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Summary

While the basic cellular contributions to bone
differentiation and mineralization are widely accepted, the
regulation of these processes at the intracellular level
remains inadequately understood. Our laboratory recently
identified annexin 2 as a protein involved in osteoblastic
mineralization. Annexin 2 was overexpressed twofold in

activity were localized to membrane microdomains called
lipid rafts in osteoblastic cells. Annexin 2 overexpression
resulted in an increase in alkaline phosphatase activity that
was associated with lipid microdomains in a cholesterol-
dependent manner. Furthermore, disruption of lipid rafts

with a cholesterol sequestering agent or reduction of

SaOSLM2 osteoblastic cells as a fusion protein with green
fluorescent protein. The overexpression of annexin 2 led to
an increase in alkaline phosphatase activity as well as an
increase in mineralization. Our data suggest that the

increase in alkaline phosphatase activity does not result
from increased alkaline phosphatase transcript or protein

levels; therefore we evaluated mechanism of action. We
determined that both annexin 2 and alkaline phosphatase

annexin 2 expression by specific antisense oligonucleotides
each resulted in diminished mineralization. Therefore,
intact lipid rafts containing annexin 2 appear to be
important for alkaline phosphatase activity and may
facilitate the osteoblastic mineralization process.
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Introduction charged phospholipids in a calcium-dependent manner.
Bone is a dynamic tissue that is replaced throughout life. Thalthough the physiological roles of the annexins require
normal process of bone turnover requires several levels #frther clarification, they have been described as participants
communication between the osteoblasts, which produce bori@, processes such as endo- and exocytosis, membrane fusion,
and the osteoclasts, which resorb it. Osteoblasts have tRgembrane/cytoskeletal interactions, and voltage-dependent
primary function of making and secreting osteoid, thecalcium channels (Creutz, 1992; Drust and Creutz, 1988; Faure
extracellular matrix (ECM) and associated proteins require€t al., 2002; Harder et al., 1997; van de Graaf et al., 2003).
for mineralization. A variety of proteins have been implicatedAnx2 has been described as a cell surface receptor for ECM
in the bone mineralization process including collagen | an#nolecules such as tenascin-C and proteolytic enzymes
alkaline phosphatase (ALP). Collagen | provides the structurdiicluding tissue plasminogen activator and cathepsin B (Chung
framework for bone formation and mineral deposition, and th@nd Erickson, 1994; Fitzpatrick et al., 2000; Mai et al., 2000;
collagen fibers give tensile strength to bone. ALP catalyzes tHgiever and Erickson, 1997).
hydrolysis of phosphomonoesters at an alkaline pH and breaksAnx2 has also been implicated in the organization and
down pyrophosphate, which is an important inhibitor ofdynamics of membrane rafts through binding to actin and lipids
calcium phosphate deposition at the extracellular leveh the plasma membrane (Gerke and Moss, 2002). Anx2 has
(Johnson et al., 2000; Miao and Scutt, 2002). Four isozymdeen isolated from lipid microdomain-associated protein
of ALP have been identified in humans: tissue non-specificomplexes that include molecules such as CD44, actin and
liver/bonékidney, intestinal, placental, and germ cell ALP cytoskeletal interacting proteins including members of the
(Miao and Scutt, 2002). Regulation of the localization ancezrin/radixin/moesin family (Oliferenko et al., 1999). Although
activity of ALP and other proteins is important in the ultimatethe role of anx2 in such complexes remains unclear, there is
control of bone differentiation and mineralization. evidence to suggest that it facilitates the aggregation of
Recently, we isolated annexin 2 (anx2) in a screen fomicrodomains in smooth muscle cells during contraction or the
differentially expressed genes in bone malignancy. Data froradherence of enteropathogenic bacteria to the cell surface
our laboratory suggest that anx2 is not affecting growth of cell@abiychuk and Draeger, 2000; Zobiack et al., 2002). In
(a hallmark of cancer), but may be facilitating osteoblastiosteoblastic cells, we have shown that anx2 is not localized to
mineralization (unpublished results). Historically, anx2 waghe nucleus or the cell surface; rather it is restricted to the
identified as a src-kinase substrate and belongs to a large familytoplasm and the intracellular aspect of the plasma membrane
of structurally related proteins (Erickson and Erickson, 1980where it may interact with lipid microdomains (unpublished
Radke et al., 1980). Annexins are characterized by conserveesults).
annexin repeat domains and an ability to bind negatively A growing body of evidence suggests that cholesterol-rich
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membrane microdomains are present in the membranes ©&Cb) supplemented with 0.25 M sucrose, and gently disrupted using
many if not all mammalian cells. Lipid microdomains or ‘lipid a Dounce tissue grinder (Kontes, Vineland, NJ). During the course of
rafts’ are small (10-300 nm) membrane regions that areell disruption, cell integrity was monitored by microscopy. Nuclei

transient in nature and highly dynamic (Pierini and Maxfieldere pelleted by low speed centrifugation (§G0r 10 minutes). The
2001). More than 100 proteins including post-nuclear supernatant was then subjected to high-speed

glycosylphosphatidylinositol (GPI)-anchored proteins hav entrifugation (100,009 for 1 hour) to pellet insoluble membranes.

. S . or experiments involving digitonin treatment, the membrane fraction
been suggested to be associated with lipid rafts (Abrami et s resuspended in ICB containing 0.01% digitonin solubilized in

2001). ALP is a GPl-anchored protein and therefore i§thanol for 10 minutes on ice. Following treatment, the membrane
predicted to localize to the extracellular aspect of lipid rafts. Ifactions were brought to 5 ml with ICB and centrifuged at 100g000
fact, placental ALP has been shown to associate with lipid raftér 1 hour. The supernatants (wash fractions) were removed and
in vitro (Saslowsky et al., 2002). Proteins that localize to theoncentrated to 20Qu using Centricon filter devices (Millipore
cytoplasmic face of lipid rafts include members of the srcCorporation, Before, MA) followed by immunoblot analysis. The
family kinases, protein kinase C and actin (Simons and Ikonef¢llets were lysed in RIPA buffer (150 mM NaCl, 50 mM Tris, pH 8,
1997; Uittenbogaard et al., 2002). Functionally lipid rafts are-” Ipegal, 0.1% SDS, 0.5% deoxycholic acid) and were then used in
believed to form recruitment platforms for proteins involved in'mmunoblot analyses.

signaling cascades, and have also been implicated in the sorting

of lipids and proteins in the secretory and endocytic pathwayigimunoblot analysis

(Cherukuri et al., 2001; Galbiati et al., 2001). Protein aliquots were quantitated with the BCA system (Pierce,
In the present study, we evaluated the effects of anX@ockford, IL) and electrophoresed through 12% SDS polyacrylamide
overexpression in osteoblastic cells. Our data demonstrate thyls. Gels were electrotransferred to PVDF membranes (Scheicher &
anx2 overexpression results in enhanced mineralization argthuell, Inc., Keene, NH) using the mini transblotter system (Bio-Rad
increased ALP activity. Osteoblastic lipid rafts were isolated-aboratories, Hercules, CA). The PVDF membranes were blocked in
and both anx2 protein and ALP activity were detected5% nonfat dry milk containing 0.2% Tween 20 in PBS. Primary anx2
Overexpression of anx2 resulted in an increase in ALP activitghtibodies (Santa Cruz Biotechnologies, Inc., Santa Cruz, CA) were

ificall h micr mains. Both disruption of lipi iluted 1:1_000 in blocking reagent and mem_branes were i_nc_:ubated at
?gf?sc C:né/ atrédiiid Ceig?esgioﬁ é}t gnsxgpt c():iim(i)nisﬁed °C overnight. Membranes were washed in PBS containing 0.2%

. lizati Toaether th tudi t that lioid ween 20 for 8 20 minutes. Horseradish peroxidase-conjugated
mineralization. 1ogetner these studies suggest that lipid r condary antibody (Santa Cruz Biotechnologies, Santa Cruz, CA or

integrity and the presence of anx2 at these domains may B@ersham Biosciences, Piscataway, NJ) was diluted 1:1000 in
important for mediating osteoblastic mineralization. blocking reagent and incubated on the PVDF membrane for 2 hours
at ambient temperature. The membranes were washed as above and
visualized using chemiluminescence according to the manufacturer’s

Materials and Methods protocol (Kirkegaard & Perry Laboratories, Inc., Gaithersburg, MD).

General materials and reagents

All chemicals were obtained from Sigma (St. Louis, MO) and cell )

culture plastics were obtained from Midwest Scientific (Valley Park/mmunofluorescence and confocal microscopy

MO) unless otherwise stated. Cells were cultured overnight on chambered slides (Nunc, Inc.,
Naperville, IL). Adherent cells were rinsed with PBS and fixed in
3.7% formaldehyde, 0.12 M sucrose in PBS for 10 minutes. The fixed

Human cell culture cells were rinsed with PBS, permeabilized with methanol at —15°C

The human osteosarcoma cell line SaOSLM2 was kindly provided bfpr 15 minutes, and blocked in 15% donkey serum (Jackson Immuno

Robert Radinsky, Ph.D., University of Texas MD Anderson CanceResearch, West Grove, PA) in PBS. ALP primary antibody (DSHB,

Center (Radinsky et al., 1994). Normal human osteoblasts (hOSTowa City, IA) was diluted 1:1000 and incubated overnight at ambient

were obtained from BioWhittaker, Walkersville, MD. All cells were temperature in a humidified Petri plate. Cells were blocked with 15%

grown in RPMI 1640 supplemented with 10% FBS. Mineralizeddonkey serum in PBS and incubated with diluted rhodamine-

nodule formation was induced by culturing the cells in Osteoblastonjugated donkey anti-mouse antibody (1:100, Santa Cruz

Growth Medium or aMEM supplemented with 200 nM Biotechnology, Inc., Santa Cruz, CA) for at least 1 hour at ambient

hydrocortisone 21hemisuccinate, @l ascorbic acid and 7.5 mM temperature. Cells were washed with PBS, mounted with Vectashield

B-glycerophosphate (Biowhittaker). (Vector Laboratories, Burlingame, CA) and visualized either with a
TE 200 Nikon inverted microscope with fluorescence or a Nikon PCM
2000 confocal microscope.

Overexpression of anx2 in osteoblastic cells

The full-length anx2 gene (Incyte Genomics, Palo Alto, CA) was

subcloned into the pEGFP vector (Clontech, Palo Alto, CA) andRT-PCR

verified by sequence analysis. The green fluorescent protein (GFP) fagtal cytoplasmic RNA was isolated using TRIZ®Lreagent

was cloned 3of the anx2 gene, which resulted in a fusion proteinaccording to the manufacturer's instructions (Life Technologies,

with the GFP tag at the carboxyl terminus of anx2 (anx2GFP)Rockville, MD). RNA was then subjected to first strand cDNA

SaOSLM2 cells were stably transfected with the anx2GFP fusiosynthesis using the Superscript cDNA synthesis kit (Life

construct using the calcium phosphate transfection technique af@chnologies, Carlsbad, CA). First strand cDNA was amplified using

G418 selection (Graham and van der Eb, 1973). sequence-specific primers (Life Technologies). (ALP forward,
ACGTGGCTAAGAATGTCATC. ALP reverse, CTGGTAGGCGAT-

) ) GTCCTTA. G3 forward, TGCCAAGGCTGTGGGCAAGG. G3
Membrane isolation reverse, GCTTCACCACCTTCTTGATG.) Fifty microliter PCR
Cells were swollen inniracellular kuffer (ICB) (20 mM Hepes, 120 reactions containing 0453-1.0pg of first strand cDNA were initiated
mM KCI, 12 mM NacCl, 1.62 mM MgS® 1 mM EDTA, 0.5 mM  with an annealing temperature of 56°C and plQaliquots were
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removed at 25, 30 and 35 cycles. PCR products were visualizec A 1 2 B Sa0SLM?2 Anx2GFP
agarose gels with ethidium bromide to provide a semi-quantitat
analysis of specific MRNA expression.

Anx2 GFP—» -——
Detection of calcium nodules
Cells were maintained in either RPMI or in medium to indu
differentiation. In order to detect insoluble calcium nodules, the ¢
monolayer was rinsed with PBS and fixed with 100% cold metha
for 10 minutes at —20°C. The methanol was removed with two was
of deionized water and insoluble calcium was stained with Aliza....

Red S as previously described (Jensh and Brent, 1966). Residual St;!g. 1.Anx2 overexpression in osteoblastic cells. SaOSLM?2 cells
was removed with 0.1% sodium acetate, pH 6.4 and the presence\gde stably transfected with GFP or an anx2GFP fusion construct.
nodules was documented by bright-field microscopy. (A) Immunoblot analysis confirmed that endogenous anx2 was
expressed similarly in the GFP (1) and the anx2GFP (2) transfectants
Alkaline phosphatase activity assay and the exogenous fusion protein was exp_ressed in the transfectants.
r ) L Endogenous anx2 was detected at approximately 36 kDa whereas the
ALP activity was measured in cell monolayers usingratrophenyl  fysjon protein was shifted to approximately 63 kDa because of the 27
phosphate substrate kit (Sigma-Aldrich, Saint Louis, MI). Activity x\pa GFP tag. (B) Epifluorescence microscopy of GFP reveals that
was detected at 405 nm in a microplate reader. One unit of alkalifge fysion protein is excluded from the nucleus, similarly to

phosphatase hydrolyzesuinol p-nitrophenol in ten minutes. endogenous anx2 protein expression (unpublished results3)(200

Anx2 — B | B

Lipid raft isolation Subcellular fractionation revealed a similar cytoplasmic and
Lipid rafts were isolated from osteoblastic cells by Triton X-100membrane profile for endogenous and exogenous anx2.
disruption followed by high-speed centrifugation. SaOSLM2 andrherefore, we initiated studies to evaluate the phenotypic
Sa0OSLM2-anx2GFP cells were lysed in ICB containing 1% Triton X-affects of anx2 overexpression.
100 and used to generate a linear gradient of 5-40% sucrose that was

subjected to high-speed centrifugation (180,8G0r 6 hours, 4C).

Fractions (500ul) were sequentially removed from the top of the ; : -
gradient. Each of the nine fractions was diluted to 5 ml in ICBAnxz overexpression enhances mineralization of

reducing the sucrose concentrations to between 0.5 and 4.0%. Tﬂ@teOblaSt'c cells

fractions were centrifuged to pellet the insoluble raft complexes fron¥Ve originally identified anx2 in a differential expression screen

the soluble supernatant (100,0gGor 1 hour, 4C). The insoluble  for bone malignancy (unpublished results). Having determined
pellet was disrupted with RIPA and the supernatant was concentratéidat anx2 overexpression did not affect cell growth under

for use in immunoblot analyses and ALP activity assays. normal culture conditions, we evaluated whether anx2 was
involved in the differentiation process. In order to determine

whether anx2 expression had an effect on bone differentiation,

Cells were cultured in 0.5 mM meth@teyclodextrin in conditions to we cultured the cells in the presence of_ascorblc a_CIdSand
induce differentiation. Mineralization was evaluated on day 5 b cher(_)phosphate_. After the dlfferentl_atl_on period, th?
Alizarin Red S staining. Stain was solubilized in 10% cetylpyridiniumformation of calcium nodules characteristic of osteoblastic
chloride for 1 hour at room temperature and quantitated at 570 nmmineralization were detected by Alizarin Red S staining. As
illustrated in Fig. 2, differentiation-induced calcium nodules
were detected in normal osteoblasts, SaOSLM2GFP cells, and
Anx2-specific morpholino antisense oligonucleotide treatment in the anx2GFP-expressing cells. An increase in nodule
of osteoblastic cells _ formation was observed upon anx2 overexpression. Therefore,
Confluent monolayers of SaOSLM2 cells were treated with an anx2ye suggest that anx2 functions to facilitate mineralization, a

specific or a non-specific morpholino oligonucleotide for 5 hours ingrmina step in the differentiation process of osteoblastic cells.
serum-free  medium following the protocol suggested by the

manufacturer (Gene Tools, LLC, Philomath, OR). After 5 hours, the

:jnedlum was replaced with dlﬁerentlatlon-lnducmg medlur_n for _Afﬁ\nxz overexpression results in an increase in ALP
ays. Cells were then lysed for immunoblot analysis or stained Wltactivity

Alizarin Red S to detect mineralization.

One mechanism by which anx2 may be enhancing osteoblastic
mineralization is through an induction in ALP activity.
Results Immunofluoresence in anx2-overexpressing cells illustrated a
Overexpression of anx2 in osteoblastic cells colocalization of anx2 with ALP at the periphery of the cell
In order to determine the potential role of anx2 in osteoblastifFig. 3A). To determine whether anx2 expression had an effect
cells, we developed an anx2GFP fusion construct that was ALP activity, cells were cultured under normal and
stably transfected into SaOSLM2 osteoblastic cells. Anx2 wadifferentiation conditions (Fig. 3B). Anx2 overexpression
overexpressed by approximately two- to threefold in thencreased the basal level (normal culture conditions) of ALP
osteoblast-like cells (Fig. 1A). Visualizing the anx2GFP fusioractivity as compared to that in SaOSLM2GFP cells. Following
protein by epifluorescence microscopy revealed nucleatifferentiation, SaOSLM2GFP cells displayed an expected
exclusion as was previously characterized for endogenotiscrease in ALP activity, while cells expressing anx2 had
anx2 in osteoblastic cells (Fig. 1B) (unpublished results)further enhanced ALP activity relative to GFP-containing cells.

Cholesterol disruption of cells in culture
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These data suggest that overexpres Noadiffsrentiated Differentiated
of anx2 leads to an increase in A = .

activity that is further elevated followii j
differentiation.

Anx2 may alter ALP activity and thi .
induce  mineralization  either | hOST
increasing the production of ALP or
enhancing enzymatic activity.
evaluate changes in ALP mRI
expression, semi-quantitative RT-P
analysis was performed with RI C
isolated from parental and an:
overexpressing cells. No significi L Py
changes in ALP mRNA levels we SaOSLM 2 GFP -~  ~ - -
detected between parental and al 2
overexpressing cells under norr AR AN
culture conditions (Fig. 4) or duril Tl .
differentiation (data not showi BRom —
Immunoblot analysis also detected 5
change in ALP protein levels with an E L L
overexpression (data not shown). > = 7
therefore suggest that anx2 may SaOSIM 2 §
altering ALP enzyme activity. ALP is Anx2GFP
extracellular protein (Jemmerson
Low, 1987) whereas anx2 is intracellt
(unpublished results), therefore
evaluated whether both proteins resi

(%) L

in a common structural domain in 1 Fig. 2. Anx2 overexpression enhances osteoblastic mineralization. A panel of cell cultures
membrane that may ena were maintained under normal conditions (A,C,E) or under conditions to induce
intermolecular crosstalk. differentiation (B,D,F). All cells were then stained with Alizarin Red S to detect insoluble

calcium nodules and analyzed ak4fagnification.

Anx2 fractionates to a Triton X-100

cellular component in a cholesterol-dependent manner localization at membrane microstructures called lipid rafts.
Biochemical analysis of anx2 localization detected a TritonXLipid rafts, which are Triton X-100 resistant, are frequently
100 soluble and an insoluble fraction (Fig. 5A), however anx®tabilized by cholesterol. To determine whether anx2
was not detected in the soluble conditioned medium of GFRassociates with membranes in a cholesterol-dependent manner,
expressing or anx2-overexpressing cells (Fig. 5B). The Tritomembrane fractions were isolated from SaOSLM2 cells and
X-100 soluble form of anx2 appears to represent théreated with digitonin (a cholesterol sequestering agent). The
monomeric (cytoplasmic) pool of protein as determined byequestration of cholesterol by digitonin resulted in the release
sucrose gradient or gel filtration chromatography (data naif anx2 from the membrane fraction and the detection of anx2
shown). The insoluble fraction may be consistent with proteiin the wash fraction (Fig. 5C). These studies suggest that

0.186

014l B

o012 L

01
008 L *
006 L
004 L
002

n} 1

o SaOSLM2-GFP SaOSLM2-Anx2GFP
ALP Anx2GFP Merge % e B e
Cell Type

ALP Activity (units/ug protein)

Fig. 3. Anx2 overexpression results in an increase in ALP activity. (A) ALP protein was detected by immunofluorescence in SaOSLM2 cells
overexpressing anx2. (B) Cell-associated ALP activity was measured in osteoblast-like cells cultured in both non-diffiergvtitgibars)

and differentiation-inducing (black bars) media. * Statistically significant increases in ALP activity by culturing thedsslidiffierentiation
conditions P<0.05).*Statistically significant increases in ALP activity induced by anx2 overexpre&s0r06).
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Sa0SLM2 Sa0SLM2-Anx2GFP

A 1% Triton X-100
S P
An R
B Lysates CM

o3

Relative ALP Intensity
(]

1.0
0 C 0/ TG oie
05 10 15 20 05 10 15 20 No Tx 0.01% Digitonin
Weeks Weeks P W P W
Fig. 4. Anx2 overexpression does not alter ALP gene expression Anx2 "9 v =

levels. (A) 1ug of total RNA from SaOSLM2 (A) or SaOSLM2-
Anx2GFP (B) cells was subjected to semi-quantitative RT-PCR
analysis of ALP or G3PDH message levels. RNA was isolated from _. . . .
cells plated for 0.5, 1.0, 1.5 and 2.0 weeks. Band intensities for ALPF'g' 5'05t.e°b.|a5t'c cells contain de}’erggnt insoluble anx2._
signal from GFP- (C) and anx2GFP- (D) expressing cells were (A) Solublization of U20S cells in 1% Triton X-100 results in a

: . : ; soluble fraction of anx2 (S), and an insoluble fraction of anx2 (P).
?érg)]allzed against those obtained for G3PDH in the same samples(B) Cellular lysates were made from both SaOSLM2-anx2GFP- (1)

and GFP- (2) expressing cells. Conditioned medium (CM) was also

collected from these cells. (C) The membranous fraction following

g cellular fractionation of SaOSLM2 cells was treated with 0.01%
(o

membrane-associated anx2 is at least in part mediated

cholesterol itonin or the diluent methanol for 10 minutes. Membranes were

resuspended and these insoluble membrane pellets (P) as well as the
soluble wash (W) components were analyzed by immunoblot for the

Anx2 localizes to lipid rafts presence of anx2.

Anx2 associates with membranes that are resistant to Triton X-
100 solubilization in a cholesterol-dependent manneof lipid raft-associated ALP in anx2-overexpressing cells. We
suggesting localization to lipid rafts. To explore a lipid raftdetected a threefold increase in ALP activity associated with
association, we isolated membrane rafts by subjecting tHiid rafts isolated from anx2-overexpressing cells as compared
Triton X-100-resistant cellular components from SaOSLM2to those isolated from parental cells (Fig. 6B, dashed line).
and SaOSLM2-anx2GFP cells to sucrose gradientherefore, the observed increase in ALP activity upon anx2
centrifugation. Immunoblot analysis was conducted withoverexpression seen in Fig. 2 appears to occur, at least partially,
proteins isolated from each fraction across the gradient. Anx&t lipid rafts. In addition, treatment of lysates with digitonin
was detected in fractions four to seven near the center of thesulted in loss of detection of anx2 protein and ALP activity
gradient (Fig. 6A), consistent with proteins that float becausassociated with lipid rafts (data not shown). Therefore,
of interactions with buoyant lipid structures. formation or maintenance of these membrane microstructures,
perhaps through stabilization by a scaffolding activity of anx2,

o o . N may mediate the mineralization process, at least in part by
The activity of ALP in lipid rafts is positively affected by affecting ALP activity.

anx2 overexpression

A variety of proteins have been identified as being associated

with lipid rafts including GPl-anchored proteins. Placentallipid rafts and anx2 are both necessary for osteoblastic

ALP is a protein previously shown to be localized to lipid raftsmineralization

via the GPl-anchor (Jemmerson and Low, 1987). To determin@ur data demonstrate that lipid rafts can be isolated from
whether tissue non-specific ALP is also localized to thesesteoblastic cells and the rafts contain anx2 and ALP. In the
microdomains, raft fractions were isolated from SaOSLMZ2iterature, lipid rafts have been implicated in a variety of
cells and analyzed for ALP activity. ALP activity was detectedcellular processes, and we would suggest that lipid rafts
in fractions four to seven across a density gradient suggestisgquester the necessary components in a temporal and spatial
an interaction with buoyant lipids (Fig. 6B, solid line). Thesemanner to facilitate osteoblastic mineralization. To evaluate
data demonstrate that anx2 and ALP are both localized to lipithore directly whether lipid microdomains are involved in
rafts in osteoblastic cells. In addition, we evaluated the activitynineralization, osteoblastic cells were treated with a
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A MeOH Cyclodextrin
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ALP Activity (unitsjug protein)
Relative Solubilized Alizarin

(O8N

MeOH Cyclo

Fig. 7.Cells cultured in the presence of a cholesterol-sequestering

) ) o o agent have a reduced ability to mineralize. SaOSLM2 cells (A) were
Fig. 6.Anx2 and ALP are associated with lipid rafts. (A) Lipid raft  cyitured in conditions to induce mineralization in the presence or
microdomains were isolated from SaOSLM2 and SaOSLM2-  apsence of 0.5 mM methgcyclodextrin and stained with Alizarin
anx2GFP cells by centrifugation through a 5-40% sucrose gradient. Red S. The Alizarin Red S was solubilized in 10% cetylpyridinium
Fractions were coII_ected and insoluble material was pelleted from  chloride and guantitated by absorbance at 575 nm (B). OD values
each fraction in which the sucrose had been reduced. Anx2 was  \vere normalized to that obtained from cells maintained in normal
detected by immunoblot analysis. (B) ALP activity was evaluated in ¢gnditions.

the lipid raft fraction pellets isolated from SaOSLM2 (solid line) and
SaOSLM2-anx2GFP (dashed line) cells. The * in fraction 6
represents statistical significance between anx2-overexpressing AL
activities and parental ALP activitieB<0.05).

Fraction

EI>'hese MV contain ALP, anx5 and anxéhd serve to initiate
mineralization of the ECM (Anderson, 1995). Anx2 has been
suggested to function similarly to anx5, which is described as
cholesterol-sequestering agent and examined for their abilig potential calcium channel (Anderson, 1995). Annexin
to produce mineral crystals. Fig. 7 illustrates that disruption ofhannels have yet to be confirmed in vivo, and additional
lipid rafts by culturing cells in the presence of metyyl- studies indicate that the anx2 heterotetrameric complex may
cyclodextrin diminishes mineralization. These effects are natot serve directly as a channel, but rather function to regulate
due to cytotoxicity because the presence of mdihyl- channels (Gerke and Moss, 2002; van de Graaf et al., 2003).
cyclodextrin (up to 1 mM) does not affect proliferation of cellsAnx5 knockout mice have normal cartilage and bone and the
in culture (data not shown). These data suggest thauthors suggest that other annexins may be providing
cholesterol-mediated lipid rafts may be necessary focompensatory functions (Brachvogel et al., 2003). It is possible
osteoblastic mineralization. that other annexins may compensate for anx2 in osteoblastic
In addition to lipid rafts, we wanted to evaluate the necessitgells. In primary cultures of human osteoblasts, annexins 1, 2,
for anx2 in the process of mineralization. Fig. 8A demonstrate$, 5 and 6 were detected (Mohiti et al.,, 1995). Based on
the wuse of sequence-specific morpholino antisenstinctional and structural characteristics, anx1l and 5 would be
oligonucleotides to obtain a greater than 2-fold reduction ithe most likely candidates for compensatory function. Further
anx2 protein levels in SaOSLM2 cells (when normalized tcstudies are required to evaluate these possibilities.
actin expression). The morpholino-treated cultures were Interestingly, upregulation of anx2 has been correlated with
maintained in differentiation conditions to determine effects orthe joint destruction and pathologic mineralization associated
mineralization. Concomitant with a reduction in anx2with both rheumatoid and osteoarthritis (Justen et al., 2000;
expression was a reduced level of mineralization (Fig. 8B,CKirsch et al., 2000). It has been suggested that the progressive
as well as a slight reduction in ALP activity (Fig. 8D). Thesebreakdown observed in osteoarthritic cartilage may be the
data suggest that anx2 expression and the integrity of lipid rafésult of MV release, enzyme upregulation and abnormal
structures are both important for osteoblastic mineralization.calcification in the joints (Einhorn et al., 1985). Anx2 has been
shown to induce chondrocyte mineralization in culture (Wang
) ) and Kirsch, 2002); however, our studies are the first to
Discussion implicate anx2 in the mineralization process of osteoblastic
During endochondral ossification, chondrocytes undergo eells.
series of differentiation events that culminate with the release MV have also been described in the mineralization of
of matrix vesicles (MV) at the terminally differentiated stage.woven bone, but whether MV are involved in the
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A valuable indicator for bone development and differentiation
(Miao and Scutt, 2002).

- ALP enzyme activation requires homodimerization at the

membrane (Hoylaerts et al., 1997). One mechanism by which

1 2 a cell can concentrate or sequester proteins is by utilizing lipid

rafts. Our data illustrate that ALP is localized to and active at

B — C. = osteoblastic lipid rafts and disruption of the rafts reduces both

T s Y0 IR " ALP activity and mineralization. Lipid rafts function to

e &
P g |

organize the plasma membrane into a series of discrete
microdomains (Galbiati et al., 2001). These platforms can then

aa® . oy o conduct a number of cellular functions. One role described for

¢ ".‘. lipid rafts at the cell surface is to organize proteins involved in
— = = signal transduction pathways (Brown and London, 1998). For
Anx2AS Std oligo example lipid rafts have been shown to mediate IgE signaling

that occurs during the allergenic immune response (Sheets et
al., 1999; Simons and Toomre, 2000). In this process, rafts
T cluster following activation and receptor crosslinking, which
results in redistribution of raft components leading to
= transmembrane signaling. Subsequent studies determined that
IgE signaling was abolished with the sequestration of
n cholesterol (Stauffer and Meyer, 1997). Raft microdomains are
also utilized during signaling from Ras (Roy et al., 1999),
ii Hedgehog (Rietveld et al., 1999) and T-cell antigen receptors
(Janes et al., 2000). Our studies provide evidence that ALP is
localized to osteoblastic lipid rafts, where we suggest its
dimerization state and thus activity may be regulated. In
addition, many signaling molecules involved in bone
differentiation such as src, hedgehog and protein kinase C have
1 4 been localized to lipid rafts in other cell types. The effects of
Days these and other signaling molecules have been well
characterized, however the complete signaling cascades
Fig. 8. Reduced anx2 expression in SaOSLM2 cells diminishes responsible for bone mineralization remain incompletely
alkaline phosphatase activity and mineral crystal formation.  ynderstood (Eriebacher et al., 1995; Ferguson et al., 1998;
(A) SaOSLM2 cells were transfected with an anx2-specific antlsensmarzia et al., 2000; Simons and Toomre, 2000). We are

oligonucleotide (1) or a control oligonucleotide (2). (B,C) Anx2 . S L .
expression was analyzed by western blot at day 4. SaOSLM2 cells cur(ently evalua_ltlr_\g the role of “p'd rafts n signal transduction
during differentiation-induced mineralization.

with either the anx2-specific oligonucleotide (Anx2AS) or the " : ! .
standard oligonucleotide (Std) were exposed to conditions to induce N addition to mediators of signal transduction, rafts have
mineralization for 4 days. The cultures were stained with Alizarin ~ been implicated in protein sorting particularly through the

W

=k P
gy in n o

ALP Activity (unitsjug protein) =
o
in

(=]

Red S to detect deposition of mineral crystal €0(D) ALP secretory and endocytic pathways (Brown and London, 1998).
activities were also measured in the Anx2AS (black) and the Std  Cholesterol- and sphingolipid-containing rafts initially
(white) oligonucleotide-treated cells. assemble in the Golgi where protein association is important

for polarized delivery of these proteins to the cell surface.

Small vesicles containing various proteins and lipids are
mineralization of more mature forms of bone remains uncleaeleased from the Golgi and travel predominantly toward the
(Bernard, 1978). The mechanism by which mature bonplasma membrane where they deliver specific cargo (Simons
mineralizes is not as clearly defined. The process of borend Toomre, 2000). In epithelial cells, rafts are found to cluster
mineralization is complicated and requires a tightly regulatedt the apical plasma membrane, whereas in fibroblasts, rafts are
production of a variety of proteins including ALP. In fact distributed throughout the cell surface (Simons and van Meer,
ALP has been described clinically as the most relevarit988). Therefore, lipid rafts may be an appropriate physical
enzyme in the diagnosis of bone diseases (Hoof and Borentity for the temporal and spatial regulation of proteins
1994; Miao and Scutt, 2002). Certain genetic mutations in theequired to initiate mineralization.
ALP gene result in the disease state known as Anx2 is one possible molecular component involved in
hypophosphatasia. This inherited disorder is characterized bggulating membrane events. Several lines of research have
defective bone mineralization and deficiency of serum aniplicated anx2 in the organization and dynamics of lipid rafts
tissue non-specific ALP activity (Mornet, 2000). Thesethrough its ability to bind membranes and the cytoskeleton. In
patients present with varying degrees of bone maintenansenooth muscle and mammary epithelial cells, anx2 has been
and repair deficiencies. In addition, ALP knockout micedescribed as one of a few proteins found to link the membrane
models have shown that mice are born with normal bone btw the cytoskeleton at raft microdomains (Babiychuk and
acquire defects in bone mineralization shortly thereafter (Hubraeger, 2000; Oliferenko et al., 1999). Additional studies
and Tenenbaum, 1998; Narisawa et al., 1997). Therefore, tliistrated that anx2 was clustered to lipid rafts at sites of
activity and localization of ALP have been considered @acterial adherence, possibly serving to stabilize the rafts
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through actin binding (Zobiack et al., 2002). DuringFaure, A., Migne, C., Devilliers, G. and Ayala-Sanmartin, J.(2002).
osteoblastic mineralization, we propose that lipid rafts coalesceg“ne?é'ln 2 “Shecr,et"’”" faccompa”ﬁ'”gs;’“éc{}o;'s szgfa %'%rgaﬁ'” cells:
H H H H 0SsSIDle mechanisms o1 annexin rele. . Ce e -0Y.
in Ordder o actglvate enzymes (SUChf as ALP) or St;?.nallnr%erguson,c.,Miclau,T.,Hu, D., Alpern, E. and Helms, J1998). Common
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microdomains and link them to the cortical actin cytoskeleton. Acad. Sci23, 33-42.
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; . - . . .. Biochemistry39, 1021-1028.
An mter,eStmg,Observ"_itl,on is the Slm"amy betw,een the |Ip| albiati, F., Razani, B. and Lisanti, M. (2001). Emerging themes in lipid
and protein profiles of lipid rafts and chondrocytic MV. Both rafts and caveola€ell 106 403-411.
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