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Abstract

Objective—Cell-matrix interactions promote cartilage homeostasis. We previously found that
Smadl, the transcriptional modulator of the canonical bone morphogenetic protein 7 (BMP-7)
pathway, interacted with the cytoplasmic domain of CD44, the principal hyaluronan receptor on
chondrocytes. To elucidate the physiologic function of CD44-Smad1 interactions, as well as the
role of hyaluronan, we studied the response of chondrocytes isolated from CD44~/~ and BALB/c
(wild-type [WT]) mice to stimulation with BMP-7.

Methods—In primary murine chondrocytes, CD44 expression was decreased by small interfering
RNA (siRNA) transfection or was enhanced by plasmid transfection. Pericellular hyaluronan was
removed by hyaluronidase treatment, or its endogenous synthesis was inhibited. Changes in
response to BMP-7 stimulation were evaluated by Western blotting of Smad1 phosphorylation and
aggrecan messenger RNA (mRNA) expression.

Results—Chondrocytes from CD44~/~ mice and WT mice transfected with CD44 siRNA were
less responsive than untransfected chondrocytes from WT mice to BMP-7. CD44~/~ mouse
chondrocytes transfected with pCD44 showed increased sensitivity to BMP-7. Significant
increases in aggrecan mRNA were observed in WT mouse chondrocytes in response to 10 ng/ml
of BMP-7, whereas at least 100 ng/ml of BMP-7 was required for CD44™/~ mouse chondrocytes.
However, in chondrocytes from CD44~/~ and WT mice, hyaluronidase treatment decreased
cellular responses to BMP-7. Treatment of both bovine and murine chondrocytes with 4-
methylumbelliferone to reduce the synthesis of endogenous hyaluronan confirmed that hyaluronan
promoted BMP-7 signaling.
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Conclusion—Taken together, these investigations into the mechanisms underlying BMP-7

signaling in chondrocytes revealed that while hyaluronan-dependent pericellular matrix is critical

for BMP-7 signaling, the expression of CD44 promotes the cellular response to lower
concentrations of BMP-7.
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Changes in the extracellular matrix exert a profound influence on cell behavior mediated via
matrix receptors. Often these effects are indirect, such as when matrix components enhance
the responsiveness of various tyrosine or serine/threonine kinase receptors to their ligands
(1). The interaction of the matrix macromolecule hyaluronan with its primary receptor CD44
is one model of matrix modulation of cell signaling.

CD44 is a single-pass transmembrane glycoprotein receptor for hyaluronan, consisting of
distal extracellular domain, membrane-proximal stem domain, transmembrane domain, and
cytoplasmic domain (2,3). The distal domain of CD44 is responsible for binding hyaluronan.
The cytoplasmic domain lacks inherent kinase activity but has been shown to interact with
cytoskeletal adapter proteins (4-6) as well as cortical signaling proteins (7,8). In studies
aimed at identifying other possible binding partners for the cytoplasmic domain of CD44, a
yeast 2-hybrid system revealed an interaction between CD44 and Smad1 (9), a protein
activated in the canonical bone morphogenetic protein (BMP) signaling pathway (10). The
f-galactosidase score for the CD44-Smad1 hit was 2.4 SD above background when using
the full-length CD44 cytoplasmic domain (amino acids [aa] 292-361) as bait, but no
interaction was detected when a truncated CD44 (aa 292-307) was tested. We confirmed the
interaction between CD44 and Smad1 by coimmunoprecipitation studies(9). Smadl/Smad4
nuclear translocation in chondrocytes was blocked by transfection of cytoplasmic tail
truncation variants of CD44 (9).

In articular chondrocytes, reducing pericellular hyaluronan with hyaluronidase also
diminished cellular responses to BMP-7, but not to transforming growth factor 1 (TGFfL),
and the BMP-7 response could be restored by treatment with exogenous hyaluronan or by
transfection with phosphorylated hyaluronan synthase 2 (HAS-2) (11), the primary synthase
for hyaluronan in chondrocytes (12). The Smad anchor for receptor activation (SARA)
protein facilitates the interaction of Smad2 and Smad3 with the activated TGFf receptor;
nevertheless, the expression of SARA is not required for TGF/£ signaling (13,14). These
studies suggested a physiologic function of the CD44-Smad1 interaction, as well as a
mechanism by which extracellular hyaluronan can influence chondrocyte behavior in
response to BMP-7.

Many studies of BMP-7, including our own, have used BMP-7 concentrations =100 ng/ml to
examine cellular responses, whereas the concentration of BMP-7 in human serum is in the
range of 0.5-1 ng/ml (15). Nevertheless, we have observed significant increases in the levels
of 35S-sulfated proteoglycan per pg of DNA after treatment of human chondrocytes with 10
ng/ml of BMP-7 (16). In a normal adult skeleton, BMP-2 turnover is ~3 ng/day, and in a
recent study, implants releasing ~5 ng of BMP-7 per day yielded the formation of the
highest bone volumes (17). A recent report suggested that promoting cellular responses to
such lower (physiologic range) concentrations of BMP-7 may lessen inflammatory
responses and improve the healing of complex fractures (16).
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BMP-mediated signaling occurs in many cell types, some of which are devoid of CD44.
Thus, the requirement for hyaluronan or CD44 is not absolute (18). One study on the
responsiveness of prostate carcinoma cell lines found Smad1 phosphorylation in response to
BMP-7 was stronger and occurred at lower concentrations of BMP-7 in PC-3 cells than in
LNCaP cells, although in the presence of 100 ng/ml BMP-7, both cell lines were seemingly
equivalent (19). While there are several phenotype differences between these 2 prostate
carcinoma cell lines, it is noteworthy that PC-3 cells express high levels of CD44 (20),
whereas LNCaP cells are CD44 negative due to cytosine methylation of the CD44 promoter
(21). These results suggested that the influence of hyaluronan—-CD44 interactions on BMP-
mediated signaling may be more subtle and therefore more evident at lower concentrations
of the ligand.

To determine the physiologic function of CD44-Smad1 interaction and explore the
relationship between hyaluronan and CD44 in a more directly comparable model,
chondrocytes were isolated from wild-type (WT) mice and CD44™~ mice. CD44~/~ mice are
born with an appendicular skeleton and cartilage that appear normal and display no overt
changes in phenotype (22,23). Chondrocytes represent a cell with behavior highly dependent
and sensitive to influences from the extracellular matrix. We investigated murine
chondrocytes to compare the findings with those of our previous studies on human and
bovine chondrocytes. In this study, we demonstrated that a higher concentration of BMP-7
was required for BMP-mediated responsiveness of chondrocytes from CD44~/~ mice as
compared to WT mice, and CD44 small interfering RNA (siRNA) knockdown diminished
the responsiveness of chondrocytes from WT mice. Enhanced BMP-7 responsiveness could
be rescued CD44~/~ mouse chondrocytes by pCD44H transfection. However, removal of
hyaluronan also exerted a prominent influence on BMP-7 responsiveness of WT and
CD44~~ mouse chondrocytes, supporting the idea that pericellular matrix integrity is critical
as well.

MATERIALS AND METHODS

Materials

Cell culture

Recombinant human BMP-7 (OP-1) was obtained from Stryker Biotech. Total Smadl was
detected with a polyclonal antibody (Invitrogen), and Smadl activation by BMP-7 was
detected using an antibody that reacts with phospho-Smad1 (Ser#63/Ser465)/phospho-Smad5
(Ser463/Ser465)/phospho-Smad8 (Ser426/Ser428) (p-Smad1; Cell Signaling Technology). Cell
lysis buffer, anti—activin receptor—like kinase 2 (anti—-ALK-2; activin receptor type 1A
[ACVRIA]) antibody, anti—p-Akt antibody, anti-Akt antibody, anti-p—ERK-1/2 (phospho-
p44/42) antibody, and anti-ERK-1/2 (p44/42) antibody were also from Cell Signaling
Technology. Anti-mouse CD44 antibody IM7.8.1 (Invitrogen), anti-human CD44 antibody
BU-52 (Ancell), anti-GAPDH antibody 1-19 (Santa Cruz Biotechnology), and anti—#-actin
monoclonal antibody AC-15 (Sigma) were also used.

Primary mouse chondrocytes were isolated from 1-week-old CD44~/~ mice (BALB/c
background) (24) or BALB/c WT control mice (BALB/cAnNCrl; Charles River) according
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to an approved protocol of the East Carolina University. Isolated femoral heads and knee
joint cartilage samples were subjected to overnight incubation at 37°C in 3 mg/ml of
collagenase D (Roche), with stirring. The primary murine chondrocytes were plated at a
density of 2 x 10° cells/well in a 48-well plate and cultured for 24 hours in Dulbecco’s
modified Eagle’s medium (DMEM) containing 4.5 gm/liter of glucose, 10% fetal bovine
serum (FBS; Hyclone), 2 mM -glutamine, and 1 pg/ml of ascorbic acid prior to initiation of
experimental conditions.

Primary bovine articular chondrocytes were isolated by sequential Pronase/collagenase
digestion from full-thickness slices of articular cartilage obtained from the
metacarpophalangeal joints of 18-24-month-old adult steers (25). The primary bovine
articular chondrocytes were plated as high-density monolayers at a density of 2 x 10°
cells/per well in a 6-well plate and were cultured for 24 hours in a 1:1 mixture of DMEM/
Ham’s F-12 medium containing 10% FBS, prior to initiation of experimental conditions.

Rat chondrosarcoma cells as described previously (26) were maintained in DMEM
containing 10% FBS. The cells were detached from culture flasks with 0.25% trypsin/EDTA
and plated as high-density monolayers for analyses.

Treatment of cells

Prior to stimulation, confluent cultures of chondrocytes were grown in serum-free medium
for an additional 12 hours. Cells were then stimulated with 0-100 ng/ml of BMP-7 for 15—
180 minutes to study Smad1 phosphor-ylation (11) or for 72 hours to study aggrecan mRNA
expression (16) or were stimulated with 0-50 ng/ml of epidermal growth factor (EGF) for
5-50 minutes.

To determine the effect of matrix removal on BMP-7 responses, chondrocytes were
pretreated for 12 hours with 200 units/ml testicular hyaluronidase to generate “matrix-
depleted” cells, rinsed in serum-free medium, and stimulated for 1 hour with 100 ng/ml of
BMP-7. To determine the effects of hyaluronan regrowth on BMP-7 responsiveness by
matrix-depleted cells, these chondrocytes were cultured in serum-free medium for an
additional 24 hours prior to BMP-7 stimulation. For pericellular staining of hyaluronan,
murine chondrocytes were incubated with 2 pg/ml of biotinylated hyaluronan binding
protein (HABP; Seikagaku USA) and then were incubated with 1 pug/ml of fluorescein
isothiocyanate—conjugated Neutr-Avidin, mounted with DAPI, and visualized by
fluorescence microscopy.

We next tested the effect of 4-methylumbelliferone (4-MU) on BMP-7 responses.
Chondrocytes freshly isolated from cartilage or rat chondrosarcoma cells after trypsin
release were plated in the presence of vehicle or 1.0 mM 4-MU, cultured for 48 hours, and
then stimulated for 1 hour with 100 ng/ml of BMP-7. Cell viability after 4-MU treatments
was determined by coincubation of chondrocytes in 2 uM calcein AM and 4 pM ethidium
homodimer 1. Dead cells (red nuclear fluorescence) were evaluated by the uptake of
ethidium homodimer 1 (excitation/emission 495 nm/635 nm). Living cells were visualized
by the green fluorescence of the calcein (excitation/emission 495 nm/515 nm). The
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pericellular matrix of living cells was revealed with the particle exclusion assay (27), using
calcein AM as a vital stain.

For CD44 inhibition, a CD44 siRNA was constructed as the murine ortholog of a human
CDA44 siRNA sequence (28). The control siRNA (D-001206-09-05) was as described
elsewhere (29). For rescue experiments, CD44~/~ mouse chondrocytes were transfected with
complementary DNA (cDNA) encoding the full-length standard human isoform of CD44 (p-
hCD44FL) (30), and cell surface CD44 was detected using anti-human CD44 antibody
BU-52 (9). Murine chondrocytes were released from confluent monolayers with 1 mg/ml of
Pronase/collagenase D and resuspended in Amaxa human chondrocyte solution (Lonza)
containing either 5 pg of siRNA (Thermo Scientific Dharmacon) or 4 ug of expression
vector per 2.0 x 10° cells (29). Chondrocytes were transfected by nucleofection using an
Amaxa Nucleofector at setting U-28 and plated for 48 hours prior to BMP-7 stimulation.

Real-time reverse transcription—polymerase chain reaction (RT-PCR) analysis

Total RNA was isolated from the mouse chondrocyte cultures using TRIzol reagent. Total
RNA (0.1 pg) was converted to cDNA with murine leukemia virus reverse transcriptase in
the presence of 0.15 uM CD44, aggrecan, type 1l collagen, or HAS-2—specific reverse
primers and amplified at 42°C for 30 minutes using a PTC 100 Thermal Controller (MJ
Research). The cDNA was amplified with AmpliTag DNA polymerase. Primer-specific
annealing was performed at 55°C for 1 minute for CD44, at 54°C for 1 minute for aggrecan
and type Il collagen, and at 60°C for 1 minute for GAPDH and HAS-2. For real-time RT-
PCR, PCR products were detected with RT2 Real-Time SYBR Green reagents (SA
Biosciences) using a SmartCycler system (Cepheid) (29). Primer-specific amplification was
performed at 60°C for 30 seconds. However, fluorescence quantification was performed at
72°C, below the individual melting peak temperature for each PCR product. Real-time RT-
PCR efficiency for each primer set was calculated. An increase in the copy numbers of
mMRNA was determined as the relative ratio of target gene to GAPDH, and the fold
stimulation was calculated as previously described (29).

The murine specific primer sequences (Integrated DNA Technologies) were as follows: for
aggrecan, 5-GTTGGTTACTTCGCCTCCAG-3 (forward) and 5’-
GTCCTCCAAGCTCTGTGACC-3 (reverse) (31); for type Il collagen, 5'-
CAGGTGAACCTGGACGAGAG-3 (forward) and 5-ACCACGATCTCCCTTGACTC-3’
(reverse) (31); for CD44, 5-TGTCAACCGTGATGGTACTCGC-3 (forward) and 5’-
GTATCCTGATCTCCAGTAGGC-3’ (reverse) (24); for HAS-2, 5/-
ATTGTTGGCTACCAGTTTATCCAAAC-3 (forward) and 5’-
TTTCTTTATGGGACTCTTCTGTCTCACC-3 (reverse; for GAPDH, 5'-
CACCATGGAGAAGGCCGGGG-¥ (forward) and 5’-
GACGGACACATTGGGGGTAG-3 (reverse) (32); and for GAPDH (real time), 5’-
GTGAAGGTCGGTGTGAACG-¥ (forward) and 5-CTCGCTCCTGGAAGATGGTG-¥
(reverse) (31).
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Western blot analysis

Total protein was extracted using cell lysis buffer containing protease/phosphatase inhibitor
cocktails. Twenty micrograms of total protein per sample was loaded and separated on
Novex 4-12% gradient sodium dodecy! sulfate—polyacrylamide gel electrophoresis gels
(Invitrogen). Following electroblot transfer onto nitrocellulose membranes and blocking in
5% nonfat dry milk, membranes were incubated with primary antibodies followed by
horseradish peroxidase—conjugated secondary antibodies. Detection was performed using
chemiluminescence (Novex ECL; Invitrogen). Some blots were treated with Restore
Stripping Buffer (Thermo Scientific) and reprobed with another primary antibody.

Specific antibodies used for analysis were mouse anti-CD44 IM7.8.1 (26), affinity purified
anti-CD44 cytoplasmic tail antisera (27), anti—-p-Smad1, anti-total Smadl (11), anti-ALK-2,
anti-ERK, anti-p-ERK, anti—p-Akt, anti-Akt antibody (33), anti-GAPDH (27), and anti—#
actin (11). Images were subjected to densitometric analysis using Quantity One 1-D
software and the ChemiDoc XRS System (Bio-Rad). The ratio of the pixel intensity for p-
Smad1 to total Smadl was calculated for each condition for replicate experiments. When
direct comparisons of chondrocytes from WT and CD44~/~ mice were required, these were
made using chondrocytes that had been isolated on the same day, grown under the same
culture conditions, treated with the same prediluted stock of BMP-7, analyzed by Western
blotting with the same stock solution of antibody, and developed as side-by-side blots on the
same x-ray film.

Statistical analysis

Data are presented as the mean + SD of multiple independent experiments. Statistical
significance was determined by Student’s t-test and significant differences were noted at P <
0.05.

RESULTS

Characterization of primary chondrocytes isolated from BALB/c WT and CD44~/~ mice

Femoral heads isolated from 7-day-old WT and CD44~/~ mice displayed intense Safranin
O-fast green staining for matrix proteoglycans, and primary chondrocytes isolated from WT
and CD44~/~ mice exhibited typical rounded chondrocyte morphology (Figure 1A). Results
of RTPCR and Western blotting confirmed the lack of expression of CD44 mRNA and
protein in chondrocytes from CD44~/~ mice (Figure 1B). No differences were detected in
the levels of expression of mMRNA for aggrecan, type |1 collagen, or HAS-2 (12) between
chondrocytes from WT mice and those from CD44~/~ mice (Figure 1C). WT and CD447/~
mouse chondrocytes also exhibited equivalent pericellular accumulation of hyaluronan
(detected using a biotinylated HABP probe) (Figure 1D) and proteoglycan (detected by
toluidine blue O staining) (data not shown; see ref. 29). In chondrocytes from WT and
CD447/~ mice, pericellular hyaluronan was removed by treatment with testicular
hyaluronidase or Streptomyces hyaluronidase (Figure 1D), which in turn, resulted in the loss
of stained proteoglycans.
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CD44 promotion of the cellular response to lower concentrations of BMP-7 in murine
chondrocytes

In preliminary studies, chondrocytes from WT and CD44~/~ mice exhibited strong Smad1/5
phosphorylation following treatment with the typically used BMP-7 concentration of 100
ng/ml, and 60 minutes provided the optimum time to observe this response (data not shown).
Our previous study found a significant increase in proteoglycan synthesis by human
chondrocytes in response to 10 ng/ml of BMP-7 (16). Thus, the chondrocytes were
stimulated for 1 hour with BMP-7 concentrations of 0-100 ng/ml.

As shown in Figure 2A, sensitivity to BMP-7, as determined by the level of Smadl
phosphorylation, was dependent on the concentration of BMP-7 in cells from both groups of
mice. However, the minimum BMP-7 concentration required to initiate a statistically
significant increase in Smadl phosphorylation in WT mouse chondrocytes was 10 ng/ml
(Figure 2B). In CD44~/~ mouse chondrocytes, the minimum BMP-7 concentration required
to initiate a statistically significant increase in Smad1 phosphorylation above that in
untreated controls was 50 ng/ml (Figure 2B). Data from individual experiments are shown in
Figure 2C. Aggrecan mMRNA expression, a downstream product of BMP-7 signaling,
showed a statistically significant increase in WT mouse chondrocytes stimulated with 10
ng/ml of BMP-7, whereas in CD44~/~ mouse chondrocytes, significant increases were
observed only at 100 ng/ml of BMP-7 (Figure 2D).

To further examine the participation of CD44 in the BMP-7 signaling pathway, especially at
lower concentrations of BMP-7, WT mouse chondrocytes were transfected with mouse
CD44 siRNA or a nonspecific control siRNA. With the concomitant decrease of CD44
protein, Smad1 phosphorylation in response to 20 ng/ml BMP-7 was reduced in comparison
to control siRNA-transfected chondrocytes (Figure 3A). However, this reduction became
less apparent at 50 ng/ml of BMP-7. Next, chondrocytes from CD44~/~ mice were
transfected with full-length human CD44 (30) and assayed for BMP-7 responsiveness. As
shown in Figure 3B, CD44~/~ cells transfected with a control empty-vector plasmid
exhibited limited Smad1 phosphorylation at 20 ng/ml of BMP-7. However, pCD44-
transfected CD44~/~ mouse chondrocytes displayed enhanced BMP-7 responsiveness at 20
ng/ml when assayed under identical conditions (Figure 3B). These results suggest that
enhanced BMP-7 responsiveness can be rescued in CD44~/~ mouse chondrocytes by
transfection and cell surface localization (Figure 3C) of full-length human CD44. Again, the
differences were less obvious at BMP-7 concentrations >50 ng/ml.

In carcinoma and fibrosis, CD44 has been shown to modulate EGF receptor activity (34,35).
To determine whether the promotion of BMP-7 signaling by CD44 was specific to that
pathway, chondrocytes from WT and CD44~/~ mice were stimulated for 5-50 minutes with
0-50 ng/ml of EGF. Initiation of Akt, p38, and ERK phosphorylation in chondrocytes from
WT mice (Figure 4A) and CD44~/~ mice (Figure 4B) was observed after 5 minutes of
stimulation with 10 ng/ml of EGF, with a decline detected by 30 minutes. However, no
differences in activation of Akt, p38, or ERK upon EGF stimulation were detected between
WT and CD44™~ mouse chondrocytes. The similarity between WT and CD44~/~ mouse
chondrocyte responsiveness to EGF further suggests that differences in BMP-7
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responsiveness are not due to a more generalized reduction in responsiveness by cells from
CD447"~ mice.

Promotion of the cellular response of WT and CD44~/~ mouse chondrocytes to BMP-7 by
intact pericellular matrix

Another approach to assessing the role of CD44 in BMP-7 responsiveness is to modify the
principal CD44 ligand, hyaluronan. Chondrocytes were pretreated with hyaluronidase to
enzymatically degrade hyaluronan and remove the cell-associated pericellular matrix.
Smad1 phosphorylation in control, matrix-intact WT chondrocytes upon stimulation with
BMP-7 was reduced following enzymatic depletion of hyaluronan, as determined by
Western blotting (Figures 5A and B). Similar effects of hyaluronidase pretreatment on
bovine articular chondrocytes was also noted (Figure 5C), as we previously reported (11).
Surprisingly, hyaluronidase-treated CD44~/~ mouse chondrocytes also exhibited reduced
Smad1 phosphorylation upon BMP-7 stimulation (Figures 5A and B).

Additional control experiments were performed to determine whether the diminished
BMP-7 responsiveness following hyaluronidase pretreatment was due to an unintended off-
target alteration of the BMP-7 receptor or total Smadl expression itself. The robust
stimulation of Smad1 phosphorylation in response to BMP-7 was substantially tempered by
pretreatment of the chondrocytes with hyaluronidase; however, when the same blots were
probed for ALK-2, the principal type | receptor for BMP-7 (36-38), and for total Smadl1,
there were no changes in ALK-2 or Smad1 protein levels due to hyaluronidase or BMP-7
treatment (Figures 5A and C).

To demonstrate reversibility, hyaluronidasepretreated WT and CD44™~ mouse chondrocytes
were allowed to reestablish hyaluronan-rich pericellular matrices. Following 24 hours of
recovery, chondrocytes from WT and CD44~/~ mice exhibited strong signals for Smad1
phosphorylation upon BMP-7 stimulation, similar to that in control cells that had never been
treated with hyaluronidase (data not shown). To determine whether higher concentrations of
BMP-7 would compensate for or override the loss of hyaluronan-dependent pericellular
matrices, WT and CD44~~ mouse chondrocytes were stimulated with 100-500 ng/ml of
BMP-7 with or without hyaluronidase pretreatment. Increasing the BMP-7 concentration
above 100 ng/ml resulted in only a modest enhancement of Smad1 phosphorylation;
however, even with 500 ng/ml of BMP-7, Smad1 phosphorylation levels in lysates derived
from hyaluronidase-pretreated chondrocytes were substantially lower than those in matrix-
intact chondrocytes (data not shown). The results suggest that optimal BMP-7
responsiveness in chondrocytes requires an intact hyaluronan-dependent pericellular matrix,
a condition that cannot be compensated for by the use of higher BMP-7 concentrations.

The hyaluronan synthase inhibitor 4-MU (39,40) offers an alternative, nonenzymatic
approach to depleting the hyaluronan-dependent pericellular matrix. Freshly isolated WT
and CD44~/~ murine chondrocytes, bovine articular chondrocytes, and rat chondrosarcoma
cells were incubated with 1.0 mM 4-MU for 48 hours prior to stimulation with BMP-7. For
all 4 chondrocyte types, pretreatment with 4-MU resulted in reduced Smadl
phosphorylation upon BMP-7 stimulation (Figure 6A). Interestingly, baseline levels of p-
Smad1 were also lower in 4-MU-treated murine and rat chondrosarcoma cells. Chondrocyte
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viability after treatment with 0.1 or 1.0 mM 4-MU was >98%, as determined with calcein
AM and ethidium homodimer 1; >85% cell viability was found after treatment with 5.0 mM
4-MU (Figure 6B). Treatment of murine chondrocytes with 1.0 mM 4-MU resulted in a
decrease in pericellular matrix retention, as determined by particle-exclusion assay (Figure
6C), but did not result in changes in total Smadl, CD44, or GAPDH protein. These data
further suggest that the presence hyaluronan within the pericellular matrix is critical for a
robust response by chondrocytes to BMP-7.

DISCUSSION

The data from this study demonstrate the relationship between CD44 availability and Smadl
phosphorylation in response to BMP-7. Our data on aggrecan suggest that differences in
Smad1 phosphorylation observed at 60 minutes of treatment in 3-day cultures translate into
even more prominent differences between CD44~/~ and WT mouse chondrocytes in
response to BMP-7. Previous studies from our laboratory demonstrated direct interactions
between CD44 and Smad1 from yeast 2 hybrid and coimmunoprecipitation experiments (9).
Thus, one explanation is that CD44 acts as an intracellular scaffold protein, clustering
critical signaling intermediaries, as occurs in many receptor signaling systems (41), to
enhance Smad1l phosphorylation. We hypothesize that CD44 binds and organizes
cytoplasmic Smad1 in such a way that facilitates its phosphorylation/activation, perhaps
directing the Smad1 to a unique membrane microdomain, thus functioning as a possible
SARA for Smad1.

The function of a SARA as a facilitator is especially important at low concentrations of
growth factor, but the requirement for a SARA is not absolute (14). Knockdown of CD44 in
WT mouse chondrocytes reduced BMP-7 signaling (Figure 3A), whereas overexpression of
human full-length CD44 in CD44~/~ mouse chondrocytes partially rescued the BMP-7
response, as these cells exhibited enhanced sensitivity to BMP-7 (Figure 3B). Similarly, the
cellular response to BMP-7 by Smad1 phosphorylation in CD44-negative LNCaP cells was
less than that in CD44-positive PC-3 cells (19), which is consistent with our BMP-7 dose-
response results in murine chondrocytes. The stimulatory effect of CD44 in these mouse
chondrocytes appears to be as a facilitator. When cells were assayed in vitro at a
conventional concentration of BMP-7 (i.e., 100 ng/ml), little influence of CD44 on BMP-7
signaling could be distinguished. Nonetheless, the BMP-7 concentration in human serum is
0.5-1 ng/ml (15), and based on a BMP-2 turnover rate of ~3 ng/day in the normal adult
skeleton, a recent study found that implants releasing ~5 ng of BMP-7 per day yielded the
highest bone volumes (17). The hyaluronan pericellular matrix may modulate signaling on
chondrocytes that express CD44, promoting repair in response to low levels of BMP-7.

ALK-2 was found to be critical for BMP-7 signaling. Down-regulation of ALK-2 alone
resulted in ~76% reduction in signaling for BMP-7, whereas down-regulation of ALK-3
alone resulted in only ~18% reduction in signaling for BMP-7 (39). BMP-4 was found to
bind to ALK-3 and/or ALK-6, whereas BMP-6 and BMP-7 preferentially bound to ALK-2
(38). The CD44 effects we observed do not appear to affect the EGF pathway and do not
promote crosstalk (such as p-p38) that might participate in noncanonical BMP signaling
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pathways. As ALK-2 expression in WT and CD44~/~ mouse chondrocytes did not differ, the
mechanism that CD44 directly regulates ALK-2 is unlikely.

An unexpected but exciting outcome of this study was the effects of hyaluronidase on
BMP-7 signaling in CD44~/~ chondrocytes. Hyaluronidase pretreatment significantly
diminished the BMP-7—induced activation of Smad1 in both CD44~/~ and WT mouse
chondrocytes (Figure 5), as well as bovine chondrocytes, and the effect was reversible with
time for pericellular matrix recovery. Chondrocytes were also less responsive to BMP-7
when 4-MU was used as an alternative, nonenzymatic approach to depletion of hyaluronan
from the pericellular matrix (Figure 6). CD44 clustering has been shown to be induced by
exogenous hyaluronan on COS-7-transfected cells expressing CD44; moreover, CD44
clustering on the surface of HK-2 and BT-549 cells was found to be reduced by treatment
with 0.5 mM 4-MU or testicular hyaluronidase, confirming that endogenous hyaluronan is a
critical factor in the formation of CD44 clusters (42). Such CD44 clusters may enhance
Smad1 presentation to the BMP signaling receptors, and this would be reduced by treatment
with testicular hyaluronidase or 4-MU. Smadl is present in the cytoplasm and can be
phosphorylated in CD44~/~ cells, but the reduced response may be rescued by transfection
with CD44. Another possibility is that the presence of hyaluronan facilitates BMP-7
responsiveness by way of an extracellular mechanism that is independent of CD44.

Other studies have described the complex contribution of the extracellular matrix in the
regulation of BMP signaling (43). Proteoglycans can bind BMP inhibitory binding proteins
such as Noggin and Chordin (1), or BMPs can be trapped within the matrix (44); thus,
altered signaling is likely to be dependent on the cellular context. For chondrocytes, removal
of the hyaluronan-dependent pericellular matrix diminishes BMP-7 responsiveness.

Several possibilities may explain the mechanism of the hyaluronidase effect. It is possible
that the hyaluronan pericellular coat promotes the functional organization of molecules
within the plasma membrane, and this may include lipid rafts, since the HAS enzymes are
usually found in lipid rafts (45). Hyaluronan may serve as a binding scaffold for BMP-7
itself, facilitating presentation to the signaling BMP receptor; alternatively, hyaluronan
removal could release an as-yet-unknown hyaluronan-bound coactivator or could allow an
inhibitor of the initiation of the BMP signaling pathway to be more effective. Yet another
possibility is that hyaluronan removal may stimulate cell surface-associated proteolytic
activity, affecting the degradation of a critical BMP signaling coactivator. We and other
investigators have demonstrated that the loss of a hyaluronan-rich pericellular matrix
induces membrane-bound membrane-type matrix metalloproteinase or ADAM-10/17-
mediated cleavage of CD44 (27,46). It also remains possible that the removal of hyaluronan
affects BMP-7 responsiveness by modulating the activity of a hyaluronan receptor,
including CD44, but in the case of the CD447/~ cells, crosstalk by another compensating
receptor. All of these possibilities open new avenues to explore in the future.

Hyaluronidase pretreatment had no effect on Smad2/4 nuclear translocation following
stimulation with TGF/AL in bovine chondrocytes, whereas in the same cell system,
hyaluronidase pretreatment diminished Smad21 phosphorylation as well as Smadl or Smad4
nuclear translocation in response to BMP-7; this inhibition was rescued by overexpression

Arthritis Rheumatol. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Luo et al.

Page 11

of pIRES2-eGFP-HAS-2 (11). Taken together, our data suggest that in chondrocytes,
alteration of the hyaluronan matrix and CD44 affects a more select influence over BMP-7
responsiveness than does EGF- or TGFA1-mediated signaling. Thus, our hypothesis that
CD44 functions in a manner similar to a SARA in BMP-7 signaling by sequestering Smad1
for presentation to the BMP receptors for activation (9,11,43) takes the twist that the
extracellular matrix component hyaluronan mediated the function of CD44. However, the
presence of pericellular hyaluronan is clearly important for BMP signaling in chondrocytes.

Many reports discuss the need for meticulous regulation and redundancy in BMP signaling
as a requirement for the fine-tuning of cell fates during development, the establishment of
morphogenetic gradients, and the maintenance of tissue homeostasis (43,47). The question
remains as to whether there is clinical relevance for this kind of regulation in adult tissues.
During osteoarthritis, the loss of cell surface hyaluronan/proteoglycan aggregates is a
conspicuous event. Our previous studies have shown that chondrocytes “sense” these
changes in part via the hyaluronan receptor CD44. When the loss of hyaluronan is induced
experimentally, as in this study and others, BMP-7 responsiveness is reduced. During early
osteoarthritis, the resident chondrocytes are thought to mount a reparative response that
includes the synthesis and secretion of endogenous BMP-7 (48,49). However, if there is
damaged extracellular matrix and increasing proteolytic cleavage of CD44 (27,50), a
diminished BMP response would coincide with the time frame for endogenous BMP-7
secretion, limiting the attempted repair. The therapeutic combination of enhanced HAS-2
synthetic activity in the presence of CD44 may enhance cartilage reparative responses to
endogenous and/or exogenous BMP-7.
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Figure 1.
Characterization of cartilage and primary chondrocytes from BALB/c wild-type (WT) mice

and CD44~/~ mice. A, Femoral heads isolated from WT and CD44~/~ mice were fixed
directly and stained with Safranin O—fast green (top). Primary murine chondrocytes isolated
from the femoral heads of WT and CD44~/~ mice by collagenase digestion, were plated at
high density and observed under phase-contrast microscopy (bottom). B, Chondrocytes from
WT and CD44™~ mice were characterized for the expression of CD44 by conventional
reverse transcription—polymerase chain reaction (RT-PCR) using GAPDH as control or by
Western blotting using an anti-mouse CD44 antibody, with f-actin antibody as control. C,
The expression of mMRNA for aggrecan (Acan), type 1l collagen (Col 1), and hyaluronan
synthase 2 (HAS-2) derived from chondrocytes obtained from WT and CD447~/~ mice was
determined by conventional RT-PCR using GAPDH as control. Results are representative of
2 independent experiments. D, Chondrocytes from WT and CD44~/~ mice were stained for
hyaluronan (green) either directly or following pretreatment with testicular hyaluronidase
(+T) or Streptomyces hyaluronidase (+S). Results are representative of 5 experiments.

Arthritis Rheumatol. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Luo et al.

Page 16

WT
BMP7 0 10 20 20 50 50 100 100 C

P-SMADT e S W B W e W

GAPDH i Gl GlID Gl Gy anw ey e

Cd4d-/-
BMP7 0 5 10 20 50 100
P-SMADT e e s s W W

4
o

P-SMAD1 /
total SMAD1
o
o

e
>

GAPDH (e D D S S S 02
BMP7 0 20 40 60 80 100
B D . *
£2 20 4
-~ 08 " ° Z .
5% 2E
i3 0.6 | E =
©
:EM . 1 | ‘§§1.o I R B
2 02 > ] s3
- 7 < ,
BMP7 0 10 20 50 100
BMP7 0 5 10 20 100

Figure 2.
Responsiveness of chondrocytes from wild-type (WT) mice and CD44™/~ mice to bone

morphogenetic protein 7 (BMP-7). Chondrocytes were stimulated with 0-100 ng/ml of
BMP-7. A, Representative Western blots of Smadl phosphorylation (p-Smadl). GAPDH
was used as a loading control for protein content. Smad1/5/8 is activated at lower
concentrations of BMP-7 in chondrocytes from WT mice (solid bars) than in those from
CD44~~ mice (hatched bars). B, Ratio of p-Smad1 to total Smad1, as indicated by the pixel
intensities of the quantified protein bands for each BMP-7 concentration. VValues are the
mean + SD of 5 separate experiments. * = P < 0.05. C, Ratio p-Smad1 to total Smadl in
chondrocytes from individual WT mice (open circles) and CD44~/~ mice (solid triangles), as
indicated by pixel intensities of quantified protein bands for each BMP-7 concentration. D,
Fold change in aggrecan mRNA copy number following stimulation of chondrocytes from
WT mice (solid bars) and CD44~/~ mice (hatched bars) with 0100 ng/ml of BMP-7, as
determined by real-time reverse transcription—polymerase chain reaction analysis. Results
represent duplicate cultures at each BMP-7 dose, each analyzed in duplicate. Values are the
mean £ SD of 4 independent experiments (cell harvests). * = P < 0.05 versus control.
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Figure 3.
Altered levels of CD44 expression and sensitivity to bone morphogenetic protein 7

(BMP-7). A and B, To examine the effects of a loss of function in relation to CD44,
chondrocytes from wild-type (WT) mice were transfected with either control small
interfering RNA (SiRNA) or mouse-specific CD44 (mCD44) siRNA (A). To examine the
effects of a gain of function in relation to CD44, chondrocytes from CD44~/~ mice were
transfected with a control empty vector (p-empty) or with cDNA encoding full-length
human CD44H (p-hCD44FL) (B). Two days after transfection, the cells were stimulated
with 0, 20, or 50 ng/ml of BMP-7 and then analyzed by Western blotting for changes in
Smad1 phosphorylation (p-Smad1). CD44 protein expression was probed with an anti—
CD44 cytotail antibody. Total Smadl and GAPDH were used as loading controls for protein
content. Each blot is representative of 3 replicate experiments. C, Human CD44FL was
expressed at the surface of chondrocytes from CD44~/~ mice transfected with hCD44FL
(left). Overlay of DAPI staining of nuclei of the same image is also shown (right). Asterisks
identify nuclei of cells within the same field. Image is representative of 2 separate
experiments. Transduction with a control empty vector yielded no immunofluorescence for
human CD44 (data not shown).
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Figure4.
Similar cellular responses of chondrocytes from wild-type (WT) mice and CD44~/~ mice to

epidermal growth factor (EGF). Chondrocytes from WT mice (A) and CD447~~ mice (B)
were stimulated with 0-50 ng/ml of EGF for 5, 15, 30, and 60 minutes and then analyzed by
Western blotting for phosphorylation of Akt (p-Akt), p38 (p-p38), and ERK (p-ERK). Total
Akt and total ERK were used as loading controls for protein content. Each blot is
representative of 4 replicate experiments. Chondrocytes from WT mice and CD44~~ mice
responded similarly to a growth factor (EGF) that activates the Akt, p38, and ERK
pathways. Thus, the differential responsiveness of chondrocytes from WT and CD44~/~
mice to BMP-7 is not due to a generalized reduction in the responsiveness of CD447/~
mouse chondrocytes.
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Figureb.
Effect of hyaluronidase pretreatment on Smad1 phosphorylation in response to bone

morphogenetic protein 7 (BMP-7) in chondrocytes from wild-type (WT) mice and CD44~/~
mice. A, WT and CD44~/~ murine chondrocytes were pretreated with testicular
hyaluronidase (HAase), stimulated with BMP-7, and analyzed by Western blotting for
Smad1 phosphorylation (p-Smadl), total Smad, and activin receptor—like kinase 2 (ALK-2).
GAPDH was used as a loading control for protein content. B, Ratio of p-SmadL to total
Smad1 in chondrocytes from WT mice (solid bars) and CD44~/~ mice (hatched bars), as
indicated by the pixel intensities of the quantified protein bands for each experimental
condition. Values are the mean £ SD of 5 separate experiments. * = P < 0.05. C, Bovine
articular chondrocytes (BACs) from 18-24-month-old adult steers were pretreated with
hyaluronidase, stimulated with BMP-7, and analyzed by Western blotting for p-Smad1, total
Smad, and ALK-2. GAPDH was used as a loading control for protein content. Results are
representative of 2 independent experiments. These results demonstrate that hyaluronan is
required for optimal BMP-7 responsiveness in chondrocytes from WT mice, CD44~/~ mice,
and steers. Additionally, no changes in BMP receptor ALK-2 were observed.
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Figure®6.
Effect of 4-methylumbelliferone (4-MU), a hyaluronan synthase inhibitor, on bone

morphogenetic protein 7 (BMP-7) signaling. A, Freshly isolated chondrocytes from wild-
type (WT) mice and CD44~/~ mice, as well as bovine articular chondrocytes (BACs) and rat
chondrosarcoma (RCS) cells were plated, cultured for 48 hours in the absence or presence of
1.0 mM 4-MU (an intracellular inhibitor of hyaluronan synthesis), stimulated with BMP-7,
and analyzed by Western blotting for Smad1 phosphorylation (p-Smadl). GAPDH was used
as a loading control for protein content. Results are representative of 2 independent
experiments. The results demonstrate that hyaluronan is required for optimal BMP-7
responsiveness in chondrocytes derived from 3 different species. B, Mouse chondrocytes
were treated for 48 hours with 0-5 mM 4-MU and then stained for live (red) and dead
(green) cells. Images are representative of 2 independent experiments. C, Pericellular matrix
retention was examined by a particle-exclusion assay to view the cell coats. Mouse
chondrocytes were treated for 48 hours in the absence or presence of 1.0 mM 4-MU and then
stained with the viability dye calcein AM. Representative images show parallel sets of
chondrocytes exposed to 4-MU at the same time as those depicted in B. Original
magnification x eee in B and e+ in C.
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