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Abstract
Objective—The hyaluronan receptor CD44 provides chondrocytes with a mechanism for sensing
and responding to changes in the extracellular matrix. The purpose of this study was to document
the fragmentation and loss of CD44 and to determine the likely mechanisms involved.

Methods—A polyclonal anti-CD44 cytotail antibody was generated to detect CD44 fragmentation
by Western blot analysis. Chondrocytes were isolated from human or bovine articular cartilage.
Primary articular chondrocytes were treated with interleukin-1β (IL-1β), hyaluronan
oligosaccharides, or phorbol myristate acetate or were passaged and subcultured in monolayer to
induce dedifferentiation. Conditions that altered the capacity of CD44 to transit into lipid rafts, or
pharmacologic inhibitors of metalloproteinase or γ-secretase activity were used to define the
mechanism of fragmentation of CD44.

Results—Chondrocytes from osteoarthritic cartilage exhibited CD44 fragmentation as low
molecular mass bands, corresponding to the CD44-EXT and CD44-ICD bands. Following
dedifferentiation of chondrocytes or treatment of primary chondrocytes with hyaluronan
oligosaccharides, IL-1β, or phorbol myristate acetate, CD44 fragmentation was enhanced.
Subsequent culture of the dedifferentiated chondrocytes in 3-dimensional alginate beads rescued the
chondrocyte phenotype and diminished the fragmentation of CD44. Fragmentation of CD44 in
chondrocytes was blocked in the presence of the metalloproteinase inhibitor GM6001 and the γ-
secretase inhibitor DAPT.

Conclusion—CD44 fragmentation, consistent with a signature pattern reported for sequential
metalloproteinase/γ-secretase cleavage of CD44, is a common metabolic feature of chondrocytes that
have undergone dedifferentiation in vitro and osteoarthritic chondrocytes. Transit of CD44 into lipid
rafts may be required for its fragmentation.

In cartilage, cell–matrix interactions are the primary means by which chondrocytes sense
changes in the extracellular environment and signal a reparative response. Hyaluronan (HA)
binding to the CD44 receptor is a key player in such interactions. In articular cartilage, HA
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serves as the core filament of the proteoglycan aggregate, composed of HA, link protein, and
the major cartilage proteoglycan aggrecan, establishing essential biomechanical properties of
the cartilage extracellular matrix (1-3). Cell–matrix interactions promote tissue homeostasis
and facilitate tissue remodeling (4). Disruption of this extracellular matrix, leading to the
consistent loss of proteoglycans, results in degenerative changes in cartilage. CD44, through
its interaction with actinbinding proteins, associates with the actin network (5,6). Also, a pool
of CD44 is associated with lipid rafts; palmitoylation of 2 cysteine residues in CD44 is required
for lipid raft association and, concomitantly, is a determinant of the rate of CD44 turnover from
the cell surface (7). Therefore, in addition to chondrocyte integrins, CD44 represents another
class of receptors that can participate in matrix–cell–cytoskeleton interactions (8). Because
HA–CD44 interactions are required for the retention of proteoglycan in the matrix (9-11), the
relationship between these 2 components is crucial to cartilage homeostasis.

Previous studies in several tumor cell lines determined that CD44 can be cleaved to generate
3 fragments. The first metalloproteinase-mediated cleavage ofCD44 generates extracellular
fragments that are shed plus a C-terminal fragment (CD44-EXT); this subsequently becomes
a substrate for γ-secretase cleavage by which the CD44 intracellular domain (CD44-ICD) is
generated (5,12,13). Shedding of CD44 can be blocked by inhibitors of matrix
metalloproteinases (MMPs) that also block membrane-type metalloproteases such as
ADAM-10, ADAM-17, or membrane type 1 (MT1)–MMP (14-17), while inhibition of γ-
secretase can block the formation of CD44-ICD (13).

Subculturing of adult human articular chondrocytes is often performed to expand cell numbers
and facilitate autologous cell implantation (18,19). However, passaging of chondrocytes in
monolayer results in changes in cell morphology, function, and gene expression; such changes
are commonly termed “dedifferentiation” (20,21). Some of the phenotypic changes exhibited
by dedifferentiated articular chondrocytes mimic osteoarthritic (OA) chondrocytes (22,23).
These changes can be reversed (redifferentiation) by returning the chondrocytes to an
environment that mimics cartilage, such as alginate bead culture, or by treatments that promote
a round cell shape (20,24-26).

In this study, we observed that dedifferentiated chondrocytes exhibited a naturally occurring
degradation of CD44. Furthermore, this cleavage activity was reversed upon redifferentiation
within alginate bead culture, after which chondrocytes regained the capacity to retain a
pericellular matrix. Additionally, we determined that chondrocytes from normal donor
cartilage and from human OA cartilage generate multiple CD44 fragments, including CD44-
EXT and CD44-ICD.

MATERIALS AND METHODS
Chondrocyte culture

Chondrocytes were isolated from the metacarpophalangeal joints of 18–24-month-old steers,
from human knee cartilage following joint replacement, or from talocrural ankle joint cartilage
obtained from tissue donors through the Gift of Hope Organ and Tissue Donor Network of
Illinois. All human cartilage was obtained within 24 hours of death and with institutional
approval. Chondrocytes were isolated from full-thickness slices of articular cartilage by
sequential digestion with Pronase (EMD Biosciences) and collagenase P (Roche) (27). The
primary chondrocytes were cultured in Dulbecco’s modified Eagle’s medium–F-12 medium
(Mediatech) containing 10% fetal bovine serum (FBS; Hyclone). The chondrocytes were plated
as high-density monolayers (2.0 × 106 cells/cm2) for analysis of primary cells or as low-density
monolayers (5,000 cells/cm2) for particle exclusion assay analysis or to allow the cells to
undergo dedifferentiation. When low-density chondrocytes reached confluence, the cells were
passaged by treatment with 0.25% trypsin/2.21 mM EDTA (Sigma). In some experiments,
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passaged chondrocytes were subcultured in alginate beads as described previously (27). Cell
viability was monitored by fluorescence of calcein AM/ethidium homodimer-1 (LIVE/DEAD
assay; Invitrogen).

Treatment of cells
Chondrocyte cultures were treated with 10 ng/ml interleukin-1β (IL-1β) (R&D Systems), 250
μg/ml HA oligosaccharides (from rooster comb HA [Sigma], as described previously [27]), or
100 nM phorbol myristate acetate (PMA) in fresh culture medium with reduced serum (5%
FBS). In some experiments, chondrocytes were pretreated for 30 minutes with 10 mM methyl-
β-cyclodextrin (MCD) or 10 μM 2-bromopalmitate (2-BP), as described previously (7). In other
experiments, cells were pretreated with varying concentrations of the γ-secretase inhibitor
DAPT (N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester) or the general
MMP inhibitor GM6001 (both from EMD Chemicals). For small interfering RNA (siRNA)–
mediated inhibition of CD44, bovine articular chondrocytes were released from monolayer
culture with 0.1% collagenase P/0.1% Pronase, mixed with Amaxa human chondrocyte
solution (Lonza) containing 5 μg siRNA, and transfected using an Amaxa Nucleofector device,
program U-028. The CD44 siRNA was constructed as the bovine ortholog of a human CD44
siRNA sequence originally described by Ghatak et al (28). The CD44 and control
(D-001206-09-05) siRNA were obtained using Thermo Scientific Dharmacon RNA
interference technologies. COS-7 cells (American Type Culture Collection) were transfected
using an Amaxa Nucleofector device, program A-024. The experiments were initiated 24 hours
posttransfection (7).

Generation of rabbit polyclonal anti-human CD44 cytotail antibody
A rabbit polyclonal anti-human CD44 cytotail antiserum (anti-cytotail) was generated as
described previously (29). Briefly, a specific synthetic peptide
(DQFMTADETRNLQNVDMKIGV) representing the 21 C-terminal amino acids of the
human CD44 sequence was synthesized by Affinity BioReagents, coupled to keyhole limpet
hemocyanin, and used for immunization. Immunoaffinity-purified antisera (9.3 mg/ml IgG by
enzyme-linked immunosorbent assay) were typically used at 1:10,000 dilution.

Western blotting for detection of CD44 fragmentation
Total protein was extracted using Cell Lysis Buffer (Cell Signaling Technology) containing
protease inhibitor cocktail. For each sample, 20 μg total protein was loaded and separated on
Novex 4–12% gradient sodium dodecyl sulfate–polyacrylamide gel electrophoresis gels
(Invitrogen). Following electroblot transfer onto nitrocellulose membranes and blocking in 5%
nonfat dry milk, CD44, β-actin, or GAPDH was detected with primary antibodies followed by
horseradish peroxidase–conjugated secondary antibodies. Antibodies specific for the CD44
ectodomain (BU52; Calbiochem) and the CD44 cytoplasmic tail (anti-cytotail) were used.
Detection was performed using chemiluminescence (Novex ECL; Invitrogen). In some cases,
the blots were treated with stripping buffer and reprobed using another primary antibody.

Sucrose gradient ultracentrifugation for isolation of lipid rafts from bovine articular
chondrocytes

Bovine articular chondrocytes were preincubated overnight with or without 10 μM 2-BP or 10
mM MCD, washed, and then lysed with 25 mM Tris HCl, pH 7.6, 150 mM NaCl, 1 mM
dithiothreitol, 10% sucrose, 1% Triton X-100, and 1× protease and phosphatase inhibitor
cocktails (Sigma). The cell lysate was mixed with an 80% stock solution of sucrose in 25
mM Tris HCl, pH 7.6, 150 mM NaCl, 1 mM dithiothreitol, to bring the final concentration to
40%. This was layered at the bottom of the ultracentrifuge tube and overlaid with a 2.4-ml
aliquot of 30% sucrose solution followed by a 1.6-ml aliquot of 0% sucrose solution in lysis
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buffer without Triton X-100. The samples were centrifuged at 114,000g for 20 hours at 4°C
in a SW50.1 rotor and then recovered as 6 equal-volume fractions. CD44 within each fraction
was characterized by Western blotting, using the anti-cytotail antibody.

Real-time reverse transcription–polymerase chain reaction (RT-PCR)
Total RNA was isolated from chondrocyte cultures with TRIzol reagent (Invitrogen), according
to the manufacturer’s instructions. The RNA was reverse transcribed with qScript cDNA
Supermix reagents (Quanta BioSciences) and amplified at 42°C for 30 minutes. For real-time
RT-PCR, the PCR products were detected using RT2 Real-Time SYBR Green reagents
(SABiosciences). Primer-specific amplification was performed at 60°C for 30 seconds.
However, fluorescence quantification was performed at a higher temperature (72°C). The
primers pair sequences are as follows: for GAPDH, forward 5′-
ATTCTGGCAAAGTGGACATCGTCG-3′, reverse 5′-
ATGGCCTTTCCATTGATGACGAGC-3′; for CD44, forward 5′-
TCTGCAAGGCCTTTAATAGCACGC-3′, reverse 5′-
GTTCGCAGCACAGATGGAATTGG-3′; for aggrecan, forward 5′-
AAATATCACTGAGGGTGAAGCCCG-3′, reverse 5′-
ACTTCAGGGACAAACGTGAAAGGC-3′; for hyaluronan synthase 2 (HAS-2), forward 5′-
GAGGACGACTTTATGACCAAGAGC-3′, reverse 5′-
TAAGCAGCTGTGATTCCAAGGAGG-3′; for SOX9, forward 5′-
AAGAAGGAGAGCGAGGAGGACAAGTT-3′, reverse 5′-
TTGTTCTTGCTCGAGCCGTTGA-3′. The primers for COL1A2 (forward 5′-
ACATGCCGAGACTTGAGACTCA-3′, reverse 5′-
GCATCCATAGTACATCCTTGGTTAGG-3′) and COL2A1 (forward 5′-
AGCAGGTTCACATATACCGTTCTG-3′, reverse 5′-
CGATCATAGTCTTGCCCCACTT-3′) were described by Shintani et al (30). All primers
were obtained from Integrated DNA Technologies. Thermal cycling and fluorescence detection
were performed using the SmartCycler System (Cepheid). Real-time PCR efficiencies and the
fold increase in copy numbers of messenger RNA (mRNA) were calculated as described
previously (27).

Particle exclusion assay
Chondrocytes were cultured overnight in 35-mm wells. The medium was replaced with a
suspension of formalin-fixed erythrocytes in phosphate buffered saline (PBS)/0.1% bovine
serum albumin (31). Cells were photographed using a Nikon TE2000 inverted phase-contrast
microscope, and images were captured digitally in real time using a SPOT RT camera. The
presence of cell-bound extracellular matrix is seen as the particle-excluded zone surrounding
the chondrocytes.

Generation of a CD44-ICD construct
PCR primers were designed to amplify the human sequence corresponding to CD44-ICD,
CD44 Ala288 to the stop codon that follows Val361, using the primer pairs 5′-
GTCGACGCAGTCAACAGTCGAAGAAGGTGTGG-3′ (including a Sal I restriction site)
and 5′-TTACACCCCAATCTTCATGTCCACATTC-3′. The primers were used to amplify
human CD44H complementary DNA within a previously described pCDM8 plasmid (31). The
PCR product was first inserted into the pcDNA3.1/V5-His-TOPO vector and then subcloned
into a pCMV/myc/cyto plasmid (pShooter; Invitrogen) that provides the ATG sequence as part
of a Kozak consensus sequence (ANNATGG) for expression of the C-terminal fragment. The
DNA sequence for the CD44-ICD insert was verified at the East Carolina University
Sequencing Facility. The insert was subcloned again into a pcDNA5/FRT shuttle vector (Flp-
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In System; Invitrogen) for preparation of a stable Flp-In–293 cell line, as described previously
(7).

Fluorescence microscopy
Primary chondrocytes, passaged chondrocytes, or chondrocytes released from alginate beads
were cultured overnight in 4-well chamber slides (Titertek). The cells were rinsed with PBS,
fixed, and permeabilized as described previously (7) and then incubated with rhodamine
phalloidin (Invitrogen)/PBS (1:150) for 30 minutes at 4°C, rinsed with PBS, and mounted using
a medium containing 4′,6-diamidino-2-phenylindole nuclear stain (Invitrogen). In other
studies, chondrocytes cultured on chamber slides were incubated for 1 hour on ice with 16
μg/ml fluorescein isothiocyanate–labeled cholera toxin B subunit (FITC–CTxB; Sigma) to
indirectly detect lipid rafts in living cells. For colocalization with CD44, cells were first labeled
using FITC–CTxB as described above, fixed in 4% paraformaldehyde, and then incubated with
biotinylated anti-CD44 monoclonal antibody IM7.8.1 (Invitrogen) followed by streptavidin-
conjugated rhodamine red. Cells were visualized using a Nikon Eclipse E600 microscope
equipped with a Y-FL EPI-Fluorescence attachment. Images were captured digitally in real
time, using a SPOT RT camera, and were processed using Nikon NIS-Elements BR imaging
software.

RESULTS
Association of CD44 fragmentation with chondrocyte dedifferentiation

Subculture of adult human articular chondrocytes results in changes in cell morphology and
gene expression; this change is commonly termed dedifferentiation (20,21). In this study, for
example, primary cultures of chondrocytes exhibited a more rounded morphology, driven in
part by cortical organization of the actin cytoskeleton (Figure 1A, top). With passage in culture,
the chondrocytes became elongated and exhibited a fibroblast-like morphology, including the
appearance of stress fibers (Figure 1A, middle). In addition, we observed that with
dedifferentiation, chondrocytes lost the capacity to assemble and retain a pericellular matrix
(Figure 1B, middle), a property that is characteristic of primary cells. No change in cell viability
was observed in cells from passages 1–4 (results not shown).

Subculturing chondrocytes also effects changes in gene expression. Compared with primary
chondrocytes (passage 0), subcultured chondrocytes from passage 1 to passage 4 exhibited a
classic progressive reduction in aggrecan and SOX9 mRNA expression and a reduction in type
II collagen mRNA, coupled with an increase in type I collagen mRNA (Figure 2A). Our
previous studies have suggested that the assembly and retention of a chondrocyte-associated
matrix also depend on the presence of sufficient HA and the HA receptor, CD44 (3,10,32). As
shown in Figure 2A, the expression of HAS-2 mRNA, the enzyme primarily responsible for
HA production in chondrocytes (3), also decreased as the passage number increased. The
expression of CD44 mRNA, however, appeared to increase as the passage number increased.
This passage-dependent increase in CD44 mRNA was next verified at the protein level.

In Western blots, CD44 is typically observed as a broad, heterogeneous glycoprotein of ~85
kd (29,33). To improve detection of bovine CD44, we generated an antibody directed to the
C-terminal ICD of CD44, because this domain is nonglycosylated and highly homologous
between vertebrate species. As shown in Figure 2C, the expression of human (lane 2) and
bovine (lane 3) chondrocyte CD44, detected using the C-terminal antibody, appears similar to
that of human chondrocyte CD44 detected with a conventional extracellular domain antibody
(lane 1). When the C-terminal antibody was applied to lysates of bovine chondrocytes from
varying passages, additional CD44 bands were observed (Figure 2C, lanes P0–P5). All of the
lysates displayed bands between 37 kd and 85 kd, which likely represents posttranslation
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processing of CD44 from a 37-kd precursor (33-35) to the mature ~85-kd glycosylated protein.
However, lysates from subcultured chondrocytes revealed not only a passage-dependent
increase in CD44 expression but also the appearance of lower molecular mass bands between
17 kd and 20 kd (Figure 2C, lanes P0–P5). Thus, using the C-terminal anti-CD44 cytotail
antibody, enhanced CD44 fragmentation was observed in association with chondrocyte
dedifferentiation. All of the bands observed on these Western blots were partially reduced after
CD44 siRNA transfection as compared with control (irrelevant) siRNA transfection (Figure
2C). Given that this siRNA knocks down only 1 gene product (CD44) with a high degree of
specificity, all of the bands displayed on the Western blots are related to CD44.

As shown previously by other investigators, the chondrocyte phenotype can be rescued, in part,
by subculture of dedifferentiated cells in 3-dimensional alginate bead culture (19,24,26). As
the length of time in alginate bead culture increased, chondrocyte type I collagen mRNA
expression diminished, and the expression of type II collagen, aggrecan, SOX9, HAS-2, and
CD44 increased (Figure 2B). Chondrocytes removed from alginate bead culture lacked actin
stress fibers, reestablished a fine cortical actin network (Figure 1A, bottom), and displayed the
capacity to retain a particle-excluding pericellular matrix (Figure 1B, bottom). Interestingly,
the low molecular mass CD44 fragments that were present in the dedifferentiated chondrocytes
(Figure 2C, lanes P1–P5) were diminished in the lysates of redifferentiated cells (Figure 2C,
lanes R1 and R2). This suggests that the generation of the low molecular mass CD44 bands is
reversible.

Enhanced CD44 fragmentation in human OA chondrocytes
Unlike what was observed with bovine articular chondrocytes, primary cultures of adult human
articular chondrocytes from 3 separate experiments all exhibited low molecular mass bands
for CD44 (Figure 3). Chondrocytes derived from the normal ankle or knee cartilage of donors
(modified Collins grade 1 or 2 [36]) exhibited a CD44 profile (Figure 3A, lanes 1–4) similar
to that of lysates from dedifferentiated bovine chondrocytes. Interestingly, lysates from primary
cultures of chondrocytes derived from OA cartilage (Figures 3A and B, lanes 5–10) displayed
a more pronounced banding pattern, including protein bands of <20 kd. Lysates from OA
chondrocytes exhibited a single 15-kd band (Figure 3B, lanes 7–10) or multiple bands (Figure
3A, lane 6). The presence of multiple CD44 protein bands, especially those in the range of 15
kd and 17–20 kd, are indicative of a signature pattern reported for the sequential
metalloproteinase/γ-secretase cleavage of CD44 in other cell types (5,12); such cleavage can
be detected only with use of the C-terminal–directed antibody. The ~15-kd band observed in
lysates of OA chondrocytes is equivalent in size to a recombinant human CD44-ICD expressed
in Flp-In–293 cells (Figure 3B, lane ICD), detected using the same anti-CD44 cytotail antibody.
The 17–20-kd bands are similar to those shown to represent the CD44 extracellular truncation
fragments generated following an initial MMP-mediated cleavage of CD44 (CD44-EXT)
(12).

Induction of CD44 fragmentation
Treatment of normal bovine or human articular chondrocytes with inflammatory cytokines
such as IL-1β induces a state of enhanced catabolism that mimics some of the properties of
OA chondrocytes (22,37). Upon treatment of primary bovine chondrocytes with 10 ng/ml
IL-1β, CD44 fragmentation was enhanced, with maximal CD44-EXT formation occurring on
day 2 of treatment (Figure 4A). However, IL-1β also stimulates overall CD44 mRNA and
protein expression (38), which raises the possibility that the CD44-EXT bands are observed
only because of the increased proportion of full-length CD44. A dilution of lysates from
chondrocytes treated with IL-1β for 48 hours was analyzed on Western blots and scanned by
densitometry (Figure 4C). The full-length CD44 band in IL-1β–treated chondrocytes increased
by 2.9-fold as compared with untreated control chondrocytes, similar to our previous
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observations (38). However, the CD44-EXT band increased by an average of 5.6-fold after
IL-1β treatment as compared with control. Thus, taking into consideration the overall increase
in CD44, CD44-EXT expression was enhanced by IL-1β treatment (~2-fold greater than control
cultures). We have also previously demonstrated that treatment of bovine or human articular
chondrocytes with small HA oligosaccharides induces increased expression of MMP-3 and
MMP-13 mRNA, increased protein and increased enzymatic activity (27,39,40). Treatment of
bovine articular chondrocytes with HA oligosaccharides also effected enhanced expression of
CD44-EXT bands without an overall fold increase of intact CD44 (Figure 4B).

Blocking of CD44 fragmentation by inhibitors of MMP and γ-secretase activity
In primary bovine articular chondrocytes, CD44 fragmentation could also be induced by
pretreatment of the cells with PMA, as has been described in some tumor cells by other
investigators (41); the enhanced fragmentation included the 15-kd putative CD44-ICD band.
Upon pretreatment of PMA-stimulated bovine chondrocytes with varying concentrations of
the γ-secretase inhibitor DAPT, the 15-kd band was no longer detectable at a DAPT
concentration >1 μM (Figure 5A), concomitant with an increase in the 17–20-kd doublet bands
(CD44-EXT). In another series of experiments, the γ-secretase inhibitor DAPT was again
partially effective at 0.1 μM but completely inhibited generation of the 15-kd band at 5.0 μM
(Figure 5B, left). In high-density cultures of OA chondrocytes, expression of a 15-kd band of
CD44 was also blocked when these cells were treated with 5 μM DAPT (Figure 5B, right). In
all cases, blocking generation of the down-stream product (~15 kd CD44-ICD) resulted in an
accumulation of the presumed intermediate, the 17–20-kd CD44-EXT. Even when little CD44-
EXT was apparent, such as in primary bovine articular chondrocytes (Figure 5C), pretreatment
with 5 μM DAPT resulted in an accumulation of CD44-EXT (Figure 5C). When the DAPT-
treated chondrocytes were also treated with varying concentrations of GM6001, a general
MMP inhibitor, generation of the presumed CD44-EXT bands was blocked at GM6001
concentrations ≥10.0 μM (Figure 5C). These results are consistent with sequential 2-step
proteolysis of CD44 in activated chondrocytes.

Requirement of CD44 transit into lipid rafts for CD44 fragmentation
Our group and other investigators have shown that a fraction of CD44 is present in plasma
membrane lipid raft microdomains (7,42-44). In chondrocytes, lipid rafts can be detected
indirectly using a FITC–CTxB probe that binds to GM1 gangliosides present in lipid rafts
(Figure 6A, control). Preincubation with the cholesterol chelator MCD eliminated surface
labeling by FITC–CTxB. In control chondrocytes, CD44 codistributed with FITC–CTxB in
some regions but not in others. This was discerned by analyzing CD44 distribution within
sucrose density gradients of chondrocyte lysates (Figure 6B). In control chondrocytes, a
substantial proportion of CD44 was detected in the 2 upper fractions of the gradients (the raft-
containing fractions), as determined previously (7). This pool of CD44 was released from the
raft microdomain by pretreatment of cells with either MCD or the palmitate analog, 2-BP. If
bovine articular chondrocytes were pretreated with MCD or 2-BP for 30 minutes prior to
stimulation with 10 ng/ml IL-1β, the enhanced expression of CD44-EXT bands was reduced
(Figure 6C). This suggests that at least the first step in CD44 fragmentation occurs within a
membrane microdomain dependent on cholesterol and protein palmitoylation. However, both
of these inhibitors are not specific for CD44 and may also block the transit of one of the
proteases into the appropriate lipid raft domain.

To examine the role of CD44 specifically, COS-7 cells (CD44 negative) were transfected with
a full-length human CD44 wild-type construct (CD44Hwt) or a full-length human CD44
construct (CD44H-C286, 295A) in which the critical CD44 cysteine amino acids involved in
thioester formation were mutated to alanines (7). As shown in Figure 6D, control CD44Hwt
underwent cleavage even without treatment with IL-1β, but fragmentation was nonetheless
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enhanced following IL-1β treatment of COS-7 cells. However, the CD44H-C286, 295A
construct displayed no capacity for fragmentation in control or IL-1β-treated cells (Figure 6D).
These results suggest that only CD44 that has transitted into a lipid raft microdomain is a
substrate for cleavage by an MMP.

DISCUSSION
This report is the first to describe fragmentation of CD44 in adult human articular chondrocytes.
Although it is premature to conclude that there is a correlation with disease, it does appear that
CD44 fragmentation in OA chondrocytes can be extensive. Future comparative studies are
needed to determine whether this degradative capacity is correlated with the disease state and
the resultant effects on chondrocyte metabolism. Our laboratory and those of other
investigators (21,24) often use dedifferentiated chondrocytes as a model of OA, because the
flattened cells display morphologic and metabolic features of OA cells (22). CD44
fragmentation similar to that observed in OA cells could be induced in chondrocytes by
dedifferentiation. An interesting aspect of this study was that fragmentation in bovine
chondrocytes could be reversed by culturing the dedifferentiated cells under conditions that
effected redifferentiation. Whether CD44 fragmentation in OA chondrocytes is also reversible
by culture in alginate beads will be determined in future studies.

CD44 cleavage associated with adult human articular chondrocytes can be inhibited by
preincubation with an inhibitor of MMPs as well as by an inhibitor of γ-secretase. Similar
proteolytic cleavage of CD44 has been documented previously as being associated with certain
human tumors (12,29,45). The CD44 fragments generated in chondrocytes include multiple
bands that coincide with what other investigators have documented to be CD44-EXT bands as
well as CD44-ICD. For example, Nakamura et al (15) identified 3 extracellular cleavage sites
in CD44, Gly192→Tyr193, Gly233→Ser234, and Gly249→Gln250, attributable to the activity of
MT1-MMP (MMP-14) or ADAM-17. The 2–3 CD44-EXT bands expressed by chondrocytes
are consistent with cleavage at these sites. The MMP inhibitor GM6001 is thought to block
the activity of multiple MMP enzymes via its bidentate interaction with active-site zinc atoms
(46). In this study, GM6001 blocked the generation of CD44-EXT fragments. The ~15-kd
CD44 bands detected from chondrocytes were tentatively identified as CD44-ICD, because
they migrated at a size equivalent to a recombinant human CD44-ICD that we prepared, which
matches the putative γ-secretase cleavage site between CD44 Ile287 and Ala288 (47). Second,
CD44-ICD can be blocked by pretreatment of chondrocytes with the γ-secretase inhibitor
DAPT. DAPT is an optimized N-arylalanine ester compound with low micromolar inhibitor
potency to block cellular γ-secretase–mediated generation of amyloid β peptide (48).

MT1-MMP modulates composition of the pericellular matrix as well as cellular behavior. A
complex can form between the PEX domain of MT1-MMP and the stem region of CD44
(49). Both CD44 and MT1-MMP are palmitoylated, and both partition in lipid rafts as well as
non-raft fractions, with these transitions modulating function and establishing microdomains
consisting of signaling platforms (7,50). Our results suggest that only CD44 that has transitted
into a lipid raft microdomain is a substrate for MMP cleavage. Whether γ-secretase cleavage
also occurs within this membrane microdomain, or whether CD44 palmitoylation is required,
remains to be determined.

In many of our experiments, the CD44-ICD band was faint, even in PMA-treated cells.
However, in preliminary studies, incubation of chondrocytes with the proteosome inhibitor
MG132 substantially increased the level of detectable CD44-ICD (data not shown). At present,
it remains unknown whether the CD44-ICD bands that are readily observable in lysates of OA
chondrocytes are attributable to increased γ-secretase activity or to reduced ubiquitination or
proteosomal function.
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When γ-secretase was inhibited with DAPT, the expression of CD44-EXT increased
substantially, even when little or no CD44-ICD was detected. This may be attributable to the
rapid turnover of CD44-ICD once it is generated. We predict that, unlike turnover of CD44-
ICD, turnover of CD44-EXT is substantially slower. When chondrocytes are treated with
trypsin, a single cell–associated CD44 fragment is generated, migrating at ~25 kd (data not
shown), which is well above the 17–20-kd bands of naturally occurring CD44-EXT. Moreover,
the 25-kd bands can persist for >48 hours. Thus, our approach to in vitro dedifferentiation of
chondrocytes was to replate the trypsinized chondrocytes at lower density and allow these
cultures to reach confluence over a 1–2-week period, thereby eliminating the presence of the
25-kd CD44 fragment. We predict that CD44-EXT bands undergo turnover via endocytosis in
a manner similar to that in full-length CD44 (7).

At this time, the full biologic ramifications of CD44 cleavage remain unknown. In addition to
the physical loss of the cell-associated pericellular matrix seen in OA and dedifferentiated
chondrocytes, the biologic consequence of this disruption of the interaction of HA with
functional CD44 receptors (9,10,27,41,42) would include the induction of both matrix turnover
as well as matrix biosynthesis, replicating a chondrocyte response that partners attempted repair
with enhanced catabolism, both of which are hallmarks of early OA (22). Fragmentation and
loss of the CD44 extracellular domain itself may activate these pathways, but the generation
of a CD44 ICD inside the chondrocytes may initiate additional responses. The CD44-ICD has
been reported to undergo nuclear translocation and, with CREB binding protein/p300, regulates
transcription activation (47). In our study, overexpression of CD44-ICD in Flp-In–293 cells
also resulted in an increase in the expression of full-length CD44 (Figure 3B). Thus, the
stimulation of CD44 mRNA that occurs in association with the passage number or in OA may,
in part, represent a response to translocated CD44-ICD.
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Figure 1.
A, Rhodamine–phalloidin staining of permeabilized chondrocytes. Top, Primary bovine
articular chondrocytes (BACs) exhibited a more rounded morphology, driven in part by cortical
organization of the actin cytoskeleton. Middle, After passage in culture, dedifferentiated BACs
(dBAC) became elongated and exhibited a fibroblast-like morphology, including the
appearance of stress fibers. Bottom, Following culture in alginate beads for 2 weeks,
redifferentiated BACs (rBAC) regained a spherical morphology, lacked stress fibers, and
established a fine cortical actin network. B, Pericellular matrix on living chondrocytes, as
revealed by particle exclusion assay. Top, Primary BACs synthesized and retained a
pericellular matrix. Middle, With dedifferentiation, chondrocytes lost the capacity to assemble
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and retain a pericellular matrix. Bottom, When dedifferentiated chondrocytes were subcultured
in alginate beads for 2 weeks and released from the beads, the redifferentiated chondrocytes
regained a pericellular matrix. All bars = 20 μm.
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Figure 2.
Changes in gene expression and CD44 fragmentation by subculturing chondrocytes in
monolayer or alginate beads. A, Dedifferentiation in culture. Total RNA from cultures of
primary bovine articular chondrocytes (P0; set at 1.0) or subcultured chondrocytes from P1 to
P4 were subjected to real-time reverse transcription–polymerase chain reaction (RT-PCR)
analysis. B, Redifferentiation in alginate beads. Chondrocytes from passage 4 were subcultured
in monolayer (R0; set at 1.0) or in alginate beads for 1 week (R1) or 2 weeks (R2). Total RNA
was isolated and subjected to RT-PCR analysis. C, Western blot analysis of CD44 expression.
CD44 in lysates from human knee articular chondrocytes, grown in alginate beads, was
detected with BU52 (lane 1) or anti-CD44 cytotail (lane 2). CD44 in lysates from primary
bovine articular chondrocytes was detected with anti-CD44 cytotail (lane 3). CD44 in lysates
from primary bovine chondrocytes (P0), subcultured chondrocytes (P1–P5), alginate bead–
redifferentiated chondrocytes (R1 and R2), or lysates from dedifferentiated bovine articular
chondrocytes treated with control small interfering RNA (siRNA; Ctr) or CD44-specific
siRNA was detected with anti-CD44 cytotail antibody. Bars represent the mean and SD fold
change in mRNA copy number. HAS2 = hyaluronan synthase 2.
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Figure 3.
Western blots showing that adult human articular chondrocytes exhibit low molecular mass
bands for CD44. Cell lysates were analyzed by Western blotting using anti-CD44 cytotail
antisera in 3 separate experiments. A, Lysates from chondrocytes derived from ankle cartilage
(grade 1 [lanes 1 and 2] and grade 2 [lane 3]) or knee cartilage (grade 1 [lane 4]) exhibited a
CD44 profile with low molecular mass bands. Lysates from primary cultures of chondrocytes
derived from osteoarthritic (OA) cartilage displayed a more pronounced banding pattern, with
bands for both CD44-EXT and CD44-ICD (lanes 5 and 6). B, Lysates from primary cultures
of chondrocytes derived from OA cartilage displayed a more pronounced banding pattern, with
a CD44-ICD band at ~15 kd (lanes 7–10). The ~15-kd band observed in lysates of OA
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chondrocytes is equivalent in size to a recombinant human CD44-ICD (lane ICD) expressed
in Flp-In–293 cells, detected using the same anti-CD44 cytotail antisera. Ctr = control.
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Figure 4.
Induction of CD44 fragmentation in bovine articular chondrocytes. Cell lysates were analyzed
by Western blotting using anti-CD44 cytotail antisera. A, Upon treatment of primary bovine
articular chondrocytes with 10 ng/ml interleukin-1β (IL-1β), CD44 fragmentation was
enhanced, with maximal CD44-EXT formation occurring on day 2 of treatment. B, Treatment
of bovine articular chondrocytes with hyaluronan oligosaccharides (HA oligo) also effected
enhanced expression of CD44-EXT bands. C, Lysates (2–10 μg protein) from chondrocytes
treated for 48 hours with IL-1β were analyzed on Western blots and scanned by densitometry.
With values in untreated control chondrocytes (Ctr; 10 μg) set to 1.0, the full-length CD44
band in IL-1β–treated chondrocytes (after correcting for dilutions of the lysates) increased by
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2.9-fold (y = 0.16x + 1.36; R2 = 0.96). After IL-1β treatment, the CD44-EXT band increased
by an average of 5.6-fold (y = 0.43x + 1.30; R2 = 0.99) compared with control.
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Figure 5.
Blocking of CD44 fragmentation by inhibitors of matrix metalloproteinase and γ-secretase
activities. A, CD44 fragmentation was induced by pretreatment of primary bovine articular
chondrocytes either without (Ctr) or with phorbol myristate acetate (PMA). The PMA-
stimulated bovine articular chondrocytes were pretreated with varying concentrations (0–100
μM) of the γ-secretase inhibitor DAPT. At a DAPT concentration of >1 μM, the 15-kd band
(CD44-ICD) was no longer detectable, concomitant with an increase in the 17-20-kd doublet
bands (CD44-EXT). B, In another series of experiments with PMA-stimulated primary bovine
articular chondrocytes, DAPT was again partially effective at 0.1 μM but completely inhibited
generation of the 15-kd band at 5.0 μM (left). In high-density cultures of human osteoarthritis
(OA) chondrocytes, expression of the ~15-kd band of CD44 was blocked when the cells were
treated with 5.0 μM DAPT (right). C, Primary bovine articular chondrocytes were preincubated
either without (Ctr) or with 5.0 μM DAPT followed by treatment with 0–25 μM GM6001, a
general matrix metalloproteinase inhibitor. Generation of the CD44-EXT bands was blocked
by GM6001.
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Figure 6.
CD44 fragmentation requires transit of CD44 into lipid rafts. A, Bovine articular chondrocytes
were incubated with a fluorescein isothiocyanate–labeled cholera toxin B subunit (FITC–
CTxB) probe to detect lipid rafts. Preincubation with methyl-β-cyclodextrin (MβCD)
eliminated surface expression of FITC–CTxB. In control chondrocytes (right panel), CD44
(red immunofluorescence) codistributed with FITC–CTxB in some regions. B, The distribution
of CD44 within sucrose density gradients of lysates derived from chondrocytes pretreated with
or without MβCD or 2-bromopalmitate (2-BP) was assessed by Western blotting, using anti-
CD44 cytotail antisera. C, Bovine articular chondrocytes pretreated in the absence or presence
of MβCD or 2-BP were stimulated with 10 ng/ml interleukin-1β (IL-1β). Both MβCD and 2-
BP reduced the enhanced expression of CD44-EXT bands detected by Western blotting using
anti-CD44 cytotail antisera. D, COS-7 cells were transfected with a full-length human CD44
construct (CD44Hwt) or a full-length human CD44 containing 2 cysteine–alanine mutations
(CD44H-C286, 295A) followed by incubation with or without 10 ng/ml IL-1β and Western
blotting using anti-CD44 cytotail antisera. Control CD44Hwt underwent cleavage, but
enhanced generation of CD44-EXT followed IL-1β treatment. However, the CD44H-
C286, 295A construct displayed no capacity for fragmentation in control or IL-1β–treated COS-7
transfectants.
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