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Abstract

:

RANKL signalization is implicated in the morphogenesis of various organs, including the skeleton. Mice invalidated for Rankl present an osteopetrotic phenotype that was less severe than anticipated, depending on RANKL’s implication in morphogenesis. The hypothesis of an attenuated phenotype, as a result of compensation during gestation by RANKL of maternal origin, was thus brought into question. In order to answer this question, Rankl null mutant pups from null mutant parents were generated, and the phenotype analyzed. The results validated the presence of a more severe osteopetrotic phenotype in the second-generation null mutant with perinatal lethality. The experiments also confirmed that RANKL signalization plays a part in the morphogenesis of skeletal elements through its involvement in cell-to-cell communication, such as in control of osteoclast differentiation. To conclude, we have demonstrated that the phenotype associated with Rankl invalidation is attenuated through compensation by RANKL of maternal origin.
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1. Introduction


RANKL (TNFSF11) signalization is implicated in the development, histogenesis, and functional homeostasis of various tissues, particularly lymphoid tissues, skin appendages (hair, teeth, and mammary glands) and skeletal components [1,2,3,4,5,6,7,8]. During development, expression of RANKL, as well as expressions of its receptors RANK and OPG, have been reported in the spleen [9], thymus [10,11], lymph nodes [12,13], hair [14], teeth [15,16], mammary glands [17,18], and bones, regardless of the ossification process involved: endochondral [19,20,21] or intramembranous [19,20]. In bone development, during endochondral ossification, RANKL expression by the pre-hypertrophic and hypertrophic chondrocytes is crucial for the differentiation and activation of osteoclasts that resorb the primary spongiosa, making trabecula formation possible [21,22,23]. During intramembranous ossification, RANKL is expressed by mesenchymal cells and actively synthesizes osteoblasts [19], which are of importance for woven bone resorption and replacement by lamellar bone. It was, therefore, unsurprising that loss of RANKL function was associated with osteoclast-poor osteopetrosis in young patients with RANKL mutations (autosomal recessive form, OPTB2; OMIM #259710; [24]) and in Rankl null mutant mice [1,5], as well as in monkeys or mice injected with a powerful RANKL-blocking antibody [25,26,27].



On the contrary, when RANKL was overexpressed, for instance, when produced genetically in pigs [28] and mice [29], a severe osteolytic phenotype was observed that led to premature death. This phenotype was in line with those associated with the gains in RANK function observed in patients with mutations (duplications) in the RANK signal peptide, leading to three seemingly homologous pathologies (familial expansile osteolysis, Paget disease of bone 2, expansile skeletal hyperphosphatasia) [30,31], as well as in mice overexpressing RANK [16,32].



All these observations underline the fact that finely tuned control of RANKL expression/function is required during the entire skeletal development process, from the early stages (antenatal) to adulthood.



RANKL was discovered as a cytoplasmic membrane-bound cytokine, but a soluble form was also evidenced [33]. Given the fact that RANKL is expressed in many tissues during embryonic development, and taking into account that soluble RANKL of maternal origin may cross the placenta, the question of the presence of an attenuated phenotype in young OPTB2 patients, as well as in Rankl null mutants from heterozygous mothers, was raised.



In order to answer this question, the skeletal phenotype of Rankl null mutant mice was compared at one day post-natal between mouse pups obtained from heterozygous vs. homozygous parents. Injections of a RANKL-blocking antibody were also performed on heterozygous mothers during the second half of gestation, to enhance the demonstration.




2. Materials and Methods


2.1. Animals and Drug Administration


All C57BL/6J mice used in the experiments were housed in pathogen-free conditions at the Experimental Therapy Unit at the medical faculty at the University of Nantes (Nantes, France), in accordance with the institutional guidelines of the French Ethical Committee (CEEA-PdL-06, accepted protocol number 00165.01) and under the supervision of authorized investigators. Newborn mice were used for the experiments.



The Rankl heterozygous mice were generated as previously described [5] by homologous recombination. Genotyping was carried out using PCR with the following primers 5′-Rankl: CCAAGTAGTGGATTCTAAATCCTG; 3′-Rankl: CCAACCTGTGGACTTACGATTAAAG; and 3′-insert: ATTCGCAGCGCATCGCCTTCTATC.



First- and second-generation null mutant pups were obtained by mating heterozygous and homozygous animals, respectively. The nomenclature used for the different animals obtained is presented in Supplementary Figure S1.



Some heterozygous pregnant mice were injected IP three times during the second part of gestation with 2 mg/kg of a mouse-specific RANKL-blocking antibody, IK22.5, following a protocol summarized in Supplementary Figure S1D.




2.2. MicroCT Analysis


Analyses of the bone microarchitecture were performed using a Skyscan 1076 in vivo microCT scanner (Skyscan, Kontich, Belgium). Tests were performed after sacrifice on the tibias and heads of each animal. All tibias and heads were scanned using the same parameters (pixel size 9 µm, 50 kV, 0.5 mm Al filter, 10 minutes of scanning). The reconstructions were analyzed using NRecon and CTan software (Skyscan, Kontich, Belgium). 3D visualizations of the tibias and heads were made using ANT software (Skyscan, Kontich, Belgium).




2.3. Histology


Whole skeletons, collected from euthanized one-day pups, were fixed in 4% buffered paraformaldehyde. Samples were decalcified in 4.13% EDTA/0.2% paraformaldehyde pH 7.4 over 4 days in KOS sw10 (Milestone, Sorisole, Italy). The specimens were dehydrated and embedded in paraffin. Then, 3 µm-thick sagittal sections stained with Masson’s trichrome were observed using a DMRXA microscope (Leica, Nussloch, Germany). Tartrate-resistant acid phosphatase (TRAP) staining was performed on sample sections to identify multinucleated osteoclast-like cells after 90 min’ incubation in 1 mg/mL of Naphthol AS-TR phosphate, 60 mmol/L N,N-dimethylformamide, 100 mmol/L sodium tartrate, and 1 mg/mL Fast Red TR Salt solution (all from Sigma Chemical Co., St. Louis, MO, USA), and counterstained with hematoxylin.




2.4. Immunohistochemistry


Immunohistochemistry was performed as previously described [34], using antibodies from Abcam (Cambridge, UK; ab75769 for CD146 and ab3697 for SOX9) and Bio-Rad (Marnes-la-Coquette, France; MCA1957 for CD68).





3. Results


3.1. Second-Generation Rankl Null Mutants Had a More Severe Craniofacial Phenotype


At birth, first-generation Rankl null mutants (N = 5) had a craniofacial osteopetrotic phenotype with an open foramen, due to delayed mineralization of the calvaria and delayed tooth development, associated with an absence of osteoclasts (Figure 1 and Figure 2). As part of the craniofacial skeleton develops during the second half of gestation, and taking into account that secreted forms of RANKL of maternal origin may be active in the embryo, the question of an attenuated craniofacial phenotype in first-generation Rankl null mutants was raised. In order to answer this question, second-generation Rankl null mutant pups were generated by mating male and female Rankl null mutants. The craniofacial phenotype of the second-generation null mutants (N = 5) was more severe than the phenotype of the first-generation mutants, with a more open foramen (Figure 1) and more delayed tooth morphogenesis (Figure 2). In addition, a loss in mandible curvature was observed (Figure 1), associated with defective disruption of the Meckel cartilage (Figure 2). A similar craniofacial phenotype was observed in null mutant pups (N = 2) from null mutant females mated with heterozygous males (Figure 3), confirming the importance of RANKL of maternal origin.




3.2. Second-Generation Rankl Null Mutants Had a More Severe Long Bone Phenotype


At birth, first-generation Rankl null mutants had a long bone osteopetrotic phenotype with delayed formation of the bone medullary cavity, as clearly seen by microtomography and histology (Figure 4). This appeared to be secondary to an absence of resorption of the spongy bone in the primary ossification center at the diaphysis site (TRAP staining in Figure 4). Interestingly, an intermediary phenotype was observed in the heterozygous mice, suggesting probable haplo-insufficiency (Figure 4). This was supported by graduated decreases in TRAP staining and CD68 monocyte/macrophage lineage immunodetection from the wild type through the heterozygous to the null mutant mice (Figure 4; Enlargements in Supplementary Figure S2). Moreover, a grade increase in detection of the vasculature marker (CD146) was revealed using immunohistochemistry from the WT through the heterozygous to the null mutant mice (Figure 4). The long bone phenotype of the second-generation null mutants was more severe than the phenotype of first-generation mutants (Figure 4; Enlargements in Supplementary Figure S2), suggesting an attenuated long bone phenotype in the first-generation null mutants. Interestingly, while no TRAP-positive cells were detected in the second-generation null mutant, small round CD68 cells seemed to accumulate in the restricted subchondral area (Figure 4), and there was significant CD146 staining. Surprisingly, immunohistochemistry revealed an almost complete lack of SOX9 expression, but only in the second-generation null mutants, with very weak staining in just a few chondroblastic cells, and no staining in the periosteal osteoblastic cells (Figure 5), whereas both mutants evidenced an apparently normal growth plate thickness with, however, disorganized chondrocyte columns (Figure 5).




3.3. IK22-5 RANKL-Blocking Antibody Injections in Pregnant Heterozygous Mice Induced a Second-Generation-Like Phenotype in Null Mutant Pups


In order to validate the importance of RANKL of maternal origin in the attenuated osteopetrotic phenotype of the null mutant pups, IK22-5-blocking antibody was injected into heterozygous pregnant females during the second part of gestation, and the consequences on the whole skeleton of the pups were analyzed (Figure 6 and Figure 7). A noticeable aggravation in either craniofacial or long bone phenotypes was observed for the different genotypes, with WT being comparable to first-generation heterozygous mutants and first-generation to second-generation null mutants. Surprisingly, while a more open foramen (Figure 6) and severe tooth morphogenesis delay (Figure 7) was observed in the null mutants from injected mothers, the curvature of the mandible appeared unaffected (Figure 6), suggesting that this craniofacial osteopetrotic feature was secondary to a loss of RANKL function before mid-gestation.





4. Discussion


During embryonic development, RANKL expression has been reported in several tissues, with suggested implications in the cell-to-cell communications necessary for the morphogenesis of the corresponding organs, such as teeth, bones, thymus, thyroid glands, and lymph nodes. Surprisingly, RANKL invalidation in mice did not induce premature lethality, despite a severe osteopetrotic phenotype and alterations to the immune system (for reviews, see [8,35]). Moreover, the Rankl null mutant osteopetrotic phenotype appears less severe than that reported for its main receptor, Rank null mutant [36]. Depending on the existence of soluble forms of RANKL that may cross the placenta, the question of an attenuated phenotype in the null mutant due to partial compensation by RANKL of maternal origin was raised. In order to answer this question, second-generation null mutants were generated, and the osteopetrotic phenotype compared with first-generation mutants. The data obtained validated the existence of partial compensation of this type in the entire skeleton, suggesting that soluble RANKL of maternal origin does, indeed, cross the placenta.



Second-generation null mutants were difficult to obtain because of considerable embryonic lethality, as also reported by another group and explained by defects in decidual M2 macrophage polarization, essential for maternal-fetal tolerance [37]. The mutants that survived until birth did not survive more than 30 h, even if adopted by wild type lactating females (to deal with the fact that mammary gland development was defective in the null mutant mother). These observations validated the notion that normal embryonic development requires RANKL. Considering the fact that early lethality was also reported in transgenic pigs and mice following overexpression of RANKL [28,29], it appeared that, during embryonic development, the RANKL expression level required a strict regulation.



Blood concentrations of RANKL and its decoy receptor OPG were analyzed throughout normal and pathological pregnancies, supporting the role played by RANKL signalization in communications between the mother and the fetus [38,39,40,41,42,43]. Alterations to RANKL and OPG expressions were associated with severe gestational pathologies, such as pre-eclampsia [38,40,41], intrauterine growth restriction [39,42], and premature labor [43], negatively impacting the life expectancy of both the mother and infant. Further studies are needed to decipher the complex role played by RANKL signalization during gestation, bearing in mind that RANKL has at least three receptors, two at the membrane of target cells, RANK and LGR4 [44], and one secreted, OPG.



Based on the data presented concerning skeletal development, RANKL signalization appears to have two main functions: controlling osteoclast differentiation, and in communication between mineral tissues forming cells. It has consequences on morphogenesis and histogenesis.



For the first function, in long bones such as the tibia, the total absence of osteoclasts was responsible for both a significant delay in development, and an absence of bone marrow space formation. The initial vascularization appeared to be maintained, and an accumulation of potential osteoclast precursors, CD68 cells, could be observed around the vessels. Moreover, the expression of SOX9, a major factor in endochondral bone formation [45], was severely decreased in the second-generation null mutants, outlining that the absence of osteoclasts completely blocked long bone formation. With regard to the craniofacial skeleton, the absence of osteoclasts made resorption of the Meckel cartilage impossible, which is an important step in mandible growth (for a review, see [46]).



The significant delay in tooth morphogenesis, observed in the second-generation null mutants, validated the considerable involvement of RANKL signalization in the communication between mineral tissues forming cells, which is the second function of RANKL signalization during skeletal development. The existence of such a function in teeth was initially suggested by the expression patterns of elements of RANKL signalization during morphogenesis [15]. Further studies are needed to decipher the modalities of this type of function, and the ability of the RANKL-blocking antibody to cross the placenta will be helpful. The absence of mandible curvature observed in the second-generation null mutants was also a consequence of the loss of the cell-to-cell communication function of RANKL signalization. Similar flat mandibles were reported in mice invalidated for transcription factors known to have morphogenetic functions, such as MSX1 [47] and PAX9 [48]. Crosstalk between RANKL signalization and these transcription factors may exist, as previously reported for other transcription factors, namely MSX2, EN1, and DLXs [32,49,50]. Further studies are needed to demonstrate the veracity of such crosstalk and its implications in morphogenesis of the whole skeleton.




5. Conclusions


To conclude, second-generation Rankl null mutants made it possible to demonstrate that the pediatric osteopetrotic phenotype associated with loss of RANKL function was reduced, thanks to partial compensation by RANKL of maternal origin during gestation. Those animals also made it possible to validate the involvement of RANKL signalization functionally in the communications between the mother and the embryo, but also in the morphogenesis/histogenesis of different organs through its implication in cell-to-cell communication and osteoclast differentiation control.
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Figure 1. MicroCT comparative analysis of the craniofacial skeletons of first- and second-generation Rankl null mutant mice. Second-generation null mutants had enlarged foramen (stars and arrowheads) compared with first-generation null mutants. Percentage of closure measures (surface) for the different genotypes are 89 ± 2 for +/+, 84 ± 3 for +/−, 67 ± 4 for G1−/− and 57 ± 5 for G2−/−. Moreover, the mandibles of second-generation null mutants appeared flat, with missing proximo-distal curvature (dotted lines). Angle of the mandible curvature measures (opening degrees) for the different genotypes are 134 ± 9 for +/+, 136 ± 11 for +/−, 139 ± 9 for G1−/− and 163 ± 7 for G2−/−. No difference was observed between the wild type and heterozygous pups. Numbers of pups: 4 +/+, 8 G1+/−, 5 G1−/−, and 5 G2−/−. 
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Figure 2. Histological comparative analysis of the craniofacial skeletons of first- and second-generation Rankl null mutant mice. Frontal sections of the head in planes of first (M1) and second (M2) molars revealed more severe osteopetrosis in the second-generation (Rankl−/− G2) compared to the first-generation (Rankl−/− G1) null mutants. While both null mutants revealed increased bone density compared to wild type and heterozygous mice (arrowheads), the second-generation null mutants had a remnant Meckel cartilage (arrow) and a very significant delay in the development of first and second molars, with the second molar appearing to be blocked between the cap and bell stages. Comparison of sections from wild type and heterozygous pups revealed a pre-osteopetrotic phenotype in the heterozygous mice, with increased bone density and delayed moving back of the incisor (I) in the mandible. Magnification 40× for all images. Numbers of pups: 4 +/+, 8 G1+/−, 5 G1−/−, and 5 G2−/−. 
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Figure 3. MicroCT comparative analysis of the craniofacial skeleton of pups born from null mutant females and heterozygous males. Heterozygous and null mutant pups revealed craniofacial phenotypes that were respectively similar to first- and second-generation null mutants. Enlarged foramina (stars) were present, more pronounced in the null mutants (arrowheads), and the mandibles of the null mutants appeared flat (dotted lines) as in the second-generation null mutants. Percentage of closure measures (surface) for the two genotypes are 65 ± 4 for +/− and 54 ± 7 for −/−. Angle of the mandible curvature measures (opening degrees) for the two genotypes are 133 ± 10 for +/−, 159 ± 12 for 1 −/−. Numbers of pups: 4 +/− and 2 −/−. 
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Figure 4. MicroCT (mCT) and histological comparative analysis of the appendicular skeleton of first- and second-generation Rankl null mutant mice. Tibias were chosen as representative bone of the appendicular skeleton. Second-generation null mutants revealed significantly delayed tibia development in comparison with first-generation null mutants, as shown by mCT and Masson trichrome staining. Interestingly, comparing the mCT and histological sections of wild type and heterozygous pups revealed a pre-osteopetrotic phenotype in the heterozygous pup. TRAP staining was observed in wild type and heterozygous pups, with a lower number of stained cells in the heterozygous pups. CD68 immunostaining decreased gradually (in intensity and number of stained-cells) from the wild type to the first-generation null mutant pups. No TRAP expression was observed in the second-generation null mutants, while small, round CD68 cells were visible in the subchondral area. CD146 immunostaining increased gradually (in terms of intensity and number of stained cells) from wild type to first-generation null mutant pups, while it was comparable in first- and second-generation null mutant pups. Masson trichrome magnification 10×; TRAP, CD68, and CD146 magnification 40×. Numbers of pups: 4 +/+, 8 G1+/−, 5 G1−/−, and 5 G2−/−. 
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Figure 5. Immunohistochemical comparative analysis of SOX9 expression in the tibias of first- and second-generation Rankl null mutant mice. A graduated decrease in SOX9 expression was observed from wild type to first-generation null mutant pups in either chondroblastic cells or periosteal osteoblastic cells. In the tibias of second-generation null mutant pups, very weak staining was present in rare chondroblastic cells, while no staining was observed in periosteal osteoblastic cells. Magnification 100×. Numbers of pups: 4 +/+, 8 G1+/−, 5 G1−/−, and 5 G2−/−. 
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Figure 6. MicroCT comparative analysis of the skeletons of wild type, heterozygous, and first-generation Rankl null mutant pups born from females treated with IK22-5 during the second half of pregnancy. A graduated skeleton phenotype was observed from wild type to null mutant pups, with the presence of an enlarged foramen (star and arrowheads) in all genotypes. Percentage of closure measures (surface) for the different genotypes are 87 ± 3 for +/+, 68 ± 4 for +/−, and 60 ± 4 for −/−. Globally, it seems that injections of IK22-5 increased the phenotype of each genotype to the next in terms of severity, wild type being comparable to non-injected heterozygous, heterozygous to non-injected first-generation null mutants, and first-generation null mutants to second-generation phenotypes. Numbers of pups: 3 +/+, 6 +/−, and 2 −/−. 
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Figure 7. Histological comparative analysis of the skeletons of wild type, heterozygous, and first-generation Rankl null mutant pups born to females treated with IK22-5 during the second half of pregnancy. Masson trichrome staining of longitudinal sections of tibias made it possible to observe an osteopetrotic phenotype in all genotypes with, however, graduated severity from wild type to null mutant. TRAP staining was negative in all sections, signaling the absence of osteoclasts, induced by the IK22-5 injections. Masson trichrome staining of mandible frontal sections in the plane of the first molar (M1) revealed the induction of an osteopetrotic phenotype in the wild type pup with significant mandibular bone density (arrowhead), an absence of incisor in this section plane, remnant Meckel cartilage (arrow), and abnormal tooth morphology. TRAP staining of adjacent sections revealed a total absence of osteoclasts. Concerning the null mutant pups, a phenotype similar to the second-generation mutant pup was observed, with significant mandibular bone density (arrowhead), remnant Meckel cartilage (arrow), and abnormal tooth morphology. Magnification 40×. Numbers of pups: 3 +/+, 6 +/−, and 2 −/−. 
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