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ABSTRACT



In chicken, ovocleidin 116 (OC-116) is found in the eggshell matrix and its encoding gene, OC-116, is expressed in uterine cells. In mammals, its orthologue MEPE encodes the matrix extracellular phosphoglycoprotein (MEPE), which has been shown to be involved in bone mineralization. Using RT-PCR and in situ hybridization on sections, we have checked whether OC-116 was also expressed in osteoblasts and osteocytes during bone development and mineralization in chicken embryos. We monitored OC-116 expression in the tibia and mandible of a growth series of chicken embryos from E3 to E19. Transcripts were identified in the osteoblasts as early as E5 in the tibia and E7 in the mandible, before matrix mineralization, then from these stages onwards in both the osteoblasts lining the mineralized bone matrix and the osteocytes. Therefore, early in chicken ontogeny and as soon as osteogenesis begins, OC-116 is involved. Its function, which remains still unknown, is maintained during further bone growth and mineralization, and later in adult, in which it is recruited for eggshell formation. We hypothesize that the ancestral OC-116/MEPE in a stem amniote was involved in these two functions and that the loss of eggshell in the mammalian lineage has probably favored the recruitment of some MEPE domains toward new functions in osteogenesis and mineralization, and in phosphatemia regulation. J. Exp. Zool. (Mol. Dev. Evol.) 314B:653–662, 2010. & 2010 Wiley-Liss, Inc.



J. Exp. Zool. (Mol. Dev. Evol.) 314B:653–662, 2010



How to cite this article: Bardet C, Vincent C, Lajarille M-C, Jaffredo T, Sire J-Y. 2010. OC-116, the chicken ortholog of mammalian MEPE found in eggshell, is also expressed in bone cells. J. Exp. Zool. (Mol. Dev. Evol.) 314B:653–662.



The matrix extracellular phosphoglycoprotein, MEPE (also called OF45), was discovered 10 years ago in rats (Petersen et al., 2000) and humans (Rowe et al., 2000). In humans, cDNA encoding MEPE was isolated from tumors of oncogenic hypophosphatemic osteomalacia patients (Rowe et al., 2000). Similar findings were obtained later in patients suffering from chromosome X-linked hypophosphatemia rickets (Rowe, 2004). In rodents and humans, MEPE is mainly expressed by the osteoblasts, osteocytes, and odontoblasts (Gowen et al., 2003; Rowe, 2004). The encoded protein was described as both inhibitor and activator of osteogenesis and mineralization, and it plays a role in phosphatemia. The properties of MEPE are currently known as being mainly related to two main domains. The first domain, commonly named dentonin, favors cell-matrix adhesion and cell proliferation through its RGD and SGDG motifs, respectively



(Hayashibara et al., 2004). These motifs are absent in marsupial MEPE and they are thought to have appeared in the common placental ancestor (Bardet et al., 2010). The second domain is known as Acidic Serine-Aspartate-Rich MEPE-associated motif (ASARM). This peptide is located at the C-terminus of the protein and is rich in serines and aspartic acids. It is a key player in the regulation of bone mineralization. ASARM is resistant to proteases and active in its circulating form when released after proteolysis of this domain by cathepsin-B (Rowe, 2004). When Correspondence to: Jean-Yves Sire, Universite´ Pierre et Marie Curie, UMR



7138, Case 5, 7 quai Saint-Bernard, baˆt. A, 4e e´tage, 75005 Paris, France. E-mail: [email protected] Received 16 February 2010; Revised 4 June 2010; Accepted 7 June 2010 Published online 27 July 2010 in Wiley Online Library (wileyonline library.com). DOI: 10.1002/jez.b.21366



& 2010 WILEY-LISS, INC.



654 phosphorylated, ASARM can bind to hydroxyapatite crystals, thereby inhibiting mineralization (Addison et al., 2008). The ASARM peptide was already present in the common ancestor of mammals and reptiles (Bardet et al., 2010). MEPE belongs to the Small Integrin-Binding Ligand, N-linked Glycoprotein (SIBLING) family containing five noncollagenous proteins that are mainly expressed in mineralized tissues, bone, and dentin (Fisher et al., 2004; Bellahce`ne et al., 2008). They are dentin sialophosphoprotein (DSPP), dentin matrix acidic phosphoprotein 1 (DMP1), bone sialoprotein (IBSP), MEPE, and osteopontin (OPN/SPP1) (Fisher and Fedarko, 2003; Kawasaki and Weiss, 2006). SIBLINGs’ link to cell membranes is via integrins, and possess phosphorylated sites that bind calcium. The encoding genes display structural similarities and are located side by side on a same chromosome (e.g., on chromosome 4 in humans) as follows: DSPP, DMP1, IBSP, MEPE, and SPP1. They are thought to be derived from an ancestral gene by tandem duplication (Kawasaki and Weiss, 2003). One year before the discovery of MEPE in mammals, a new protein involved in eggshell mineralization, called ovocleidin 116 (OC-116), was sequenced in chicken (Hincke et al., ’99). In 2004, when the chicken genome annotation became available, it revealed that OC-116 was located on chromosome 4, in the same region as the SIBLING genes as follows: DMP1, IBSP, OC-116, and SPP1. When compared with the homologous chromosomal region in mammals, this location strongly suggested that OC-116 was the orthologue of MEPE. This finding was further confirmed through gene structure comparison (Kawasaki and Weiss, 2006). OC-116 is not the only SIBLING expressed during eggshell mineralization. Indeed, SPP1, IBSP, and DMP1 were shown to be also present (Horvat-Gordon et al., 2008). Because these SIBLINGs are also known to be expressed during bone mineralization, we hypothesized that OC-116 could be also involved in bone mineralization in chicken. This would mean that SIBLINGs, the primary function of which was probably to help in bone mineralization in early aquatic tetrapods, were recruited together to play a role during eggshell mineralization in early terrestrial amniotes. A recent study using RT-PCR and Western blotting revealed the presence of OC-116 in extracts of cortical bone, bone marrow, and cartilage of chicken, aged from day 1 to 3 weeks posthatching (Horvat-Gordon et al., 2008). These findings confirmed the hypothesis of a dual role of OC-116 in bone and eggshell mineralization, but the techniques used by these authors did not allow to precisely localize OC-116 expression during bone and cartilage growth, and there were no data on the onset of OC-116 expression early in chicken bone development. Using RT-PCR and in situ hybridization (ISH), we performed this study in order to know whether OC-116 was also expressed in bone (osteoblasts/osteocytes) and cartilage (chondrocytes) cells in the tibia and mandible of chicken embryos, from stages preceding the onset of mineralization J. Exp. Zool. (Mol. Dev. Evol.)



BARDET ET AL. (identified using cartilage and bone staining) until the end of embryo development.



MATERIAL AND METHODS Fertilized chicken eggs [Gallus gallus: JA 57 strain (white egg layers), Institut de Se´lection Animale (ISA), Lyon, France] were incubated at 37711C. At least two embryos were used for each stage at embryonic days (E) 3, 5, 7–13, 15, 17, and 19. These developmental stages were compared with the developmental table of Hamburger and Hamilton (HH) (’51). The correspondence established as follows: E3 5 HH20; E5 5 HH26; E7 5 HH30; E8 5 HH32; E9 5 HH35; and E10-E19 5 HH36-HH45. Entire embryos were used for cartilage and bone staining. For each developmental stage, dissected tibias (left and right) and mandibles (left and right quadrants), or the presumptive regions where they would differentiate, were used for RT-PCR, ISH, and histology (control sections). Tibias and mandible quadrants from the same individual were randomly assigned to either histology or ISH, and sections were obtained in the same region. Bone and Cartilage Staining Entire embryos at E8, E9, E10, and E12 were treated as described by Ojeda et al. (’70). Briefly, they were fixed in a mixture of ethanol/acetic acid (v/v) containing 0.015% alcian blue (cartilage staining), rinsed in pure ethanol, rehydrated in a decreasing series of ethanol, and then immersed in 0.5% KOH containing 0.01% alizarin red (bone staining). Additionally, in order to check whether or not acetic acid included in the fixative mixture did not demineralize weakly mineralized bones, E8 and E9 embryos were fixed in formaline for 48 hr, rinsed in distilled water, and then immersed in 0.5% KOH containing 0.01% alizarin red. All tissues were then cleared in a solution of 20% glycerol containing 1% KOH. Histology Dissected tibias and mandibles were fixed in a mixture of 1.5% glutaraldehyde and 1.5% paraformaldehyde in 0.1 M PBS for 2 hr. Bone tissues were demineralized for either 2 weeks (E9, E11, and E13) or 3 weeks (E15, E17, and E19) at 41C in the same fixative, to which 5% EDTA were added. The fixative solution was renewed every 2 days. After a quick rinse in 0.1 M PBS, the samples were postfixed for 2 hr in 1% osmium in PBS, rinsed for 15 min in PBS, dehydrated in a graded series of ethanol, and embedded in EPON 812. Semithin sections, 1–2 mm thick, were obtained with an ultramicrotome (Leica-OMU3, Leica, Germany) using a diamond knife. The sections were stained with toluidine blue and photographed with an Olympus BX61 microscope (Olympus, France) equipped with a Q-imaging camera. The pictures were then processed using the software Image Pro Plus (Mediacybernetics, Bethesda, MD).



OC-116 EXPRESSION IN CHICKEN BONE Molecular Biology Extraction of total RNAs and cDNA synthesis. Dissected tibias and mandibles of E3, E5, E7, E9, E11, and E19 embryos were preserved in RNA later (Qiagen, France) before being crushed in liquid nitrogen. Total RNA was extracted using ‘‘Rneasy Midi kit’’ (Qiagen) and mRNAs purified using the ‘‘Oligotex mRNA Mini kit’’ (Qiagen), according to the manufacturer’s instructions. cDNAs were obtained using the ‘‘RevertAid H Minus First Strand cDNA Synthesis kit’’ (Fermentas MBI), according to the manufacturer’s instructions. RT-PCR. A fragment of 327 bp corresponding to exons 2, 3, 4, and the beginning of exon 5 of OC-116 was targeted to be amplified by PCR using the following primers: sense 5 TCTTCTGCCTCTGCCTCT; antisense 5 CCCCATCCACCTTACCC. The cDNA (1 ml) was amplified by PCR in a mixture of 10 ml of buffer (5X), 1 ml of 10 mM dNTP, in the presence of sense and antisense primers (0.2 mM each), and 0.25 ml of GoTaqs DNA Polymerase (Promega, France). Amplification was conducted in a thermocycler G-Storm (GRI, UK) for 35 cycles, preceded by a phase of denaturation at 951C for 2 min and followed by a phase of elongation at 721C for 10 min. Each cycle consisted of 30 sec denaturing, 30 sec hybridization, and 30 sec elongation. The PCR products obtained on agarose/TBE, 1.5% were purified using the ‘‘Gel Extraction kit’’ (Qiagen) and eluted in 50 ml of elution buffer solution. Each purified PCR product (1 mg) was inserted into the pCRIITOPO plasmid vector (Invitrogen, France) in order to transform competent E. coli TOPO10F. The bacteria were grown overnight at 371C in a Luria-Broth ampiciline medium. They were lysed at 991C for 30 min and the plasmids were purified using ‘‘Plasmid Mini kit’’ (Qiagen). In order to verify its identity, the amplicon was sequenced (GATC Biotech, France), using primers M13F and M13R. OC-116 Probe. The cDNAs of bone extracts of E19 embryos were used to amplify a fragment of 752 bp, corresponding to a large region of OC-116 exon 5. The primers were: sense 5 GGAAGAGCCAACATCCAAGT; antisense 5 ACTTCTTGCTGAGCCCTGTT. cDNA amplification, PCR, plasmid purification, and sequencing (in order to verify the identity of this amplicon) were performed, as described above. Then, the plasmids were digested by XbaI (Roche, Inc., France). The antisense RNA probe labeled with Digoxigenin-UTP (Roche, Inc.) was synthesized by SP6 by means of ‘‘Riboprobes Combination System-SP6 RNA Polymerase kit, Promega, France’’ following manufacturer’s instructions, in the following nucleotide mixture: 1 ml of rATP, 1 ml of rCTP, 1 ml of rGTP, 0.5 ml of rUTP, and 0.5 ml of digUTP (Roche, Inc.). The probe was purified using ‘‘Illustra ProbeQuant G-50 Micro Columns kit’’ (GE Healthcare, France). In situ hybridization. Dissected tibias and mandibles were fixed in Formoy (a mixture of ethanol, acetic acid, formaline: v/v/v)



655 overnight at 41C, then demineralized in 1 M acetic acid for either 4 days (E9, E11, E13) or 10 days (E15, E17, E19). Samples were dehydrated in a graded series of ethanol, immersed shortly in toluene, and embedded in Paraplast (Sigma, France). Seven micrometer-thick sections were obtained with a microtome (Lemardeley, Paris, France) and deposited on superfrost1slides. The sections were dewaxed in toluene, rehydrated in a decreasing series of ethanol, and rinsed in 0.1 M PBS. Proteinase K (20 mg/ml, Invitrogen) was added to a concentration of 0.5 g/ml in 0.1 M PBS at 371C for 5 min. The slides were rinsed in PBS then fixed for 30 min in 4% paraformaldehyde. After two successive baths of PBS and SSC (2  ), the probe was hybridized overnight in a humid chamber at 651C in SSC (2). The slides were rinsed in a buffer containing 50% formamide at 651C, once for 30 min and twice for 1 hr. After 2 hr in a blocking solution containing 20% inactivated goat serum and 2% Blocking Reagent (Roche, Inc.), the antiDig (Roche, Inc.) was added to this solution that was deposited on the sections overnight at room temperature. After rinsing, the color development was performed with NBT (0.45 ml/ml; Roche, Inc.) and BCIP (3.5ml/ml; Roche, Inc.). The slides were then rinsed and covered with a coverslip mounted in Gel Mounting Medium (Dako Cytomation, France). DCI images were acquired using an Olympus BX61 microscope equipped with a Q-imaging camera, and processed using the software Image Pro Plus (Mediacybernetics).



RESULTS Early Mineralization in the Tibia and Mandible Alizarin red staining combined with alcian blue staining allowed detection of the first mineralized matrix at E9 (HH35) in the tibia and E10 (HH36) in the mandible (Fig. 1). It seems that the acetic acid included in the fixative mixture has not demineralized the bones in earlier stages, as demonstrated using alizarin red staining alone (Fig. 1A, B). In the tibia, mineralization starts in the diaphysis and then spreads toward the two epiphyses. In the mandible, mineralization appears first in the caudal region and then extends rostrally. Alizarin red staining did not reveal mineralization foci at earlier stages, i.e., E8 (HH32) in the tibia and E9 in the mandible. Identification of OC-116 Transcripts Using RT-PCR We looked for cDNA encoding OC-116 in the tibia and mandible of embryos from E3 onwards. Transcripts were identified at E5 (HH26) in tibia extracts and at E7 (HH30) in the mandible (Fig. 2). In chicken embryos, these stages are known to correspond to the first stages of osteoblast differentiation (Hamburger and Hamilton, ’51; Witschi, ’62; Butler and Juurlink, ’87). OC-116 transcripts were found in all further stages until E19 (HH45). PCR products obtained from the tibia and mandible extracts of E19 embryos were sequenced and compared with the published J. Exp. Zool. (Mol. Dev. Evol.)
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Figure 1. Tibia (A–D) and mandible (E–H) of chicken embryos (lateral views) stained with alcian blue (cartilage) and alizarin red (bone). A: E8 (HH32). Left: alcian blue/alizarin staining; right: alizarin red staining only. No mineralization can be detected at this stage. B: E9 (HH35). Left: alcian blue/alizarin staining; right: alizarin red staining only. Initiation of mineralization is visible at the level of the diaphysis (arrows). C, D: E10 (HH36) and E12 (HH38), respectively. The mineralization extends to the epiphyses and toward the bone center. E, F: E8 and E9, respectively. No mineralization locus can be identified at these stages. G: E10. The mineralization has started in the caudal region (arrow). H: E12. The mineralization has extended rostrally. Scale bars 5 100 mm.



Figure 2. RT-PCR to detect cDNA encoding chicken OC-116 in tibia and mandible extracts at E3 (HH20), E5 (HH26), E7 (HH30), E9 and E19 (HH45). OC-116 transcripts are detected from E5 in the tibia (A) and from E7 in the mandible (B), onwards. sequence. They corresponded to OC-116 exons 2, 3, 4, and 5. No supernumerary band was identified in any stages studied. This means that there is no evidence for OC-116 transcripts resulting from alternative splicing during development and mineralization of the two bones studied in chicken embryos. Expression of OC-116 During Osteogenesis Tibia. At E5, the developing tibia is entirely composed of cartilage surrounded by a perichondrium. No OC-116 transcripts were identified using ISH on sections (not shown). At E7, the tibia is still largely cartilaginous but is surrounded by a periosteum, which is differentiated into two regions. A region close to the cartilage surface is composed of either already differentiated osteoblasts or differentiating osteoblasts. A deeper region consists of several layers of elongated mesenchymal cells. Facing the J. Exp. Zool. (Mol. Dev. Evol.)



differentiated osteoblasts, the unmineralized bone matrix osteoid is already deposited. OC-116 is transcribed in the osteoblasts lining the osteoid surface (Fig. 3A, B). At E9, some osteoblasts embedded in the mineralized bone matrix are differentiated into osteocytes. At the level of the diaphysis, the first layer of perichondral bone is deposited. OC-116 is still expressed in the lining osteoblasts and mRNAs are also detected in the osteocytes (Fig. 3C, D). From this stage onwards, OC-116 expression is detected both in the osteoblasts and the osteocytes, with a marked increase in the number of embedded and labeled osteocytes in relation with the rapid bone growth. At E19, the labeled osteocytes are located in well-developed bone trabeculae that extend toward the bone center, where the medullary cavity is forming (Fig. 3E, F). Mandible. At E7, an osteogenic condensation is formed in the caudal region of the mandible and extended rostrally. Some osteoblasts are differentiated, but ISH does not reveal OC-116 expression in any of them (not shown). At E9, osteoid is visible and mineralization has initiated in the caudal region of the developing mandible. The number of osteoblasts has increased and OC-116 is expressed in mature osteoblasts (Fig. 4A, B). At E11, bone mineralization has extended in the caudal region of the mandible and has spread also toward the rostral region. The number of osteoblasts has grown and the first embedded osteocytes are visible in the bone matrix. OC-116 expression is detected both in the osteoblasts and the osteocytes (Fig. 4C, D). In older stages, the number of osteocytes increases in the mean time the mineralized bone matrix develops. At E19, OC-116 is expressed in most osteocytes located in the mandibular bone (Fig. 4E, F).
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Figure 3. OC-116 expression in the tibia of chicken embryos at E7, E9, and E19. Longitudinal sections through the diaphysis. A, C, E: 2 mm-thick control sections; toluidine blue staining. B, D, F: in situ hybridization on 7 mm thick sections. Control sections were obtained in the other tibia of the same individual and in the same region shown in ISH sections. A: The cartilage is surrounded by periosteal osteoblasts, which deposit osteoid. B: OC-116 transcripts are identified in the osteoblasts (arrows) lining the cartilage surface but not in the cartilage cells. C: The bone matrix is well developed and numerous osteocytes are embedded in the matrix. D: OC-116 is expressed in osteoblasts (arrows) and osteocytes (arrowheads) but not in cartilage cells. E: The bone is composed of trabeculae showing numerous embedded osteocytes. F: OC-116 is well expressed in osteocytes (arrowheads). B, bone; bv, blood vessel; c, cartilage; ob, osteoblast; oc, osteocytes; os, osteoid; p, periosteum. Scale bars 5 10 mm.
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Figure 4. OC-116 expression in the mandible of chicken embryos at E9, E11, and E19. Longitudinal sections in the caudal region. A, C, E: 2 mm-thick control sections; toluidine blue staining. B, D, F: in situ hybridization (ISH) on 7 mm-thick sections. Control sections were obtained in the other mandible quadrant of the same individual and in the same region shown in ISH sections. A: Early osteogenic condensation. B: OC-116 mRNAs are revealed in some osteoblasts (arrows), but not in cartilage cells. C: The bone matrix is well developed and numerous osteocytes are embedded in the matrix. D: OC-116 is expressed in osteoblasts (arrows) and osteocytes (arrowheads). E: The bone is made up of trabeculae, in which numerous osteocytes are embedded. F: At this stage, ISH reveals OC-116 expression in the osteocytes (arrowheads). B, bone; bv, blood vessel; c, cartilage; ob, osteoblast; oc, osteocytes; os, osteoid. Scale bars 5 10 mm.
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DISCUSSION The Onset of Bone Mineralization Correlates With OC-116 Expression In our chicken strain, using alizarin red, we have detected the first mineralized loci at stage E9 (HH35) in the tibia and at stage E10 (HH36) in the mandible. This finding confirms the 1-day lag for the mineralization in the tibia compared with the mandible reported in the literature (Hamburger and Hamilton, ’51). This delay is probably related to osteoblast differentiation occurring 1 day later in the mandible compared with the tibia. Mineralized loci were not identified in the tibia at stage HH32 (E8), although in earlier microstructural observations, osteoid mineralization was described to take place at E7.5/E8 (ScottSavage and Hall, ’79; Hall, ’87), which corresponds to stages HH31/HH32. The presence of acetic acid in the fixative solution used for cartilage staining before bone staining with alizarin red could have demineralized early mineral crystals, but using the only alizarin red staining of E8 tibias does not support this hypothesis. Therefore, the difference could be related to the low power of alizarin red for detecting early mineralization in the entire bone compared with microstructural analysis of sections of nondemineralized tissues. In the mandible, using alizarin red, we did not detect the first mineralized loci at stage E9, although they were reported to be present using the same method at stage HH35 (E9) (Mina et al., 2007). However, the E9 stage we have studied was a young stage HH35 and the first mineralization loci were probably not present yet. Alizarin red staining confirms the location of the onset of mineralization in the two bones. In the tibia, the first mineral deposits are located in the diaphysis at the cartilage surface. This feature was described in long bones as subperiosteal mineralization type (Hall, ’87). In the mandible, the first locus of mineralization was identified in the caudal region, which is consistent with the initiation site reported in the literature as being the mineralization of the caudal intramembranous bones: the articular, angular, and supra-angular (Mina et al., 2007). Using RT-PCR, we have determined that OC-116 transcripts were present later in the mandible (E7) than in the tibia (E5), a finding that confirms the differences observed between the development of the two bones. The 3–4 days of delay, separating the detection of the first transcripts from the observation of the first mineralized loci in the matrix of these bones, means that OC-116 is expressed in the osteoblasts before mineralization of the matrix. Using ISH on sections, we identified the first OC-116 mRNAs at E5 in the tibia and at E7 in the mandible, which confirms the RT-PCR results. Whatever the type of mineralization (i.e., subperiostal vs. intramembranous) and cell origin (mesenchyme vs. ectomesenchyme) in the tibia and the mandible, respectively, OC-116 transcripts were identified first in the osteoblasts, then in the osteocytes. In further developmental stages, by the end of



659 embryonic development (E19), OC-116 is predominantly transcribed in the osteocytes which increase in number as bones develop. In chicken embryos, during mandible mineralization, the expression pattern of OC-116 is similar to that described for MEPE (OF45) at similar developmental stages of the rat mandible (Igarashi et al., 2002). In rats, mandibular bone formation starts at E15 when osteoblasts differentiate from osteoblast precursors. At this stage, MEPE mRNAs were not identified using ISH. Rat E15 corresponds to chicken E5/E5.5 ( 5 HH26–27), a stage in which the first osteoblasts start to differentiate (Hamburger and Hamilton, ’51; Witschi, ’62; Butler and Juurlink, ’87). At this stage, chicken OC-116 is not transcribed yet in the mandible as indicated by RT-PCR. In rats, at E17 and E18, the mandible is mineralized and MEPE expression is detected in a few mature osteoblasts lining the bone matrix. As bone matrix develops, the number of osteoblasts expressing MEPE increases. In chicken, at E9, which is an equivalent stage to E17-E17.5 in rats, we identified mineralized bone tissue in the caudal region of the mandible and OC-116 was expressed in mature osteoblasts. In E20 rats, the osteoid matrix has mineralized and is mostly organized into trabecular bone. Within this matrix, recently embedded osteoblasts have differentiated into osteocytes that express MEPE. They have progressively increased in number; in the meantime, the deposited bone matrix has increased in volume. In chicken, the first osteocytes are observed at E11 and they express OC-116. At E19, the number of osteocytes has largely increased and most of them express OC-116. In mice, using immunohistochemistry MEPE expression was detected in long bones (humerus and tibia) only 2 days after birth (Lu et al., 2004). Compared with the early expression of MEPE in rat mandible, this delay of expression in long bones was tentatively explained as either a late expression of the protein compared with that of mRNAs (Lu et al., 2004) or a lower sensitivity of immunohistochemistry compared with ISH. In 2-day old postnatal mice, MEPE expression in long bones is located in both the osteoblasts and osteocytes. The only difference with our results consists of MEPE expression in bone marrow cells (Lu et al., 2004). Indeed, we have never observed such a significant expression in chicken embryos. As MEPE expression was not identified in bone marrow cells in rats (Igarashi et al., 2002) or in humans (Amir et al., 2007), such an expression in the mouse could be either an artifact, an optical effect, or is too low in the other species studied. Our results obtained in chicken embryos are comparable to earlier findings using RT-PCR and Western blot analysis of long bones extracts from juvenile and adult chicken (Horvat-Gordon et al., 2008). Taken together, these results demonstrate that the osteoblasts and osteocytes in cortical bone express OC-116 from early stages of bone development in embryos to well-developed bone in posthatched chicken and adults. However, in contrast to these authors, our numerous sections through various regions of J. Exp. Zool. (Mol. Dev. Evol.)



660 the tibia in chicken embryos did not reveal OC-116 expression in chondrocytes. Although it is possible that the expression pattern of OC-116 is different in juveniles and adults compared with embryos, our results, as well as similar expression patterns reported in rats, mice, and humans, suggest that OC-116 expression is restricted to osteoblasts and osteocytes, at least in the chicken embryonic stages. If the expression pattern is similar in adult as in embryos, the lysate technique used by HorvatGordon et al. is not 100% reliable, and it is possible that cartilage extracts were contaminated with osteoblasts and/or osteocytes expressing OC-116. Similarly, OC-116 expression (EST) in cells (chondrocytes?) isolated from growth plate cartilage (GenBank accession n BU481673) could be related to the presence in the isolate of a few bone cells expressing this gene, but this remains to be checked. A Dual Function for OC-116/MEPE in Amniotes During osteogenesis, OC-116/MEPE is transcribed in osteoblasts and osteocytes in chicken, rats, mice, and humans. One of the most significant differences between OC-116 and other SIBLINGs (including mammalian MEPE) consists of its original identification as a dermatan sulfate proteoglycan. As such, OC-116 was thought to influence calcitic mineralization, in part via interaction with sulfate anion. It is also a major phosphoprotein of the eggshell matrix (Mann et al., 2007). Accordingly, OC-116/MEPE can be considered either a phosphoprotein in mammalian bone or both a proteoglycan and a phosphoprotein in chicken eggshell. It is, therefore, probable that OC-116 functions also as a phosphoprotein in chicken bone, although this remains to be demonstrated. This dual function suggests that OC-116 could be different in bone vs. eggshell matrix. This dual function suggests that OC-116 could be different in bone vs. eggshell matrix. In mammals, SPP1 is expressed in mineralized tissues and is involved in osteogenesis and dentinogenesis (Butler et al., ’96; Qin et al., 2004). SPP1 is found in preosteoblasts, osteoblasts, osteocytes, chondrocytes, and odontoblasts. Chicken SPP1 is expressed in bone (Horvat-Gordon et al., 2008) and is also a component of the eggshell matrix (Pines et al., ’95). In chicken, posttranslational differences were found when comparing SPP1 forms located in bone and eggshell matrix. They were revealed by slight differences in molecular mass and proportions of each form (Hincke et al., 2008). Are there also different posttranslational modifications in the OC-116 localized in bone vs. the form found in eggshell matrix? Such modifications are likely important in determining the nature and influence of OC-116 interaction with calcium carbonate in eggshell vs. calcium phosphate (hydroxyapatite) in bone. OC-116 is phosphorylated to a variable and partial extent on at least 22 residues (serines and threonines) and two of them, Ser444 and Thr664, were frequently identified using various cleavage methods (Mann et al., 2007). Ultrastructural immunocytochemistry revealed that OC-116 is synthesized and secreted J. Exp. Zool. (Mol. Dev. Evol.)



BARDET ET AL. by the granular cells of uterine epithelium. Then, it is incorporated into, and widely distributed throughout, the palissade region of the calcified eggshell (Hincke et al., ’99). Such studies, however, did not provide information about the distribution of the two forms (proteoglycan vs. phosphoprotein) within the eggshell matrix, i.e., indicating whether the protein is phosphorylated, N-glycosylated or glycanated. Crystal growth studies have shown that pure glycosaminoglycans affect calcite morphology, leading to crystal elongation (Arias et al., 2002). This suggests that the sulfated form of OC-116 (MW 220 kDa) would influence eggshell mineralization via electrostatic interactions (Rose and Hincke, 2009). In chicken, the various expression patterns of OC-116 reveal that this protein is involved in two noncontemporary functions: it is first recruited early in ontogeny, during which it probably regulates the mineralization processes in developing and growing bones, then it is secondarily recruited during eggshell formation in adult while being still involved in bone mineralization (Horvat-Gordon et al., 2008; Bardet et al., 2010). Taken together, the data obtained in mammals and chicken clearly indicate that OC-116/MEPE was involved both in bone and eggshell mineralization in the common ancestor of amniotes, in which there is no doubt that the gene was present (Kawasaki, 2009; Bardet et al., 2010). Therefore, this protein certainly plays similar roles in tissue mineralization in other sauropsid lineages, i.e., crocodiles, turtles, lizards, and snakes. Therefore, in chicken, although OC-116 has a specific function in the mineralization of the calcitic eggshell, there are differences between the various forms of the protein (Rose and Hincke, 2009). The evolutionary analysis of MEPE, we have recently performed in mammals, revealed that its sequence is variable in a large part of the region encoded by exon 5 (Bardet et al., 2010). When comparing the OC-116 sequences obtained in sauropsids (chicken and lizard), we, however, found that selection pressures act to keep unchanged the main biochemical properties of this domain. Therefore, we suggested that some biochemical properties of this protein are important in eggshell mineralization and the other in bone mineralization. In chicken, OC-116 and SPP1 are not the only SIBLINGs involved both in the mineralization of eggshell matrix and of skeletal tissues (bone and dentin). Two additional SIBLINGs (out of five) were identified in these tissues: DMP1 and IBSP. In mammals, DMP1, whose expression is mainly associated to odontoblasts (George et al., ’93), was also identified in bone cells (Hirst et al., ’97; MacDougall et al., ’98; Ye et al., 2005). In chicken, DMP1 expression has been identified in bone cells of the tibia and mandible (Toyosawa et al., 2000), and the protein is a component of the eggshell matrix (Mann et al., 2006). In mammals, IBSP, whose functions still remain poorly known, is expressed in bone and cartilage cells and in tooth cementoblasts and odontoblasts (Bianco et al., ’91; Somerman et al., ’91; Moses et al., 2006). In chicken, the IBSP orthologue was identified in



OC-116 EXPRESSION IN CHICKEN BONE bone cells and the encoded protein is present in the eggshell matrix (Horvat-Gordon et al., 2008). Therefore, out of the five SIBLINGs, the only DSPP was neither found in chicken bones nor in the eggshell matrix. However, it is largely admitted that DSPP is a dentin-specific protein. This specificity was indirectly demonstrated when this gene, as well as enamel protein genes, were found invalidated in the chicken genome (Sire et al., 2008; Al-Hashimi et al., 2010). Pseudogeneization of these genes occurred after the ability to form teeth was lost in a modern bird ancestor (Sire et al., 2008). Indeed, DSPP was present in the last common amniote ancestor, in which it was probably involved in dentin mineralization (Kawasaki, 2009). In mammals, MEPE, DMP1, IBSP, and SPP1 are mostly localized in the bone and dentin matrix. In the chicken, these SIBLINGs were identified in bone and eggshell matrix. Taken altogether, these data indicate that these four SIBLINGs are involved in the regulation of the mineralization processes of all mineralized tissues in amniotes. The genes encoding the SIBLING derive from an ancestral gene (probably SPARC-L1) through tandem duplication (Kawasaki and Weiss, 2003). Interestingly, the duplicated genes were conserved during evolution, as they have probably rapidly acquired useful functions related to tissue mineralization. As these proteins have currently similar functions in amniote lineages, it is likely that their common ancestor was already involved in the regulation of the mineralization process. In order to improve our understanding about the origin of OC-116/MEPE and, more generally, of the SIBLING family, it would be interesting to look for their expression during eggshell and skeletal tissue formation in various sauropsids (crocodiles, turtles, and lepidosaurians), with particular attention paid on the involvement of OC-116/MEPE in tooth mineralization in dentate reptiles.
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