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Abstract

Growth plate chondrocytes produce proteoglycan-rich type Il collagen extracellular matrix (ECM).
During cell maturation and hypertrophy, ECM is reorganized via a process regulated by 10,25
(OH),D3 and involving matrix metalloproteinases (MMPs), including MMP-3and MMP-2. 1a,25
(OH),D3 regulates MMP incorporation into matrix vesicles (MVs), where they are stored until
released. Like plasma membranes (PM), MVs contain the 1a,25(0OH),D3-binding protein ERp60,
phospholipase A, (PLAy), and caveolin-1, but lack nuclear vitamin D receptors (VDRS).
Chondrocytes produce 10,25(0H),D3 (10-8M), which binds ERp60, activating PLA,, and resulting
lysophospholipids lead MV membrane disorganization, releasing active MMPs. MV MMP-3
activates TGF-B1 stored in the ECM as large latent TGF-B1 complexes, consisting of latent TGF-
B1 binding protein, latency associated peptide, and latent TGF-p1. Others have shown that MMP-2
specifically activates TGF-B2. TGF-B1 regulates 1a,25(0OH),D3-production, providing a mechanism
for local control of growth factor activation. 1a,25(0OH),D3 activates PKCa in the PM via ERp60-
signaling through PLA,, lysophospholipid production, and PLCp. It also regulates distribution of
phospholipids and PKC isoforms between MVs and PMs, enriching the MVs in PKCC. Direct
activation of MMP-3 in MVs requires ERp60. However, when MVs are treated with 1a,25
(OH),D3, PKCC activity is decreased and PKCa is unaffected, suggesting a more complex feedback
mechanism, potentially involving MV lipid signaling.
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INTRODUCTION

The post-fetal growth plate is a specialized cartilagenous structure that permits growth of bones
by interstitial expansion of the extracellular matrix, even against gravity. The classic version
of the growth plate is found in long bones. Chondrocytes at the top of the growth plate are

surrounded by a proteoglycan-rich type Il collagen extracellular matrix. This region is termed
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a resting zone (RC) or reserve zone. At the base of this zone, the chondrocytes undergo a set
number of divisions (proliferating cell zone) and then enter a state of maturation
(prehypertrophic cell zone) prior to becoming hypertrophic. In the upper hypertrophic cell
zone, the chondrocytes begin to reorganize their extracellular matrix to facilitate their rapid
increase in cell size. The large sulfated proteoglycan aggregates are degraded by specific
enzymes, including matrix metalloproteinases (MMPs). Not only is matrix degraded, but a new
matrix is produced that contains type X collagen. At the base of the prehypertrophic/
hypertrophic cell zones (GC, growth zone), the extracellular matrix is calcified. Once this
occurs, osteoclasts can resorb the calcified cartilage, permitting vascular ingrowth and bone
formation.

These changes in matrix composition and accompanying changes in cell shape and function
require complex regulation in time and space. Resting zone cells and growth zone cells not
only produce different extracellular matrices, but they also control the synthesis, maturation
and turnover of the matrix in distinctly different ways. In both zones, the chondrocytes must
manage events in the matrix at sites that are distant from the cell itself. One mechanism that
they use is to produce matrix processing enzymes as zymogens to be activated at the appropriate
time by mechanisms that are not well understood [1]. A subset of these MMPs, including
stromelysin-1 (MMP-3) and 72kD gelatinase (MMP-2), are packaged in extracellular matrix
vesicles (MVs) [2].

MVs produced by resting zone cells contain neutral MMPs but the levels of these enzymes are
lower than are found in MVs produced by growth zone cells [2]. In addition, the lipid
composition of the MV membrane in cultures of resting zone cells differs from that of MVs in
growth zone cells [3] and the activity of MV membrane enzymes like alkaline phosphatase and
phospholipase A, is lower [4], suggesting that the mechanisms that determine MV composition
during the formation of the organelles differs between the two cells and that the mechanisms
by which the cells control their behavior out in the extracellular matrix may differ as well.

ROLE OF VITAMIN D IN MATRIX SYNTHESIS AND GROWTH FACTOR
ACTIVATION

Metabolites of vitamin D, 24,25(0H),D3 and 1,25(0OH),D3, are important to the regulation of
events in the extracellular matrix of the growth plate. 24R,25(0OH),D3 regulates matrix
synthesis in the resting zone, including MV composition and production, whereas 10,25
(OH),D3 regulates matrix synthesis and MV composition in growth zone cells [5-8]. These
effects on matrix vesicle content are genomic. However, both vitamin D metabolites also elicit
non genomic regulation of the organelles once they are in the matrix. For example, MVs treated
directly with 1a,25(0OH),D3 and incubated in gelatin gels containing proteoglycan aggregate,
are able to reduce proteoglycan-dependent inhibition of calcium phosphate deposition [9].
Because MVs do not contain DNA or RNA, there is no potential for new protein synthesis.
Thus, any effect of 1a,25(0OH)2,D3 must occur via a non genomic pathway. This may explain
the association of MVs with new mineral deposition in the lower hypertrophic zone of the
growth plate. As will be shown below, both genomic and nongenomic mechanisms are involved
in the role of the vitamin D metabolites in growth factor activation.

1a,25(0OH),D3 and 24R,25(0OH),D3 also differentially regulate transforming growth factor
beta-1 (TGF-B1) availability in the extracellular matrix of their respective target cells. Growth
plate chondrocytes synthesize TGF-B1 in latent form consisting of the heterodimeric protein
linked to a latency associated peptide (LAP) [10]. This small latent complex is stored in the
matrix as a large latent complex due to non-covalent interactions with latent TGF-p binding
protein-1 (LTPB1). When rat costochondral growth plate cells are treated with 1a,25
(OH),D3, but not 24R,25(0OH),D3, there is a decrease in the amount of latent TGF-p in the
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conditioned media [10]. This is not due to an increase in active growth factor, however,
suggesting that 1a,25(0OH),D3 is affecting storage of the latent form in the matrix. This has
proved to be the case. 24R,25(0OH),D3 increases LTBP1 mRNA and protein levels in cultures
of resting zone chondrocytes and 1a,25(0OH),D3 increases LTBP1 mRNA and protein levels
in cultures of growth zone cells [10]. By controlling the amount of LTBP1, 1a,25(0OH),D3 and
24R,25(0H),D3 control the amount of TGF-B1 present in the extracellular matrix for later
activation and paracrine/autocrine regulation of the cells.

The ability to carefully modulate TGF-p availability is important for growth plate physiology.
Chondrocytes in the post-fetal rat costochondral growth plate are particularly sensitive to TGF-
B1, responding to concentrations that are one tenth those active in osteoblast cultures [11;12].
Moreover, the effects of the growth factor vary over very small concentration gradients. At
concentrations activity. At concentrations of 0.4 ng/ml, however, TGF-B1 increases
chondrocyte proliferation. Interestingly, both TGF-B1 and 24R,25(0OH),D3 cause resting zone
cells to acquire a growth zone phenotype with respect to 1a,25(0OH),D3 responsiveness [13],
suggesting that they promote differentiation of of 0.1 to 0.2 ng/ml, TGF-B1 causes an increase
in matrix synthesis and an increase in alkaline phosphatase these cells, although by different
mechanisms. When used together, they cause a synergistic increase in alkaline phosphatase
activity in resting zone cells [14], supporting this hypothesis. In contrast, when growth zone
cells are treated with 1a,25(0OH),D3 and TGF-B1 together the effect of TGF-B1 predominates.
Because the effect of TGF-B1 on alkaline phosphatase is less stimulatory than the effect of
1a,25(0OH),D3, these observations suggest that the growth factor promotes early differentiation
events but retards the rate at which hypertrophic maturation of the growth zone can occur.

1a,25(0OH),D3 also plays a critical role in regulating the availability of active growth factor.
Matrix vesicles are the key to this process through the action of two MV MMPs: MMP-3 and
MMP-2. We have shown that when recombinant latent simian TGF-B1 or recombinant latent
simian TGF-B2 are incubated directly with MVs in the presence of 1a,25(0OH),D3, active TGF-
B1 and TGF-PB2 are released [15] (Figure 1), indicating that MVs contain factors capable of
removing LAP. These early studies indicated that decreased pH was not responsible since the
experiments were conducted at neutral pH. Subsequently we showed that antibodies to MMP-3
blocked the activation of TGF-B1, but antibodies to MMP-2 had no effect on this isoform of
the growth factor [16]. Others have now shown that MMP-2 specifically activates TGF-p2.
We have subsequently confirmed that MMP-3 can release active TGF-B1 from the extracellular
matrix produced by growth plate chondrocytes and that MVs do so via MMP-3 action [16].
Moreover, these studies show that a two step process is involved. Based on time course
experiments, large latent complex is first released from the matrix making the small latent
complex accessible to the enzyme, which can then act on the complex to release active growth
factor [17].

Interestingly, 24R,25(0OH),D3 has no effect on the ability of MVs to activate either form of
TGF-B, but when MVs produced by resting zone cells are treated directly with 1a,25
(OH),D3, they are able to release active TGF- [15]. This is one of the few demonstrations of
an effect of 1a,,25(0OH),D3 on resting zone cells and suggests that the role of this metabolite
in TGF-B activation is specific and receptor mediated. The fact that resting zone chondrocyte
MVs are less potent activators is likely due to the lower levels of MMPs as well as to differences
in the membrane composition of the extracellular organelles.

MECHANISM OF 1a,25(0OH),D3 ACTION IN THE EXTRACELLULAR MATRIX

We have used the rat costochondral cartilage as a model to investigate the mechanisms by
which vitamin D metabolites regulate events in the growth plate. Our studies have shown that
1a,25(0OH),D3 and 24R,25(0OH), D5 elicit their effects on their target cells through traditional
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nuclear receptor pathways as well as through rapid signaling pathways involving protein kinase
C (PKC) resulting in increased mitogen activated protein kinase (MAPK) activity, but different
mechanisms are involved. These pathways have been reviewed in the literature [18-20] and
are briefly outlined here.

1a,25(0OH),D3 increases PKCa activity via activation of PLA,. This is dependent on the
presence of a membrane associated 1a,25(0OH),D3-binding protein ERp60 based on antibody
blocking studies [21] and on the presence of phospholipase A, activating protein [22].
Arachidonic acid released by the action of PLA, serves as a substrate for cyclooxygenase-1,
producing prostaglandin the acts via its EP1 receptor to increase PKC. The arachidonic acid
also acts as a co-factor for PKCa directly, and it can contribute to the 1¢,25(OH),D3-dependent
changes in the cells by binding its own nuclear receptors. In addition, the lysophospholipid
that is produced also participates in the mechanism by increasing PLC activity, resulting in
production of diacylglycerol (DAG) and inositol-1,4,5 trisphosphate (IP3). DAG bind PKCo.
and translocates it to the plasma membrane while IP3 binds to its receptors on the endoplasmic
reticulum increasing intracellular Ca** that is a necessary co-factor for PKCa.

24R,25(0H),D3 stimulates PKCa in resting zone chondrocytes via a phospholipase D (PLD)
dependent pathway which does not involve ERp60 [23]. This also results in production of
DAG, but via a two-step process, and peak activation occurs later than is seen in 1a,25
(OH),D5 treated growth zone cells. PLA2 and PLC are not involved either in the activation of
PKC or in the activation of PKC-dependent MAPK.

1a,25(0H),D3 and 24R,25(0H),D3 also regulate PKC activity in matrix vesicles, both during
MV biogenesis and through direct action on the MV membrane. When growth zone cells are
treated with 1a,25(OH),D3 or resting zone cells are treated with 24R,25(0OH),D3 for 24 hours,
PKC activity in the extracellular organelles is increased due to the specific incorporation of
PKC-zeta during production [24]. PKCC{ is an atypical form of PKC, requiring neither lipid not
Ca** as co-factors. Although MV PKC activity is increased as a result of the presence of the
enzyme, direct action of the metabolites on matrix vesicles produced by their target cells causes
an inhibition of PKC{ activity specifically. Why this is the case is not clear; however, it
suggested that the mechanisms by which these metabolites exert their direct effects on MVs
may differ considerably from their mechanism of action on the cells, thereby providing a
differential process for controlling events in the matrix at distant sites.

To test this hypothesis we have focused on the regulation of PKC in MVs produced by growth
zone cells. These MVs are enriched in alkaline phosphatase and phospholipase A, activities
[4] and they contain ERp60 [25], as well as caveolin-1 (Figure 2), which has been shown to
co-localize with ERp60 in growth zone cell membranes [19]. 1a,25(0OH),D3 directly causes
an increase in MV PLA, activity [5], resulting in production of arachidonic acid and
lysophospholipids. These studies have shown that MV PKC activity can be increased by
treatment with arachidonic acid [26], which is a cofactor for PKCo. [27]. Low levels of
PKCuo are present in MV and may participate in the overall response through this mechanism.
Recently, we showed that lysophospholipids produced as a result of the activation of PLA2
also participate in the release and activation of latent TGF-p1 [28]. This effect is most likely
due to their detergent properties, either by causing loss of MV membrane integrity and release
of MMP-3 or by disrupting the three dimensional structure of the extracellular matrix, making
the small latent complex more accessible.

The pivotal role of phospholipase A, in 1a,25(0OH),D3-dependent activation of TGF-B1 was
shown in a series of experiments using inhibitors of this enzyme [16]. When phospholipase
A, activity was inhibited, MVs were not able to activate latent TGF-B1, even when treated
with 10,25(0OH),D3. This effect of 1a,25(0OH),D3 also depended on the presence of the
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membrane associated receptor ERp60. Antibodies to ERp60 blocked the activation of the
growth factor by MVs from growth zone chondrocytes. This supports the hypothesis that
phospholipase A, activation is mediated by ERp60, as it is in the cell membranes. However,
in the cell the downstream consequence of this activation is an increase in PKCa. Thus, it is
not likely that PKCC is playing a role in the activation of TGF-1 by MVs.

Although 24R,25(0OH),D3 does not participate directly in the activation of TGF-B1, it does
have an indirect effect on the process by regulating local production of 1,25(0OH),D3. Both
resting zone and growth zone cells possess enzymes involved in metabolism of 25(0OH)D3 and
produce and secrete 24R,25(0OH),D3 and 1a,25(0OH),D3 into their extracellular environment
at levels as high as 10~/ and 1078 M, respectively [29]. 24R,25(0OH),D5 regulates production
of 1,25(0OH),D3 via activation of the 1-hydroxylase [30] and 1a,25(OH),D3 regulates
production of 24,25(0OH),D3 via transcriptional regulation of the 24-hydroxylase [30].
Interestingly, TGF-B1 also regulates activity of these enzymes [29], providing a mechanism
for feed-back regulation of MV-dependent TGF-B1 activation.

SUMMARY

The work described here shows that growth plate chondrocytes are able to control events in
their extracellular matrix through multiple pathways involving the vitamin D metabolites 1a,
25(0H),D3 and 24R,25(0H),D3. These pathways, shown in Figure 3, include cell maturation
specific actions of the metabolites on extracellular matrix synthesis and turnover, including
production of matrix vesicles. Regulated secretion of 1a,25(0OH),D3 and 24R,25(0H),D3
provides a mechanism for nongenomically controlling MV function. This will have
consequences for matrix composition, including release and activation of latent growth factors
like TGF-B1 and TGF-B2. Thus, by their inter-related actions as paracrine and autocrine
regulators of growth plate chondrocyte function, 1a,25(0OH),D3 and 24R,25(0OH),D3 can fine
tune the rate and extent of chondrocyte proliferation and hypertrophy.
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Figure 1.
Matrix vesicles produced by rat costochondral growth zone chondrocyte cultures contain

caveolin-1. Western blot showing immunoreactive caveolin-1 in whole cell lysates (WCL) and
isolated matrix vesicles (MV).
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Figure 2.

Effect of 1a,25(0OH),D3 on matrix vesicle dependent activation of TGF-p1 and TGF-B2 from
recombinant simian TGF-B1 and recombinant simian TGF-B2, respectively. Matrix vesicles
were isolated from cultures of rat costochondral growth zone chondrocytes and incubated
directly with latent growth factor in the presence of 107° M 1a,25(0OH),Ds. Active TGF-p in
the samples was measured by ELISA specific for the active form of the growth factor.
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Figure 3.

Schematic showing the formation of MMP-3 and PKC(-enriched matrix vesicles via genomic
regulation by 1a,25(0OH),D3. Once in the matrix, 1a,25(0OH),D3 (1,25) acts directly on matrix
vesicles through an ERp60 mediated pathway resulting in increased phospholipase Ay
(PLA,) activity and subsequent hydrolysis of matrix vesicle phospholipids, production of
lysophospholipids and arachidonic acid, and loss of matrix vesicle membrane integrity.
Hydroxyapatite crystals form within the matrix vesicle during this time. Breakdown of the
vesicle membrane results in release of matrix vesicle MMP-3, which then acts on the matrix
to release large latent TGF-B1 from the extracellular matrix and ultimately to release active
TGF-B1 from the small latent growth factor. TGF-B1 can then act back on the cell to regulate
formation and release of 1a,25(0OH),D3. 1a,25(0OH),D3 can also activate plasma membrane
PLA, via ERp60, and released arachidonic acid may also participate in the activation of matrix
vesicle PKC.
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