated with Streptomyces hyaluroni-
dase to release the PG within aggregates back to PG monomers.
As with the clostripain-digested monomers (Fig. 5A), a modest
shift in proteoglycan monomer size was observed (Fig. 5D).
These results suggest that the clostripain conditions used pro-
vided for limited cleavage of aggrecan. Given that similar results
were obtained when using monomer or aggregate as substrate,
N-terminal protection of aggrecan (protection afforded by
digestion of the HA � PG aggregate) was not a major necessity.
The results observed are consistent with clostripain cleavage
that was predominately C-terminal. Because the aggrecan
monomer was more readily dissolved following post-clostri-
pain ethanol precipitation/purification, the remaining experi-
ments utilized clostripain-treated monomers.

Effect of Limited C-terminal Cleavage of Aggrecan on HA
Endocytosis—Aggrecan monomers were treated with clostri-
pain protease for 0 – 60 min, precipitated and then reconsti-
tuted with FITC-HA into HA � PG. The migration of
FITC-HA on agarose gels shifted into the loading wells when
recombined with the 0- and 10-min treated monomers but dis-
played little movement when incubated with aggrecan treated
for longer time points of 40 and 60 min (Fig. 6A). Robust endo-
cytosis of HA was observed with RCS cells incubated with HA
alone (Fig. 6B). The level of internalization was substantially
reduced when cells were incubated with HA � intact PG (Fig.
6C). With only 10 min of clostripain treatment of the aggrecan
monomer, the HA � PG aggregate resulted in more RCS cells
with green fluorescence-positive vesicles (Fig. 6D), a significant
increase over the HA � intact PG conditions observed in Fig.
6H. Cells incubated with HA � PG aggregates with 40 or 60
min of clostripain exposure exhibited substantially higher
FITC-HA endocytosis levels (Fig. 6, F and G), with some of the
high-end outlier cells (Fig. 6H, closed circles) within the same
mean pixel intensity range as cells incubated with FITC-HA
alone. These results suggest limited C-terminal cleavage of PG
monomers proportionately removes the aggrecan-mediated
impediment to HA internalization.

Additional experiments were performed to narrow the time
range in which clostripain cleavage of aggrecan affects HA
endocytosis. Fig. 6I depicts RCS cells incubated with HA alone,
and Fig. 6J depicts cells incubated with HA � intact PG. In this
series, 5 and 10 min of clostripain exposure (Fig. 6, K and L)
resulted in a small but nonetheless significant increase in
FITC-HA � PG endocytosis (quantified in Fig. 6Q). However,
15 min of clostripain exposure (Fig. 6N) resulted in a larger
jump in FITC-HA � PG endocytosis, nearly equivalent to HA
alone (Fig. 6Q). Robust HA � PG endocytosis was also observed
using aggrecan exposed for 20 and 30 min to clostripain (Fig. 6,
O and P). When mean pixel intensity from independent exper-
iments was summarized (normalized to equivalent FITC-HA
alone conditions (Fig. 6R)) the cutoff in aggrecan impedance of
HA endocytosis occurred between 10 and 15 min of clostripain
treatment. Nonetheless, even 5 and 10 min of clostripain cleav-
age allowed for significantly increased HA endocytosis as com-
pared with intact aggrecan (Fig. 6R). Reducing the clostripain
digestion time to between 0 and 10 min (Fig. 6S) in another set
of two independent experiments confirmed that even limited
aggrecan cleavage (Fig. 6S, inset) had an impact on promoting
HA endocytosis. Although the clostripain time points of 0 to 10
min are clearly significantly reduced as compared with HA
alone (Fig. 6S, asterisks), the 2–10-min time points were each
significantly higher in mean pixel intensity than HA � intact
PG. This suggests that only minor processing of aggrecan can
begin to release the HA endocytosis block.

Effect of HA Size on HA Endocytosis—Another means of
reducing the size of HA � PG aggregates is to alter the size of
the HA molecule. Time-dependent sonication at 4 °C was used
to selectively reduce the HA size of a particular FITC-HA prep-
aration without changing the concentration or fluorescein con-
jugation-specific activity. Sonication for 5–30 s generated a
roughly proportional series of HA species of reduced length
(Fig. 7I). Using the endocytosis of intact FITC-HA as the posi-

FIGURE 5. Limited C-terminal cleavage of aggrecan with clostripain pro-
tease. Aggrecan, either as a free monomer (A and B) or in an aggregate bound
to HA (C and D), was digested for 0 –30 min with clostripain protease and then
evaluated directly by electrophoresis on 1% agarose gels stained with DMMB.
Individual clostripain-digested monomer fractions (as in A) were next incu-
bated with HA to reconstitute aggregates and re-evaluated on agarose gels
(B). Individual clostripain-digested aggregate fractions (as in C) were subse-
quently treated with Streptomyces hyaluronidase to degrade the HA and
return the aggrecan to monomers, and they were re-evaluated on agarose
gels (D). Shown are representative images from four experiments. A 1-kb DNA
ladder standard (S) was used for reference and alignment of the gel.
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FIGURE 6. Effect of limited C-terminal cleavage of aggrecan on HA endocytosis. A, depicts UV transilluminator imaging of FITC-HA alone (HA) or FITC-HA
combined with 0-, 10-, 40-, and 60-min clostripain-digested aggrecan monomers following agarose gel electrophoresis. Each fraction was then added
individually (B–G) to hyaluronidase-pretreated RCS cells for 24 h at 37 °C followed by post-treatment with Streptomyces hyaluronidase. Thus all images depict
intracellularly localized FITC-HA. All bars are 20 �m. High power images of individual cells are shown as insets. The mean pixel intensity of 25–30 cells/each
experimental condition (HA alone or HA � aggrecan treated with CP for 0 – 60 min (HA � PG)) was evaluated (H). Shown are the box plots of mean pixel
intensities from RCS cells that accumulated intracellular FITC-HA following the addition of HA alone or various HA � PG preparations including control
untreated cells (B, indicates blank). The mean pixel intensities of cells recorded as outliers are included and shown as round dots (●). Student’s t test compar-
isons were performed under the HA alone condition and under each of the HA � PG conditions. Asterisks, denote p � 0.05. The next set of experiments tested
endocytosis of HA � aggrecan with clostripain treatment for 0 to 30 min. RCS cells were incubated with HA alone (I), with HA� intact PG (J), and then with HA �
clostripain-treated PG: 5-min treatment (K), 10-min treatment (L), 15-min treatment (N), 20-min treatment (O), and 30-min treatment (P). All bars are 20 �m.
Mean pixel intensity of 25–30 cells/each experimental condition (HA alone or HA � aggrecan treated with CP for 0 –30 min (HA�PG)) was evaluated (Q). Shown
are the box plots of the mean pixel intensities in RCS cells that accumulated intracellular FITC-HA following the addition of HA alone or of various HA � PG
preparations including control untreated cells (Blank in M). B, indicates blank (in H, Q, and R). The bar graph in R represents the mean pixel intensity average �
S.D. of two independent experiments and illustrates the normalized percent change in mean pixel intensity of HA � clostripain-treated PG (for 0 –30 min) as
compared with RCS cells treated with HA alone (set to 100%). Asterisks, denote p � 0.05. S, represents the mean pixel intensity average � S.D. of two
independent experiments and illustrates the normalized percent change in mean pixel intensity of HA � clostripain-treated PG (for only 0 –10 min) as
compared with RCS cells treated with HA alone (set to 100%). The inset in S depicts the migration of aggrecan after digestion for 0 –10 min with CP.
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tive control (Fig. 7B), a 5-s sonication of the FITC-HA prepara-
tion resulted in little comparative change in HA endocytosis
(Fig. 7C and quantified in Fig. 7, J and K). However, after 10 s of
sonication, a clearly discernable increase in HA endocytosis
was observed (Fig. 7D), with incremental increases propor-
tional to the sonication time until reaching a maximum at 25 s.
Several cells incubated with sonicated HA accumulated intense
intracellular deposits of ligand such that these cells were desig-
nated as high outliers and were not included in the calculation
of mean pixel intensities (Fig. 7J). An analysis of four independ-
ent experiments is shown in Fig. 7K as percent of positive con-
trol (HA with no sonication).

In a second series of experiments, preparations of FITC-HA
sonicated for 0 –30 s were combined with intact aggrecan mon-
omer. The combination with aggrecan size shifted the intact
FITC-HA as well as FITC-HA sonicated for 5, 10, and 15 s into
the loading wells of agarose gels (Fig. 7T); no shifting was
observed with longer sonication time preparations. When
intact HA � intact PG was incubated with RCS cells, little inter-
nalization of HA was observed (Fig. 7M). Little increase in
internalized HA was observed in 5- or 10-s sonicated HA �
intact aggrecan (Fig. 7, N and O). However, with sonication
times of 15 s or longer, a clear and progressive increase in
FITC-HA � intact aggrecan endocytosis was observed (Fig. 7,
P–S). A box plot illustrates this significant change that occurred
at 15 s of sonication (Fig. 7U), an event that was observed con-
sistently upon repetition (Fig. 7V). It is possible that the 20-, 25-,
and 30-s sonicated FITC-HA fractions were too short in HA
length to retain an aggrecan monomer, consistent with the lack
of size-shifting migration, as shown in Fig. 7T. However, both
the 10- and 15-s sonicated HA � PG mixtures formed aggre-
gates (Fig. 7T). The abrupt change in HA endocytosis between
these two fractions (Fig. 7, O and P) suggests that only a limited
number of proteoglycans bound to HA is necessary to impede
HA endocytosis. However, it is unclear whether the increase in
HA endocytosis observed in the 15-s sonicated HA � intact PG
experiment (Fig. 7P) represents internalization of non-deco-
rated FITC-HA or the co-internalization of an intact aggrecan.

Effect of C-terminal Cleavage of Aggrecan on Aggrecan
Endocytosis—The data shown in Fig. 6 demonstrate that after
extended clostripain cleavage of aggrecan, HA � PG endocyto-
sis is increased to levels only slightly less than endocytosis of
HA alone. However, these results are dependent on following
the labeled HA. To determine whether the clostripain-cleaved
aggrecan in the HA � PG aggregate was co-internalized, the
aggrecan core protein was labeled with dansyl chloride as the
fluorescent marker. As shown in Fig. 8B, the addition of HA �

intact dansyl-PG aggregates to RCS cells resulted in no endo-
cytosis of the PG. However, when cells were incubated with
HA � dansyl-PG treated with clostripain for 30 min (condi-
tions that mimic the experiment shown in Fig. 6P), intracellular
blue fluorescent vesicles were readily apparent. The results
from two independent experiments are shown in Fig. 8, D and
E. Thus the increase in HA endocytosis observed in Fig. 6P was
not due to the internalization of residual-free HA not decorated
with aggrecan. Even after 30 min of clostripain cleavage (Fig.
8F), the smaller aggrecan monomer remained bound to HA and
was co-internalized. Similarly, when intact dansyl-PG was
allowed to re-aggregate with 15 -s sonicated HA and added to
RCS cells, a dim but detectable intracellular blue fluorescence
was observed (Fig. 8C). A modest shift in migration was
observed for dansyl-PG-treated with clostripain for 30 min (Fig.
8F). To verify that dansyl-PG retained a functional capacity to
bind to HA, it was mixed with HA or HA sonicated for 15 s;
reaggregation was detected as a size shift to the loading wells of
the agarose gel with blue fluorescence detected under UV tran-
sillumination (Fig. 8G, lanes 1 and 2). Dansyl-PG pretreated
with clostripain and then combined with HA also exhibited a
size shift to the loading well of the agarose gel (Fig. 8G, lane 3).
Upon quantification, a statistically significant higher level of
cell-localized blue fluorescence pixel intensity, above that of the
blank control or full-length FITC-HA � intact PG, was
observed (Fig. 8, H and I). Fig. 8, H and I, also demonstrates that
the endocytosis of intact aggrecan bound to 15-s sonicated HA
(box and bar, respectively, labeled s0) is statistically significant.
We propose that this shortened length of sonicated HA con-
tains fewer aggrecan monomers, perhaps as few as one intact
proteoglycan per HA chain. As such, the level of overall fluo-
rescence intensity would be greatly reduced. However, we can-
not rule out that this limited HA-bound aggrecan could also
have been proteolytically processed by endogenous endopro-
teinases during the incubation period.

DISCUSSION

Chondrocytes and many cell types exhibit large, HA-depen-
dent pericellular matrices (17, 18). When these matrices are
removed, the addition of exogenous HA together with aggrecan
can rapidly re-establish these coats even on non-living, fixed
cells (17, 18, 51). All that is required is an HA receptor such as
CD44, HA, or aggrecan. We have also shown that CD44 medi-
ates the endocytosis of HA as well as the co-internalization of
bound aggrecan G1 domains including G1-ITEGE and
G1-DIPEN (4, 7–9). It has been of interest to determine how
cells such as chondrocytes regulate seemingly opposite func-

FIGURE 7. Effect of HA size on HA endocytosis. Endocytosis of FITC-HA by RCS cells (B) was compared with endocytosis of FITC-HA following sonication for 5 s
(C), 10 s (D), 15 s (E), 20 s (F), 25 s (G), and 30 s (H). A and L, depict RCS cells with no addition. All bars are 20 �m. I, depicts UV transilluminator-dependent imaging
of FITC-HA by agarose gel electrophoresis following sonication for 0 –30 s. The mean pixel intensity of 25–30 cells/each experimental condition (FITC-HA
sonicated for 0 to 30 s) was evaluated (J). Shown are the box plots of mean pixel intensities in RCS cells that accumulated intracellular FITC-HA. The bar graph
in K represents the mean pixel intensity average � S.D. of four independent experiments and illustrates the normalized percent change in mean pixel intensity
of FITC-HA � sonication (for 5–30 s) as compared with RCS cells incubated with non-sonicated FITC-HA (set to 100%). Asterisks, denote p � 0.05. Intact aggrecan
monomer was combined with FITC-HA that had been sonicated for varying times, added to RCS cells, and processed to visualize FITC-HA internalization.
Sonication times were 0 s (M), 5 s (N), 10 s (O), 15 s (P), 20 s (Q), 25 s (R), and 30 s (S). All bars are 20 �m. The combination of intact aggrecan with intact FITC-HA
(0 s) as well as with FITC-HA sonicated for 5–30 s was observed under UV transillumination following agarose gel electrophoresis (T). The mean pixel intensity
of 25–30 cells/each experimental condition (FITC-HA sonicated for 0 –30 s) was evaluated (U). Shown are the box plots of mean pixel intensities in RCS cells that
accumulated intracellular FITC-HA. The bar graph in V represents the mean pixel intensity average � S.D. of four independent experiments and illustrates the
normalized percent change in mean pixel intensity of FITC-HA � sonication (for 5–30 s) as compared with RCS cells incubated with FITC-HA alone (set to 100%).
Asterisks, denote p � 0.05.
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tions of CD44 and HA, namely, HA-rich pericellular matrix
retention and HA-matrix turnover. These cell surface events
extend out to the tissue wherein proteoglycans such as aggre-
can are enzymatically processed within the extracellular matrix
with end products diffusing out of the tissue. HA, on the other
hand, has mechanisms available for local turnover by receptor-
mediated endocytosis. Some investigators have suggested that
HA diffusion from cartilage can be substantial (52, 53), whereas
others have estimated that diffusion accounts for 9% of the total
HA lost from cartilage (15). It remains necessary to determine a
mechanism to explain why the turnover half-life of newly syn-
thesized HA and aggrecan in cartilage explants is nearly identi-
cal (15, 33). The results of this study address this mechanism.

One clear observation of this study is that the binding of
intact aggrecan monomer to HA results in a nearly complete
blockage of HA endocytosis. This suggests that little local turn-

over of HA occurs in vivo until some degree of aggrecan pro-
cessing has occurred. The second important observation was
that a reduction in the size of the aggrecan monomer, by seem-
ingly modest size changes, removes the proteoglycan impedi-
ment to HA endocytosis. The HA itself may become degraded
within the extracellular environment by hyaluronidases or free
radicals (14). Nonetheless, if the shortened HA length is suffi-
cient to bind a particular number of aggrecan monomers (as in
Fig. 7, N and O), HA internalization will continue to be blocked.
Thus, it is the release from the aggrecan block that is the likely
mechanism responsible for nearly equivalent turnover half-
lives of aggrecan and HA (15, 33). Moreover, such a mechanism
would facilitate either mode of HA turnover, local endocytosis
or diffusion out of the tissue. We do not know whether the same
inhibition of HA endocytosis occurs with other aggregating
proteoglycans such as versican (54 –58), neurocan, and brevi-

FIGURE 8. Effect of C-terminal cleavage of aggrecan on HA/aggrecan endocytosis. Aggrecan core protein was labeled with dansyl chloride as a blue
fluorescent marker. A, shows low autofluorescence of RCS cells in the blue channel (Blank). RCS cells were then incubated with HA � intact dansyl-PG (B) or with
HA � dansyl-PG treated with clostripain for 30 min (D and E). Similarly, intact dansyl-PG following re-aggregation with 15-s sonicated HA was added to RCS cells
(C). All bars are 20 �m. High power images of individual cells are shown as insets (C–E). Size differences between intact dansyl-PG (0 s) and dansyl-PG treated
with clostripain for 30 min (30	) were detected on 1% agarose gels stained with DMMB (F). Dansyl-PG mixed with HA (G, lane 1) or HA sonicated for 15 s (G, lane
2) exhibited a size shift to the loading wells of the agarose gel. Blue fluorescence was detected by UV transillumination. Dansyl-PG pretreated with clostripain
for 30 min and then combined with HA also exhibited a size shift (G, lane 3). H and I, the mean pixel intensity of 25–30 cells/each experimental condition (B,
blank; 0, HA � intact dansyl-PG; s0, 15-s sonicated HA � intact dansyl-PG; 30, HA � dansyl-PG treated with CP for 30 min was evaluated as a box plot (H). Shown
are the box plots of mean pixel intensities in the blue channel (dansyl chloride) that accumulated in RCS cells. The bar graph in I represents the mean pixel
intensity average � S.D. of three independent experiments. Asterisks denote p value � 0.05.
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can (59 – 61) but predict that their inhibitory potential would be
dependent on the size, charge, or cross-linking domains
uniquely associated with these proteoglycans.

The overall size and/or charge of large macromolecules such
as aggrecan is the likely mechanism responsible for the block-
age of HA endocytosis. Each aggrecan monomer bound to HA
has a molecular mass of 
106 daltons (62). With limited C-ter-
minal cleavage of aggrecan, a break point in the blocking capac-
ity appears between 10 and 15 min of clostripain digestion of
aggrecan (Figs. 6D and 7, L, N, and R). A significant jump in HA
endocytosis was observed when FITC-HA was decorated with
the 15-min digested monomer. In fact, the endocytosis associ-
ated with this condition was not significantly different from
FITC-HA with no aggrecan bound (Figs. 6B and 7B). The
15-min digested aggrecan does appear slightly more degraded
than the monomer treated for 10 min (Fig. 5A), but the change
in migration on agarose gels, from 0 to 30 min of digestion, is
gradual (Fig. 5A), exhibiting no major jump in size between 10
and 15 min. Moreover, all aggrecan fractions between 0 and 30
min readily formed reconstituted aggregates with HA (Fig. 5B).
Thus, although we do not (and likely never will) know the exact
cutoff size of aggrecan that inhibits or permits HA endocytosis,
it is clear that such a size exists.

With time points shorter than 10 min of clostripain expo-
sure, HA endocytosis is observed, albeit at a substantially
reduced level (Fig. 6, K and Q–S). Even as short a time as 2 min
of exposure of aggrecan to clostripain provides for an increase
in HA endocytosis that is statistically significant above that of
intact aggrecan-containing aggregates (Fig. 6, J versus K). One
possibility is that some important protein domain present on
aggrecan is removed during the early time periods of clostripain
digestion, such as the removal of the C-terminal G3 domain of
the monomer. It has long been suggested that the G3 domain
participates in cross-linking of aggrecan monomers (63), an
activity that would allow pericellular coats to grow as wide as
one cell diameter. For example, the G3 domain of aggrecan has
been shown to cross-link with other aggrecan G3 domains via
tenascin-C (63). It is not known whether the RCS cells synthe-
size sufficient tenascin-C, or some other cross-linking species,
to promote such cross-links. However, we did observe that the
addition of the purified aggrecan directly to RCS cells in vitro
resulted in large, expanded pericellular matrices in as little as
1 h (Fig. 2E). Future studies will be needed to determine
whether the aggrecan used in this study (purified from the car-
tilage of young cattle) retains the G3 domain and whether this
G3 was lost by short-term clostripain digestion as in Fig. 6S.
Nonetheless, the loss of an aggrecan cross-linking domain
could provide an additional mechanism to relieve the HA endo-
cytosis block. It should also be noted that during the aging pro-
cess, cartilage aggrecan becomes reduced in size, including the
proteolytic loss of G3 domains, shortening of the core protein,
and shortening of chondroitin sulfate chains during biosynthe-
sis (64, 65). We predict that HA turnover would be more prom-
inent with age.

Another method of investigating the restrictions of HA
endocytosis based on size was to generate HA chains shortened
by sonication. FITC-HA endocytosis was enhanced propor-
tional to the length of the sonication time (Fig. 7, C–H). It has

long been known that shorter HA chains are internalized more
efficiently than high molecular mass HA (66), but it is also clear
that intact HA (
106 Da) is internalized directly without extra-
cellular processing (4). Nonetheless, the point of these experi-
ments was to demonstrate that size matters, including the size
of the HA itself with no aggrecan bound. There are no precise
data for the shortened sizes of the sonicated HA other than
those noted by changes in migration on 1% agarose gels. How-
ever, the profile of these sonicated preparations, as shown in
Fig. 7I, indicates sizes within the range of the middle molecular
mass HA (shown in Fig. 1, A and B). Again, the precise size is not
as critical as the functional size. The addition of intact aggrecan
monomer to sonicated HA resulted in the formation of
HA � PG aggregates except when HA was sonicated longer
than 20 s (Fig. 7T). One interpretation is that the HA sonicated
longer than 20 s was too short to allow aggrecan binding. None-
theless, the goal of this approach was to observe the effects of
aggrecan on a HA species that was sufficiently short such that it
could only support the binding of a minimal number of intact
aggrecans, perhaps even a single monomer. Our best model of
such a species is the 15-s sonicated HA � PG aggregate.
Although clearly a HA � PG aggregate (Fig. 7T), this complex
permits HA endocytosis (Fig. 7P), whereas the 10-s sonicated
HA � PG preparation (also an aggregate, Fig. 7P) blocked HA
endocytosis (Fig. 7O). We propose that the 10-s sonicated
HA � PG aggregate is long enough to retain multiple aggrecan
monomers, whereas the 20-s sonicated HA is incapable of bind-
ing any aggrecan. Together the data suggest that there is an
overall size limit for HA � PG aggregates that is restrictive for
HA endocytosis. These results also demonstrated that it is pos-
sible that HA with one or a few bound intact aggrecan mono-
mers (as in Fig. 7P) is not blocked from undergoing endocytosis.
However, the latter conclusion would imply that the aggrecan
itself is co-internalized with the HA. As an alternative explana-
tion, sufficient FITC-HA not sequestered into an HA � PG
aggregate could have contributed to the high level of internal-
ized HA observed in Fig. 7P.

To address this question, aggrecan was fluorescently labeled
with dansyl chloride (42, 43), a conjugation that did not inter-
fere with HA binding (Fig. 8G). Following the addition of HA,
combined with dansylated PG pretreated with clostripain for 30
min, to RCS cells blue fluorescent intracellular vesicles were
observed (Fig. 8, D and E). We had observed previously the
co-internalization of HA and aggrecan G1 domains (7–9); how-
ever these small globular domains carry little substitution with
chondroitin sulfate or keratan sulfate as would be represented
by the strongly DMMB-positive band shown in Fig. 8F or by the
shift with HA into the loading well of an agarose gel (Fig. 5B).
Thus, partially degraded aggrecan can be internalized by RCS
cells. Given that no aggrecan receptor has ever been docu-
mented and that this preparation forms an HA � PG aggregate
(Fig. 5B), we propose that the dansylated proteoglycan was co-
internalized with HA. Faint, but discernable intracellular blue
fluorescence was also observed when HA � PG aggregates
were prepared with intact dansylated aggrecan mixed with 15-s
sonicated HA (Fig. 8C). Although this may represent the inter-
nalization of a single or few intact aggrecan monomers, we are
more cautious at this point. It remains a possibility that during
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the 24-h incubation period, endogenous proteinases released
into the culture medium sufficiently degraded the dansylated
aggrecan so as to allow its endocytosis as observed in Fig. 8, D
and E. Nonetheless, a straightforward conclusion is that it is
overall size that matters with regard to endocytosis, regardless
of glycosaminoglycan.

We have shown that CD44 itself undergoes co-internaliza-
tion with HA endocytosis (67, 68). In fact, HA itself is an imped-
iment to CD44 endocytosis. HA � PG-depleted bovine chon-
drocytes internalize/cycle 20% of their cell surface CD44
intracellularly within a 4-h period, whereas only 6% is internal-
ized when the CD44 is occupied with HA (67). As such, one can
speculate on another biological significance of aggrecan impen-
dence of HA (and CD44) endocytosis. CD44 has been shown to
interact and co-immunoprecipitate with several signaling
receptors including EGF and TGF� receptors (69 –71).
HA � PG aggregates bound to CD44 would limit the endocy-
tosis/cycling of CD44 as well as any receptors tethered to CD44.
Extracellular protease cleavage of aggrecan would release the
HA endocytosis block, resulting in HA-CD44 endocytosis and
permitting kinase receptor turnover.

In this study we have demonstrated the usefulness of visual-
izing highly polydisperse matrix macromolecules such as HA
and aggrecan using agarose gel electrophoresis. This technique
provides an effective way to observe the shift in size of HA and
aggrecan when the two components are allowed to re-aggregate
and to view the fragmentation of the two following sonication
or enzymatic cleavage. Stains-all detected HA (light blue), pro-
teoglycans (dark blue to purple), and the DNA standards (Fig.
1C). DMMB was more selective, marking the sulfated pro-
teoglycans as reddish blue-pink bands depending on the
amount of background destaining, whereas HA by itself was not
stained (Figs. 1D and 2A). Interestingly, HA � PG aggregates
were purple with DMMB staining (Figs. 2B and 5, B and C),
although this could have been due to the clustering of pro-
teoglycans on HA during the formation of aggregates. The
1000-bp incremented DNA standards were useful in normaliz-
ing aggrecan migration patterns from experiment to experi-
ment. The intact aggrecan monomer typically migrated
between the 3000- and 6000-bp standard bands.
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