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1. ABSTRACT

Annexins II, V and VI are highly expressed by
hypertrophic and terminally differentiated growth plate
chondrocytes and by osteoblasts. Because of the
localization of annexins in areas of cartilage and bone
mineralization, we hypothesized that these annexins play a
regulatory role in the mineralization process. In this article
we review the function of annexins II, V and VI in
physiological mineralization of skeletal tissues and in
pathological mineralization of articular cartilage.

2. INTRODUCTION

Physiological mineralization occurring in growth
plate cartilage, bone and teeth plays a major role during the
development of these tissues. The mineralization process
also allows these tissues to fulfill their proper functions
during adulthood. Mineralization has to be restricted to
certain areas. Mineralization in areas, where it normally
should not occur, can have severe consequences. For
example, mineral deposition in articular cartilage can lead
to stimulation of matrix metalloproteinase (MMP)
production and ultimately cartilage destruction (1).
Mineralization of cardiovascular tissue leads to morbidity
and mortality. Therefore, the mechanisms involved in
regulating tissue mineralization are of great importance.
Findings from our and other laboratories provided evidence
that annexins, especially annexins I, V and VI are highly
expressed in mineralizing growth plate chondrocytes and
osteoblasts suggesting that these annexins are regulators of
mineralization (2-4). This review will summarize major
findings demonstrating the roles of annexins II, V and VI in
physiological and pathological mineralization of skeletal
and other tissues.

3. ANNEXINS II, V AND VI AND MATRIX
VESICLE-MEDIATED  MINERALIZATION OF
GROWTH PLATE CARTILAGE

Annexins II, V and VI belong to a family of
proteins possessing selective membrane-binding properties
in the presence of calcium. These proteins are expressed in
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many different cell types and they were proposed to be
involved in various functions, including anti-coagulation,
anti-inflammation, exocytosis, membrane fusion, ion
channels, and receptors for extracellular matrix proteins (5;
6). Annexins I, V and VI are highly expressed in the
hypertrophic zone of growth plate cartilage and in bone in
areas, where also mineralization occurs (2-4; 7). The
annexins consist of a small N-terminal domain and a core
domain. The core domain of annexin II and V contain 4
repeat units, while the core domain of annexin VI contains
8 repeat units (5; 6).

Physiological mineralization is restricted to
bones, teeth and the hypertrophic zone of growth plate
cartilage. This highly regulated process plays an important
role during bone development and it also allows these
tissues to fulfill their appropriate functions during
adulthood. Ectopic or pathological mineralization can occur
in all soft tissues but articular cartilage, skin, kidney,
tendons, and cardiovascular tissue are particular prone to
develop this pathology. Pathological mineralization of
these tissues can lead to morbidity and mortality. Therefore
an understanding of the regulatory mechanisms of
mineralization is critical. Mineralization of growth plate
cartilage, bone and teeth is initiated by matrix vesicles.
Matrix vesicles are small membrane-enclosed particles,
which are released of the plasma membrane of
mineralization-competent cells, including chondrocytes,
osteoblasts and odontoblasts. After these particles are
released from the plasma membrane the first mineral phase
forms inside these particles. Once the intravesicular mineral
has reached a certain size it ruptures the vesicle membrane
and grows out into the extracellular matrix (8). Since these
vesicles are enclosed by a membrane, channel proteins are
required to mediate the influx of mineral ions into these
particles. Interestingly, annexins II, V and VI have been
shown to exert calcium channel activities when inserted
into artificial lipid bilayers or these proteins mediate Ca*
influx into artificial liposomes (9-14). Based on these
properties and the high expression of these annexins in
mineralizing cartilage and bone areas we hypothesized that
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annexins may form Ca®* channels in matrix vesicles and
mediate Ca®" influx into these particles. We demonstrated
that mineralization-competent matrix vesicles are only
released by terminally differentiated growth plate
chondrocytes undergoing mineralization, whereas non-
mineralizing chondrocytes released vesicles, which cannot
mediate the mineralization process (15). A major difference
in the composition of these different vesicle fractions was
that only matrix vesicles released from terminally
differentiated, mineralization-competent growth plate
chondrocytes contained high amounts of annexins II, V and
VI, while vesicles released from non-mineralizing growth
plate chondrocytes did not contain these annexins (15). We
and others also demonstrated that annexins II, V and VI
mediate Ca®" influx into artificial liposomes (13; 14). A
selective annexin Ca®" channel blocker (K-201) was not
only able to inhibit annexin I, V or VI-mediated Ca*"
influx into artificial liposomes, but this compound also
inhibited Ca*" influx and mineral formation by matrix
vesicles, suggesting that annexin II, V and VI mediate Ca®*
influx into matrix vesicles and ultimately the formation of
the first mineral phase within the vesicle lumen (12; 13).
As mentioned above, vesicles isolated from non-
mineralizing growth plate chondrocytes do not contain
annexins II, V and VI and consequently these particles do
not take up Ca”" and initiate mineralization. However, the
addition of annexin II, V or VI to these vesicles restored
their ability to take up Ca®* (13). Annexins are cytoplasmic
proteins, which under certain conditions relocate to the
plasma membrane (5). However, in order to form Ca®"
channels these annexins not only have to bind to the plasma
membrane but they have to insert into the membrane.
Previous findings have shown that annexins XII and V
insert into the membrane and form channels under acidic
conditions, whereas at neutral pH these annexins bind as
multimers to the surface of the plasma membrane but do
not form channels (16). Therefore, the formation of annexin
channels is a highly regulated process, which can be
regulated at different levels (gene expression, membrane
binding and/or insertion). How do these annexins form
Ca®* channels under physiological conditions (e.g. in
matrix vesicles)? Insertion of annexin V into lipid bilayers
occurred at a pH of 5.0 (16). Interestingly, other findings
have demonstrated that the pH at the cell periphery of late
hypertrophic growth plate chondrocytes can be as low as
6.5 (17). Acidic conditions have also been detected in the
synovial fluid of arthritic joints (18). Interestingly, arthritic
cartilage expresses annexins (see ref 3). Furthermore, other
studies have shown that the presence of certain lipids may
facilitate annexin channel formation (19; 20). Therefore, a
combination of factors, including pH and lipids, may
facilitate annexin channel formation.

3.1. The Role of Collagen Binding of Annexin V in
Matrix Vesicle-Mediated Mineralization

We and others have shown that annexin V binds
to types II and X collagen (21; 22). Both collagens are
present in the extracellular matrix of terminally
differentiated mineralizing growth plate chondrocytes (23).
The binding of types II and X collagen to annexin V has
two significant consequences for matrix vesicle-mediated
mineralization of growth plate chondrocytes: first, the
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binding anchors matrix vesicles to the extracellular matrix,
and more importantly, this binding activates annexin V
channel activities leading to an enhanced Ca®* influx into
liposomes (13). Matrix vesicles isolated from growth plate
cartilage still contain types II and X collagen attached to
their outer surface, whereas vesicles isolated from non-
mineralizing growth plate chondrocytes do not contain
annexin V and surface-attached types II and X collagen
(15). Interestingly, selective removal of types II and X
collagen from matrix vesicles isolated from mineralizing
growth plate cartilage led to a drastic reduction of Ca®"
uptake by these vesicles and ultimately mineralization of
these particles, whereas the addition of purified native type
IT or X collagen restored Ca>" uptake by these ‘collagen-
depleted’ matrix vesicles to levels similar to the ones of
‘collagen-containing’ matrix vesicles (24). Type II or X
collagen after removal of their telopetide or globular
regions was less effective in stimulating annexin V channel
activities, whereas denatured type II or X collagen was not
able to stimulate annexin V channel activities, suggesting
that the non triple helical domains of type II and X collagen
are involved in binding to annexin V and stimulating its
Ca®" channel activities (13; 24). Interestingly, previous
findings have also demonstrated that bovine articular
chondrocytes in vitro attach to type II collagen using
annexin V. Attachment of these cells to type II collagen
coated dishes was inhibited by antibodies specific for
annexin V (25).

In summary, annexins II, V and VI play a major
role in initiation of matrix vesicle-mediated mineralization
of growth plate cartilage. These annexins form Ca*"
channels in matrix vesicles allowing the influx of Ca>" into
these particles. Types II and X collagen binding to annexin
V activates its Ca’" channel properties. These stimulated
channel activities together with annexin II and VI Ca®*
channel activities allow rapid influx of Ca®' and the
formation of the first mineral phase inside matrix vesicles.
Since the actual concentration of free Ca>" is always low in
matrix vesicles because most of Ca”" is associated with the
mineral phase, annexins continuously mediate Ca*" influx
into the vesicles (figure 1).

4. ANNEXINS REGULATE TERMINAL
DIFFERENTIATION EVENTS AND RELEASE OF

MINERALIZATION-COMPETENT MATRIX
VESICLES FROM GROWTH PLATE
CHONDROCYTES

Annexins not only form Ca** channels in matrix
vesicles but they also form Ca?" channels in terminally
differentiated growth plate chondrocytes leading to the
influx of Ca" into these cells (26; 27). Treatment of growth
plate chondrocytes with retinoic acid, which stimulates
terminal differentiation events (28), led to an increase of
cytosolic Ca*" concentration [Ca®"). This increase was
inhibited by EDTA, the cytosolic Ca’* chelator BAPTA, K-
201, the specific annexin channel blocker, or antibodies
specific for annexin II, V or VI (26). Blocking annexin-
mediated increase of [Ca®']; resulted in decreased release of
matrix vesicles, which contained alkaline phosphatase and
annexins II, V and VI and which initiated
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Figure 1. Schematic representation of matrix vesicle-mediated initiation of mineralization. Matrix vesicles initiate the
mineralization process in growth plate cartilage, bones and teeth. Mineralization-competent matrix vesicles contain annexins II,
V and VI, which form Ca®* channels and enable the influx of Ca”" into these particles. Types II and X collagen bind to annexin V
and this binding stimulates annexin V Ca®" channel activities. In addition, the vesicles contain alkaline phosphatase (APase) on
their outer membrane surface. APase hydrolyzes pyrophosphate (PP;) and other organic phospho-compounds and provides
inorganic phosphate (P;). P; is transported into the vesicles through type III Na'/P; co-transporters. The influx of mineral ions
(Ca*" and P;) leads to the formation of the first mineral phase inside the vesicle lumen and the initiation of mineralization. Matrix
vesicle-mediated initiation of mineralization can be blocked by K-201, a specific annexin channel blocker, or antibodies specific

for annexin II, V or VL.

mineralization (26). Furthermore, annexin-mediated Ca®*
influx into growth plate chondrocytes resulted in
upregulation of mineralization-related genes, including
alkaline phosphatase, osteocalcin and type I collagen. In
addition, the expression of the transcription factor cbfal
was also upregulated (27). Cbfal has been shown to play a
major role in terminal chondrocyte differentiation.
Overexpression of cbfal in non-hypertrophic chondrocytes
resulted in an acceleration of endochondral ossification
(29). Cbfal binds to the osteoblast-specific cis-acting
element 2 (OSE2), which is found in the promoter regions
of all the major terminal differentiation marker genes,
including alkaline phosphatase, osteocalcin and type I
collagen (30). Chelating intracellular Ca*, or inhibiting
annexin Ca®* channel activities using K-201 also resulted in
a lower rate of apoptosis in terminal differentiated growth
plate chondrocytes (27). Therefore, annexin-mediated Ca®*
influx into growth plate chondrocytes regulates a whole
series of terminal differentiation events, including
upregulation of mineralization and terminal differentiation
marker genes, release of mineralization-competent matrix
vesicles, mineralization of the extracellular matrix, and
ultimately apoptosis (figure 2). Blocking annexin channel
activities inhibits these terminal differentiation events,
whereas overexpression of one of the annexins is sufficient
to stimulate these events (27). As discussed above,
chondrocytes seem also to attach to type II collagen using
annexin V (25). Therefore, it is possible that binding of
collagen via annexin V to the chondrocyte surface may
affect terminal differentiation events by stimulating
annexin V Ca®" channel activities. Annexin V has been
shown to mediate apoptosis in other cell types. B-
lymphocytes lacking annexin V were resistant to Ca®'-
dependent apoptosis. Ca>" has been demonstrated in many
cell types to be required during apoptosis, and it is able to
cause apoptosis by itself under conditions of Ca*" overload.
These studies have demonstrated that annexin V loss in B-
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lymphocytes also affects the release of cytochrome C from
the mitochondria and consequently leads to the defects in
apoptosis in these annexin V lacking B lymphocytes (31).
Thus, it is possible that annexins not only affect
differentiation events through their Ca®" channel properties
but also by affecting other cellular events.

5. ANNEXINS AND OSTEOARTHRITIS

Osteoarthritis, one of the most common diseases
in elderly people, is characterized by a progressive
destruction and loss of articular cartilage, and secondary
inflammation processes. In contrast to growth plate
chondrocytes, which have a limited life span and undergo a
series of differentiation events eventually leading to
apoptosis and replacement by bone, articular chondrocytes
remain a stable phenotype throughout life (32). Findings
from our and other laboratories demonstrated that normal
articular cartilage does not express annexins II, V and VI.
These annexins are, however, expressed by articular
chondrocytes in osteoarthritic cartilage (2; 3; 33). Since
annexins I, V and VI are only expressed in the
hypertrophic and terminal differentiated zones of growth
plate cartilage, these proteins can be considered markers of
hypertrophy and terminal differentiation (2; 3).
Interestingly, we and others found also other markers of
chondrocyte hypertrophy and terminal differentiation,
including alkaline  phosphatase, osteocalcin, and
osteopontin, are being expressed by articular chondrocytes
in osteoarthritic cartilage (2; 34; 35). Mineral deposits,
matrix vesicles associated with these mineral deposits, and
apoptotic chondrocytes were also detected in these areas
(2). These findings indicate that articular chondrocytes can
lose their phenotype and undergo similar differentiation
events as growth plate chondrocytes. Whereas these
differentiation events are crucial for endochondral bone
formation, they lead to destruction of articular cartilage.
Whether similar factors, including retinoic acid, induce loss
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of articular chondrocyte phenotype and stimulation of
hypertrophic and terminal differentiation events in these
cells needs to be established. However, if annexins play a
similar role in articular chondrocytes as in growth plate
chondrocytes stimulating hypertrophic and terminal
differentiation events, annexins may provide a novel
therapeutic target to slow down the progression of
osteoarthritis.

Furthermore, as discussed above, annexins play a
major role in the initiation of mineralization by matrix
vesicles. Excess mineralization has been implicated in
several disease processes, including osteoarthritis and the
calcification of cardiovascular tissues. Interestingly,
vascular ~ smooth  muscle cells can  undergo
osteoblastic/chondrocytic differentiation as demonstrated
by the expression of chondrocyte and osteoblast marker
genes, including alkaline phosphatase, bone sialoprotein,
osteocalcin, and cbfal, and these cells release similar
structures as matrix vesicles in calcified arteries (36; 37). If
annexins are as central to pathogenic mineralization as they
appear to be in mineralization of health tissue, they could
be promising targets for a variety of therapies.

6. CONCLUSION

Annexins II, V and VI play a critical role in
matrix vesicle-mediated mineralization of skeletal tissues.
Annexin II, V and VI expression is upregulated in
mineralization-competent tissue, and these annexins
relocate to the plasma membrane followed by the release of
annexin-containing matrix vesicles. These mineralization-
competent matrix vesicles contain other components,
including alkaline phosphatse, which are required for the
initiation of mineralization. Once released from the plasma
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Figure 2. Schematic representation of the role of annexins II, V and VI in terminal differentiation events of growth plate
chondrocytes. Treatment of retinoic acid (RA) or overexpression of one of the cartilage annexins (e.g. annexin V) results in
channel formation of annexins II (Anll), V (AnV) and VI (AnVI) in the plasma membrane of growth plate chondrocytes and
influx of Ca®*. Annexin-mediated increase in cytosolic Ca®* concentration [Ca®']; leads to upregulation of terminal differentiation
and mineralization marker genes, including transcription factor cbfal, alkaline phosphatase (APase), osteocalcin and type I
collagen, mineralization, and eventually programmed cell death (apoptosis). K-201, a specific annexin Ca*" channel blocker, or
antibodies specific for annexin II, V or VI can inhibit these terminal differentiation events.

579

membrane, these annexins form Ca** channels in the
vesicle membrane allowing the influx of Ca®" required for
the formation of the first mineral phase inside the vesicles.
Interfering with annexin Ca** channel activities or
removing surface-attached collagen, which binds to
annexin V and stimulates its Ca®" channel activities,
resulted in inhibition of matrix vesicle-mediated
mineralization. Furthermore, recent findings demonstrating
that annexin II overexpression in osteoblasts resulted in
increased alkaline phosphatase activity in lipid rafts and
mineralization, suggest that annexins not only play a role in
mediating Ca** influx into matrix vesicles but that these
proteins may also play a major role in the formation and
release of matrix vesicles from the plasma membrane of
mineralization-competent cells (38). Finally, evidence was
provided that annexins also form Ca®" channels in
hypertrophic growth plate chondrocytes leading to the
influx of Ca®" and stimulation of terminal differentiation
events, including upregulation of terminal differentiation
marker genes, release of mineralization-competent matrix
vesicles, matrix mineralization and apoptosis. Furthermore,
annexins may play a similar important role in pathological
mineralization and therefore it is plausible that blocking the
function of these proteins may provide a novel therapeutic
target to inhibit excessive or pathological mineralization.
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