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ABSTRACT
Initiation of mineralization during endochondral ossification is a multistep process and has been assumed to correlate with specific

interactions of annexins A5 and A6 and collagens. However, skeletal development appears to be normal in mice deficient for either A5 or

A6, and the highly conserved structures led to the assumption that A5 and A6 may fulfill redundant functions. We have now generated

mice deficient of both proteins. These mice were viable and fertile and showed no obvious abnormalities. Assessment of skeletal

elements using histologic, ultrastructural, and peripheral quantitative computed tomographic methods revealed that mineralization and

development of the skeleton were not significantly affected in mutant mice. Otherwise, global gene expression analysis showed subtle

changes at the transcriptome level of genes involved in cell growth and intermediate metabolism. These results indicate that annexins

A5 and A6 may not represent the essential annexins that promote mineralization in vivo.� 2010 American Society for Bone and Mineral

Research.
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Introduction

Members of the annexin protein family represent potential

initiators of calcification within the growth plate during the

formation of the mineralized skeleton.(1,2) Annexins are found in

matrix vesicles that are released from terminally differentiated

hypertrophic chondrocytes to the surrounding extracellular

matrix, and these annexins may initiate calcium influx into the

matrix vesicles. The increase of intravesicular calcium concen-

tration inmatrix vesicles induces the formation of hydroxyapatite

crystals and cartilage mineralization. Owing to the affinity of

annexin A5 (gene: Anxa5; protein: AnxA5) for phosphatidylser-

ine-enriched matrix vesicles and for cartilage-specific collagens II
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and X, as well as its ability to form calcium-selective ion channels,

it appeared to be the prototypical annexin for initiating calcium

influx and mineralization.(3–5) AnxA5 greatly increases mineral

formation when incorporated into synthetic nucleation com-

plexes, and the interplay of AnxA5, collagen II, and collagen X

enhances nucleation core formation in synthetic cartilage lymph

and triggers apatite crystal formation during endochondral

ossification.(6,7) Recently, Kirsch and coworkers speculated that

the interactions between collagens and AnxA5 regulate the

normal mineralization of growth plate cartilage as well as

pathologic mineralization events.(8) This suggestion is consistent

with the finding that AnxA5 is expressed not only in calcifying

cartilage but also in perivascular cells of blood vessels, a cell type
rch 2009. Published ahead of print on 6 July 2009.
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that is involved in ectopic calcification events in atherosclero-

sis.(9–11) The other two major annexins found in matrix vesicles,

AnxA2 and AnxA6, also promote cartilage mineralization in

vitro.(7,12) Despite these findings, there are no conclusive data

to support the role of AnxA5 and AnxA6 during in vivo

mineralization. In fact, analysis of mice single-deficient in AnxA5

or AnxA6 surprisingly displayed no obvious changes in skeletal

development,(13–15) but growth plate development was not

analyzed in detail. Structural and functional similarities between

the annexins point to redundant functions of these proteins

within the growth plate.(7,15)

To explore the role of AnxA5 and AnxA6 in biomineralization

during endochondral bone formation and to address the

possibility of functional redundancy, we developed and analyzed

Anxa5�/�Anxa6�/� double-deficient mice. We demonstrate that

Anxa5�/�Anxa6�/�mice were viable and fertile and displayed no

alterations in development and maturation of the skeletal

system. The potential interaction partners of the annexins in the

extracellular matrix, collagen II and collagen X, as well as

collagen-associated proteins such as cartilage oligomeric matrix

protein (COMP) and collagen IX, are normally distributed within

the juvenile growth plate. In contrast to collagen X–deficient

mice,(16) no ultrastructural changes in matrix vesicle distribution

were detectable in Anxa5�/�Anxa6�/� mice. On the other hand,

global transcriptome profiling of growth plate cartilage from

mutant mice demonstrated specific changes in the expression of

genes involved in cell growth and intermediate metabolism,

whereas the expression of genes associated with the miner-

alization processes was unaltered. Whole-genome transcriptome

profiling therefore points to a diverse function of both annexins

in growth plate development.

Material and Methods

Mice

Anxa5�/�Anxa6�/� mice were generated by intercrossing

Anxa5(15) and Anxa6 single-deficient mouse mutants.(13) Wild-

type and mutant mice have a mixed genetic background of

C57BL/6x129SvJ. Experiments were performed in accordance

with the animal ethics guidelines of the Murdoch Children’s

Research Institute and the German animal protection law.

Genotype analysis

Genomic DNA were purified by standard methods and analyzed

by polymerase chain reaction (PCR) using the following sets of

primers for detecting the wild-type (Anxa5Ex4dw: 5’-GAAG-

CAATGCTCAGCGCCAGGA; Anxa5intron4up: 5’-CCTGTAC-

TCTATCACTATCACTGACTGTTAATC) and the mutant allele

(Anxa5Ex3dw: 5’-CGAGAGGCACTGTGACTGACTTCCCTGGAT;

LacZ2up: 5’-GCCAGTTTGAGGGGACGACGACAG) of the Anxa5

locus or the wild-type (Anxa6Intron3dw: 5’-CACTGTCCTTTGA-

GCCATCTGCGTCTG; Anxa6Intron4up: 5’-GTTGTTGGTGCCCTAG-

CTGGAAAAAGTCAT) and the mutant allele (Anxa6Intron3dw:

5’-CACTGTCCTTTGAGCCATCTGCGTCTG; Neo2: 5’-CATCGCCTTC-

TATCGCCTTCTTGACG) of the Anxa6 locus. PCR reactions were

performed as described previously.(15)
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Immunoblotting

Growth plates from femora and tibiae of 13-day-old mice were

isolated and homogenized on ice in RIPA lysis buffer, as

described previously.(15) After centrifugation at 16,100� g for 30

minutes at 48C, the supernatant was collected, and the protein

concentration was determined by Bradford’s protein assay.(17)

Equal amounts of protein were separated by SDS-PAGE and

transferred onto a nitrocellulose membrane (Whatman, Schlei-

cher & Schuell). Immunostaining was performed with primary

rabbit polyclonal antibodies detecting AnxA2 (1:2000; gift of

Stephen Moss, London), AnxA5 (1 mg/mL; Hyphen BioMed),

AnxA6 (2 mg/mL, Santa Cruz Biotechnology), and a monoclonal

mouse antibody detecting actin (0.5 mg/mL; Chemicon). These

antibodies were detected subsequently by species-specific

secondary antibodies labeled with horseradish peroxidase

(DAKO) and were visualized by chemoluminescence using

standard procedures.

Whole-mount histologic stainings of newborn mice

Dissection of newborn skeletons and detection of cartilaginous

and bony elements by alcian blue and alizarin red S staining were

performed as described previuosly.(18)

Histology and immunohistochemistry

Hindlimbs from newborns and femora from 13- and 28-day-old

male mice were isolated by dissection and fixed overnight in 4%

paraformaldehyde at 48C. The femora were decalcified in 0.5 M

EDTA for 3 weeks at 48C. All tissues were embedded in paraffin

according to standard procedures.(19) Microtome sections (5 mm)

of tissues were cut and used for histologic and immunohisto-

chemical analysis. Briefly, for morphologic assessment, sections

were stained for mineral deposits (von Kossa, brown or alizarin

red S, red), proteoglycans (safranin O, orange/red, or alcian blue,

blue), nuclei (hematoxylin, blue/black), and cytoplasm (fast

green, blue/green or eosin, red), as described previously.(20) For

immunohistochemical analysis, the following antibodies were

used: a monoclonal mouse antibody directed against collagen II

(10 mg/mL, IgG1 isotype; Calbiochem) and its IgG1 isotype

control (Zymed), an affinity-purified rabbit antibody against the

NC4 domain of mouse collagen IX (1:2000)(21) and an affinity-

purified nonspecific rabbit antibody (1:2000), a rabbit polyclonal

antibody against bovine COMP (1:1000)(22) and a rabbit

preimmune serum for control (1:1000), an undiluted supernatant

of the mouse monoclonal hybridoma clone X53 identifying

human collagen X,(23) and an undiluted nonspecific hybridoma

supernatant. Corresponding goat-antimouse or goat-antirabbit

secondary antibodies coupled to Alexa Fluor 546 or Alexa Fluor

488 (2 mg/mL; Invitrogen/Molecular Probes) were applied.

Brightfield as well as fluorescence images were taken (Nikon

Eclipse TE2000-U Microscope) and analyzed using the NIS-

Elements software (Nikon).

Ultrastructural analysis

Femora of 13-day-old mice were fixed in 2.5% glutaraldehyde in

0.1 M phosphate buffer (pH 7.4) for 24 hours at 48C, postfixed in

1% buffered osmium tetroxide, and processed for embedding in
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Fig. 1. Annexins A5 and A6 are absent in Anxa5�/�Anxa6�/� mice. (A)

Genotyping of mutated alleles for Anxa5 (left) and Anxa6 (right panel) by

PCR. The corresponding PCR products for wild-type (þ/þ, WT), hetero-

zygous (þ/–), or homozygous mutants (�/�, MT) are shown for mice 1 to

3, as indicated. The negative controls (Co) contain no genomic DNA. The

size of the resulting PCR fragments is indicated. (B) Growth plate extracts

of 13-day-old wild-type (WT) and Anxa5�/�Anxa6�/� mutants (A5A6)

were tested for the presence of annexin A2 (38.7 kDa), A5 (35.8 kDa), and

A6 (75.9 kDa) by immunoblotting. Arrowheads highlight the correspond-

ing protein bands. Ponceau S staining was used as loading control.
epoxy resin (Fluka/BioChemika). Ultrathin sections were analyzed

by transmission electron microscopy (LEO 906E, Oberkochen;

Germany).

Peripheral quantitative computed tomography (pQCT)

The XCT Research M scanner with software 5.50 (Stratec

Medizintechnik, Germany) was used to analyze trabecular and

cortical bone, as described previuosly.(20) In brief, right or left

femora were scanned at the distal metaphysis (at 15%, 17.5%,

and 20% of total bone length measured from the distal joint line)

and at the midshaft (at 50% of total bone length). The pixel size

was 70� 70 mm, with a slice thickness of 500 mm. Parameters

derived at the metaphysis (mean of the three slices) included

trabecular cross-sectional area (Tb.CSA, mm2), trabecular bone

mineral content (Tb.BMC, mg), and trabecular bone mineral

density (Tb.BMD, mg/cm3). The cortical cross-sectional area

(Ct.CSA, mm2), cortical bone mineral content (Ct.BMC, mg),

cortical bone mineral density (Ct.BMD, mg/cm3), cortical

thickness (mm), and the periosteal (mm) and endosteal (mm)

circumference of the midshaft were determined. A nonpara-

metric Kruskal-Wallis test was performed to identify differences

between genotypes of the same age and gender (SPSS, p< .05).

Data are presented as mean, and the standard deviation is

indicated.

RNA isolation and amplification

Total RNA of the prehypertrophic and hypertrophic zone from

cartilage of 13-day-old mouse femora was isolated as

described.(24) Briefly, femora were embedded in Tissue-Tek

(Sakura Fine Technical), and sections (5mm) were prepared using

a cryostat (Leica CM1850), dehydrated in a series of graded

alcohols, and air dried. Prehypertrophic and hypertrophic zones

were dissected using an ophthalmic scalpel immobilized on an

inverted microscope (Leica DM IL). The RNA of the micro-

dissected samples was extracted using the RNAeasy Micro kit

(Qiagen), and the integrity of the RNAs was assessed by capillary

electrophoresis (Bioanalyzer, Agilent) according to the specifica-

tions of the manufacturer. RNA samples with an RNA integrity

number (RIN) value above 8 were considered nondegraded.

Samples were amplified (Ambion) in two rounds of linear

amplification, as described previously.(25) Amplified RNA samples

were fluorescently labeled with either Cy3 or Cy5 fluorophores

(Amersham) and used for microarray analysis or for reverse

transcription to cDNA using the Superscript III First Strand

Synthesis kit (Invitrogen) for downstream qPCR analysis.

Microarray analysis

44K whole genome arrays (Agilent) were hybridized according to

the instructions of the manufacturer and subsequently analyzed

using an Axon 4000B scanner and the GenePix Pro 4.1 software

(Axon Instruments). The primary data then were normalized

using the LimmaGUI software package (http://bioinf.wehi.e-

du.au/limma/), and genes were ranked according to their

differential expression and their B-statistic values (Bayes

approach). The Gene Ontology Project classification system

(www.pantherdb.org) and the available literature were used to

classify the proteins according to their function.
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Quantitative PCR (qPCR)

Gene-specific primers and prevalidated probes of the universal

probe library (Roche) were applied for the genes Anxa1 to Anxa7

as well as Mapk7. qPCRs were performed using the Platinum

qPCR SuperMix-UDG kit (Invitrogen). Reactions were downscaled

to 25 mL, and the qPCR was conducted on DNA engine Opticon 2

system (Biorad) as follows: 508C for a 2-minute hold, 958C for a 2-

minute hold, and 50 cycles of 958C for 15 seconds and 608C for

30 seconds. For each primer-probe pair, the efficiency was

determined, and the relative fold change was analyzed using the

delta-delta CT method.(26,27) Mapk7, a gene that is not

differentially expressed within the distinct maturation zones of

the growth plate, was used for normalization.(24)

Results

AnxA5 and AnxA6 are absent in Anxa5�/�Anxa6�/� mice

Anxa5�/�Anxa6�/� mice were generated by breeding single-

gene-deficient Anxa5�/�15 and Anxa6�/�13 mice on C57BL/

6x129SvJ genetic background. A typical analysis of the genotype

by PCR analysis is shown for wild type, heterozygous, and

double-deficient mice (Fig. 1A). The ablation of both annexins

was confirmed by immunoblot analysis of growth plate tissue

extracts from 13-day-old mice (see Fig. 1B, arrowheads). Anxa2,

which is known to be expressed in growth plate cartilage,(28,29)

was detected in similar amounts in wild-type and mutant mice.

Anxa5�/�Anxa6�/� mice were viable, and they displayed no
Journal of Bone and Mineral Research 143



obvious phenotypic abnormalities. They also were fertile,

because they could be intercrossed to produce normal litter

sizes and vital offspring. Intercrosses of Anxa5�/�Anxa6�/�

mutant mice showed a normal Mendelian inheritance pattern in

287 live offspring, with the expected ratios of Anxa5�/�Anxa6þ/þ

(26%), Anxa5�/�Anxa6þ/� (45%), and Anxa5�/�Anxa6�/� (29%)

littermates.

The skeletons of Anxa5�/�Anxa6�/� newborn mice
develop normally

The development of the skeletal system in newborns was

assessed by standard histologic staining techniques to evaluate

any alteration in the arrangement, expansion, or mineralization

of skeletal elements. Alizarin red S/alcian blue staining of

newborns (n¼ 4 per genotype) indicated that the distribution

and assembly of the bony (red) and cartilaginous (blue)

structures in double-deficient mice (Fig. 2B) was indistinguish-

able from wild type (see Fig. 2A). Moreover, length measure-

ments of the bony alizarin red S–positive regions of forelimbs

(see Fig. 2C) and hindlimbs (see Fig. 2D) revealed no significant

differences in length compared with wild type. The histomor-

phology of growth plate cartilage was further analyzed by von

Kossa staining to detect mineral deposits and safranin O staining

to identify proteoglycans of the cartilaginous tissues of the femur

and tibia, respectively. In-plane matched sections did not reveal

any significant differences between mutant and wild-type mice

in the expansion or morphology of the calcifying hypertrophic

zone in overviews (see Fig. 2E, F, black lines), as well as at higher

magnification (see Fig. 2G, H, black lines). Von Kossa staining of

mineralized structures (brown stain) confirmed normal mineral

deposition in the trabecular structures of mutant mice, and the

proteoglycan (orange stain) distribution in Anxa5�/�Anxa6�/�

newborns resembled the wild-type situation (see Fig. 2E–H).

The growth plate cartilage of juvenile mutant
mice displays no alterations in morphology and
collagen distribution

The influence of Anxa5�/�Anxa6�/� deficiency on the maturing

growth plate was analyzed in 13-day-old mice. In-plane matched

sections (n¼ 5) were stained by hematoxylin and eosin, as

well as alcian blue, and assessed by microscopical analysis

(Fig. 3A–D). No differences in the organization of chondrocytes

or in the thickness of the growth plate between wild-type

(see Fig. 3A), single Anxa5�/� or Anxa6�/� (see Fig. 3B, C), or

Anxa5�/�Anxa6�/� mice (see Fig. 3D) were detectable. Further-

more, deposition of the main interaction partners of both

annexins, collagen II and collagen X, was studied in detail by

immunofluorescence analysis of the femoral growth plate (n¼ 5

per genotype). Distribution of collagen II (see Fig. 3E–H, green) in

single-deficient Anxa5�/� or Anxa6�/� (see Fig. 3F, G), as well as

in Anxa5�/�Anxa6�/�mice (see Fig. 3H), resembled the wild-type

situation (see Fig. 3E). The protein mostly was restricted to the

extracellular matrix of the cartilage (see Fig. 3E, arrowheads), and

within the growth plate, collagen II staining decreased toward

the prehypertrophic and hypertrophic zones. Collagen X protein

deposition in the growth plate was indistinguishable between

wild-type and mutant mice (see Fig. 3I–L, red) and was
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concentrated mainly in the intercolumnar space of the

hypertrophic zone (see Fig. 3I, arrowheads).(4) Quantification of

the collagen X immunofluorescence-positive area from in-plane

matched sections of the right femur of five individual

mice per genotype revealed no differences in the distribution

(area) of the collagen X protein between 13-day-old

wild-type (173.8� 7 mm2� 103), single-gene-deficient

(A5�/� 171� 17 mm2� 103, A6�/� 175� 10 mm2� 103), and

Anxa5�/�Anxa6�/� mice (174� 7 mm2� 103). The distribution of

characteristic proteins associated with collagen fibrils such as

collagen IX (see Fig. 3M, N) and COMP (see Fig. 3O, P) was not

altered in mutant mice, and they were found to be localized

throughout the growth plate and in the non–growth plate

cartilage.(20) Immunostainings with corresponding control anti-

bodies were performed on lateral and medial sections of wild-

type femora and confirmed the specificity of all antibodies used

in these experiments (Fig. 4).

Organization of the growth plate and mineralization of
the skeleton of adult mice is not affected by deficiency of
annexins A5 and A6

The morphology of the femoral growth plate was assessed in 1-

month-old wild-type and mutant mice using standard histologic

staining procedures. In-plane matched sections of males (n¼ 3)

were stained by hematoxylin and eosin and alcian blue (Fig. 5A) to

evaluate the growth plate organization. No significant differences

in the thickness of the growth plate, the arrangement of

the chondrocytes, and the expansion of the proliferative,

prehypertrophic, or hypertrophic zone between wild-type and

Anxa5�/�Anxa6�/� mice were found. Femora of 1- and 3-month-

old wild-type, Anxa5�/�, Anxa6�/�, and Anxa5�/�Anxa6�/� mice

also were analyzed by peripheral quantitative computed

tomography (pQCT) to determine the degree of biomineraliza-

tion.(20) The distal metaphysis of each femur (n¼ 5 to 9 per group)

was scanned (see Fig. 5B) to evaluate the trabecular cross-

sectional area (Tb.CSA, top panel) as well as the bone mineral

content (Tb.BMC, central panel) and density (Tb.BMD, bottom

panel). All parameters were unaffected in 1-month-old mice

irrespective of their gender and genotype. This was confirmed by

statistical analysis using a nonparametric Kruskal-Wallis test

(p< .05) showing that for none of the analyzed parameters

was a significant difference detected between wild-type and

mutant mice. In 3-month-old males (n¼ 5 to 9), the variability of

the measured values for trabecular cross-sectional area, bone

mineral content, and density increased between individual mice,

but between the cohort of distinct genotypes, no significant

(p< .05) differences were observed. To assess the cortical

thickness, the periosteal circumference and endosteal circumfer-

ence of the femora of the midshaft region were scanned, but

the results did not reveal any differences between wild-type,

Anxa5�/�, Anxa6�/�, and Anxa5�/�Anxa6�/� mice (not shown).

Hence total mineralization and structure of the femur were not

affected in Anxa5�/�Anxa6�/� mice.

Matrix vesicles are distributed normally in the growth
plate of Anxa5�/�Anxa6�/� mice

During bone mineralization, calcifying matrix vesicles are

essential to initiate the calcification process in hypertrophic
BELLUOCCIO ET AL.



Fig. 2. Cartilaginous and bony elements are distributed normally in wild-type (WT) and Anxa5�/�Anxa6�/�mice (A5A6). (A, B) Whole-mount alizarin red S/

alcian blue staining of wild-type (A) and Anxa5�/�Anxa6�/� (B) mice highlights cartilaginous (blue) and bony (red) structures within the skeleton. The

individual forelimbs and hindlimbs of four newborn mice per genotype are shown. (C, D) The length of the bony elements (i.e., humerus, radius, ulna,

femur, and tibia) was measured for each individual extremity (lines). The data for wild-type and Anxa5�/�Anxa6�/� mice are presented next to the

corresponding limbs within the graphs and show no significant length differences between the genotypes. (E–H) In-plane matched sections of femur (Fe)

and tibia (Ti) from newborn mice were stained in parallel for mineral deposits (von Kossa, brown), proteoglycans (safranin O, orange/red), nuclei

(hematoxylin, blue/black), and cytoplasm (fast green, blue/green). The calcifying hypertrophic zone is marked in each section (E–H, black line), and the

proliferative (P), prehypertrophic (PH), and hypertrophic (H) zones are indicated (G). Bars: 5 mm (A, B), 0.5 mm (E, F), 100 mm (G, H).
growth plate cartilage.2 In order to define any alteration of matrix

vesicle distribution in mutant mice, ultrathin sections of growth

plates from 13-day-old mice were analyzed by transmission

electron microscopy (Fig. 6). Matrix vesicles were absent in the

proliferative zone of wild-type, single-deficient (not shown), and

Anxa5�/�Anxa6�/� mice (n¼ 4). No obvious changes in cell

morphology or territorial matrix were observed (see Fig. 6A, D). In

the hypertrophic zone of wild-type or Anxa5�/�Anxa6�/� mice,
ROLE OF ANXA5 AND ANXA6 IN BIOMINERALIZATION
chondrocytes display a normal morphology, and the miner-

alization of the interterritorial matrix commences in the expected

longitudinal septa between the columns of the cells

(see Fig. 6B, E, arrowheads), although individual variations in

the assembly of the calcifying areas of wild-type as well as

Anxa5�/�Anxa6�/� mice were detected. At higher magnification

of the calcifying areas (enlargement of the framed regions in

Fig. 6B, E) in wild-type mice, the needle-like expansion of the
Journal of Bone and Mineral Research 145



Fig. 3. Overall morphology and collagen distribution are not affected in Anxa5�/�Anxa6�/� growth plates on day 13. (A–D) Histology of in-planematched

sections from five femora (1 to 5) of wild-type (A), Anxa5�/� (B), Anxa6�/� (C), and Anxa5�/�Anxa6�/� (D) male mice was assessed using hematoxylin

(nuclei, purple), alcian blue (proteoglycans, blue), and eosin (cytoplasm, red) staining. (E–H, green) Collagen II protein was detected by immunostaining

(aCol2) in paraffin sections from growth plate cartilage of wild-type and mutant mice. Arrowheads point to the extracellular localization of collagen II (E).

(I–L, red) Collagen X protein was localized in the hypertrophic zone of the growth plate from wild-type as well as mutant mice by immunodetection

(aCol10), and arrowheads depict the intercolumnar deposition of collagen X in the hypertrophic zone (I). Similarly, collagen IX (M, N) and COMP (O, P)

distribution was analyzed by immunostaining of wild-type and Anxa5�/�Anxa6�/� mice. The locations of the proliferative (P), prehypertrophic (PH), and

hypertrophic zones (H) are highlighted, and the corresponding antibody controls are shown in Fig. 4. Bars: 100 mm.
growing black crystals (see Fig. 6C) originating from matrix

vesicles is clearly seen. Similar structures are formed in single-

deficient (not shown) and Anxa5�/�Anxa6�/� mice (see Fig. 6F),

indicating that matrix vesicle–mediated biomineralization

is initiated properly in Anxa5�/�Anxa6�/� mice.

The remaining annexins are not differentially regulated in
Anxa5�/�Anxa6�/� mice

These data suggest that annexin A5/A6 double deficiency does

not impair skeletal development in mice, although both

annexins are expressed in growth plate cartilage. Other genes
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may compensate for the deficiency of both annexins, and to

identify such genes, we analyzed the transcriptome (see Fig. 7A)

of Anxa5�/�Anxa6�/� mice compared with wild-type mice.

The prehypertrophic zone of two wild-type and two mutant

mice (see Fig. 7B) were microdissected from serial cryosections of

the femoral growth plate of 13-day-old male mice. Within these

prehypertrophic chondrocytes, the essential cellular programs

for initiating biomineralization become activated. The quality of

the isolated total RNA from wild-type and Anxa5�/�Anxa6�/�

mice was confirmed by microcapillary gel electrophoresis (see

Fig. 7C), and only high-quality RNA samples were amplified in

two rounds of linear RNA amplification.(25) Microarray experi-
BELLUOCCIO ET AL.



Fig. 4. Assessment of antibody specificity on sections of femoral growth plate cartilage from 13-day-old wild-type mice. Immunostaining of medial (A, B)

and lateral (C, D) sections of the growth plate using the undiluted supernatant of the hybridoma clone X53 (Girkontaite et al., 1996) recognizing collagen X

(aCol10) (A, C) and the supernatant of a nonspecific hybridoma clone (Co). A diffuse background signal is present in the control staining. The

corresponding brightfield images are shown. Collagen II, collagen IX, and COMP were localized by immunodetection in medial (E, I, M) and lateral (G, K, O)

sections. For each antibody, an appropriate primary antibody control was used in similar concentrations, i.e., a nonspecific mouse monoclonal antibody

(F, H, control), an affinity-purified nonreactive rabbit antibody (J, L, control), and a rabbit preimmune serum (N, P, control). The locations of the proliferative

(P), prehypertrophic (PH), and hypertrophic zones (H) are indicated. Bars: (A, E) 100 mm.
ments (Agilent 44K chip) were performed in duplicate for two

independent RNA isolations, each derived from an individual

wild-type and Anxa5�/�Anxa6�/�mouse. In the overall summary

of the experiment, the mean signal intensity (logarithmic scale)

for each of the 44,000 probes was plotted against its relative

expression levels (see Fig. 7D). Genes that were more highly

expressed in Anxa5�/�Anxa6�/�mice were found on the positive

scale, whereas genes that were more highly expressed in wild-

type mice were located on the negative scale of the fold change.

Initially, we focused on the analysis of the 10 members of the

annexin family remaining in mutant mice (see Fig. 7E). Owing to

the highly conserved structures of the annexins, the individual
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members may fulfill redundant functions that potentially could

be indicated by a differential expression of individual annexins.

As expected, mRNA levels of Anxa5 and Anxa6 were decreased

in the Anxa5�/�Anxa6�/� mice, but surprisingly, none of the

other annexins were differentially expressed in mutant mice.

This was further confirmed by quantitative RT-PCR analysis for

the genes Anxa1 to Anxa7 using cDNAs generated from

amplified prehypertrophic RNA samples of wild-type and

Anxa5�/�Anxa6�/� mice (see Fig. 7E). No signal was detectable

for AnxA9 or AnxA13, and no suitable quantitative RT-PCR assays

were available for AnxA8, AnxA10, or AnxA11. Hence, at the

mRNA level, no compensation based on differential expression
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Fig. 5. Growth plate organization andmineral bone content of Anxa5�/�Anxa6�/�mice are not altered in mutant mice. (A) Histology of in-planematched

sections from three femora of wild-type (upper row) and Anxa5�/�Anxa6�/� (lower row) male mice at day 28 were analyzed using hematoxylin (nuclei,

purple), eosin (cytoplasm, red), and alcian blue (proteoglycans, blue) stains. (B) Peripheral quantitative computed tomography (pQCT) was applied to

analyze femoral development in wild-type and mutant mice. Trabecular cross-sectional area (Tb.CSA, top row), trabecular bone mineral content (Tb.BMC,

central row), and trabecular bone mineral density (Tb.BMD, bottom row) were determined by pQCT for wild-type (WT), Anxa5�/� (A5), Anxa6�/� (A6), and

Anxa5�/�Anxa6�/� mice (A5A6). No statistical differences (p< .05, Kruskal-Wallis test) were detected between groups in female (1-month-old) and male

(1- and 3-month-old) mice (n¼ 5 to 9 animals for each genotype).
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Fig. 6. Distribution of matrix vesicles in the intercellular space of the hypertrophic zone of growth plate cartilage is not altered in 13-day-old wild-type and

mutantmice. (A–F) Growth platemorphology from four individual wild-type (WT, A–C) and Anxa5�/�Anxa6�/�mice (A5A6,D–F) were analyzed by electron

microscopy. Cells from the proliferative (A, D) and hypertrophic (B, E) zones are shown, and the calcifying areas of the interterritorial matrix are marked by

arrowheads. Squares within the images of the hypertrophic zone indicate the magnified regions of interest, which are shown in C and F. Accumulations of

electron-dense black material in the intercellular region of hypertrophic cells (C, F) correspond to hydroxyapatite crystals that originate from a matrix

vesicle. Bars: 2 mm (A, D), 3.5 mm (B, E), 500 nm (C, F).
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Fig. 7. Comparison of the transcriptome in the prehypertrophic zone of the growth plate of Anxa5�/�Anxa6�/� and wild-type mice defines complex

changes of gene expression. (A) The experimental outline of the RNA isolation and amplification protocol for microarray analysis is shown. (B) A performed

microdissection of the prehypertrophic (PH) and hypertrophic (H) microdomains on a cryosection of the growth plate cartilage from 13-day-old mice is

demonstrated. (C) Yield, purity, and integrity of the isolated total RNA from wild-type (WT) and Anxa5�/�Anxa6�/� (A5A6) mice were assessed by capillary

electrophoresis. (D) Expression ofmRNA in prehypertrophic zones from growth plates was detected bymicroarray analysis (Agilent 44K chip), and all genes

are plotted as n-fold change versus their average expression levels, respectively. (E) Microarray data and qPCR analysis (Anxa1 to Anxa7) of annexins are

compared and show the high degree of consistency of expression data from both methods. ( F) Differentially regulated genes are displayed with

expression levels above background and significant changes in expression levels (B value �1, average expression �6, fold change �� 3). (G) Individual

differentially expressed genes that are either upregulated (left) or downregulated (right) in mutant mice are listed according to their fold change. For each

gene, potential biologic functions according to GO annotation and the literature are indicated by numbers that reflect the biologic process as shown.

Differentially expressed genes are classified according to their potential biologic functions (GO annotation and the literature).
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was found for any of the testedmembers of the annexin family in

Anxa5�/�Anxa6�/� mice.

Genes involved in cell growth and intermediate
metabolism are regulated in mutant mice

In order to identify genes that are potentially influenced by the

Anxa5�/�Anxa6�/� deficiency, the data set was selected for

genes that are likely to be differentially expressed (B value �1),

show a signal intensity above background noise (intensity �6),

and display a more than threefold change in relative expression

levels (see Fig. 7F). Using these selection criteria, we identified 47

genes that are differentially expressed in Anxa5�/�Anxa6�/�

mice compared with wild-type mice. Genes were ranked

according to their changes in relative expression levels either

to be upregulated (24 genes) or downregulated (23 genes) in

Anxa5�/�Anxa6�/� mice (see Fig. 7G) and were classified on the

basis of their GO annotations (biologic processes), as well as

published data. Potentially, other genes that are known to be

involved in biomineralization processes could be differentially

expressed in mutant mice to compensate for the loss of

AnxA5 and AnxA6. However, in the microarray data set,

none of these genes, such as matrix Gla protein, ecto-

nucleotide pyrophosphatase/phosphodiesterase 1 (NPPS) or

alkaline phosphatase,(30–32) are regulated. Most regulated genes

(56%) are associated with processes relevant to cell growth or

differentiation and survival, such as Ttc3, Pttg1, Ppp1r14a, Trib3,

Npr3, Vegfa, Pold3, Kras, Igf1, E2f2, and Tusc3. Nineteen percent of

the genes (11 genes) contribute to intermediate metabolism,

and one gene, Ptdsr, is potentially involved in lipid and fatty

acid binding. Some genes coding for proteins participate in

G-protein-mediated signaling pathways, and a number of genes

are involved in transport processes and contribute to vesicle,

protein, or chloride/bicarbonate trafficking. For another 11

differentially expressed genes, a function still has to be

described. For validation of the microarray data, the mRNA

levels of selected genes such as Ptdsr, which is highly

differentially expressed (17.7-fold upregulated), and Vegfa,

which shows only a low differential expression (3.3-fold

upregulated), were tested by quantitative RT-PCR. A close

correlation was observed to the microarray data, reflected by the

significant upregulation for Ptdsr (6-fold, not shown) and a less

pronounced upregulation of Vegfa (3-fold, not shown).
Discussion

Mineralization of growth plate cartilage is mediated by the

induction of hydroxyapatite formation in matrix vesicles within

the intercolumnar space of hypertrophic chondrocytes in a

strictly time- and tissue-specific manner.(2) Mineralization-

competent matrix vesicles are crucial to induce biomineraliza-

tion, and it was postulated that AnxA5 and AnxA6 are key players

that promote the calcification of these matrix vesicles.(33)

Previous studies suggested that AnxA5 and AnxA6 act as

calcium channels that may induce calcium deposition in matrix

vesicles of calcifying tissues on interaction with the extracellular

matrix.(6,7,12) These studies mostly relied on biochemical
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interaction experiments, in vitro mineralization assays, or cell

culture studies that cannot be applied directly to the in vivo

situation. We therefore generated mice deficient for AnxA5 and

AnxA6 and analyzed the mineralization of cartilage by histologic

and immunohistochemical methods. None of these methods

detected significant changes in the morphology of the growth

plate, extracellular matrix protein distribution, or mineral

deposition of mutant mice. More important, our ultrastructural

analysis demonstrates that growing mineral crystals derived

from calcifying matrix vesicles are still formed in the hyper-

trophic zone of Anxa5�/�Anxa6�/� mice but are absent in the

proliferative zone. The number and size of deposited calcifying

matrix vesicles vary to a certain degree between individuals of a

given genotype (see Fig. 6), but no significant alterations were

detected between wild-type or mutant mice. This is in contrast to

our expectations because the gene-deficient mouse model of

collagen X, the proposed binding partner of annexin A5 and A6,

displays major changes in the distribution and organization of

growth plate matrix vesicles.(16)

These results show a clear discrepancy between the in vitro

findings and the in vivo situation, indicating that AnxA5 and

AnxA6 may not be involved in biomineralization processes.

Therefore, the in vitro experiments may not be well suited to

reflect the in vivo situation or, on the other hand, the

mineralization process may represent a stable and robust

pathway thatis largely independent of changes in the expression

of both genes owing to functional compensation by other

proteins involved in biomineralization.

Since annexins exhibit a high degree of structural similarity,

which has remained conserved during evolution for more than 1

billion years,(34) it is possible that these proteins may fulfill

redundant functions during the biomineralization process. The

compensation of the loss of function for AnxA5 and AnxA6 may

involve the upregulation of distinct annexins on the mRNA or

protein level, but our results did not support this hypothesis.

None of the remaining 10 members of the annexin family in

Anxa5�/�Anxa6�/� mice were differentially expressed at the

mRNA level in transcriptome and quantitative PCR studies of the

prehypertrophic growth plate cartilage (see Fig. 7). At the protein

level, no altered expression was seen for AnxA2 in immunoblot

analysis, whereas for the other members of the annexin family,

no suitable antibodies were available to us because several of the

tested commercially available antibodies recognize more than

one annexin (Brachvogel et al., unpublished results). Therefore,

an altered protein expression or intracellular distribution of

distinct annexins, e.g., to vesicles, cannot be excluded at this

stage of analysis.

Two other annexins, AnxA1 and AnxA8, are expressed as

proteins in growth plate cartilage. AnxA1 was identified just

recently in calcifying matrix vesicles from femoral chicken

embryo using a proteome analysis approach,(28) but its function

in growth plate development and homeostasis is largely

unknown. AnxA1-deficient mice display no gross differences

in the appendicular skeleton. In contrast, a delay in intramem-

branous ossification of the skull and an incomplete fusion of the

sutures was observed in these mice, pointing to a role of AnxA1

in osteoblast differentiation rather than in biomineralization

processes during endochondral ossification.(35) AnxA8 was
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described previously as being most highly expressed in the

hypertrophic zone of the fetal bovine growth plate.(29) The

protein is a poorly characterized member of the protein family,

and an ion channel function for AnxA8 was postulated mainly

based on structure predictions and homology with other

annexins.(36,37) Its capacities for binding to extracellular matrix

proteins or the potential to form calcium channels still has to be

determined. For none of the remaining annexins, an expression

within the growth plate or even an influence on skeletal

development in vivo could be demonstrated, except for AnxA7.

Haploinsufficient Anxa7þ/– mice exhibit male-specific giantism,

indicating that bone growth and biomineralization may depend

on AnxA7 expression.(38) However, a detailed analysis of the

skeletal phenotype is still pending, and the giantism might be

overtly affected by endocrine secretory defects that were

identified previously in these mice.(39) Owing to the presence of

multiple annexins within the growth plate, the precise function

of the individual annexins and their contribution to mineraliza-

tion processes in the growth plate cannot be defined at this

stage. Some members of the annexin family are expressed but

not regulated in Anxa5�/�Anxa6�/� mice; they still functionally

compensate for the loss of both annexins in these mice. It will be

of interest to assess the skeletal phenotype in Anxa5�/�Anxa6�/�

mice where other annexins such as AnxA1, AnxA2, AnxA7,

AnxA8, or other components of the biomineralization process

such as collagen X are additionally deleted.

Alternatively, the discrepancy between in vitro and in vivo

data may be explained by the fact that multiple non-annexin-

related pathways are involved in the formation of functional

bone and that the contributions by annexins A5 and A6 are

not essential for endochondral ossification. However, at the

level of mRNA expression, we could not identify any genes

that were significantly regulated and known to be of

relevance for biomineralization, e.g., matrix Gla protein,

ectonucleotide pyrophosphatase/phosphodiesterase 1 (NPPS),

or alkaline phosphatase.(30–32)

While our data do not support the suggestion that AnxA5 and

AnxA6 are crucial regulators for normal bone formation and

mineralization in vivo, the in vitro evidence for their potential

calcifying activity and their expression at high levels in growth

plate cartilage suggest that they are of importance for the

formation of a stiff and stable skeletal system. Potentially,

Anxa5�/�Anxa6�/�mice may develop a biomineralization-linked

phenotype under some challenging conditions that is not

apparent under normal conditions. In future studies, loss of

estrogen owing to ovariectomy can be used to generate an

osteoporosis-like phenotype to simulate postmenopausal bone

loss(40) or fractures can be induced to analyze bone-healing

processes in these Anxa5�/�Anxa6�/� mice. Both experiments

will provide important information about the influence of AnxA5

and AnxA6 on the progression of osteoporosis and bone

remodeling processes.

In contrast to members of the annexin family, whole-genome

studies indicate that various other genes are affected by the

annexin A5/A6 deficiency. This includes genes contributing to

cell growth and metabolism as well as to protein synthesis,

amino acid transport, and carbohydrate metabolism (see Fig. 7).

Hence annexins A5 and A6 potentially may fulfill functions in the
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growth plate not directly linked to biomineralization, but there

are no obvious indications for an underlying regulatory

mechanism that causes the differential expression of these

genes. It is known that annexins can interact in a calcium-

dependent manner with phospholipids to modulate membrane

trafficking and thereby link Ca2þ signaling to membrane

dynamics.(41) In particular, AnxA6 can influence the release

of Ca2þ from the sarcoplasmatic reticulum,(42) and consequently,

the loss of AnxA6 may modulate calcium signaling events within

chondrocytes. Otherwise, AnxA5 can raise the intracellular Ca2þ

levels in osteoblasts in response to mechanical stimuli.(43) The

absence of both annexins therefore may interfere with the

adequate Ca2þ signaling in prehypertrophic chondrocytes and

cause the observed complex changes in the expression of

multiple transcripts in the mutant growth plate.

In conclusion, we show that the absence of both annexins A5

and A6 does not impair biomineralization of cartilage during

enchondral ossification in vivo.
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