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Abstract 

Little is known about the molecular mechanisms of enthesis formation in mature animals. 

Here, we report that annexin A5 (Anxa5) plays a critical role in the regulation of bone ridge 

outgrowth at the entheses. We found that Anxa5 is highly expressed in the entheses of 

postnatal and adult mice. In Anxa5-deficient (Anxa5–/–) mice, the sizes of bone ridge 

outgrowths at the entheses of the tibiae and femur were increased after 7 weeks of age. Bone 

overgrowth was not observed at the fibrous enthesis where the fibrocartilage layer does not 

exist. More ALP-expressing cells were observed in the fibrocartilage layer in Anxa5–/– mice 

than in wild-type (WT) mice. Calcein and Alizarin Red double labeling revealed more 

mineralized areas in Anxa5–/– mice than WT mice. To examine the effects of mechanical 

forces, we performed tenotomy in which transmission of contractile forces by the tibial 

muscle was impaired by surgical muscle release. In tenotomized mice, bone overgrowth at the 

enthesis in Anxa5–/– mice was decreased to a level comparable to that in WT mice at 8 weeks 

after the operation.  The tail-suspended mice also showed a decrease in bone overgrowth to 

similar levels in Anxa5–/– and WT mice at 8 weeks after hindlimb unloading. These results 

suggest that bone overgrowth at the enthesis requires mechanical forces. We further examined 

effects of AnxaA5 gene knockdown (KD) in primary cultures of osteoblasts, chondrocytes, 

and tenocytes in vitro. AnxaA5 KD increased ALP expression in tenocytes and chondrocytes 

but not in osteoblasts, suggesting that increased ALP activity in the fibrocartilaginous tissue 

in AnxaA5 KO mice is directly caused by Anxa5 deletion in tenocytes or fibrocartilage cells. 

These data indicate that Anxa5 prevents bone overgrowth at the enthesis, whose formation is 

mediated through mechanical forces and modulating expression of mineralization regulators. 

This article is protected by copyright. All rights reserved 
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Introduction 

Tendons and ligaments are connected to bones through a specialized transitional 

tissue called the enthesis(1,2). Various types of enthesopathies can cause serious clinical 

symptoms and their prevalence is increasing in aging societies; thus, it is important to unveil 

the molecular mechanisms controlling enthesis development and maturation(3–7). Entheses are 

classified into fibrous and fibrocartilaginous types. At fibrous entheses, the tendons and 

ligaments are attached either directly or indirectly through the periosteum to the bone, 

whereas fibrocartilaginous entheses consist of tendon, fibrocartilage, mineralized 

fibrocartilage, and bone. Fibrocartilage expresses collagen type I and II, whereas mineralized 

fibrocartilage expresses collagen type II and X. These collagens may function to minimize 

stress and strain between tendon and bone. 

It has been shown that progenitor cells in the enthesis are specified separately 

from chondroprogenitors. Cell pools derived from Sox9-positive, Scx-positive, and 

Col1-negative cells form the bone eminences at the enthesis(6). TGFβ signaling controls the 

specification of bone eminence progenitors in the enthesis, and BMP4 signaling regulates 

their differentiation(8). GDF5-expressing progenitors contribute to enthesis and tendon 

formation(9). Enthesis fibrocartilage cells are also derived from a certain population of 

Gli-expressing Hedgehog (Hh)-responsive cells in the enthesis. Proper Hh signaling is 

required for enthesis growth and mineralization(4,9). It was also previously suggested that 

muscle-induced mechanical loading plays a role in the growth and mineralization of 

fibrocartilaginous enthesis(3,4). Thus far, however, little is known about the molecular 

mechanisms by which fibrocartilage or other cells respond to mechanical stimuli to develop 

and maintain the enthesis. 

Annexins are soluble proteins and are recruited to membranes containing 

negatively charged phospholipids in the presence of Ca2+(10–12). Among them, annexin A5 
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(Anxa5) was originally isolated from chondrocytes and characterized as a collagen-binding 

glycoprotein. Anxa5 mediates the Ca2+ influx into matrix vesicles secreted from 

hypertrophic chondrocytes in the growth plate by interacting with extracellular type II and 

type X collagens, thereby initiating cartilage calcification(13). Anxa5 participates in plugging 

the pores in the disrupted cell membrane in the stress-induced condition. The Anxa5 gene is 

expressed in the developing cartilage anlagen in vertebral bodies, ribs, and the limb digits(14). 

Our previous study indicated that Anxa5 was strongly expressed in mature animal tissues 

that respond to mechanical stimuli including the periosteum, periodontal ligament, and 

entheses(15). Although skeletal development and in vitro calcification of isolated 

chondrocytes are not impaired in Anxa5-deficient (Anxa5–/–) mice(16), it is still possible that 

Anxa5 plays roles in the maintenance of load-bearing transitional tissue. 

Therefore, in the present study, we investigated the functions of Anxa5 in the 

musculoskeletal system in mature animals using Anxa5–/– mice. We found that Anxa5–/– 

mice show bone ridge overgrowth at the enthesis, and that Anxa5 may prevent such 

overgrowth via mechanical forces brought by muscle loading. 

 

Materials and Methods 

Mice 

All animal experiments were approved by the Institutional Animal Care Committee 

and the Recombination Experiment and Biosafety Committee of Tsurumi University School 

of Dental Medicine. Mice were kept under specific-pathogen-free (SPF) conditions and fed 

sterilized CE-2 pellets (CLEA, Tokyo, Japan) and tap water ad libitum. Homozygous mutant 

(Anxa5–/–) and wild-type (Anxa5+/+) mice were generated by intercrossing of heterozygous 

Anxa5-LacZ mice (Anxa5+/–)(14,16), which are Anxa5 null mutants generated by insertion of 

an in-frame knocked-in LacZ gene. The numbers of mice used are summarized in Table1and 
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2. To confirm the genotypes, genomic DNA was extracted from the tail tip by standard 

methods and analyzed by PCR using the following sets of primers for detecting the 

wild-type (Anxa5Ex4dw: 5´-GAAGCAATGCTCAGCGCCAGGA-3´; Anxa5intron4up: 

5´-CCTGTACTCTATCACTATCACTGACTGTTAATC-3´) and the mutant allele 

(Anxa5Ex3dw: 5´-CGAGAGGCACTGTGACTGACTTCCCTGGAT-3´; LacZ2up: 

5´-GCCAGTTTGAGGGGACGACGACAG-3´) as described previously(16). Mice were 

sacrificed by cervical dislocation. Body weight and longitudinal tibial length were measured 

in each genotype and age group. Statistical analyses were performed using two-way 

ANOVA and Student’s t-test. 

 

Anxa5-lacZ activity staining 

Tissues dissected at 40 weeks of age were fixed with acetone(15) and washed with 

-gal reaction buffer consisting of 100 mM sodium phosphate buffer (pH 7.3), 2 mM 

magnesium chloride, 0.02% Nonidet P-40, and 0.01% sodium deoxycholate. Then, the 

tissues were stained for β-gal activity by reaction buffer added 1 mg/ml 

5-bromo-4-chloro-3-indolyl--D-galactoside (X-gal), 5 mM potassium ferricyanide, 5 mM 

potassium ferrocyanide, and 20 mM Tris-hydrochloric acid (pH 7.3). After staining, the 

tissues were post-fixed in 4% paraformaldehyde (PFA) in PBS for 24 h at 4 C and 

demineralized with 20% EDTA for a month. Part of the demineralized specimens were 

dehydrated in graded ethanol, cleared in Tissue-Tek Tissue-ClearTM (Sakura Finetek Japan, 

Tokyo, Japan), and embedded in Tissue-Tek Xpress Paraffin Wax II60 (Sakura Finetek 

Japan). The remainder of the demineralized specimens were embedded in Tissue-Tek O.C.T. 

Compound (Sakura Finetek Japan) using liquid N2. Paraffinized sections with a thickness of 6 

m were stained with hematoxylin and mounted in MP-500 (Matsunami, Osaka, Japan). 

Cryosections with a thickness of 14 m were mounted in Immu-MountTM (Thermo Shandon, 
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Cheshire, UK). Specimens were photographed using a digital camera (DP71, Olympus, 

Tokyo, Japan) connected to a differential interference microscope (Eclipse 80i, Nikon, 

Tokyo, Japan). Stained whole tissues were photographed with a digital camera connected to 

a stereomicroscope (MZFLIII, Leica Microsystems Japan, Tokyo, Japan).  

 

Micro-(CT and three-dimensional (3D) reconstruction of CT images 

Tibial, femoral, and mandibular bones were dissected and fixed with 10% 

formalin in PBS. The bones were scanned at 90 kV, 90 A, 10 μm/pixel with an in vivo 

micro X-ray CT system R_mCT2 (RIGAKU, Tokyo, Japan). 3D and vertical images were 

reconstructed with i-VIEW type R (J. MORITA MFG. CORP., Kyoto, Japan). 

 

Peripheral quantitative (pQ)CT 

The Latheta LCT-100 Lite (Aloka, Tokyo, Japan) with software 2.10 (Aloka, Tokyo, Japan) 

was used to analyze cross-sectional areas of cortical bone (Ct.CSA, mm2). Right or left 

whole tibial and femoral bones were dissected, fixed with 10% formalin in PBS, and 

scanned at a pixel size of 70 × 70 m and a slice thickness of 90 m. The mean Ct.CSA 

values of 80 and 100 slices of 90 m thickness from the proximal end to the epiphysial 

region of tibial and femoral bones, respectively, were calculated.  

 

Histological analyses 

Bones collected at 40 weeks of age were fixed with 4% PFA in PBS, decalcified 

with 20% EDTA, and embedded in O.C.T. coumpound. Cryosections (14 µm thick) were 

prepared for hematoxylin-eosin (HE) staining. Immunohistochemistry of Anxa5, and 

pSMAD1/5/8 were carried out using anti-human Annexin V antibody (1:100, BioVision, CA, 

USA), anti-phospho SMAD1/5/8 (Ser463/465) antibody (1:100, Millipore, CA, USA), Alexa 
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FluorⓇ 594-conjugated chicken anti-rabbit IgG (Thermo Fisher Scientific, MA, USA) and 

Alexa FluorⓇ 488-conjugated goat anti-rabbit IgG (Thermo Fisher Scientific), and the 

sections were counterstained with 4',6-diamidino-2-phenylindole (DAPI). Alkaline 

phophatase (ALP) and tartrate-resistant alkaline phosphatase (TRAP) activities as markers of 

bone formation and bone resorption, respectively, were detected by staining assay as 

previously described(17).  

 

Histomorphometric analysis of bone 

Histomorphometric analysis was performed as described previously(ref). Briefly, 

calcein (4 mg/kg body weight) and Alizarin Red S (20 mg/kg body weight) were injected 

subcutaneously 13 and 2 days before sacrifice, respectively. Tibiae were embedded in methyl 

methacrylate, and approximately 100-mm-thick horizontal sections of distal metaphyses and 

midshaft regions were prepared. Calcein and alizarin red labeling was visualized using a 

fluorescence microscope (Eclipse 80i, Nikon, Japan) with an excitation wavelength of 

450-490 nm and a 510-560 nm band-pass filter, respectively. Mineral apposition rate (MAR) 

was calculated as the distance between the two labels divided by the time between dye 

injections(18). Two-dimensional cortical periosteal perimeter (Ct.Pm) on the bone surface 

were measured based on cross-sectional slice images captured from CT (Supplemental 

Fig.2) 

 

Tendon-severing operation (tenotomy) 

Under anesthesia by intraperitoneal injection of pentobarbital (55 mg/kg body 

weight), the right patellar and tibialis anterior tendons of 12-week-old Anxa5–/– (n=4) and 

Anxa5+/+ (n=5) mice were severed with a scalpel. The left tibial bones were used as a normal 
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control. After 8 weeks, tibiae were dissected and histologically and radiographically 

analyzed by CT and pQCT. The numbers of mice used are summarized in Table 2. 

 

Hindlimb unloading in tail-suspended mice  

      The mice were subjected to tail suspension as described previously(19).  Briefly, a 

0.3-mm steel wire was applied to the intervertebral space 1-cm from the base of the tail 

and shaped into a ring from which the mice were suspended. One end of an S-shaped steel 

wire was placed into the ring and the other end was fixed to the overhead bar and the height of 

the bar was adjusted to maintain in an 30° head-down tilt with the hindlimbs elevated above 

the floor of the cage. Mice were permitted to move within the cage using their forelimbs while 

their hindlimbs were kept free of weight bearing. The mice in the unloading group were 

subjected to tail suspension for 8 weeks. Loaded control mice were also housed individually 

under the same conditions except for tail suspension for 8 weeks. After 8 weeks of tail 

suspension, the femora and tibiae were separated from adherent muscles and connective 

tissues other than periosteum, and fixed with 70% ethyl alcohol solution for subsequent 

analysis of bone.  The numbers of mice used are summarized in Table 2. 

 

Culture of primary cells 

Primary osteoblasts (pOb), primary tenocytes (pTeno), and primary chondrocytes (pCh) 

were prepared as previoulsy described(20–22) and maintained in growth medium (pOb and 

pTeno: alpha-MEM (Sigma) supplemented with 10% fetal bovine serum, pCh: DMEM 

(Gibco) supplemented with 10% fetal bovine serum) in a humidified atmosphere of 5% CO2 

and 95% air.  

To induce differentiation, the medium was changed to differentiation medium (pOb: 50 

μg/ml ascorbic acid and 10 mM β-glycerophosphate; pTeno: 20 ng/ml Tgf-β2; pCh: 500 
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ng/ml BMP, 10 ng/ml Tgf-β3, 50 μg/ml ascorbic acid, 10-7M dexamethasone, 40 μg/ml 

proline, 100 μg/ml pyruvate and 1x ITS-plus) at 1 day after cell seeding and siRNA 

transfection. 

 

Transfection of siRNA 

For the siRNA experiment, we selected a synthetic siRNA duplex against Anxa5 

(Anxa5-MSS202025) from Stealth Designer (Life Technologies Japan). Stealth RNAi 

siRNA Negative Control Lo GC was used as a negative control. To transfect siRNAs, each 

cell type was seeded at 2×104 cells/cm2 in 6-well plates for 30 min before transfection. The 

cells were transfected with Anxa5 siRNA or negative control siRNA at a final concentration 

of 30 nM using jetPRIME transfection reagent (Polyplus Transfection, Illkirch, France). 

 

RNA extraction and quantitative (q) PCR 

At 3 days after changing to differentiation medium, RNA was isolated according to the 

manufacturer's instructions using an RNeasy mini kit (Qiagen, Hilden, Germany). RNA was 

then reverse-transcribed using oligo-dT primers and reverse transcriptase (Superscript III; 

Invitrogen) to synthesize cDNA. After cDNA synthesis, qPCR was performed as 

described(22). Primer sequences used for qPCR analysis are summarized in Table 3. 
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Results 

Anxa5 is expressed in the skeletal system 

We first examined if the Anxa5 is expressed in the enthesis, periosteum, and skeletal tissue 

by utilizing the LacZ staining of the bones derived from Anxa5+/- mice. Anxa5-lacZ was 

expressed in the enthesis, periosteum, articular cartilage surface, and growth plate cartilage 

of the tibial bone in Anxa5+/– mice (Fig. 1A–C). In magnified views of insertion sites of the 

soleus muscle to the medial surface of the tibia, Anxa5-lacZ expression was observed in 

fibrocartilaginous tissues (Fig. 1D). Similar expression patterns of Anxa5-lacZ were 

observed in femoral bones (data not shown). Expression of Anxa5-lacZ was also observed at 

insertion sites of the masseter and digastric muscles to the mandibular bone, and those of the 

periodontal ligament to the alveolar bone (Fig. 1E–G). The localization of Anxa5 protein in 

fibrocartilaginous tissues as determined by histochemical staining was similar to that of 

Anxa5-lacZ (Fig. 1D and H).  

 

Bone ridge overgrowth at the entheses of Anxa5–/– mice  

We next examined the skeletal phenotype of the Anxa5-/- mice. Consistent with 

previous study, the Anxa5–/– mice were viable and fertile, and showed no significant 

differences in body weight and longitudinal tibial bone length until 40 weeks of age when 

compared to Anxa5+/+ and Anxa5+/– mice (Supplemental Fig. 1). However, under a binocular 

microscope, we found that several portions of tendon insertions to the bones were projected 

abnormally in the Anxa5-/- mice compared to the wild-type mice. For example, the bone 

ridge at the insertion of the tibialis anterior muscle (Fig. 2A), and that at the trochanter 

tertius of the proximal femur was prominent in the Anxa5-/- mice (Fig. 3A). 

At 40 weeks of age, microscopic observation revealed that tibial bone ridge overgrowth 

was prominent in Anxa5–/– mice and that the bone ridge size in Anxa5+/– mice was 
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intermediate between those in Anxa5–/– and Anxa5+/+ mice (Fig. 2A and supplemental Fig. 

3A). In accordance with the microscopic view, CT analysis and measurement of Cortical 

periosteal perimeter (Ct.Pm) showed that the largest the Ct.CSA and Ct.Pm at the level of 

tibial bone ridge in Anxa5–/– mice and those in Anxa5+/– mice were intermediate between 

those in Anxa5–/– and Anxa5+/+ mice (Fig. 2B). These changes of bone ridge overgrowth 

were apparent after 7 weeks, but not before 4 weeks of age (Fig. 2C and D). Similarly, 

microscopic and CT analyses revealed that the femoral and mandibular bone showed bone 

ridge overgrowth at the entheses (Fig. 3, and supplemental Fig. 3B, C). In contrast to these 

fibrocartilaginous entheses, the fibrous insertions of the ligaments were not affected in 

Anxa5–/– mice. For example, the tibial insertion of the medical collateral ligament with 

minimal Anxa5-LacZ expression was indistinguishable from that of WT mice (Fig. 4A, 

B,and C). 

 

Tendon resection and hindlimb unloading suppresses the skeletal phenotype of Anxa5–/– 

mice 

Anxa5–/– mice showed bone ridge overgrowth at the entheses as of 7 weeks of age. 

To assess whether the localized phenotype at the entheses is caused by changes in the 

genetically regulated pattern formation of bone outlines or involves mechanical force-driven 

local growth of fibrocartilaginous tissues, we used tenotomy to eliminate tibial muscle 

contractile force transmission (Supplemental Fig. 4). Microscopic observation revealed that 

bone ridge overgrowth at the enthesis was suppressed at tenotomized sites to a similar extent 

in Anxa5–/– and Anxa5+/+ mice (Fig. 5A).  CT analysis supported these findings (Fig. 5A). 

The increased Ct.CSA and wider fibrocartilaginous layers at the enthesis of Anxa5–/– mice 

were decreased to levels similar to those in Anxa5+/+ mice at 8 weeks after tenotomy (Fig. 

5B, C). In contrast, bone ridge overgrowth at the control sites in Anxa5-/- mice was not 
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altered (Fig. 5A). Body weight did not differ between tenotomized and Anxa5–/– and 

Anxa5+/+ mice (Supplemental Fig. 4B). To reduce muscle loading, we further performed 

hindlimb unloading in tail-suspended mice. In those mice, the sizes of the bone ridges of the 

tibia and femur were decreased in both Anxa5+/+ and Anxa5–/– mice after hindlimb unloading 

(Fig. 5D). These results suggest that Anxa5 inhibits bone ridge overgrowth at the enthesis, 

which depends on mechanical loading by muscle contractile forces. 

 

ALP was activated in fibrocartilaginous tissues at the enthesis in Anxa5–/– mice 

The fibrocartilaginous layer was wider in Anxa5–/– mice than in Anxa5+/+ mice at 

the insertion sites (Fig. 6A–D). In these tissues, calcein and Alizarin Red labeling showed 

higher uptake and broader distribution of labeling in Anxa5–/– mice than in Anxa5+/+ mice 

(Fig. 6E, F). Mineral apposition rate showed higher mineral apposition in Anxa5–/– mice (Fig. 

6G). Consistent with these results, a broader distribution of cells with high ALP activity was 

observed in the fibrocartilaginous layer in Anxa5–/– mice (Fig. 6H, I). The proportion of 

ALP-positive cells was significantly higher in Anxa5–/– mice than in Anxa5 +/+ mice (Fig. 

6J).  

Because ALP is activated by BMP signaling in various tissues, we next examined 

BMP signaling in the enthesis by immunofluorescent detection of phosphorylated Smad 1/5/8 . 

We observed many cells positive for phosphorylated Smad 1/5/8 in the region closed to 

ALP-positive cells in the enthesis in Anxa5 +/+ and Anxa5–/– mice (arrowhead in Fig. 6K and 

L). 

 To examine whether overgrowth of the bone ridge is caused by decreased 

osteoclastic activity at the enthesis, we performed TRAP staining. Cells positive for TRAP 

activity were minimally detected in both Anxa5–/– and Anxa5+/+ mice (Supplemental Fig. 5). 
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These results suggest that Anxa5 regulates matrix accumulation and mineralization of the 

bone ridges at the enthesis. 

 

 AnxaA5 differentially regulate cell differentiation and ALP expression in three types of 

cells  

       We next examined the molecular mechanism underlying the phenotypes observed 

in Anxa5–/– mice. We analyzed the effects of AnxaA5 gene knockdown (KD) in three 

representative cellular components of the enthesis: osteoblasts, chondrocytes, and 

tenocytes in vitro. Transfection of AnxaA5 siRNA resulted in increased ALP expression in 

primary cultures of tenocytes and chondrocytes but not in osteoblasts (Fig. 7B). AnxaA5KD 

in chondrocytes resulted in up-regulation of Sox9, whereas it increased Scx and Tnmd 

expression in tenocytes , suggesting that AnxaA5KD promotes chondrocyte and tenocyte 

differentiation (Fig. 7H). AnxaA5KD in osteoblasts resulted in decreased Runx2 and 

osteopontin expression, suggesting that AnxaA5KD inhibits osteoblastic differentiation (Fig. 

7H).  

       To investigate the possible mechanisms underlying the increase of ALP mRNA, we 

examined the expression of BMP4 and Wnt5a, which are positive and negative regulators of 

ALP, in various cells. BMP4 expression was increased in Anxa5 KD osteoblasts and 

chondrocytes but not in tenocytes (Fig. 7C). In contrast, Wnt5a expression was suppressed 

in Anxa5 KD tenocytes and chondrocytes but not in osteoblasts (Fig. 7D). These findings 

suggest that increased BMP4 expression and decreased Wnt5a expression may mediate 

up-regulation of ALP in chondrocytes. Since Hh signaling is important for mineralization in 

enthesis, we examined Ptc1 expression, which is a target of Hh signaling. Ptc1 expression 

was increased in Anxa5 KD chondrocytes but not in tenocytes and osteoblasts (Fig. 7E). 
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       Because ALP has been reported to hydrolyze pyrophosphate (PPi), a potent 

inhibitor of biomineralization, we examined the expression of enzymes involved in 

pyrophosphate transport and metabolism. Expression of the progressive ankylosis gene (ank, 

a transporter of PPi) was decreased in tenocytes and chondrocytes but not in osteoblasts 

upon Anxa5 KD (Fig. 7F). Expression of the ectonucleotide 

pyrophosphatase/phosphodiesterase (ENPP1), which generates PPi, was suppressed in 

chondrocytes but increased in tenocytes and osteoblasts by Anxa5 KD (Fig. 7G). These 

results suggest that ALP, ANK, and ENPP1 were differentially regulated by Anxa5 in 

three cellular components of the enthesis. Increased ALP and decreased ANK and ENPP1 

levels in chondrocytes favor Pi against PPi in the absence of Anxa5. 
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Discussion 

We investigated here the skeletal phenotype of Anxa5-deficient mice, which have been 

reported to have less prominent skeletal phenotypes at least until the age of 3 months (16,23). By 

focusing on the bony eminences or the enthesis of the ligaments or tendons, we could 

demonstrate that adult Anxa5-deficient mice have larger bone ridges at various entheses of the 

skeleton. Enlarged bone ridges with strong Anxa5-lacZ expression were observed at least 

after 7 weeks of age in the long and facial bones of Anxa5–/– mice, suggesting that Anxa5 

may function to inhibit bone ridge overgrowth at the entheses during maturation in adolescent 

to adult mice. To the best of our knowledge, this is the first report that Anxa5 has a protective 

function to prevent overgrowth of the bone eminences for the tendon/ligament insertions. 

Several hypotheses have been proposed for enthesis formation or modeling/remodeling. 

For example, the importance of BMP4 for the activation of chondrogenic differentiation of 

enthesis tendon cells has been reported(8). In our study, we found that BMP4 expression is 

increased by knocking down Anxa5 in chondrocytes or in osteoblasts, suggesting its 

possible involvement. In the literature, the importance of parathyroid hormone-related 

protein (PTHrP) in the induction of remodeling by osteoclasts was also indicated for fibrous 

insertions of tendons using Scx-Cre and PTHrP floxed mutant mice(7). However, in our 

study, we did not detect any apparent changes in the number of osteoclasts distributed 

around the remodeling enthesis. Thus, we assume that bone ridge overgrowth at the 

fibrocartilaginous entheses in Anxa5–/– mice was mainly caused by activation of 

chondrocytes rather than suppression of osteoclasts.   

     Because it has been reported that the forces applied by muscles and tendons to the 

enthesis are important for bone ridge formation (3,24,25), we investigated the effects of 

mechanical unloading using tendon-severing operation or hindlimb unloading in 

tail-suspended mice. We found that bone eminences in Anxa5–/– mice were reduced to 
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levels comparable to those in Anxa5+/+ mice by 8 weeks after tenotomy or hindlimb 

unloading, suggesting that bone eminence formation in response to mechanical tension is 

restricted by expression of Anxa5. Although the molecular mechanisms by which the Anxa5 

suppresses tension-induced bone ridge growth remains unknown, our study using primary 

cultured chondrocytes and tenocytes identified novel functions of Anxa5 as follows.  

     First, the cell-type-specific response of chondrocytes, tenocytes, and osteoblasts was 

demonstrated by primary culture experiments. Because Anxa5 was expressed in the 

periosteum, fibrocartilage, and adjacent tendon in the adult mouse skeleton, we investigated 

these cells. ALP expression was increased by Anxa5-KD in primary tenocytes and 

chondrocytes but not in osteoblasts, suggesting its direct contribution to the increased ALP 

activity in the fibrocartilaginous tissue in AnxaA5 KO mice. We also found one possible 

mechanism underlying the increase of ALP expression in Anxa5 deletion by up-regulation of 

BMP4, which is known to activate ALP in various tissues(26,27). Downregulation of Wnt5a in 

primary chondrocytes may also be responsible, as it has been reported to decrease ALP 

expression in cultured chondrocytes, enthesis explant, and periodontal ligament (PDL) cells 

(28,29). The increased Bmp4 and decreased Wnt5a levels may be due to the enhanced 

chondrogenic differentiation. We also showed cell-type-specific response that Sox9 

expression in chondrocytes and Scx expression in tenocytes was increased by Anxa5 KD, 

whereas Runx2 expression in osteoblasts was decreased by Anxa5 KD.  

ALP is a critical regulator of mineralization, which hydrolyzes pyrophosphate, a 

strong inhibitor of extracellular mineralization, into inorganic phosphate (pi)(30). Importantly, 

extracellular pyrophosphate is also regulated by another enzyme ENPP(31) and the 

transporter ANK(32),and thus the observed effects in Anxa5 KD chondrocytes, i.e., the 

decreased ENPP and ANK expression along with increased ALP expression, was considered 

to favor mineralization by suppression of extracellular pyrophosphate levels. In addition, if 
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the enhanced chondrogenic and tenocytic differentiation contributed to the enhanced 

mineralization at the enthesis, such cell-type-specific control of differentiation may 

contribute in vivo to restrict the skeletal phenotypes of Anxa5–/– mice only to 

fibrocartilaginous enthesis in adulthood. Anxa5 may function to modify physiological 

responses in vivo such as stress loading condition. 

    In conclusion, Anxa5 prevents bone overgrowth at the enthesis, whose formation is 

mediated through mechanical forces and modulating expression of pyrophosphate (PPi) 

regulators (Fig. 8). Further studies are needed to clarify the molecular mechanisms of Anxa5 

fuctions in the enthesis.  An in-depth understanding of Anxa5 functions may shed light on the 

mechanism of pathologic condition of the human entheses. 
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Figure captions 

Fig. 1. Anxa5-lacZ and Anxa5 expression. 

(A) Anxa5-lacZ expression at tendon insertion sites to the tibial bone in Anxa5+/– male 

mouse at 40 weeks of age. The leg was dissected out, fixed with acetone, and stained with 

X-gal. Intensive blue staining (arrowheads) was observed at sites where tendons attach to 

the bone. The tibialis anterior muscle was eliminated to clearly show the region with strong 

expression. (B) Longitudinal section of tibia showing the presence of the Anxa5-lacZ fusion 

protein by staining with X-gal and hematoxylin. The blue X-gal staining was observed at 

insertion sites of tendon/ligament to bone, surface of articular cartilage, growth plate 

cartilage, and periosteum. (C) Transverse section of tibial bone showing the presence of 

Anxa5-lacZ by X-gal staining. Fdl, flexor digitorum longus muscle; S, soleus muscle; Ta, 

tibialis anterior muscle; Tp, tibialis posterior muscle. The square indicates the area 

magnified in (D). (D) Anxa5-lacZ expression at tendon insertion sites of the soleus muscle 

to the tibial bone. Strong expression of Anxa5-lacZ was observed in the enthesis region 

surrounded by dotted lines in the image. (E) Ventral view of mandibles stained for 

Anxa5-lacZ with X-gal. The blue X-gal staining (arrowheads) was observed at insertion 

sites of the tendon to the bone. (F) Frontal section of mandible stained for Anxa5-lacZ. The 

blue X-gal staining was observed at the insertion sites of the masseter and digastric muscles 

to the mandibular bone and periodontal ligaments of the molar and incisor teeth. The square 

indicates the site magnified in (G). (G) Anxa5-lacZ expression at tendon insertion sites of 

the digastric muscle to the mandibular bone. (H) Immunohistochemistry showing Anxa5 

expression at the insertion site of the soleus muscle to the tibial bone. Strong expression of 

Anxa5, similar to Anxa5-lacZ in (D), was observed in the enthesis region (surrounded by 

dotted lines). Cells were counterstained with DAPI. Dg; digastric muscle, I; incisor, Fdl; 
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flexor digitorum longus muscle, M3; third molar, Ma; mandibular bone, Mm; masseter 

muscle, S; soleus muscle, Ta; tibialis anterior muscle, Ti; tibia, Tp; tibialis posterior muscle. 

 

Fig 2. nalyses of tibial bones in Anxa5–/– mice  

 (A) Representative view of microscopic images( upper ) , reconstructed CT images 

(middle), and cross-sectional images (lower) at insertion sites of tibial bone at 40 weeks of 

age in female mice. Images of tibia for Anxa5+/+ (WT), Anxa5+/– (Het) , and Anxa5–/– (KO) 

are shown .Bone ridge protrusions are indicated by arrowheads. Scale bar, 1 mm. (B) Means 

of cortical cross-sectional area (Ct.CSA) (left and middle panel) and cortical periosteal 

perimeter (Ct.Pm) (right panel) of tibial bone at 40 weeks of age in female mice are shown. 

Squares in the left panel indicate the sites magnified in the middle panel. One star (*) and two 

stars (**) indicate significant difference of WT and KO with a P value <0 .05 and < 0.01, 

respectively. Ct.Pm is measured in the cross sectional images of CT at the position as the 

distance (in mm) from the growth plate, shown in Supplemental Fig. 2. (C) Representative 

reconstructed 3D image of tibial bones that were dissected at 4, 7, and 16 weeks (W) from 

female. Scale bars, 1 mm. (D) Mean Ct.CSA of tibial bones measured by pQCT. Fixed tibial 

bones were analyzed by pQCT using 100 slices of 90 m thickness covering the proximal 

end to the diaphyseal region. Obvious increases in Ct.CSA in Anxa5–/– mice after 7 weeks of 

age are indicated by arrowheads. 

 

Fig. 3. Analyses of femoral bones in Anxa5–/– mice. 

(A) Representative view of microscopic images( upper ) , reconstructed 3D CT images 

(middle) and cross-sectional images (lower panel) at insertion sites of femoral bone at 16 

weeks of age. Bone ridge protrusions at the enthesis of the trochanter tertius in femur are 

indicated by arrowheads. Scale bar, 1 mm. (B) Mean Ct.CSA of femoral bone measured by 



 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

25 

This article is protected by copyright. All rights reserved 

pQCT. Mean Ct.CSA of 3 to 5 of Anxa5+/+ (WT; black dotted line) and Anxa5–/– (KO; black 

line) mice from each age groups are plotted. Increases in Ct.CSA in Anxa5–/– mice after 7 

weeks of age are indicated by arrowheads. 

  

Fig. 4. Analyses of fibrous enthesis of tibia. 

(A) Anxa5-lacZ expression at fibrous entheses. Anxa5-lacZ expression was hardly observed 

at the fibrous insertion of the medial collateral ligament (MCL) to the tibial bone (Ti). The 

dotted line indicates the site used for histological analyses in (C). Scale bar, 100 m (B) 

Representative view of microscopic images and reconstructed CT images of tibial bone at 

4, 16, and 40 weeks (w) of female mice showed no phenotypic differences between Anxa5+/+ 

(WT) and Anxa5–/– (KO) mice. (C) HE staining of transverse sections showing insertion 

sites of MCL to Ti in Anxa5+/+ (WT) and Anxa5–/– mice (KO) at 40 weeks of age. No 

marked differences were observed between Anxa5+/+ and Anxa5–/– mice. Dotted lines 

delineate tibia (Ti), fibrous tissue, and MCL. 

 

Fig.5. Effect of mechanical unloading on bone ridge overgrowth at the enthesis. (A) 

Representative images of normal (C) and tenotomized (T) sides of tibial bones in Anxa5+/+ 

(WT) and Anxa5–/– (KO) mice. Representative view of microscopic images, reconstructed 

3D CT images and cross sectional images of tibiae are shown. Decreases in bony 

protrusions in Anxa5–/– and Anxa5+/+ mice are indicated by arrowheads. Scale bars, 1 mm. 

(B) Mean Ct.CSA of normal and tenotomized sides of bones of Anxa5+/+(WT) and Anxa5–/– 

(KO) mice. pQCT analyses were conducted as described in the legend of Fig. 2. Decreases 

in Ct.CSA are indicated by arrowheads. (C) HE staining of transverse sections showing 

insertion sites of the soleus muscle to the tibial bone of the tenotomyzed side. In 

tenotomized mice, the bone ridge protrusions in Anxa5–/– (KO) mice was suppressed to a 
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level comparable to that in Anxa5+/+(WT) mice. Scale bars, 100 m. (D) Analysis of femur 

after 8week tail suspension. Tail suspension started at 12 weeks of age and continued for 8 

weeks. Representative view of microscopic images of femur at 20 weeks of age in Anxa5+/+ 

(W ) loading (L) and unloading (UL) mice, and that in Anxa5–/– (KO) loading (L) and 

unloading (UL) mice are shown.  Bone ridge protrusions at the enthesis of the trochanter 

tertius in femur are inidacted by arrowheads. 

 

Fig. 6. Histological analyses of tibial bones in Anxa5–/– (KO) and Anxa5+/+(WT) mice. 

(A, B) HE staining of transverse sections showing insertion sites of the soleus muscle to the 

tibial bone in Anxa5+/+ (A) and Anxa5–/– (B) mice at 40 weeks of age. Squares indicate the 

sites magnified in Fig. 6C and D. (C, D) Magnified images of HE staining at insertion sites 

of the soleus muscle to the tibial bone. Anxa5–/– mice (D) showed increased amounts of 

fibrocartilaginous tissues, surrounded by dotted lines in the image. (E, F, and G) Calcein 

and alizarin red uptake at the insertion sites of the soleus muscle to the tibial bone. MAR 

were calculated, based on the double labeling (G). MRA was significantly higher in 

Anxa5–/–mice (G; *p < 0.05, t-test) (H, I, and J ) Representative images of ALP-expressing 

cells (I, J) in insertion sites of the soleus muscle to the tibial bone. More ALP-expressing 

cells with intensive activity were observed in fibrocartilaginous tissues (surrounded by 

dotted lines) in Anxa5–/– (H) than in those of Anxa5+/+ (I) mice. The percentage of 

ALP-expressing cells in total cells was significantly higher in Anxa5–/–mice (J; *p < 0.05, 

t-test). (K, L) Immunohistochemical analysis of pSmad 1/5/8. Immunofluorescence of 

pSmad 1/5/8, counterstained by DAPI are shown. Positive cells in are indicated by 

arrowheads in fibrocartilaginous tissues (surrounded by dotted lines) Anxa5+/+ (K) and 

Anxa5–/– (L) mice. Scale bars, 500 m (A, B) and 100 m (C-F, H, I, K, and L). 

Abbreviations are listed in the legend of Fig 1. 
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Fig. 7. AnxaA5 gene knock down in the tenocytes, chondrocytes, and osteoblasts.  

We performed qPCR and analyzed mRNA expression after AnxaA5 gene knock down 

(KD) in three representative cellular components of the enthesis, tenocytes (pTeno), 

chondrocytes (pCh), and osteoblasts (pOb) in vitro. We analyzed following mRNAs; Anxa5 

(A) , Alp (B), Bmp4 (C), Wnt5a (D), Ptc1 (E), Ank (F), Enpp1(G), and Scx, Tnmd, Sox9, 

Runx2, and Opn (H) . Y-axis shows fold change of expression relative to control . *p < 0.05. 

 

Fig. 8. Schematic representation of the possible function of Anxa5 at the enthesis. Anxa5 is 

strongly expressed at the enthesis. Anxa5 prevents bone overgrowth at the enthesis, which 

depends on mechanical loading.  In vitro experiments show that Anxa5 negatively regulates 

ALP expression, while it positively regulates ANK expression in tenocytes and 

chondrocytes, and ENPP1 in chondrocytes. Thus, it suggests that Anxa5 prevents bone 

overgrowth at the enthesis, whose formation is mediated through mechanical forces and 

modulating expression of pyrophosphate (PPi) regulators.  

 

Supplemental Fig. 1. Comparison of body weight (A) and longitudinal tibial length (B) 

between Anxa5+/+ (white bars), Anxa5+/– (gray bars), and Anxa5–/– (black bars) mice. 

Differences in body weight and tibial length at 4, 7, 16, and 40 weeks of ages in female and 

40 weeks of ages in male mice were not significant (t-test). Data are the mean + SD. 

 

Supplemental Fig. 2. Cross-sectional images used for measuring Ct.Pm. 

Each cross-sectional image was obtained from CT at the position as the distance (in mm) 

from the growth plate of the tibia. Cortical periosteal perimeter (Ct.Pm) in Fig. 2 was 
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measured in each cross-sectional image. Lines in sectional image and reconstructed 3D 

image of the upper panel indicate the positions at 0 and 3 mm distance from the growth plate. 

 

Supplemental Fig. 3. Analysis of the tibial, femoral, and mandibular bones at 40 weeks of 

age. 

(A) Representative view of microscopic images (upper), reconstructed CT 3D images 

(middle), and cross-sectional images (lower) at insertion sites of tibial bone at 40 weeks of 

age in male mice. Images of tibia for Anxa5+/+ (WT), Anxa5+/– (Het), and Anxa5–/– (KO) are 

shown. Bone ridge protrusions are indicated by arrowheads. Scale bar, 1 mm.  (B) 

Representative view of microscopic images at insertion sites of femoral bone at 40 weeks of 

age in female Anxa5+/+ (WT), and Anxa5–/– (KO) are shown (upper). Mean Ct.CSA of 

femoral bone measured by pQCT is shown (lower).  (C) Representative view of 

reconstructed CT 3D images and sagittal sectional images of mandibular bones in Anxa5+/+ 

(WT) and Anxa5–/– (KO) female mice at 40 weeks of age. Lateral views of reconstructed 3D 

images and sagittal sections are shown. Specific protrusions at insertion sites of the digastric 

muscle to the bone in Anxa5–/– mice are indicated by arrowheads. B; mandibular bone, I; 

apical region of incisor, M1; first molar, M2; second molar. Scale bar; 1 mm. 

 

Supplemental Fig. 4. (A) Schematic representation of tenotomy. The right patellar and 

tibialis anterior (TA) tendons of Anxa5–/– and Anxa5+/+ mice at 12 weeks of age were 

severed. The left tibial bones were used as a normal control. At 8 weeks after tenotomy, 

tibiae were dissected and analyzed. (B) Changes in mean body weight from 12 to 20 weeks 

of age. Differences of body weight between Anxa5–/– (KO; straight line) and Anxa5+/+ (WT; 

dotted line) mice were not significant.  
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Supplemental Fig. 5. TRAP activities at fibrocartilaginous enthesis. TRAP staining of 

transverse sections showing insertion sites of the soleus muscle to the tibial bone (Ti) in 

Anxa5+/+ (WT; A) and Anxa5–/– (KO; B) mice at 40 weeks of age. Scale bars, 100 m. 
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Table.1  Numbers of mice analyzed 
 
 

  4w Female 7w Female 16w Female 40w Female 40w Male 

Anxa5-/- 4 5 6 9 4 

Anxa5+/- 
   

4 7 

Anxa5+/+ 4 4 6 8 5 
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Table.2  Numbers of mice used for tenotomy and tail suspension 
 

  tenotomy Tail suspension  no suspension 

Anxa5-/- 4 4 3 

Anxa5+/+ 5 4 3 
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Table.3  List of primer sequences used for RT-PCR analysis 
 

 

  
Accession 
number 

Forward (5' to 3') Reverse (5' to 3') 

Gapdh NM_001289726 GCCAAACGGGTCATCATCTC GTCATGAGCCCTTCCACAAT 

Alp NM_007431 GATAACGAGATGCCACCAGA AATGCTTGTGTCTGGGTTTA 

Bmp4 NM_007554 CTCTTCAACCTCAGCAGCAT GGTGTCCAGTAGTCGTGTGA 

Wnt5a NM_009524 CCTGCCTCGGGACTGGTTGT CGGCCTGCTTCATTGTTGTG 

Ptc1 NM_008957 CTCAGGCAATACGAAGCACA GACAAGGAGCCAGAGTCCAG 

Ank NM_020332 ACGAGACAAGACCCTGGCATTAG TGAAGATGGCACTAGAGCGAGAAG 

Enpp1 NM_001308329 GGACGCTATGATTCCTTAGAGA GCTGGTGAGCACAATGAAGA 

Scx NM_198885 CACCCAGCCCAAACAGATCTGCA AGTGGCATCACCTCTTGGCTGCT 

Tnmd NM_022322 TCCCGCAAGTGAAGGTGGAGAAGA AGTAAAGGTTCACAGACACGGCGG 

Sox9 NM_011448 TCCTACAGCCCCTTCAACCT GTGTCAGCGATGGGGGTGTA 

Runx2 NM_009820 TTCCAGACCAGCAGCACTCC CTTCCGTCAGCGTCAACACC 

Opn NM_001204233 CAGGAGAGTGCCGATCAGTC GGAACTGTGTTTTTGCCTCT 
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