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Abstract

Objective.—Calcium pyrophosphate dihydrate (CPPD) and basic calcium phosphate (BCP)
crystals occur in up to 60% of osteoarthritic joints and predict an increased severity of arthritis.
Avrticular cartilage vesicles (ACVs) generate CPPD crystals in the presence of ATP and BCP
crystals with added S-glycerophosphate. While ACVs are present in normal articular cartilage,
they mineralize primarily in cartilage from osteoarthritic joints. The aim of this study was to
explore the hypothesis that ACV mineralization is regulated by components of the surrounding
extracellular matrix.

Methods.—Porcine ACVs were embedded in aga-rose gels containing type 11 and/or type |
collagen and/or proteoglycans. Mineralization was measured as**Ca accumulation stimulated by
ATP or B-glycerophosphate and reflects both nucleation and growth. Synthetic CPPD and BCP
crystals were embedded in similar gels to isolate the effect of matrix components on crystal
growth.

Results.—After establishing baseline responsiveness of ACVs to ATP and S-glycerophosphate in
agarose gels, we examined the ability of ATP and S-glycerophosphate to stimulate mineral
formation in gels containing various matrix components. Type Il collagen suppressed the ability of
ATP to stimulate mineralization, while a combination of type Il plus type I collagen increased the
effect of ATP and S -glycerophosphate on mineralization. Type | collagen affected ACV
mineralization in a dose-responsive manner. Neither type of collagen significantly affected crystal
growth or levels of mineralization-regulating enzymes. Proteoglycans suppressed mineral
formation by ACVs in gels containing both type I and type 1l collagen.

Conclusion.—Cartilage matrix changes that occur with osteoarthritis, such as increased
quantities of type I collagen and reduced proteoglycan levels, may promote ACV mineralization.

Address correspondence and reprint requests to Ann K. Rosenthal, MD, Rheumatology Section, cc-111W, Zablocki VA Medical
Center, 5000 West National Avenue, Milwaukee, WI 53295-1000. akrose@mcw.edu.

AUTHOR CONTRIBUTIONS

Dr. Rosenthal had full access to all of the data in the study and takes responsibility for the integrity of the data and the accuracy of the
data analysis.

Study design. Jubeck, Gohr, Rosenthal.

Acquisition of data. Jubeck, Gohr, Fahey, Muth, Matthews, Mattson, Hirschmugl, Rosenthal.

Analysisand interpretation of data. Jubeck, Gohr, Muth, Mattson, Hirschmugl, Rosenthal.

Manuscript preparation. Jubeck, Gohr, Rosenthal.

Statistical analysis. Gohr, Rosenthal.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jubeck et al.

Page 2

Osteoarthritis is the most common form of arthritis in adults and results in large personal
and societal costs (1). Pathogenic calcium-containing crystals, including calcium
pyrophosphate dihydrate (CPPD) and hydroxyapatite-like basic calcium phosphate (BCP)
crystals, are found in up to 60% of osteoarthritic joints at the time of joint replacement (2,3).
Ample evidence supports the important contributions of both types of calcium-containing
crystals to articular damage in osteoarthritis (4); yet, how and why calcium-containing
crystals form in normally unmineralized articular cartilage matrix remains unclear.

Small membrane-bound vesicles known as matrix vesicles play a key role in both normal
and pathologic matrix mineralization in many tissues (5). In articular cartilage, these
chondrocyte-derived extracellular organelles have been identified histologically (6), and
concentrate enzymes, ions, and substrates necessary for crystal formation. Derfus et al (7,8)
demonstrated that isolated articular cartilage vesicles (ACVs) generated both CPPD and
BCP crystals in vitro. CPPD crystal formation was preferentially stimulated in the presence
of ATP, while in its absence, BCP crystals were primarily generated (7). Extracellular
calcium, phosphate, and pyrophosphate are necessary for mineral formation. These ions and
their precursors are likely present in sufficient quantities in joints susceptible to calcium
crystal deposition (9-11), and transient increases in ATP, the major source of pyrophosphate,
may be induced in normal cartilage by trauma (12).

The temptation to assign an important role to ACVs during pathologic mineralization in
articular cartilage has been tempered by 2 puzzling findings. The first is that ACVs exist in
and are easily isolatable from normal healthy articular cartilage, but little matrix
mineralization occurs in these tissues. The second is that ACVs isolated from osteoarthritic
cartilage, a common setting for CPPD and BCP crystal formation in vivo, display no greater
capacity for crystal formation than vesicles isolated from normal cartilage (8). These
findings strongly suggest that the milieu of the vesicle (i.e., its surrounding extracellular
matrix) strongly influences its ability to mineralize.

Indeed, in growth plate cartilage, there is ample precedent for an important interaction
between matrix vesicles and components of their surrounding extracellular matrix, such as
collagens and proteoglycans. Boskey et al (13) demonstrated that growth plate matrix
vesicles generated hydroxyapatite crystals in gelatin gels. Type Il collagen increased calcium
uptake by growth plate matrix vesicles, by binding to and activating the calcium channel
protein annexin V (14). Both type | and type |1 collagen fibrils also act as scaffolds along
which the hydroxyapatite crystals of bone grow (15,16). In contrast, large proteoglycans
typically inhibit crystal formation, probably by filling in the “hole zones” between collagen
fibrils with highly anionic glycosaminoglycans and sterically hindering crystal nucleation
and growth (17).

In articular cartilage, little is known about the relationship between extracellular matrix
components and ACV mineralization. Indeed, regulatory factors for ACV-mediated
mineralization remain largely unidentified. Osteoarthritic cartilage matrix contains altered
type Il collagen fibers, increased quantities of type | collagen, and fewer large proteoglycans
(18,19). We hypothesized that interactions between ACVs and extra-cellular matrix
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components would influence their ability to generate pathologic crystals and could explain
the strong clinical association between osteoarthritis and calcium-containing crystals.

MATERIALS AND METHODS

Materials.
Cartilage proteoglycans from human cartilage were purchased from MD Biosciences (St.
Paul, MN). All other reagents were obtained from Sigma (St. Louis, MO), except where
indicated otherwise.

ACV isolation.

Cartilage was obtained from 3-5-year-old pigs that had been slaughtered by Johnsonville
Foods (Watertown, WI). Hyaline articular cartilage was removed from the patellar, tibial,
and femoral surfaces of the knee joint and then minced, washed, and weighed. Cartilage
pieces were incubated for 10 minutes in Dulbecco’s modified Eagle’s medium (DMEM,;
Mediatech, Herndon, VVA) with 0.1% hyaluronidase (1 ml/gm of wet weight cartilage) to
remove surface hyaluronate and for 10 minutes with 0.5% trypsin (1 ml/gm of cartilage). All
incubations were done at 37°C, with stirring. Trypsin inhibitor (0.2% soybean trypsin
inhibitor; 1 ml/gm of cartilage) was added to inactivate any remaining trypsin. After
washing, cartilage pieces were incubated for 45 minutes with0.2% collagenase (2.5 ml/gm
of cartilage). Additional medium was added so that the final collagenase concentration
was0.05% in a total of 10 ml of medium per gram of cartilage, and this was incubated
overnight with stirring. The mixture was filtered and centrifuged at 500g for 15 minutes to
remove cells, then at 37,0009 for 15 minutes to remove large cell fragments and organelles.
The supernatant was then centrifuged at 120,000g for 60 minutes to pellet the ACV fraction.
Protein concentrations were determined by the Lowry assay (20). The ACV-containing pellet
was resuspended in DMEM to a protein concentration of 12—15 mg/ml.

Electron microscopy.

To ensure that membrane-bound vesicular structures were indeed present in the vesicle
fraction, we performed transmission electron microscopy on randomly chosen vesicle
fractions.

Alkaline phosphatase assay.

Activity of the phosphate-generating enzyme alkaline phosphatase was measured using o~
nitrophenyl phosphate as a chromogenic substrate according to the manufacturer’s directions
(Sigma kit 104-LS). Results were corrected for protein levels in the samples using the Lowry
assay.

Nucleoside triphosphate pyrophosphohydrolase (NTPPPH) assay.

Activity of the pyrophosphate-generating enzyme NTPPPH was measured using 2 mM p-
nitrophenyl thymidine monophosphate as a substrate at pH 7.4, as previously described (21).
Results were corrected for protein levels in the samples using the Lowry assay.
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The 5’-nucleotidase (5'-NT) assay.

Activity of the phosphate-generating enzyme 5'-NT was determined using a modification of
the assay based on Sigma kit 265-UV (22). Results were corrected for protein levels in the
samples using the Lowry assay.

Pyrophosphatase assay.

ACVs were incubated for 1 hour with32P-labeled sodium pyrophosphate (PerkinElmer,
Waltham, MA) in the presence of MgCl,. The hydrolysis of pyrophosphate was measured by
determining the quantity of radiolabel in the phosphomolybdate precipitate before and after
exposure to ACVs (23).

Phosphate assay.

Phosphate was measured in collagen preparations using a commercial assay (QuantiChrom
Phosphate Assay kit; Bioassay Systems, Hayward, CA).

Biomineralization assay.

ACVs were added to make a 1 mg/ml solution in 2% warm agarose dissolved in calcifying
salt solution (CSS; 2.2 mM CaCly, 1.6 mM KH,PO4, 1 mM MgCl,, 85 mM NaCl, 15 mM
KCI, 10 mMNaHCOg3, 2% penicillin/streptomycin/amphotericin B, and 50 mAM/ A-
tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid, pH7.6). Two hundred microliters of
the ACV/agarose mixture was added to each well of a 48-well tissue culture plate and
solidified at room temperature. Five hundred microliters of CSS with 1 4Ci/ml of4>Ca were
added to each well, with or without 1 mA/ ATP or 1 mM p-glycerophosphate, and ACVs
were incubated for 3—7 days at 37°C. Every 48 hours, 10 /4 of 5 mM ATP or g-
glycerophosphate solution or 10 /1 of CSS was added to maintain adequate levels of the
original phosphate and pyrophosphate sources. Controls included identical agarose gels
containing no ACVs. In some experiments, additional controls included agarose gels
containing ACVs that had been inactivated by heat treatment. At the end of the experiment,
overlying media were removed, and the gels were thoroughly washed with ice-cold CSS.
After dissolving the agarose with6.5% (volume/volume) sodium hypochlorite (commercial
bleach) at 100°C for 1 minute and thoroughly washing the ACVs, radioactivity in the ACV
fraction was measured by liquid scintigraphy.

Crystal identification.

Mineralized gel-embedded ACVs were treated with hot bleach to melt adherent agarose.
Pellets were washed with ice-cold CSS, centrifuged at 100,000¢g for 40 minutes, frozen, and
then lyophilized. The lyophilized pellet was subjected to synchrotron Fourier transform
infrared spectroscopy (FTIR) at the Synchrotron Radiation Center (Stoughton, WI), and the
spectra were compared with standard spectra for CPPD and BCP crystals.

Western blotting.

Thirty micrograms of ACVs in sample buffer and positive control proteins were loaded and
run on 10% Bis-Tris gels (NUPAGE; Invitrogen, Carlsbad, CA). Proteins were transferred to
polyvinylidene difluoride and then exposed for 1.5 hours to antibodies against type |
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collagen (Abcam, Cambridge, MA), type Il collagen (Chemicon, Temecula, CA), annexins
V (Chemicon), link protein (R&D Systems, Minneapolis, MN), or CD44 (Abcam). After
washing, the appropriate secondary antibody was added for 1 hour. Blots were developed
with SuperSignal West Pico chemiluminescent substrate (Pierce, Rockford, IL).

Seeded crystal growth assay.

Agarose plugs containing type 1 collagen or type Il plus type I collagen, with or without
proteoglycans, were seeded with 200 pg/ml of synthetic CPPD or BCP crystals. Controls
included crystals seeded in agarose containing no additives. CPPD crystals were generated
in our laboratory using the method of Brown et al (24). BCP crystals were a kind gift from
Dr. Neil Mandel (National VA Crystal Identification Center, Milwaukee, W1). Crystal-
containing agarose plugs and control plugs with no crystals were incubated at 37°C for 5
days with CSS containing#>Ca and either 16 mA/ NasH,PO, (for BCP crystals) or 16 mM
NaP,07 (for CPPD crystals). Plugs were processed in the same manner as for the ACV
mineralization assay, and#>Ca levels in the crystal fraction were quantified by liquid
scintigraphy.

Statistical analysis.

RESULTS

All experiments were repeated 3-5 times. Student’s #test was used to determine statistically
siginificant differences between groups. P values less than 0.05 were considered significant.

ACV characterization.

A heterogeneous population of membrane-bound vesicles of 50-200 nm (data not shown)
appeared identical to published pictures of ACVs (7). Functional matrix vesicles are often
characterized by levels of phosphate-generating and pyrophosphate-generating enzymes,
such as NTPPPH, alkaline phosphatase, and 5'-NT. ACV fractions (n =10) contained
activity levels of mineralization-regulating enzymes (data not shown) similar to those
previously reported (7).

Biomineralization behavior.

ACVs are typically mineralized in solution and, to our knowledge, have not previously been
mineralized in a solid matrix. ACVs were embedded in agarose gels and incubated in CSS
with or without 1 mAM ATP or S-glycerophosphate. In the presence of ATP, ACVs generated
FTIR-proven CPPD crystals (Figure 1). When g-glycerophosphate or the inorganic
phosphate in CSS was used a phosphate source, BCP-like crystals were the predominant
species generated (Figure 1).

To confirm that we could accurately quantify crystal production in agarose gels, we
incubated embedded ACVs with CSS containing#>Ca with or without added ATP or S
glycerophosphate. As shown in Figure 2, both ATP and S-glycerophosphate markedly
stimulated#>Ca precipitation by ACVs as compared with CSS alone (P< 0.001). One
millimolar ATP produced a 2.17 + 0.56—fold increase in total mineral formation (mean *
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SD), while 1 mM B-glycerophosphate elicited a 2.74 + 0.08 fold increase in mineral
formation.

As an additional control and to ensure that we were not measuring passive trapping of4°Ca
by protein or lipids, we heat-treated ACVs until enzyme levels were undetectable. When
these heat-treated ACV's were embedded in agarose, very little*>Ca accumulated in the ACV
fraction under any conditions (Figure 2). These findings suggest that we were measuring an
active, enzyme-mediated process.

Effect of various matrix components on the ability of ATP and g-glycerophosphate to
increase mineralization.

As shown in Figure 2, embedded ACVs responded to added ATP or S-glycerophosphate by
increasing mineralization. Across multiple experiments, this increase was ~2.2-fold for ATP
and ~2.7-fold for g-glycerophosphate as compared with CSS controls (n = 35 experiments).
We investigated the ability of various matrix components to alter this response to substrate
by expressing levels of mineralization with ATP or S-glycerophosphate as the fold increase
over the levels in the CSS control. This allowed us to adjust for some variability in baseline
mineralization levels between various ACV fractions and to compare these responses across
multiple experiments. Moreover, we thought that this analysis accurately modeled the
response of ACVs in cartilage matrix to an increase in phosphate or pyrophosphate
substrate, as might be seen with joint injury or stress (12).

We first explored the effect of type Il collagen, the major fibrillar collagen of normal
articular cartilage matrix, on ACV mineralization. Levels of phosphate in the collagen
preparations were negligible (data not shown). As shown in Table 1, in the presence of 1.6
mg/ml of type Il collagen, exogenous ATP was no longer able to stimulate increased mineral
formation. Mineralization in the presence and absence of ATP in type Il collagen—containing
gels was essentially the same (mean + SD ratio of ATP to CSS 0.99 + 0.06). In contrast, in
similar gels, B-glycerophosphate produced a1.96 + 0.32—fold increase over CSS controls,
compared with a 2.74 £+ 0.08—fold increase in gels containing agarose alone. This suggests
that type 11 collagen strongly inhibits CPPD crystal formation and exerts a more modest
inhibitory effect on BCP crystal formation.

ACVs were then embedded in gels containing a combination of 10% type | and 90% type Il
collagen to mimic conditions seen in osteoarthritic cartilage (19). As mentioned above, ATP
did not stimulate*>Ca accumulation compared with CSS alone in the presence of type 1
collagen. However, when ACVs were mineralized in gels containing both type I and type 1l
collagen, ATP increased?>Ca accumulation 3.74 + 0.35—fold over CSS alone (Table 1).
Similar effects were seen in the presence of g-glycerophosphate. There was a 1.96 + 0.32—
fold increase in the presence of type Il collagen and B-glycerophosphate compared with CSS
alone, and a3.09 * 0.29—fold increase when ACVs were exposed to S-glycerophosphate and
type | and type Il collagen (P< 0.01). Thus, the addition of type I collagen resulted in a
release of the potent inhibitory action of type Il collagen on CPPD crystal formation and
dramatically reversed the modest inhibitory effect of type Il collagen on BCP crystal
formation.
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Proteoglycans account for 10-15% of the wet weight of hyaline articular cartilage. Large
proteoglycans, such as aggrecan, are typically considered mineralization inhibitors (17), and
loss of large proteoglycans is an early and pervasive finding in the osteoarthritic cartilage
matrix. We embedded ACVs in agarose gels containing a ratio of 10% human cartilage
proteoglycan to 90% collagen by weight. As shown in Table 1, proteoglycans had little
effect on ATP-induced or S-glycerophosphate—induced mineralization in the presence of
type Il collagen. In contrast, proteoglycans significantly suppressed mineralization induced
by both ATP and B-glycerophosphate when both type | and type 11 collagen were present.
These findings suggest that proteoglycans in the presence of type Il collagen, as would be
seen in normal cartilage, exert little additional inhibition of either CPPD or BCP crystal
formation. However, in the presence of both type I and type Il collagen, proteoglycans have
important inhibitory effects on mineralization.

Effect of collagen and proteoglycans on crystal growth.

We separated the effects of these matrix components on crystal nucleation and crystal
growth in further studies. In order to bypass the nucleation step, we seeded agarose gels with
synthetic CPPD or BCP crystals, provided ample calcium and phosphate or pyrophosphate,
and measured the amount of*>Ca that accumulated in the crystal fraction after 5 days of
incubation. As shown in Figure 3, BCP crystals accumulated significantly more 45Ca during
the incubation period than did CPPD crystals. Neither type Il collagen nor the combination
of type Il plus type | collagen significantly affected crystal growth. Surprisingly, in the
presence of either type Il collagen or type Il plus type I collagen, proteoglycans had little
effect on BCP or CPPD crystal growth. These findings suggest that the effects of collagens
and proteoglycans on ACV mineralization at these concentrations and time points are not
primarily due to their effects on crystal growth.

Effect of various concentrations of type | and type Il collagen on total mineral formation.

The finding that the effect of type Il collagen on ACV mineralization was altered by the
addition of small quantities of type | collagen, taken together with the minimal effects of
collagens on crystal growth, led us to examine whether collagens had a dose-responsive
effect on total mineral formation by ACVs. When ACVs were embedded in various
concentrations of type Il collagen and incubated with ATP, they produced significantly less
mineral (P< 0.003) than when embedded in agarose gels without collagen at all doses tested
(Figure 4A). Little or no type Il collagen was seen in the freshly isolated ACV fraction by
Western blotting (inset in Figure 4A), and this effect was not dose-responsive. In contrast,
with S-glycerophosphate as the substrate source, type Il collagen had no effect on
mineralization. These findings support the inhibitory effect of type Il collagen on CPPD
crystal formation and confirm the findings in Table 1.

Similar experiments were performed with type I collagen. Again, little or no type | collagen
was present in ACVs by Western blotting (inset in Figure 4B). ACVs embedded in agarose
gels containing type | collagen generated more mineral compared with those embedded in
agarose alone (P< 0.001) (Figure 4B). This effect was similar in the presence of ATP or -
glycerophosphate and peaked at 0.8 mg/ml. With higher concentrations, type I collagen
inhibited ATP-induced mineralization and had only a modest stimulatory effect on 5
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glycerophosphate—induced mineralization. These data suggest a significant dose response for
type | collagen and a robust increase in total mineral formation of both CPPD and BCP
crystals in the presence of low concentrations of type | collagen.

Effect of collagen on activity levels of mineralization-regulating enzymes.

We then investigated whether collagens affected the specific activity levels of
mineralization-regulating enzymes present on ACVs. Neither type | nor type Il collagen
affected the levels of alkaline phosphatase, NTPPPH, pyrophosphatase, or 5'-NT (data not
shown).

Characterization of putative collagen-binding and proteoglycan-binding proteins on ACVs.

In growth plate matrix vesicles, collagens bind to annexin V, alkaline phosphatase, and link
protein (25,26). As shown in Figure 5, Western blotting demonstrated the presence of
annexin V, CD44, and link protein on ACVs. Thus, the repertoire of collagen- and
proteoglycan-binding proteins in ACVs and growth plate matrix vesicles are quite similar,
despite important differences in the actions of collagens and proteoglycans on ACV
mineralization compared with growth plate vesicle mineralization.

DISCUSSION

Calcium-containing crystals, including CPPD and BCP crystals, are common components of
osteoarthritic joints. They contribute to joint damage by directly eliciting catabolic mediators
as well as by inducing inflammation (27,28). ACVs contain fully functional mineral-forming
machinery capable of producing both CPPD and BCP crystals in vitro and have been
postulated to participate in articular CPPD and BCP crystal formation (29). However, their
presence in healthy, unmineralized articular cartilage matrix remains unexplained. While
mechanisms of vesicle-mediated mineralization have been well studied in growth plate
cartilage, very little is known about how and why ACVs mineralize (5).

We show here that extracellular matrix components present in normal and osteoarthritic
cartilage modulate ACV mineralization. Specifically, type Il collagen, the primary fibrillar
collagen in normal articular cartilage matrix, strongly inhibits CPPD crystal formation,
probably during the nucleation phase of CPPD crystal development. In contrast, type |
collagen, which is found in increased quantities in osteoarthritic cartilage, promotes the
formation of CPPD and BCP crystals in combination with type Il collagen. Cartilage
proteoglycans suppress the stimulatory effect of type 11 plus type | collagen. Taken together,
these findings support the hypothesis that normal cartilage matrix, comprised of type Il
collagen and proteoglycans, suppresses CPPD crystal formation by ACVs. However, matrix
changes in osteoarthritic cartilage, notably, increased levels of type | collagen and loss of
proteoglycans, facilitate both CPPD and BCP crystal formation.

Several previous studies addressed the association between ACV mineralization and
osteoarthritis. Derfus et al (30) showed that when ACVs were isolated from human
osteoarthritic cartilage, their ability to mineralize was not significantly enhanced compared
with ACVs isolated from normal cartilage. In an earlier study, Einhorn et al (31)
demonstrated increased levels of mineralization-regulating enzymes on ACVs isolated from
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osteoarthritic cartilage compared with those from normal cartilage. This correlated with a
modest increase in mineralization. However, small numbers of samples and significant
intersample variability make the study findings difficult to interpret (31).

Little is known about the factors modulating ACV mineralization in cartilage. Growth
factors, such as transforming growth factor g, have been shown to increase mineralization by
ACVs, likely by stimulating vesicle production by chondrocytes or by altering the phenotype
of the chondrocyte toward that of an osteo-blast (32). Our findings suggest that the
extracellular matrix milieu is another key regulatory factor controlling ACV mineralization.

In growth plate cartilage, collagens are important regulators of mineralization. In our study,
type Il collagen suppressed CPPD crystal formation by ACVs. Kirsh and Wuthier (14)
showed that type 11 collagen enhanced growth plate matrix vesicle mineralization in
solution. In chicken growth plate, type Il collagen was found to be tightly bound to matrix
vesicles, and mineralization was reduced when type Il collagen was removed. This effect
was dependent upon annexin V acting as a collagen-stimulated calcium channel. While
similar annexins are present on ACVs, type 1l collagen has no such effect on ACV
mineralization, and little or no type Il collagen was found in our ACV fractions. These
findings underscore the important differences between growth plate matrix vesicles and
vesicles from tissues that are normally unmineralized, such as ACVs.

Type | collagen is a potent stimulant of ACV mineralization in our experience, but it plays a
somewhat controversial role in growth plate mineralization. It is not present in human
growth plate in significant quantities, but early hydroxyapatite crystals preferentially form
along type | collagen fibers in chickens (33). In chicken mesenchymal cell cultures,
inclusion of type I collagen—blocking antibodies at certain times during the mineralization
process inhibited mineralization (34). Al though it is often considered a template for mineral
deposition in other tissues (16), type | collagen had minimal effects on crystal growth in our
assay.

Large proteoglycans, such as aggrecan, constitute the bulk of cartilage proteoglycans and are
generally considered to be steric inhibitors of hydroxyapatite formation in growth plate
cartilage (17,35). Their role in articular cartilage mineralization is less clear, since they are
often concentrated in areas of crystal formation (36,37). Indeed, proteoglycans inhibited the
stimulatory effect of type I collagen on the formation of calcium-containing crystals, but had
little effect in the presence of type Il collagen. Few studies have directly examined their
interactions with matrix vesicles, yet proteoglycan-associated proteins, such as link protein
and hyaluronic acid-binding region, are present in growth plate matrix vesicles (26). We
also noted the presence of CD44, an important receptor for hyaluronic acid, on ACVs. The
cartilage proteoglycan fraction used in these experiments contained a heterogeneous group
of proteoglycans, and further studies using individual proteoglycans are warranted.

The mechanisms of these effects are not clear. It is interesting to us that the inhibitory effect
of type Il collagen was much stronger for CPPD crystals, whereas type | collagen had
similar effects on both BCP and CPPD crystal formation. This suggests a “nonmechanical”
effect of fibrillar collagens on ACV mineralization. Receptor-mediated effects are often

Arthritis Rheum. Author manuscript; available in PMC 2018 December 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jubeck et al. Page 10

differentially induced by type I and type Il collagen (38), and the dose responsiveness of at
least some of these observations supports a possible receptor-mediated mechanism. While
collagens may affect activities of mineralization-regulating enzymes, such as alkaline
phosphatase, in growth plate matrix vesicles (26), they did not do so in our system.
Similarly, type I and type Il collagen had no effect on the growth of synthetic crystals under
similar conditions and incubation times. It is possible that these matrix components alter the
activity of calcium and phosphate transporters, and this potential mechanism warrants
further exploration. It is also possible that they interact with other important mediators of
matrix mineralization, such as matrix metalloproteases or transglutaminase enzymes.

These studies are not without limitations. The agarose gel system is not a perfect model for
the highly structured matrix of cartilage. If these effects were nonspecific, however, then
type | and type 1l collagen would act similarly, and that was not the case. The concentration
of collagen or proteoglycan encountered by an individual vesicle is also difficult to estimate.

Clearly, further work on the molecular mechanisms of ACV mineralization is required in
order to fully understand how matrix components alter these processes. Furthermore, while
few differences in human and porcine ACVs have been noted (8), studies of ACVs from
normal human and osteoarthritic cartilage using a similar model are currently under way in
our laboratory.

In summary, we show here that extracellular matrix components, such as collagen and
proteoglycans, regulate the ability of ACVs to mineralize and most likely affect the
nucleation of crystals rather than their growth. Changes in the composition of cartilage
extra-cellular matrix with osteoarthritis may promote CPPD and BCP crystal formation by
ACVs and contribute to the strong association between pathologic cartilage mineralization
and osteoarthritis.
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Figurel.

Generation of both calcium pyrophosphate dihydrate (CPPD) and basic calcium phosphate
(BCP) crystals by articular cartilage vesicles (ACVs). ACVs were incubated for 5 days in
agarose gels with either 1 mM ATP or 1 mM B-glycerophosphate (B-GP). The crystals were
isolated and analyzed by synchrotron Fourier transform infrared spectroscopy (FTIR)
microscopy. Representative results are shown. In the upper portion of the figure, the thick
line represents the FTIR spectrum of the crystal shown in the inset at the upper left (ACVs
incubated with B-glycerophosphate), as compared with a BCP crystal standard (thin line). In
the lower portion of the figure, the thick line represents the FTIR spectrum of the crystal
shown in the inset at the middle left (ACVs incubated with ATP), as compared with a
monoclinic CPPD (M-CPPD) crystal standard (thin line). The area containing the
characteristic CPPD peaks is enlarged and is shown at the middle right as x2.
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ACV's Heat treated ACV's

Effect of heat treatment on mineralization of articular cartilage vesicles (ACVs). ACVs were
heat-treated (121°C with 15 pounds of pressure for 15 minutes) or were left untreated.
Untreated and heat-treated ACVs were embedded in agarose gels and incubated for 5 days in
calcifying salt solution that had been trace-labeled with*>Ca alone (solid bars) or with 1 mA/
ATP (shaded bars) or 1 mM g-glycerophosphate (hatched bars). Levels of*°Ca in ACVs
were measured by liquid scintigraphy. Values are the mean and SD (n = 6 samples). Heat
treatment decreased the total mineral formation and abolished the ability of ACVs to
mineralize in the presence of ATP or B-glycerophosphate (£ < 0.0001).
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LLLgL

Control Cll+Cl Cll+ PG Cli+ CI+PG

Effect of type 1l collagen, type 11 plus type | collagen, and proteoglycans (PGs) on the
growth of calcium pyrophosphate dihydrate (CPPD) and basic calcium phosphate (BCP)
crystals. Synthetic CPPD (solid bars) or BCP (hatched bars) crystals were embedded in
agarose gels (control) or gels containing type 11 collagen (ClI), type Il plus type I collagen
(Cll + CI), with or without proteoglycans. CPPD crystal-containing gels were incubated
with calcifying salt solution (CSS) containing#>Ca and pyrophosphate, while BCP crystal—
containing gels were incubated with CSS containing#>Ca and phosphate. After 5 days of
incubation,?>Ca in the crystal fraction was measured. Values are the mean and SD (n = 10

samples).

Arthritis Rheum. Author manuscript; available in PMC 2018 December 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Jubeck et al.

Page 16

450000 450000
400000 400000
H - g § . 12
3 350000 3 350000 %
& 300000 £ 300000
§ 250000 - § 250000
£ 200000 § 200000 K
- L S
15 Q 15 7
F 150000 \ H 50000 %
O 100000 \ \ © 100000 2
0 0 _—
04 mgml 0.8 mg/ml 1.6 mg/m Control 0.4 mg/mi 0.8 mg/ml 1.6 mg/ml
———— Type Il Collagen Type | Colagen
A B
Figure 4.

Effect of various concentrations of type | and type 11 collagen on mineralization of articular
cartilage vesicles (ACVs). ACVs were treated with various doses of type 1l collagen (A) or
type | collagen (B) in#>Ca-containing calcifying salt solution, either alone (solid bars), with
ATP (shaded bars), or with g-glycerophosphate (hatched bars). Controls included agarose
without added collagen.*>Ca accumulation was measured by liquid scintigraphy. Values are
the mean and SD (n = 6 samples). Type Il collagen inhibited calcium pyrophosphate
dihydrate (CPPD) crystal formation (£ < 0.003), whereas type | collagen stimulated both
CPPD and basic calcium phosphate crystal formation (P < 0.001). Levels of type Il and type
I collagen in ACVs were measured by Western blotting (insets). In the Western blots, lane 1
shows positive controls for type Il collagen in A and for type | collagen in B; lane 2 shows
ACVs.
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A B C

Figure5.
Collagen and proteoglycan binding proteins on articular cartilage vesicles (ACVSs). Proteins

from ACVs were run on sodium dodecyl sulfate—polyacrylamide gel electrophoresis gels
and transferred to polyvinylidene difluoride membranes. Western blots were performed with
antibodies to annexin V (A), CD44 (B), and link protein (C). Expected molecular weights
for these proteins are shown at the left of each blot.
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Effect of type 1l collagen, type 11 plus type | collagen, and proteoglycans on mineralization of ACVs™

Table 1.

ATPtreatment BGP treatment
Agarose 2.17 £0.55 2.74 £0.08
Type Il collagen 0.99 + 0.06 1.96 +0.32
Type Il plus type | collagen 3.74+£0.35 3.09+0.29
Type Il collagen plus proteoglycans 1.01 +£0.03 1.32+0.07
Type Il plus type | collagen plus proteoglycans 0.57 £0.07 1.5+0.09

Page 18

*
Articular cartilage vesicles (ACVs) were embedded in agarose gels with type 11 collagen alone or with type 11 plus type | collagen (10:1 ratio),

with or without cartilage proteoglycans. After incubation for 5 days with#5Ca and calcifying salt solution (CSS) containing ATP or 3

glycerophosphate (BGP),4SCa levels in the ACVs were measured by liquid scintigraphy. Values are the mean + SD ratio of ATP to CSS and of
BGP to CSS from 7 experiments. Type | collagen increased both calcium pyrophosphate dihydrate (CPPD) and basic calcium phosphate (BCP)
crystal formation when added to type Il collagen, as compared with type 11 collagen alone (P < 0.001). Proteoglycans suppressed both CPPD (P <
0.01) and BCP (P < 0.02) crystal formation in the presence of type I collagen.
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