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The Wnt-β-catenin pathway receptor, low-density lipoprotein receptor-related protein 5 (LRP5), is a known regulator of bone mineral density. It has been hypothesized that specific human polymorphisms in LRP5 impact bone density, in part, by altering the anabolic response of bone to mechanical loading. Although experiments in animal models support this hypothesis, there is limited evidence that LRP5 polymorphisms can alter the anabolic response of bone to mechanical loading in humans. Herein, we report a young male who harbors a rare LRP5 missense mutation (A745V) and who provides potential proof of principle for this mechanotransduction hypothesis for low bone density. The subject had no history of fractures until age 18, a year into a career in competitive distance running. As he continued to run over the following 2 years, his mileage threshold to fracture steadily and rapidly decreased until he was diagnosed with severe osteoporosis (lumbar spine BMD Z-score of −3.2). By contextualizing this case within the existing LRP5 and mechanical stress literature, we speculate that this represents the first documented case of an individual in whom a genetic mutation altered the anabolic response of bone to mechanical stress in a manner sufficient to contribute to osteoporosis.
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BACKGROUND

Low-density lipoprotein receptor-related protein 5 (LRP5) is a 1,615 amino acid transmembrane receptor for the conserved Wnt-β-catenin signaling pathway, a pathway known to regulate bone metabolism in humans. In canonical Wnt-β-catenin signaling, a Wnt ligand binds to a binding site created by the 1st and 3rd β-propeller domains of LRP5 and to its co-receptor, Frizzled. This enables LRP5 to sequester a cytoplasmic destruction complex and, thereby, prevent the degradation of the protein β-catenin. Subsequently, β-catenin translocates into the nucleus, where it interacts with TCF/LEF family transcription factors and alters gene expression to promote bone formation (1) (Figure 1A). Genome-wide association studies (GWAS) have repeatedly classified LRP5 as a key mediator of bone mineral density (BMD) (2–4), including the largest GWAS to date, which identified LRP5 as a BMD and fracture risk locus at a significance level of p < 1.0 x 10−21 (5).
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FIGURE 1. (A) The cytoplasmic destruction complex constitutively targets β-catenin for degradation. Mechanical or chemical stimulation of the Wnt-β-catenin pathway receptor pair LRP5-Frizzled (Fz), in cells of the osteoblast linage, causes LRP5 to sequester the destruction complex, allowing β-catenin to accumulate and translocate to the nucleus where it interacts with TCF/LEF family transcription factors and promotes osteogenic gene expression. (B) Osteocytes (Ot) sense mechanical stress and respond by increasing Wnt-β-catenin signaling and coordinating the anabolic activities of osteoblasts (Ob) and the catabolic activities of osteoclasts (Oc). Wnt-β-catenin signaling, in addition to (i) sensitizing osteocytes to mechanical stress, (ii) promotes the differentiation of mesenchymal stem cells (MSC) into osteoblasts, (iii) prevents osteoblast apoptosis, and (iv) increases osteoprotegerin expression by osteoblasts, thus inhibiting osteoclast-mediated bone resorption. The net effect is a shift in favor of bone formation over bone resorption.



LRP5 mutations are known to cause disorders of both low and high BMD. Recessive loss-of-function mutations in LRP5 cause osteoporosis-pseudoglioma syndrome (OPPG), a condition characterized by severe osteoporosis and occasional ocular abnormalities (1, 6), whereas gain-of-function mutations in LRP5 are associated with abnormally high BMD (7). Furthermore, LRP5 demonstrates haploinsufficiency (6, 8–11). In fact, dominant loss-of-function mutations in LRP5 are among the most common causes of familial exudative vitreoretinopathy (FEVR), a congenital eye defect that often presents with a comorbid low BMD phenotype (10, 11). Of note, LRP5 haploinsufficiency appears to affect BMD in men more severely than in women (12–15). In addition to GWAS and clinical associations, LPR5 heterozygous (LPR5+/−) mouse models reliably exhibit low BMD (16–18). Consistent with data from human studies, the loss-of-function phenotype is more severe in male mice than in female mice, with male mice exhibiting lower relative BMDs, shortened femurs during their youth, and a reduced osteogenic response to mechanical stress (17).

There are a number of mechanisms by which LRP5-mediated Wnt-β-catenin signaling in cells of the osteoblast lineage may promote bone growth. These include (i) sensitizing osteocytes to mechanical stress, (ii) promoting the differentiation of mesenchymal stem cells (MSC) into osteoblasts, (iii) preventing osteoblast apoptosis, and (iv) increasing osteoblast expression of osteoprotegerin to decrease osteoclastogenesis (19–24) (Figure 1B). While each of these mechanisms likely plays a part in mediating the regulatory effects of the LRP5 protein on BMD, the mechanical stress model (i) is the focus of this report. There is an abundance of mouse data to support this model. First, LRP5 gain-of-function mutations in mice do not appear to increase basal rates of bone formation in the absence of mechanical stimulation, but more than double bone formation in response to mechanical stress (25, 26). Second, LRP5 gain-of-function enhances the expression of bone formation genes in response to mechanical stress (24). Third, conditional knockout of LRP5 in murine osteocytes, cells which are believed to serve as the mechanosensors of bone, diminishes the osteogenic response to mechanical stress, whereas activation of Wnt-β-catenin signaling in osteocytes is sufficient to increase the osteogenic response (27–29). Thus, data from mice support a model in which the LRP5 receptor influences BMD, at least in part, by regulating mechanotransduction.

Three clinical observations of patients bearing LRP5 mutations also support the mechanical stress model. First, LRP5 mutations do not appear to affect calcium homeostasis, anabolic or catabolic hormones, collagen synthesis, or basal levels of bone turnover, even in patients with severe osteoporosis (9, 13). Second, LRP5 gain-of-function mutations can increase BMD without affecting bone shape or causing bony lesions, which are observed in genetic conditions that simply increase basal osteoblast activity or decrease basal osteoclast activity (30). Third, LRP5 gain-of-function mutations cause the greatest enhancement of BMD in load bearing bones (30).

Two population-based studies add yet another level of support to the mechanical stress model. In a subset of 868 men from the Framingham Offspring Study Cohort, a polymorphism in exon 10 of LRP5 appeared to negatively affect the interaction between physical activity and BMD. Specifically, men homozygous for the common allele exhibited a positive correlation between physical activity and BMD; heterozygous men exhibited no correlation; and men homozygous for the less common allele exhibited a negative correlation between physical activity and BMD (31). Similar data were reported from the Odense Androgen Study. In this study of 783 men aged 20–30, the LRP5 polymorphisms A1330V and V667M were associated with low BMD in physically active men, but not in sedentary men (32). Although these two independent studies each suggest that polymorphisms in LRP5 can alter the anabolic response of bone to mechanical stress in men, they were limited by the fact that they assessed physical activity using questionnaires.

We report a 23-year-old male ex-distance runner who presented with primary osteoporosis and a rare LRP5 variant, A745V in exon 10, at age 20. His mutation, medical history, and athletic history complement and build upon the mouse models, clinical observations, and epidemiological data introduced above. In brief, this case represents potential proof of principle for the mechanical stress model and suggests the possibility that LRP5 mutations contribute to low BMD, in part, by blunting the anabolic response of bone to mechanical stress.



CASE REPORT

The Caucasian male subject was the product of an uncomplicated pregnancy, although he did exhibit shortened femurs in utero, similar to LRP5 loss-of-function male mice (17). He demonstrated no signs of any chronic health condition during his highly active youth or adolescence, during which he engaged in a variety of sports, including basketball, soccer, rugby, and martial arts. He began competitive distance running at age 17. For over 1 year, he consistently ran between 60 and 80 miles per week without sustaining any bone injuries. At age 18, he sustained a stress fracture in his right lateral tibial plateau. Subsequent to this initial stress fracture, he began to experience stress fractures at progressively lower mileage thresholds. After fracture resolution, physical therapy, and a gradual return to running, he sustained further tibial, femoral, and sacral alar stress fractures when running 40, 20, and even 10 miles per week, consistent with the notion that his bones were weakening as he continued to run (Figure 2A).


[image: image]

FIGURE 2. (A) Diagram of the subject's running and stress fracture history. The subject had no history of fractures during his childhood and began distance running at age 17. He successfully ran 60–80 miles per week for over 1 year before experiencing his first fracture in his right lateral tibial plateau. Over the subsequent years, as he continued to run, his mileage threshold to fracture decreased precipitously (stress fractures are represented by arrowheads). At age 20, he fractured his right cuneiform during a 5-kilometer road race. A follow-up of the unusual foot fracture revealed osteoporosis. (B) DXA scan of the subject's lumbar spine, total hip, femoral neck, and total body (minus head) at time of diagnosis. These data are consistent with the notion that the subject's load-bearing bones failed to adapt to the mechanical stress of running. (C) Endocrine assessment at time of diagnosis. Reference ranges are given in parentheses and BMI >17.5 kg/m2 is used because this threshold is a surrogate marker for Relative Energy Deficiency in Sport (RED-S) in men (33, 34).



At age 20, he sustained a complete fracture of his right cuneiform during a 5-kilometer run. A dual-energy X-ray absorptiometry (DXA) scan was performed given this history of recurrent fractures and this revealed a lumbar spine BMD Z-score of −3.2, total hip BMD Z-score of −2.0, femoral neck BMD Z-score of −2.2, and total body (minus head) BMD Z-score of −1.5 (Figure 2B). At the time of diagnosis, the subject had a normal BMI (21.1 kg/m2), normal resting metabolic rate (1,613 kcal/day, measured by respirometry vs. 1,604 kcal/day, calculated using the Harris-Benedict equation), normal testosterone, TSH, 24-h urine free cortisol, PTH, alkaline phosphatase, urinary N-terminal telopeptide/creatinine, calcium, and 25-OH-Vitamin D (Figure 2C). All other electrolytes, hormones, and kidney and liver function tests were unremarkable, and the subject, now 23, has exhibited no meaningful signs of endocrine dysfunction in the years since initial evaluation.

A genetic screen revealed an undocumented paternally-inherited polymorphism (A745V) in the LRP5 gene. His father, a 54-year-old with a BMI of 37.2 kg/m2, did not exhibit low BMD at the lumbar spine, total hip, or femoral neck (T-scores of 0.0, 0.9, and 0.1, respectively); however, the father did exhibit a radial BMD T-score of −2.6 (age-adjusted Z-score of −2.0). The subject completed a 13-month course of teriparatide, which increased his lumbar spine BMD Z-score from −3.2 to −2.7, and he is currently on denosumab.

The subject's only other health condition is ulcerative colitis, which was diagnosed at age 22, 4 years after his first fracture. The colitis is mild and localized to the cecum and sigmoid colon. As the subject never exhibited evidence of malabsorption/malnutrition or systemic inflammation (his high sensitivity CRP was consistently measured to be low both before and after his colitis diagnosis), was never on chronic glucocorticoids, and had absolutely no symptoms of this condition at the time that he was having the fractures, it is unlikely that his ulcerative colitis contributed to his low BMD. This opinion was unanimously shared by three independent gastroenterological consults.



DISCUSSION

The properties of the A745V variant suggest that it likely contributed to the subject's osteoporosis. A745V is extremely rare, with a minor allele frequency of 0.0008 in the Genome Aggregation Database (254/282476 alleles; 0 homozygotes), and is perfectly conserved among mammals, birds, snakes, fish, and even the Drosophila homolog of LRP5. It is located within the Wnt-ligand-binding 3rd β-propeller domain, adjacent to two other residues (N740, from the Framingham Study, and W734) mutations in which are also associated with low BMD in humans (6, 31) (Figure 3). Other alanine to valine missense mutations in LRP5 have been reported to contribute to low BMD. The A745V variant was predicted to be consequential in in silico models and was reported to contribute to a case of FEVR, which is often associated with low BMD (3, 32, 35) (Figure 4).
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FIGURE 3. The LRP5 gene is composed of 23 exons, coding for 1,615 amino acids. Exon 10 includes residues 697 to 773, 27 of which are sequence aligned with the corresponding horse, cow, dog, mouse, chicken, snake, rabbit, and zebrafish LRP5 sequences, as well as with that of the homologous protein in Drosophila, arrow. W734 (6), N740 (31), and A745 are underlined and identified by arrowheads. Red letters represent nonconserved residues.
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FIGURE 4. A summary of the key evidence supporting the role of LRP5, the A745V variant, and mechanical stress in the etiology of the subject's osteoporosis. Each category of evidence builds upon, and is inset within, the previous category. The following references correspond to each line of evidence: LRP5 (i). Trajanoska et al. (5) (ii). Sawakami et al. (17), Clement-Lacroix et al. (16), Yadav et al. (18) (iii). Gong et al. (6), Joiner et al. (1) (iv). Johnson et al. (30), Johnson (7) (v). Toomes et al. (11), Qin et al. (10). A745V (i). Pefkianaki et al. (35) (ii). Brixen et al. (32), Estrada et al. (3) (iii). Pefkianaki et al. (35) (iv). NCBI sequence analyzer and alignment tools were used to assess conservation (v). Gong et al. (6), Joiner et al. (1). Mechanical Stress (i). Sawakami et al. (17), Zhao et al. (29), Robinson et al. (24), Johnson (7), Niziolek et al. (25) and others (see text) (ii). Brixen et al. (32), Kiel et al. (31) (iii, iv). Information from the subject's medical history.



Despite the evidence supporting the consequence of the A745V variant mentioned in the previous paragraph, the proposition that this inherited genetic mutation was a major contributor to the subject's osteoporosis raises two important questions: (1) Why is there a discrepancy between the subject's BMD and that of his father? (2) If the subject's low BMD is attributable to a congenital genetic defect, why did it only manifest with fractures over 1 year into his running career when he was a young adult? The discrepancy between the father's and son's BMDs may be explained, in part, by the variable expressivity observed repeatedly with LRP5 mutations. In the first report of this A745V variant, the carrier father exhibited only subclinical symptoms (35); and probands heterozygous for inherited LRP5 mutations often exhibit BMDs significantly lower than those of their carrier parents (8, 9). It is also possible that the father's higher BMI (37.2 kg/m2) was somewhat protective for his BMD, or that it artifactually increased his BMD. Adipose tissue can inflate DXA measurements of BMD, particularly at the spine, hip, and femur, where overestimates can approach 30% (36). By contrast, radial DXA cannot be easily confounded by soft tissue, suggesting that the radius may be a more accurate BMD measurement site for heavier individuals (37). Therefore, the father's radial BMD T-score of −2.6 (age-adjusted Z-score of −2.0) may reflect the pathogenicity of the A745V allele. Finally, and most interestingly, we speculate that the subject's running interacted with his genetics to precipitate his osteoporosis.

The proposition that the A745V polymorphism altered the anabolic response of the subject's bones to mechanical stress not only provides a potential explanation for why his phenotype is more severe than that of his father, but can also explain the peculiar chronology of his fracture history (Figure 2A). If the subject's bones were not able to adapt appropriately to the mechanical stress imposed by distance running, one would expect that he would only begin to experience fractures after a sustained period of habitual distance running, as was indeed the case in our patient. In addition, one would predict that continued distance running would continue to weaken his bones and increase his susceptibility to fracture, as it did. Interestingly, the subject's DXA scan revealed that his lumbar spine, total hip, and femoral neck BMD Z-scores, all of which represent load-bearing sites, were notably lower than his total body (minus head) BMD Z-score (Figure 2B). This observation mirrors the observation that LRP5 gain-of-function kindred exhibit the greatest increases in BMD at load-bearing sites (30). Notably, the subject's phenotype was more severe at the lumbar spine than at the hip and femur. Counterintuitively, this is also what the mechanotransduction model predicts. Although the spine, hip, and femur are all load-bearing sites, LRP5 polymorphisms have been reported to alter mechanotransduction in trabecular bone more so than in cortical bone, and the spine has the highest proportion of trabecular bone of these sites (26). The mechanical stress response model is further consistent with data from LRP5 mouse models, which collectively show that LRP5 gain-of-function increases bone formation specifically in response to mechanical stress and that LRP5 loss-of-function reduces the response of bone to mechanical stress in a dose-dependent manner (17, 24, 25, 29). Furthermore, results of the Framingham Cohort and Odense Androgen Studies suggest that LRP5 polymorphisms can affect the interaction between physical activity and BMD in men, such that men carrying particular polymorphisms do not appear experience the increases in BMD usually associated with weight-bearing activities. Notably, the physical activity data from these studies were limited to self-report questionnaires (31, 32) (Figure 4).

Our report has certain limitations, chief among these being that the subject had no DXA scans available for comparison before his first tibial stress fracture or during his running career. Therefore, we cannot rule out the possibility that the LRP5 mutation substantially impacted his BMD before the start of his running career, or confirm that his BMD decreased with continued running (as suggested by his decreasing mileage threshold to fracture). We also could not assess the degree to which other factors, such as the subject's ulcerative colitis or nutritional status, may have independently, or by interacting with the A745V variant, contributed to the subject's low BMD. In fact, at the time of diagnosis, when the A745V variant was undocumented and its significance unrecognized, Relative Energy Deficiency in Sport (RED-S) was proposed as a diagnosis of exclusion (33, 34). While the subject's normal BMI (19–22 kg/m2) and endocrine assessments made this a less likely diagnosis, it remains possible that insufficient nutritional intake during the high-mileage period of his running career contributed to some extent to his low BMD. Nevertheless, the fact that this young man has osteoporosis, harbors a rare mutation in a gene that is known to modify the response of bone to mechanical stress in animal models (perhaps in a sex-specific manner), and underwent a discrete period of intense mechanical loading during which he became increasingly prone to fracture, suggests that the subject may represent the first documented case of a genetic mutation that contributes to osteoporosis, in part, by altering the anabolic response of bone to mechanical stress. Future work in needed to enhance our understanding of the genetic contributions of LRP5 to mechanotransduction in bone.
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Chordin-Like 1 Improves Osteogenesis of Bone Marrow Mesenchymal Stem Cells Through Enhancing BMP4-SMAD Pathway
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Chordin-like 1 (CHRDL1) is a secreted glycoprotein with repeated cysteine-rich domains, which can bind to BMPs family ligands. Although it has been reported to play important roles in several systems, the exact roles of CHRDL1 on human bone mesenchymal stem cells (hBMSCs) osteogenesis remain to be explored. The present study aimed to investigate the roles of CHRDL1 on the osteogenic differentiation of hBMSCs and the underlying molecular mechanisms. We found that CHRDL1 was upregulated during hBMSCs osteogenesis, and rhBMP-4 administration could enhance CHRDL1 mRNA expression in a dose and time dependent manner. Knockdown of CHRDL1 did not affect hBMSCs proliferation, but inhibited the BMP-4-dependent osteogenic differentiation, showing decreased mRNA expression levels of osteogenic markers and reduced mineralization. On the contrary, overexpression of CHRDL1 enhanced BMP-4 induced osteogenic differentiation of hBMSCs. Moreover, in vivo experiments by transplanting CHRDL1 gene modified hBMSCs into nude mice defective femur models displayed higher new bone formation in CHRDL1 overexpression groups, but lower new bone formation in CHRDL1 knockdown groups, compared with control groups. In consistent with the bone formation rate, there were increased CHRDL1 protein expression in new bone formation regions of defective femur in CHRDL1 overexpression groups, while reduced CHRDL1 protein expression in CHRDL1 knockdown groups compared with control groups. These indicate that CHRDL1 can promote osteoblast differentiation in vivo. Furthermore, the mechanisms study showed that CHRDL1 improved BMP-4 induced phosphorylation of SMAD1/5/9 during osteogenic differentiation of hBMSCs. Besides, promotion of osteogenic differentiation and the activation of SMAD phosphorylation by CHRDL1 can be blocked by BMP receptor type I inhibitor LDN-193189. In conclusion, our results suggested that CHRDL1 can promote hBMSCs osteogenic differentiation through enhancing the activation of BMP-4-SMAD1/5/9 pathway.
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INTRODUCTION

Bone size and shape are precisely modeled and remodeled throughout life to ensure the structure and integrity of the skeleton (1). Bone remodeling is maintained by the regulation of two essential cell types, namely, the bone resorption osteoclasts and matrix-forming osteoblasts (2). Osteoporosis develops when the rate of osteoclastic bone resorption exceeds that of osteoblastic bone formation, which leads to loss of BMD and deterioration of bone structure and strength (3). Although osteoclast suppression machineries have been the focus of many bone studies, osteogenesis of BMSCs and its underlying mechanisms are also essential issues of bone remodeling (4).

Bone formation is mediated by osteoblasts recruited from bone mesenchymal cells (5), which can also differentiate into cells of other lineages, including myoblasts, chondrocytes, and adipocytes. The fate determination of bone marrow mesenchymal cells and their differentiation toward cells of the osteoblastic lineage is tightly controlled by several early regulators including: Wnt/β-catenin signaling, bone morphogenetic proteins (BMPs), hedgehog proteins, endocrine hormones, epigenetic regulators, and various growth factors. Among them, BMPs are known to exhibit high osteogenic activity (6).

BMPs usually function through BMPs-SMAD signaling pathway by binding to and signaling through types II and I BMP receptors, which are transmembrane serine/threonine kinases (7). Upon ligand binding, the types II(BMPR-II and ActR-IIA and ActR-IIB) and I(BMPR- I A or ALK-3,BMPRIB or ALK-6, and ActR- IA or ALK-2) receptors form a heterotetrameric complex (8), resulting in the phosphorylation of the type I receptor by the type II kinase domain. The phosphorylation of type I receptor facilitates the type I receptor to bind and phosphorylate SMAD1/5/9 proteins. Once phosphorylated, SMAD1/5/9 proteins form heterodimeric complexes with SMAD4 and translocate into the nucleus where they interact with other transcription factors, such as RUNX2, and stimulate the differentiation of BMSCs into osteoblasts (9). BMSCs committed to osteogenesis continue to develop the genetic profile and morphology of the osteoblast, expressing genes such as alkaline phosphatase, osteoprotegerin, type I collagen, and later osteocalcin (10). Osteogenic capability of BMPs, such as BMP-2 and BMP-7 have already been vastly studied and their recombinant proteins are currently being investigated in human clinical trials of craniofacial deformities, fracture healing, and spine fusion. However, several reports described the heterotopic ossification associated with their use which restricted their application (11, 12). It's imperative to further explore the osteogenic function and underlying regulation mechanism of other BMPs.

BMPs are functionally regulated by a class of intra and extracellular BMP-binding proteins, termed BMP antagonists, such as noggin, chordin, short gastrulation (Sog), twisted gastrulation (Tsg), and gremlin. BMP antagonists usually bind BMP family ligands and prevent their contact with receptors, thus inhibiting signaling. Chordin-like 1 (CHRDL1) is a secreted glycoprotein, which is structurally related to certain BMP antagonists and plays important roles in several systems, including angiogenesis (13), neural stem cell fate determination and neurogenesis (14), kidney protection from acute and chronic injuries (15), and suppression of tumor growth and metastasis(16, 17). Most of these functions are fulfilled by acting as BMP-4 antagonist. However, the role of CHRDL1 in human osteoblast differentiation induced by BMPs remains ambiguous. The intent of this study is to investigate the direct effect of CHRDL1 on human bone remodeling and the mechanisms involved.



MATERIALS AND METHODS


Isolation and Expansion of Human BMSC (hBMSCs)

This study was approved by the Institutional Ethics Committee of Xin Hua Hospital Affiliated to Shanghai Jiao Tong University School of Medicine. Two male and two female patients averaged 45.7 years (range, 39–52 years) were recruited in this study. They all accepted traumatic femoral or tibia shaft fracture treatment by intramedullary nailing. Bone marrow samples from these patients were obtained with written consent, and patients presented with osteoporosis, other orthopedic or systemic diseases were excluded from the study.

Bone marrow blood aspirated during reaming from the femur or tibia of each donor was filtered through a 100 μm nylon mesh cell strainer. The filtrate was incubated in a 10 cm dish containing basal medium (BM) [low glucose Dulbecco's modified Eagle's medium (#SH30021.01; HyClone, USA) supplemented with 10% fetal bovine serum (#16000-044; Gibco, AUS), 100 U/mL penicillin G, and 100 mg/L streptomycin (#SV30010; HyClone, USA)] at 37°C in a humidified atmosphere containing 5% CO2. Non-adherent cells were discarded 72 h after cell-culture. Adherent cells were washed twice with phosphate buffered saline (PBS). Adherent hBMSCs cultured in complete medium were replaced every 2 days. When the cells achieved 90% confluence, the cultures were detached with 0.25% trypsin (#25200072; Gibco, AUS) and stored or reseeded for the following culture. Cells were used for subsequent experiments at passages 3 to 7.



Identification of hBMSC Lineage

Approximately 4 ×105 hBMSCs at passage 3 were incubated with 1 ug fluorescein isothiocyanate-conjugated mouse anti-human monoclonal antibodies at room temperature for 45 min. After washing with fluorescence-activated cell sorting (FACS) buffer (PBS with 10% bovine serum albumin and 1% sodium azide) at 376 g for 5 min, the stained cells were suspended in 250 μl of ice-cold FACS buffer and then analyzed with FACS (BD Biosciences, USA). For each sample, 1 ×104 events were counted. The percentage of positive signals was analyzed using technical flow cytometry. The antibodies, including CD-29 (#555443; BD Pharmingen), CD-34 (#555822; BD Pharmingen), CD-44 (#555478; BD Pharmingen), CD-45 (#566156; BD Pharmingen), CD-90 (#551401; BD Pharmingen), and CD-105 (#323208; Biolegend), were used in this study.



Multi-Lineage Differential Potential

For osteogenic differentiation assays, the culture-expanded cells were seeded at 1 ×105 cells/well in a six-well culture plate and cultured in a complete culture medium until confluence. The cells were then cultured in BM or osteogenic medium(BM supplemented with 1 nM dexamethasone (#D4902; Sigma–Aldrich), 50 mM ascorbic acid(#A4403; Sigma–Aldrich), and 20 mM β-glycerolphosphate (#G9891; Sigma–Aldrich). The culture medium was changed every 3 days. The cells were cultured for 21 days for the assessment of Alizarin red S (#A5533; Sigma–Aldrich)staining.

For chondrogenic differentiation assays, culture-expanded cells were resuspended in BM at a density of 1 ×107 cells/ml. A total of 20 ul cell suspension was carefully added to a 12-well plate. The cells were allowed to adhere at 37°C in 5% CO2 for 2 h, followed by the addition of 1 mL of BM or chondrogenic medium [BM supplemented with 10 ng/mL recombinant human transforming growth factor (TGF) beta 1 (#7666-MB-005; R&D Systems) and 50 ng/mL recombinant human insulin-like growth factor 1 (#6630-GR-025; R&D Systems)]. The culture medium was changed every 3 days. Micromasses were fixed for paraffin sectioning and Alcian blue staining after 28 days.

For adipogenic differentiation assays, culture-expanded cells were seeded at 1 ×105 cells/well in a six-well plate and then cultured with BM. Upon reaching confluence, the medium was replaced with BM or adipogenic medium, wherein the BM was supplemented with 500 nM dexamethasone, 0.5 mM isobutylmethylxanthine (#I7018; Sigma–Aldrich), 50 mM indomethacin (#I7378; Sigma–Aldrich), and 10 mg/mL insulin (#I3536; Sigma–Aldrich). The medium was changed every 3 days. The cells were cultured for 14 days for oil red O (#O0625; Sigma–Aldrich) staining.



siRNA Transfection

siRNA transfection was conducted using Lipofectamine 3000 (#L3000015;Thermo Fisher) according to the manufacturer's instruction. The sequences of siRNA targeting CHRDL1 (GenePharma Co., Ltd., Shanghai, China) were as follows: siRNA1: Sense 5′-GCAGCUGUUCGGAGGGAAATT dTdT-3′ and antisense 5′-UUUCCCUCCGAACAGCUGCTT dTdT-3′; siRNA2: Sense 5′-GCAAGCAUCAGGAACCAUUTT dTdT-3′ and antisense 5′-AAUGGUUCCUGAUGCUUGCTT dTdT-3′; siRNA3: Sense 5′-GCCUGUGUAUGAGUCUGUATT dTdT-3′ and antisense 5′-UACAGACUCAUACACAGGCTT dTdT-3′.

The sequences of negative control siRNA (NC-siRNA) that does not target any human gene product: 5′-UUCUCCGAACGUGUCACGUTT dTdT-3′ and anti-sense 5′-ACGUGACACGUUCGGAGAATT dTdT-3′.



Lentiviral Transduction Overexpression Study

CHRDL1 gene was ligated into pLVX-IRES-puro to construct the CHRDL1 overexpression plasmid. The pLVX-IRES-puro and pLVX-IRES-puro-CHRDL1 were transfected into the HEK293T viral packaging cell line together with pSPAX2 and pMD 2.G. Exactly 48 h after transfection, the harvested cells were used for real-time PCR or Western blot analysis.



ALP Staining

On the 7th day of osteogenic induction, ALP staining was performed. Cells were washed thrice with PBS and fixed with 4% paraformaldehyde for 15 min at room temperature. The samples were then stained with 0.1% naphthol AS-Biphosphate (Sigma-Aldrich, St. Louis, MO, USA) and 2% fast violet B (Sigma-Aldrich). After 30 min incubation at 37°C, the cell layer was washed thrice with deionized water to remove the dissociative dye and was observed under a digital camera.



ALP Activity Assay

Cell layers were rinsed with PBS in triplicate and then lysated with lysis buffer containing 0.5% Triton, 50 mM of Tris–HCl, and 5 mM of MgCl2 (Sigma). ALP activity was assayed at 37°C in a buffer containing 0.1 M 2-amino-2-methyl-1-propanol (Wako), 2 mM MgCl2, and p-nitrophenyl phosphate (pNPP) for 30 min. The reaction was terminated by adding of 200 ml of 2 M NaOH per 200 μl of reaction mixture. Absorbance values were measured at 405 nm using pNPP (Sigma-Aldrich) as the substrate.



Alizarin Red Staining and Calcium Assay

On the 14th day of osteogenic induction, cells were fixed in 75% ice-cold ethanol for 1 h and rinsed with distilled water. Cells were then stained with Alizarin Red S solution (Sigma) for 15 min until orange-red in color. After staining, the cells were washed thrice with deionized water, and observed under a digital camera. All experiments were repeated independently in triplicate.



Cell Proliferation Assay

We performed CCK-8 assay according to the manufacturer's instructions. Serum-starved synchronized hBMSCs were seeded at 1 ×104 cells/well in 96-well plates and cultured for 0, 24, 48 or 72 h and 10 ul Cell Counting Kit-8 solution (CCK-8; Dojindo Laboratories, Kumamoto, Japan) was added into the well. After 4 h incubation with CCK-8, cell proliferation was measured by reading optical density value at a wavelength of 450 nm.



Real-Time PCR

Total RNA weighing about 1 ug was isolated using TRIzol reagent (Invitrogen) and reverse transcribed using the PrimeScript RT Master Mix cDNA Synthesis Kit (Takara, Japan) to obtain first strand cDNA. Real-time PCR was performed with a Roche LC 480 system using SYBR1 Premix (TaKaRa, Inc., Dalian, China) according to the instructions of the manufacturer. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control. Data were analyzed using the comparison Ct (2−ΔΔCt) method and expressed as the fold change relative to GAPDH. Each sample was presented in mean with the standard error of triplicate.

Primer sequences were as follows: GAPDH: forward, 5′-AGGTCGGTGTGAACGGATTTG-3′; reverse, 5′-GGGGTCGTTGATGG CAACA-3′; CHRDL1: forward, 5′- CCTGGAACCTTATGGGTTGGT-3′; reverse, 5′-AACATTTGGACATCTGACTCGG-3′; ALP: forward, 5′-ACCACCACGAGAGTGAACCA-3′; reverse, 5′-CGTTGTCTGAGTACCAGTCCC; COL1A1: forward, 5′-GAGGGCCAAGACGAAGACATC-3′; reverse, 5′-CAGATCACGTCATCGCACAAC-3′; osteopontin (OPN): forward, 5′-CTGTGTTGGTGGAGGATGTCTGC-3′; reverse, 5′-GTCGGCGTTTGGCTGAGAAGG−3′; OCN: forward, 5′-GACAAGTCC CACACAGCAACT-3′; reverse, 5′-GGACATGAAGGCTTTGTCAGA-3′.



Western Blot Analysis

Cells were washed with ice-cold Dulbecco's PBS and total protein lysates were extracted with cell lysis buffer RIPA (Biocolors, R0095) containing 1% PMSF (Meilunbio, MA0001). For western blot analysis, 20 ug of proteins was resolved on 10% SDS–PAGE gels (Bio-Rad, Richmond, CA) and transferred to polyvinylidene difluoride membranes (Merch, ISEQ00010).The membranes were blocked with TBS containing 5% (w/v) non-fat dry milk and 0.1% Tween-20 for 1 h, and then incubated at 4°C overnight with the appropriate antibodies, including CHRDL1 (Abcam, ab103369), BMPRII (CST, 6979), RUNX2 (Santa Cruz, 10758), p-SMAD1/5/9 (CST, 13820), SMAD1/5/9 (Santa Cruz, 6031), and GAPDH (CST, 5174). Blots were developed with horseradish peroxidase-labeled secondary antibody and visualized using the enhanced chemiluminescence detection system (Millipore, Billerica, MA) according to the manufactures' instructions.



Surgical Procedure and Cell Transplantation

We used mice femoral shaft cortical bone defect model in vivo experiments, and all animal experiments were approved by the Laboratory Animal Institutions Committee. Animal care was provided in accordance with the Institutional Guidelines. Eight-week-old male BALB/C nude mice (Vital River Laboratory Animal Technology Co., Ltd. Beijing, China) were i.p. anesthetized with 1.5% pentobarbital sodium (40 mg/kg). A decimal bone defect 0.8 mm in diameter was performed on the femoral shafts. hBMSCs were suspended in the medium mixture and Matrigel (BD Bioscience), and 5–105 cells/femoral shaft was transplanted into the defective lesions. hBMSCs were infected with si-CHRDL1 or pLVX- CHRDL1 before transplantation. Control mice underwent the same surgical operation except for transplantation of hBMSCs infected with pLVX-vector or NC-siRNA.



Statistical Analysis

All statistical analysis was performed using SPSS (version 16.0; SPSS, Inc., Chicago, IL). All quantitative data were presented as the mean ± SD at least three separate experiments, each performed with triplicate samples and analyzed by Student's t-test or one-way ANOVA. All tests were two-sided with a P-value of 0.05 was used as the boundary of statistical significance.




RESULTS


Identification and Characterization of hBMSCs

Isolated cells all expressed MSC markers CD29, CD44, CD90, and CD105 and did not express leukocyte and hematopoietic markers CD45 and CD34, respectively (Figure 1A). Most cells formed mineralized calcium deposits after 21 days of osteogenic differentiation, which were confirmed by Alizarin Red staining (Figure 1B). The adipogenic differentiation capacity of hBMSCs was confirmed by oil red O staining. Lipid droplets were detected 14 days after adipogenesis induction and were not observed in host medium (Figure 1C). After 28 days of micromass culture and induction, the cartilage differentiation of hBMSC was verified by positive staining with Alcian blue staining. Compared with chondrogenic induction in host medium, chondrogenic induction in micromass culture resulted in high Alcian blue staining (Figure 1D). Quantification of positively stained area recognized by image J was also shown in graph.
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FIGURE 1. Identification and characterization of human bone marrow-derived mesenchymal stem cells (hBMSCs). (A) Flow cytometry analysis of the expression of positive (CD29, CD44, CD90, CD105) and negative (CD34, CD45) cell surface markers of hBMSCs. (B) Alizarin Red S staining for hBMSCs culturing for 21 days in osteogenic medium or basal medium. (C) Adipogenic differentiation potential of hBMSCs in vitro. Oil Red O staining for hBMSCs culturing for 14 days in adipogenic medium or basal medium. (D) Chondrogenic differentiation potential of hBMSCs in vitro. Alcian blue staining for hBMSCs culturing for 28 days in chondrogenic medium or basal medium with the method of micromass (magnification: ×100). Quantification of positively stained area recognized by image J was also shown in graph. All experiments were repeated independently in triplicate. Data were presented as mean ± SD (n = 3); #P <0.01.





The Expression of CHRDL1 Increased During Osteogenesis of hBMSCs

To understand the role of CHRDL1 during the process of osteogenesis, we determined the mRNA expression profile of CHRDL1 and early osteogenic marker ALP in hBMSCs cultured under osteogenic differentiation medium by using real-time PCR.

During the process of osteogenic differentiation in hBMSCs, CHRDL1 mRNA expression, followed a similar distribution to that of ALP. CHRDL1 mRNA expression levels were detectable on day 0. During the first 7 days in culture, CHRDL1 expression levels peaked on day 3. During these days, the cells exhibited elevated ALP expression but the peak level appeared on day 7, which slightly lagged behind that of CHRDL1. CHRDL1 and ALP mRNA levels gradually declined on day 10 and then further declined to approximately half of the peak levels on day 14 (Figures 2A,B). These data showed that CHRDL1 gene was expressed in osteoblastic cells and its expression levels were regulated time dependently along with the osteogenic differentiation process.
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FIGURE 2. The expression models of CHRDL1 and ALP during the osteogenic differentiation of hBMSCs. hBMSCs were cultured with osteogenic medium, and total RNA was collected at 0, 3, 7, 10, and 14 days, and the mRNA expression levels of ALP (A) and CHRDL1 (B) were evaluated by real-time quantitative PCR. GAPDH was used as internal control. All experiments were repeated independently in triplicate. Data were presented as mean ± SD (n = 3); #P <0.01 vs. 0 day.





Suppression of CHRDL1 Decreased Osteogenesis of hBMSCs

Three siRNAs were generated to suppress CHRDL1 expression to explore the possible function of CHRDL1 during osteogenic differentiation. Exactly 72 h after transfection, CHRDL1 siRNA2 and siRNA3 significantly reduced in corresponding CHRDL1 mRNA expression and protein levels (Figures 3A,B) in the culture supernatant compared with transfection of control siRNA. Transfection of CHRDL1 siRNA1 did not change CHRDL1 expression at mRNA and protein levels significantly. We conducted a time-course study with siRNA2 and siRNA3. Reduced CHRDL1 mRNA expression was observed in siRNA2- or siRNA3-transfected cells from day 0 to day 10 after transfection compared with non-transfected (NT) and control siRNA-transfected groups with the lower value that occurred 3 days after transfection by siRNA3 (Figure 3C). Given that siRNA3 achieved the best suppression effect on CHRDL1 expression, we conducted the following experiments with CHRDL1 siRNA3 only.
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FIGURE 3. Knockdown of CHRDL1 suppressed hBMSCs osteogenesis. Three siRNAs were generated to suppress CHRDL1 expression. (A,B) CHRDL1 mRNA and protein expression levels were detected 72 h after siRNAs transfection. Densitometric analysis of immunoblot band intensities for CHRDL1 normalized by GAPDH were also detected. (C) CHRDL1 expression was detected at 0, 3, 7, and 10 days after siRNA2 or siRNA3 transfection. (D) In vitro growth of NC-siRNA and siRNA3 transfected hBMSCs were measured by CCK8 assay at 24, 48, 72, 96 h after transfection. (E) The mRNA expression levels of OCN, COL1A1, OPN, ALP, OSX, and RUNX2 were all detected using real-time quantitative PCR at 48 h after osteogenic induction and 72 h after siRNA3 transfection. (F,G) ALP staining, ALP quantitative analysis and Alizarin Red staining were performed to detect osteogenesis of hBMSCs after siRNA3 transfection. All experiments were repeated independently in triplicate. Data were presented as mean ± SD (n = 3) (*P <0.05 and #P <0.01).



To make sure if CHRDL1 knockdown could affect hBMSCs proliferation, we conducted CCK8 assay according to the instructions. Fluorescence multi-well plate reader (Infinite M200 PRO, TECAN, Switzerland) with the optical density value set at a wavelength of 450 nm was used to detect siRNA3 and NC-siRNA transfected hBMSCs proliferation, no difference was detected at 24,48,72, 96 h after transfection between two groups (Figure 3D).

Exactly 24 h after transfection with CHRDL1 siRNA3, hBMSCs were induced by osteogenic medium without exogenous BMPs addition, and 72 h after transfection, the cells were harvested for quantitative PCR, mRNA expression levels of osteogenesis genes, such as ALP, OCN, OPN, COL1A1, OSTERIX, and RUNX2 were also significantly reduced compared with the control group (Figure 3E). ALP staining and ALP quantitative analysis showed that after 7 days of osteogenic induction, the transfection of CHRDL1 siRNA3 reduced the ALP activity of cells significantly (Figure 3F). Alizarin Red staining showed that the group transfected with CHRDL1 siRNA3 exhibited less calcium deposition than control groups. Similar results were obtained in photomicrographs (Figure 3G). A rescue experiment was performed by adding rhCHRDL1 protein (0.1 ug/ml) (Abcam, ab164881) to osteogenic medium 24 h after siRNA3 transfection. mRNA expression levels of osteogenesis related genes decreased by CHRDL1 suppression were largely rescued by rhCHRDL1 protein administration 72 h after transfection. ALP staining showed similar results after 7 days of osteogenic induction. (Supplementary Figures 1A,B).



CHRDL1 Potentiate Osteogenesis Function of BMP-4

We next used the siRNA system to assess the possible role of CHRDL1 in the BMP-SMAD signaling pathway. hBMSCs were either transfected with si-CHRDL1 or NC-siRNA, 24 h later, both groups were induced by 0.1 ug/ml recombinant human BMP-2, BMP-4, and BMP-7 addition to test the dependence of BMPs function on CHRDL1. Three days after transfection, cells were harvested for quantitative PCR, rhBMP-4 administration can slightly rescue the decreased ALP mRNA level caused by CHRDL1 suppression (Figure 4A), whereas rhBMP-2 and rhBMP-7 substantially increased ALP mRNA levels (Figures 4B,C). Thus, we speculated that the induction of osteogenesis by BMP-4 depends on the presence of CHRDL1. Western blot was conducted to detect the level of SMAD-1/5/9 phosphorylation in response to rhBMP-4. Compared with cells transfected with NC-siRNA, hBMSCs that suppressed CHRDL1 by siRNA3, showed decreased p-SMAD-1/5/9 (Figure 4D) in a statistically significant fashion (Figure 4E). These data indicated that the function of BMP-4 was enhanced by and depended on the presence of CHRDL1 through BMP-SMAD signaling pathway during hBMSCs osteogenesis.
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FIGURE 4. Knockdown of CHRDL1 inhibited BMP4-induced osteoblast differentiation of hBMSCs. hBMSCs were either transfected with si-CHRDL1 or NC-siRNA, 24 h later, both groups were induced by BMP-2, BMP-4, or BMP-7. 3 days after transfection, mRNAs were harvested for real-time quantitative PCR (A-C). Western blotting was used to detect levels of CHRDL1, p-SMAD1/5/9, and total SMAD1/5/9 in hBMSCs transfected with NC-siRNA and si-CHRDL1 either with or without treatment with rhBMP-4 (D). Relative levels of p-SMAD/t-SMAD were plotted graphically in panel (E). The experiment was repeated three times. Data were reported as mean ± SE (n = 3) (*P <0.05 and #P <0.01).





Induced CHRDL1 mRNA Expression by BMP-4 Treatment

Given that the function of CHRDL1 on hBMSC osteogenesis was fulfilled via BMP-4, we next assessed the change of CHRDL1 mRNA expression during hBMSCs osteogenesis differentiation induced by 72 h rhBMP-4 treatment. The expression of CHRDL1 mRNA was induced by rhBMP-4 in a dose-dependent manner. In the range of 0–1 ug/ml rhBMP-4, increased concentrations of BMP-4 induced high expression of CHRDL1, and 1 ug/ml rhBMP-4 induced the peak expression. mRNA expression of CHRDL1 declined as the concentration of BMP-4 increased from 1 to 50 mg/ml (Figure 5A). CHRDL1 mRNA was also induced by BMP-4 in a time-dependent manner. The level of CHRDL1 mRNA induced by 0.5 ug/ml rhBMP-4 increased gradually with time and increased significantly at 48 and 72 h after the addition of rhBMP-4, and after 96 h the upward trend became gentle (Figure 5B).
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FIGURE 5. BMP-4 induced CHRDL1 expression in a time- and dose-dependent manner. (A) CHRDL1 mRNA expression of hBMSCs was tested using real-time quantitative PCR after treatment with indicated doses of rhBMP-4 for 72 h. *P <0.05 and #P <0.01 vs. the group without BMP-4 treatment. (B) CHRDL1 mRNA expression of hBMSCs was tested with real-time quantitative PCR after treatment with 0.5 ug/ml rhBMP-4 for indicated time. All experiments were repeated independently in triplicate. Data were presented as mean ± SD (n = 3). *P <0.05 and #P <0.01 vs. the CHRDL1 expression level at 0 h.



Since CHRDL1 could be induced by BMP-4, we wonder if CHRDL1 expression could be blocked by BMP type I kinase inhibitor LDN-193189. We detected hBMSCs ALP and CHRDL1 mRNA expression levels after 72 h induction by rhBMP-4 with LDN-193189 administration. LDN-193189 (100 nM) significantly decreased ALP and CHRDL1 mRNA expression which was upregulated by rhBMP4 (Supplementary Figure 2).



CHRDL1 Overexpression Enhances BMP-4 Induced Osteogenesis

We next examined whether CHRDL1 overexpression promoted osteogenic differentiation of hBMSCs. Lentivirus that expressed human CHRDL1 (pLVX- CHRDL1) under the control of the pLVX-vector were generated. pLVX-CHRDL1 was transduced into cultures of hBMSCs, and CHRDL1 mRNA and protein expression levels were analyzed by PCR and Western blot analysis 72 h after transfection. All these expressions increased substantially in a dose-dependent manner compared with cells transduced with control virus (pLVX-vector) (Figures 6A,B).
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FIGURE 6. CHRDL1 overexpression enhanced BMP-4-induced osteoblast differentiation in vitro. (A,B) CHRDL1 mRNA expression and protein levels were detected at 72 h after transfection of pLVX-CHRDL1. ***P <0.01 compared with pLVX-vector. (C) The mRNA levels of COL1A1, ALP, OCN, and OPN were detected at 72 h after pLVX-CHRDL1 transfection and 48 h after osteogenic induction. *P <0.05; ***P <0.01 vs. pLVX-vector transfected sample; and #P <0.01 vs. rhBMP-4 administrated sample. (D,E) ALP and Alizarin Red staining after transfection with pLVX-CHRDL1 and rhBMP-4 addition separately or in combination when cultured in osteogenic induction medium for 14 days. Data are presented as mean ±SD (n = 3). *P <0.05; ***P <0.01 vs. pLVX-vector transfected sample; and #P <0.001 vs. rhBMP-4 administrated sample. (F) Western blot analysis of BMPR II, p-Smad1/5/9, total Smad1/5/9, Runx2, CHRDL1, and GAPDH at 48 h after transfection with pLVX-CHRDL1 and rhBMP-4 addition separately or in combination. GAPDH was used as loading control. (G) mRNA levels of ALP, COL1A1, OCN, and OPN were detected 48 h after treating with LDN-193189 or its vehicle (DMSO). Data were presented as mean ± SD (n = 3); (*P <0.05 and #P <0.01). All experiments were repeated independently in triplicate.



We then tested hBMSCs osteogenic differentiation affected by pLVX- CHRDL1 alone, BMP-4 administration, or by both. 24 h after transfection, hBMSCs were cultured in osteogenic differentiation medium, 48 h later, osteogenic marker expression was tested by real-time PCR. In cells transfected with pLVX-CHRDL1 alone, no significant effect on osteogenic marker expression was detected. However, 0.5 ug/ml rhBMP-4 application cells had increased osteogenesis and showed significantly higher ALP and COL1A1 mRNA levels and slightly higher late-osteogenic markers, such as OPN and OCN. Combined administration with rhBMP-4 and pLVX-CHRDL1 significantly enhanced ALP and COL1A1 mRNA levels over and above that of rhBMP-4 alone and also significantly increased mRNA expression of OPN and OCN (Figure 6C).

24 h after pLVX- CHRDL1 transfection, hBMSCs were induced for 7 or 21 days for ALP staining and Alizarin Red staining. Cells transfected with pLVX-CHRDL1 did not change the intensity of ALP and Alizarin Red staining compared with the control of the pLVX-vector, whereas rhBMP-4 administration significantly increased the staining, and they could increase further by combination of BMP-4 administration and pLVX-CHRDL1 transduction (Figures 6D,E). All these results confirmed our hypothesis that CHRDL1 acts to enhance BMP-4-mediated osteogenesis of hBMSCs.

To verify the relationship of CHRDL1 and BMP-4 during the osteogenic differentiation induced by them, we investigated the effect of CHRDL1 on downstream of the BMP-4-SMAD signaling pathway events during osteoblastic differentiation 48 h after pLVX-CHRDL1 transduction. BMP-4 singly application increased p-SMAD-1/5/9 level, and little such effect was observed in hBMSCs transfected with pLVX- CHRDL1. However, BMP-4 administration combined with pLVX- CHRDL1 transduction increased the phosphorylation of SMAD-1/5/9 in a statistically significant manner compared with BMP-4 alone (Figure 6F), indicating that CHRDL1 potentiates BMP-4 activity by increasing the activation level of SMAD-1/5/9.

In vitro gain of function experiment was also conducted with rhCHRDL1 addition instead of pLVX- CHRDL1 transfection. 0.1ug/ml rhCHRDL1 was added to the osteogenic medium 72 h for hBMSCs osteogenesis. Compared with control group, osteogenic related genes mRNA expression, ALP staining, as well as western blotting all showed results similar to those of pLVX- CHRDL1 transfection (Supplementary Figure 3). These results further confirmed osteogenic function of secreted glycoprotein CHRDL1.

To further confirm the functional connection between CHRDL1 and BMP-4, we examined the effect of LDN-193189 on pLVX- CHRDL1 transfection and rhBMP-4 administrated hBMSCs osteogenesis. 24 h after pLVX- CHRDL1 or pLVX-vector transfection, LDN193189 (100 nM) in its vehicle DMSO was applied during rhBMP-4 induced osteogenesis. 72 h after transfection, osteoblastic genes, such as COL1A1, ALP, OCN, and OPN mRNA expressions, were detected. Compared with pLVX-vector group, pLVX-CHRDL1 group showed higher mRNA levels, whereas descended mRNA levels were detected when treating with LDN-193189 (Figure 6G). All these data suggested that CHRDL1 enhanced BMP-4 function by increasing SMAD-1/5/9 phosphorylation level.



In vivo Study

To verify the role of gene CHRDL1 in osteogenesis in vivo, we performed two different experiments that used either a gain or loss of CHRDL1 function strategy. For gain of function experiment, hBMSCs transfected with pLVX- CHRDL1 or pLVX- vector were transplanted into the femoral defective lesions of immunocompromised mice. Two weeks after implantation, micro-CT showed that pLVX- CHRDL1 transduced cells generated more newly formed bone than cells that were transfected with pLVX-vector (Figure 7A). Percentage of bone volume (BV) to total tissue volume (TV) of callus was calculated to be significantly higher in pLVX- CHRDL1 group compared with both sham and pLVX- vector groups 3 weeks post-transplantation. Mineralized bone defects in pLVX-CHRDL1 group showed increased trabecular number (Tb.N), decreased trabecular separation (Tb.Sp), and unaltered trabecular thickness (Tb.Th) (Figure 7B). Newly formed bone detected by immunofluorescent assay showed that CHRDL1 expression in the pLVX- CHRDL1 group was higher than in the pLVX-vector group. consistently, H&E staining also showed increased new bone formation in the hole regions of defective femur of mice in PLVX- CHRDL1 group compared with the control groups (Figure 7C). These findings confirmed our previous in vitro experiments that showed CHRDL1 can enhance hBMSCs osteogenesis.
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FIGURE 7. Knockdown and overexpression of CHRDL1 affected bone repair in a mouse model of femoral bone defect. (A) Lateral views of 3D reconstruction of defective femur (top panel) and mineralized bone formed in hole region (lower panel) by micro-CT. Representative images of each group. (B) 3D structural parameters of trabecular BV/TV, Tb.N, Tb.Sp, and Tb.Th of mineralized bone formed in hole region by micro-CT; (C) H & E staining also shows new bone accumulation in hole regions of si-CHRDL1 and pLVX-CHRDL1 treated mice. CHRDL1 expression detected by immunofluorescent assay around newly formed bone in each group were also shown. (Original magnification: 100 × ). All experiments were repeated independently in triplicate. (*P <0.05 and #P <0.01).



For loss of function experiment, hBMSCs transfected with si-CHRDL1 had dramatically reduced bone formation compared with cells transfected with NC-siRNA (Figure 7A) 2 weeks after implantation. si-CHRDL1 group showed significantly reduced percentage of BV to total TV, decreased Tb.N, increased Tb.Sp, and similar Tb.Th compared with two control groups 3 weeks post-transplantation (Figure 7B). CHRDL1 expression in the fibrous tissue around newly formed bone in the si-CHRDL1 group was lower and fewer new bone formation was also detected in H&E staining of si-CHRDL1 group (Figure 7C). Reduction in bone formation appeared to be due to a diminished ability of the si-CHRDL1 transfected hBMSCs to undergo differentiation, consistent with the reduction in the expression of osteogenesis markers, ALP, COL1A1, OCN, and OPN mRNA in vitro experiments.

We also conducted in vivo gain of function experiment by injecting rhCHDRL1 (0.1 ug/ml) mixed with Matrigel to the femoral defective lesions. Similar to the results of pLVX- CHRDL1 transfected hBMSCs transplantation, rhCHDRL1 local injection also significantly generated more new bone compared with the control group, assessed by micro-CT and HE staining 2 weeks after operation (Supplementary Figure 4).

To rule out the possibility of the secreted protein, CHRDL1, promote bone formation via affecting other cells such as: resident osteoblasts, osteoclasts and fibroblasts, immunohistochemical staining for Osteoprotegerin (OPG), tartrate-resistant acidic phosphatase (TRAP) and Gomori methenamine silver staining were conducted. No significant difference of stained area quantification in each experiment was detected between si-CHRDL1 and NC-siRNA group (Supplementary Figure 5), and these results may indicate these cell groups may not get involved in CHRDL1 potentiated osteogenesis.




DISCUSSION

Recent studies have advanced our understanding of the cellular events and signals that are involved in bone metabolism, and at the center of these advancements is the demonstration of the role of BMP signaling in skeletal biology (7). The BMP signaling pathway is highly conserved and vital to the development of various systems. Since the first BMP was discovered by Marshall Urist in the 1960s (18), more than 22 members of the BMP family have been identified to be critical molecules for osteoblastic activation and bone formation. These molecules are members of the TGF family, among them, BMP-4 is generally known for its critical roles in embryonic, hematopoietic, and mesenchymal developments, and has been identified as a regulator of cartilage and bone formation (19).

Although BMP-4 has been reported to work through other mechanisms (20), it usually functions through BMPs-SMAD signaling pathway. Many downstream molecules have been reported concerning bone formation in this signaling pathway, however, the complex regulation mechanism in several levels has not been fully understood. In addition to intracellular regulation, such as inhibitory SMADs, miRNAs, and methylation, extracellular regulation by “BMP antagonists” has been regarded as a pivotal morphogenetic mechanism of the BMPs-SMAD signaling pathway. BMP antagonists are a set of structurally distinct secreted proteins with repeated cysteine-rich (CR) domains, which bind to the BMP family ligands and prevent their contact with receptors, inhibiting BMP signaling. Secreted proteins with CR domains, such as chordin, Sog, Tsg, noggin, and gremlin-2, inhibit BMPs-SMAD signaling pathway via binding to BMP receptors (21). These observations indicate that BMP-antagonist expression is detrimental to bone formation. However, not all proteins containing CR domains are BMP inhibitors, some exert both stimulatory and antagonistic effects in different contexts. BMPER antagonizes or enhances BMP signaling, depending on the assay (22). Xiao also revealed that BMPER stimulates bone formation by coupling angiogenesis (23). Noggin plays varying roles during osteogenesis, inhibiting osteogenesis by preventing BMPs from binding to their receptors on the cell surface in some animal models, such as mice (24), and enhances osteogenesis by inducing BMP-2 and OCN in hBMSCs (25). Kielin/chordin-like protein is another BMP enhancer with CR domains, increasing the affinity of the ligand to the receptor and enhancing the stability of the ligand-receptor complex (26), further attenuating the pathology of renal fibrotic disease.

These studies extend our understanding of the role of “BMP antagonists,” revealing that proteins containing CR domain might also potentiate BMP-SMAD signaling and further benefit bone formation. CHRDL1 is a secreted glycoprotein containing three characteristic CR repeats structurally related to that of BMP antagonists and is reported to interact with several members of the BMP family, for example, BMP-4,−7, and−5 and TGF- β. CHRDL1 functions as a BMP antagonist in several systems, however, the exact role of CHRDL1 concerning osteogenesis is unclear. Hugo Fernandes et al. conducted an in vitro study, and showed that CHRDL1 upregulated hBMSC proliferation but unaffected osteogenic differentiation (27). However, hBMSC osteogenesis was induced only by BMP-2 in his study, whereas CHRDL1 was reported to interact with BMP-4 rather than BMP-2. Thus, their conclusion may be incomplete. Our results suggested that si-CHRDL1 did not affect hBMSCs proliferation but suppressed osteogenesis. And a stimulatory effect of CHRDL1 on osteogenesis of human BMSCs with the presence of BMP-4 was also detected. In addition, although hBMSCs with reduced CHRDL1 by knockdown showed increased phosphorylation of p-SMAD-1/5/9 in response to rhBMP-4 addition, phosphorylation level was significantly lower when compared with cells transfected with NC-siRNA, while CHRDL1 overexpression plus rhBMP-4 significantly upregulated SMAD1/5/9 phosphorylation, and RUNX2 protein level. Both loss and gain of function experiments consistently suggested that the induction of osteogenesis by BMP-4 was enhanced by and depended on the presence of CHRDL1. Furthermore, we noticed that BMP-4 induced CHRDL1 mRNA expression can be blocked by the addition of LDN193189, a specific BMP type I kinase inhibitor. The positive effect of combined administration of CHRDL1 and BMP-4 was also alleviated by LDN193189, these results further confirmed that osteogenesis of CHRDL1 was controlled by the BMP-4-SMAD pathway.

In vitro, single CHRDL1 overexpression or rhCHRDL1 addition did not significantly increase ALP activity and calcification as well as the expression of several osteoblastic genes, whereas combined addition of CHRDL1 and rhBMP-4 significantly promoted hBMSC osteogenesis. Whereas, in vivo, CHRDL1 could singly promote osteogenesis in femur bone defect models. The difference between in vivo and in vitro experiments may be explained by the presence of endogenous BMP-4 in bone defect models, which obviated the need for extra rhBMP-4 addition, indicating that CHRDL1 promotes osteogenesis depending on the presence of BMP-4.

In summary, the mechanism of CHRDL1 on bone formation may lie in a positive feedback loop and can be explained as follows. During hBMSCs osteogenesis, BMP-4 induced CHRDL1 expression, and BMP-4 activity was potentiated by CHRDL1. CHRDL1 further sensitized BMSCs to BMP-4, maintained the enhanced BMP-mediated signaling. As a CR domain containing “BMP antagonists,” CHRDL1 does not inactivate BMP-4 but rather acts as a novel inducer of hBMSCs osteogenesis through BMP4-SMAD signaling pathway although the possible roles of other BMPs in CHRDL1-regulated osteogenesis cannot be completely ruled out. Our study confirmed osteogenesis function of rhCHRDL1 in vivo, which lays a foundation for its clinical application, although its systemic or local concentrations need to be further studied to understand the diagnostic and therapeutic potential of CHRDL1.

In conclusion, our study indicated that osteogenesis induction by BMP-4 was enhanced by and depended on the presence of CHRDL1. The ability of CHRDL1 to enhance BMP-4 activity might be an important mechanism to elucidate the mechanisms of hBMSCs osteogenic differentiation and bone remodeling, and CHRDL1 might be a potential treatment target for metabolic and developmental bone diseases.
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Supplementary Figure 1. rhCHRDL1 rescued hBMSCs osteogenesis suppressed by si-CHRDL1. (A) mRNA expression levels of osteogenesis related genes and were detected at 72 h after si-CHRDL1 transfection and 48 h after rhCHRDL1 protein (0.1 ug/ml) administration. (B) ALP staining was detected after 7 days of osteogenic induction. Data were presented as mean ± SD (n = 3); *P <0.05; ***P <0.001 vs. NC-siRNA transfected sample; and #P <0.001 vs. siRNA3 transfected sample. All experiments were repeated independently in triplicate.

Supplementary Figure 2. BMP type I kinase inhibitor LDN-193189 blocked ALP and CHRDL1 mRNA expression upregulated by rhBMP4. ALP (A) and CHRDL1 (B) mRNA expression levels were detected after 72 h rhBMP-4 induction in combination with LDN-193189 administration. Data were presented as mean ± SD (n = 3); (#P <0.01). All experiments were repeated independently in triplicate.

Supplementary Figure 3. rhCHRDL1 enhanced BMP-4-induced osteoblast differentiation in vitro. Osteogenesis related gene mRNA expression levels (A) and ALP staining (B) after addition of rhCHRDL1 and rhBMP-4 addition separately or in combination when cultured in osteogenic induction medium for 72 h. Data were presented as mean ± SD (n = 3); *P <0.05; ***P <0.01 vs. NC group sample; and #P <0.01 vs. rhBMP-4 administrated sample. (C) Western blot analysis of BMPR II, p-Smad1/5/9, total Smad1/5/9, Runx2 and GAPDH at 72 h after rhCHRDL1 and rhBMP-4 addition separately or in combination. GAPDH was used as loading control. All experiments were repeated independently in triplicate.

Supplementary Figure 4. rhCHRDL1 addition promoted bone repair in a mouse model of femoral bone defect. (A) Representative images of lateral views of 3D reconstruction of defective femur and mineralized bone formed in hole region by micro-CT. (B) H & E staining also shows new bone accumulation in hole regions of control group and rhCHRDL1 treated mice. (Original magnification: 100 × ). All experiments were repeated independently in triplicate.

Supplementary Figure 5. Knockdown of CHRDL1 did not affect osteoblasts, osteoclasts and fibroblasts in femoral bone defect model. Quantification of positively stained area of of OPG staining (A), TRAP staining (B), and Gomori methenamine silver staining (C) recognized by image J was also shown in graph. All experiments were repeated independently in triplicate.
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Segmental progeroid syndromes are commonly represented by genetic conditions which recapitulate aspects of physiological aging by similar, disparate, or unknown mechanisms. Fibrodysplasia ossificans progressiva (FOP) is a rare genetic disease caused by mutations in the gene for ACVR1/ALK2 encoding Activin A receptor type I/Activin-like kinase 2, a bone morphogenetic protein (BMP) type I receptor, and results in the formation of extra-skeletal ossification and a constellation of others features, many of which resemble accelerated aging. The median estimated lifespan of individuals with FOP is approximately 56 years of age. Characteristics of precocious aging in FOP include both those that are related to dysregulated BMP signaling as well as those secondary to early immobilization. Progeroid features that may primarily be associated with mutations in ACVR1 include osteoarthritis, hearing loss, alopecia, subcutaneous lipodystrophy, myelination defects, heightened inflammation, menstrual abnormalities, and perhaps nephrolithiasis. Progeroid features that may secondarily be related to immobilization from progressive heterotopic ossification include decreased vital capacity, osteoporosis, fractures, sarcopenia, and predisposition to respiratory infections. Some manifestations of precocious aging may be attributed to both primary and secondary effects of FOP. At the level of lesion formation in FOP, soft tissue injury resulting in hypoxia, cell damage, and inflammation may lead to the accumulation of senescent cells as in aged tissue. Production of Activin A, platelet-derived growth factor, metalloproteinases, interleukin 6, and other inflammatory cytokines as part of the senescence-associated secretory phenotype could conceivably mediate the initial signaling cascade that results in the intense fibroproliferative response as well as the tissue-resident stem cell reprogramming leading up to ectopic endochondral bone formation. Consideration of FOP as a segmental progeroid syndrome offers a unique perspective into potential mechanisms of normal aging and may also provide insight for identification of new targets for therapeutic interventions in FOP.
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INTRODUCTION

Aging may be a unique biological process, since evolutionarily there appears to be an absence of genes specifically selected to cause it (1, 2). Rather, age-related changes may be the unprogrammed results of optimization for early reproductive success. Thus, senescence at the organismal level represents a phenomenon with low mechanistic conservation among disparate metazoans and so mechanisms of human aging do not necessarily have metazoan counterparts in every situation. For example, replicative senescence or the loss of proliferative capacity in replication-competent somatic tissues is not a potential mechanism for aging in organisms where soma compartments are post-mitotic, such as C. elegans (3).

A complementary approach to studying a model system for aging in a lower organism is to directly study human aging. Although this would closely capture aspects of aging that are relevant to humans, it does not obviate consideration for the highly polygenic nature of age-related pathologies (4), the confounding effects of outbreeding, or environmental effects based on where and how individuals live. An approach to providing a scientifically tractable system, at least with respect to the former, is to study genetic diseases whose phenotypes mimic at least some (i.e., “segmental”) features of the usual human aging process (4, 5). Such segmental progeroid (i.e., premature or accelerated aging-like) syndromes are usually monogenic and may thus be simple enough to provide insights into the causes of their pathology. Studied within the context of theories for physiological aging, observations made in segmental progeroid syndromes may also explain certain aspects of normal aging. Despite being only partial phenocopies of normal aging (i.e., some tissues show aging features and other not), these segmental progeroid syndromes provide experimental tractability, with varying fidelity, that is the rationale for their use as paradigm for natural deteriorative changes that occur over time. Single-gene mutations that impact multiple aspects of the physiological aging phenotype may exert their action through developmental alterations that have consequences for post-maturational aging, and importantly, for regulation of the rates of post-maturational aging after normal development.

Here we propose that consideration of fibrodysplasia ossificans progressiva (FOP) as a segmental progeroid syndrome offers a unique perspective into potential mechanisms of normal aging and may also provide insight for identification of new targets for therapeutic interventions in FOP.



SEGMENTAL PROGEROID SYNDROMES AS A MODEL TO INVESTIGATE HUMAN AGING

Representative segmental progeroid syndromes are shown in Table 1. Several are monogenic or at least affect the same or similar pathways when more than one gene causes the same phenotype within the same syndrome. The putative mechanism(s) by which aging phenotypes are manifested are similar in several syndromes, including decreased genome maintenance and accelerated cellular senescence. All of the syndromes reduce mean lifespan or life expectancy.


Table 1. Representative segmental progeroid syndromes including FOP (4–7).
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In the case of FOP, possible mechanisms for generation of an accelerated aging phenotype include injury-induced senescence and overactive activin A signaling. In comparison to other segmental progeroid syndromes, FOP represents an opportunity to study two different mechanisms by which aging phenotypes may be produced. Injury-induced senescence, especially in soft tissue such as muscle, has recently been described (8, 9) and muscle injury is a known cause of episodic inflammatory exacerbations or flare-ups in FOP (10, 11). Increased signaling through the bone morphogenetic protein (BMP) pathway, especially by activin A, has been implicated in osteoarthritis, sarcopenia, neurodegeneration, and other features associated with aging and FOP (discussed below under section Segmental Progeroid Features of FOP). Furthermore, activin A is a component of the senescence-associated secretory phenotype (SASP) (12, 13) and in FOP the mutated ACVR1/ALK2 encoding Activin A receptor type I/Activin-like kinase 2 (ACVR1/ALK2), a BMP type I receptor, is exquisitely sensitive to increased levels (14). Thus, injury-induced senescence leading to increased production of activin A may precipitate flare-ups in FOP and increased BMP signaling through activating mutations in ACVR1 may contribute to accelerated age-related changes in certain tissues. To test this hypothesis it will be necessary to examine the senescent cell burden in FOP lesion formation using markers of senescence in both patient samples and mouse models of FOP as well as analysis of the SASP in mouse models of FOP.



FIBRODYSPLASIA OSSIFICANS PROGRESSIVA (FOP)

FOP is a strongly debilitating genetic disorder with hallmark features of congenital first toe malformations, progressive heterotopic ossification (HO) that produces normal bone at extra-skeletal locations, and accelerated features of aging (10, 11). The worldwide prevalence is 1/1,300,000–1/2,000,000 (15, 16). There is no ethnic, racial, gender, or geographic predilection to FOP. Early in life, episodic bouts of inflammatory soft tissue protuberances (i.e., exacerbations or flare-ups) develop which are often caused by injury, intramuscular injections, viral infections, muscular overuse, or fatigue (17, 18). These exacerbations convert connective tissues, including skeletal muscle, into HO. Tendons, ligaments, fascia, and aponeuroses are also affected, and together with transformed muscle, result in joint ankyloses and immobility. Atypical forms of FOP have been reported (19). Approximately 97% of patients with FOP harbor an activating mutation (617G > A; R206H) in ACVR1/ALK2 (6). Individuals with FOP variants also have heterozygous ACVR1 missense mutations in conserved amino acids. FOP is diagnosed clinically, with confirmation by genetic testing if available. The majority of FOP cases are sporadic (i.e., non-inherited mutations), but a small number of cases demonstrate germline transmission with inheritance in an autosomal dominant fashion (6). Although progressive HO is a hallmark feature, changes in early adulthood reminiscent of premature aging are evident.

Currently, there are no curative interventions, and the mainstay of treatment is focused on symptomatic relief using brief courses of high-dose corticosteroids for flare-ups, which may help to reduce the intense pain and edema associated with the early stages of ectopic bony lesion formation (10, 20). Steps to mitigate the likelihood of falls, decline in pulmonary function, and acquisition of viral infections are important prophylactic measures. The median life expectancy is about 56 years of age (7). Most patients require partial or complete assistance for ambulation by age 30, and common proximal causes of death include thoracic insufficiency syndrome and pneumonia (7). Factors contributing to the accelerated aging phenotype of FOP may be primarily related to ACVR1/ALK2 mutation, secondarily related to immobilization and disuse due to HO-associated joint ankyloses, or a combination of the two. Endpoints of current clinical trials focus on reducing heterotopic bone formation (20), but it is unclear if those therapies targeting mutant ACVR1/ALK2 signaling will also delay, prevent, or ameliorate the progeroid features of FOP. Furthermore, it is unclear if targeting the activin-A ligand, vs. the receptor or post-receptor pathways, will be sufficient to mitigate all aspects of the condition. Also, it is unknown if or how targeting activin-A and its signaling networks will impact its role in hypothalamic-pituitary-gonadal feedback.



SEGMENTAL PROGEROID FEATURES OF FOP

Progeroid features in FOP that may primarily be associated with mutations in ACVR1 include alopecia, subcutaneous lipodystrophy, hearing loss, myelination defects, osteoarthritis, heightened inflammation, menstrual abnormalities, and perhaps nephrolithiasis (Table 2).


Table 2. Progeroid features in FOP.
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Alopecia is frequently observed in individuals with FOP and clinically is seen in both males and females. Evidence suggests that BMP signaling is involved in the control of the hair cycle (25). Increased BMP signaling through expression of BMP4, or its inhibition by the antagonist Noggin, causes progressive alopecia (26). In androgen-dependent alopecia, elevated BMP signaling in early (refractory) telogen likely mediates the retention of quiescent bulge stem cells (27). The case for elevated BMP signaling in lipodystrophy is less direct. Increased Fra-1 causes severe lipodystrophy (21) and both BMP-2 and TGF-β stimulate AP-1 activities, including the DNA binding activity of Fra-1 (22). Alternative explanations for subcutaneous lipodystrophy include decreased caloric intake after jaw ankylosis and the effects of recurrent inflammatory flare-ups. With respect to the latter, activation of the NF-κβ pathway during periods of acute or chronic inflammation may contribute to loss of subcutaneous fat. For example, activation of the NF-κβ pathway due to ubiquitination defects has been associated with lipodystrophy (23, 24).

Conductive and sensorineural hearing loss are common in FOP (28) and with prebycusis. Conductive hearing loss occurs when sound waves are not relayed efficiently to the inner ear, while sensorineural hearing loss is related to sensory organ (cochlea and associated structures) dysfunction or damage to the vestibulocochlear nerve (cranial nerve VIII). In humans, NOGGIN (NOG) gene mutations are associated with a few autosomal dominant conditions like proximal symphalangism and multiple synostoses which are characterized by skeletal defects and fusion of adjacent bones. Synostosis of one or more ossicles in the ear promotes conductive hearing loss. Proper formation of the skeleton requires balanced levels of BMPs and Noggin and the conductive hearing loss in Nog+/−mice results from an ectopic bridge of bone between the stapes and the tympanum, interfering with the normal mobility of the ossicle (29). BMP signaling is also required for inner ear development, including patterning of sensory regions in the cochlea that process sound (30). It is likely that hearing loss in FOP is due to increased BMP signaling very early in life affecting both/either the cochlear sensory regions and/or motion of ossicles. Later in life, synostosis of the ossicles due to HO may be the predominant cause of progressive hearing loss.

Demyelinated lesions and focal inflammatory changes of the CNS are seen in both mouse models of FOP and in CNS white matter lesions in FOP patients (31). BMP signaling is a potent inhibitor of oligodendroglial differentiation and remyelination (32), and gain-of-function mutations in ACVR1/ALK2 predictably enhance this potent inhibition. Dysregulated BMP signaling causes CNS demyelination, and CNS demyelination is one of the underlying mechanisms for the observed atypical neurologic phenotypes in FOP patients. With normal aging, decreased CNS remyelination becomes more prominent over time (33, 50). In addition, aging is associated with decreased hippocampal neurogenesis and concomitant hippocampus-dependent cognitive functions (51). There is an inverse relationship between CNS levels of BMP4 expression and noggin with age, with the former increasing substantially in the mouse dentate gyrus and the latter decreasing. This results in a profound elevation of phosphorylated-SMAD1/5/8, a key effector of BMP signaling. As with aging in mice, a large increase in BMP4 expression is seen in the dentate gyrus of older humans without known cognitive dysfunction (51). Increased BMP signaling is related to impairments in neurogenesis and to age-related cognitive changes (51) and aspects of these processes may be phenocopied in FOP.

Accelerated osteoarthritis is commonly found in FOP. Terminal differentiation of chondrocytes may be delayed or prevented by abrogation of BMP signaling in articular cartilage, and mitigation of this blockage or increased BMP signaling may then contribute to endochondral ossification and breakdown of cartilage matrix (39). In cartilage, TGFß and BMP are necessary for normal joint development and maintenance and their dysregulation has been associated with the pathogenesis of osteoarthritis. Interestingly, osteoarthritic patients have significantly higher serum levels of BMP-2 and BMP-4 compared to non-diseased humans and appear to characterize patients who have degenerative joint disease severe enough to require total joint replacement (40).

Heightened inflammation in FOP can be acute (as in episodic flare-ups) as well as chronic (as in an elevated pro-inflammatory state). The inflammatory nature of flare-ups in FOP is clinically obvious and well-described (41). In FOP patients without clinically evident HO, increased serum levels of cytokines, including IL3-, IL-7, IL-8, and IL-10, suggest a persistent pro-inflammatory state (42). So-called “inflammaging” refers to the chronic, sterile, low-grade inflammation which develops as part of normal aging, and is thought to contribute to the pathogenesis of multiple age-related diseases (43). In FOP, both acute and chronic inflammation may be related to the role of activin A in the initiation and persistence of the inflammatory response (44, 45).

Early menstrual abnormalities in FOP, including amenorrhea, are clinically recognized but have not been objectively studied or described. Roles for activin A in the ovulation cycle as well as in endometrial repair after menses have been reported and are perhaps causally related (46, 47).

Progeroid features in FOP that may secondarily be related to immobilization from progressive HO include decreased vital capacity, osteoporosis, fractures, sarcopenia, and predisposition to respiratory infections (Table 2). These manifestations represent an opportunity to study the contribution of disuse to the normal aging phenotype typified by the decreased physical activity, sedentary predilection, and increased likelihood of prolonged bed rest in older adults. If physiological aging is the result of primary aging processes interacting with or superimposed upon the pathophysiological consequences of inactivity (36), then specific characteristics of precocious aging in FOP due to disuse would be amenable to study in isolation. As an illustration, unloading of the normotopic skeleton due to bridging heterotopic bone results in osteoporosis. Another example is the increase in chest wall rigidity and decreases in elastic recoil and force-generating capacity of respiratory muscles that contribute to diminished vital capacity and predisposition to respiratory infection.

Some manifestations of precocious aging may be attributed to both primary and secondary effects of FOP. Sarcopenia in FOP likely represents the effects of both disuse atrophy due to joint ankyloses as well as increased activin A signaling causing both increased muscle catabolism and inhibition of myoblast differentiation (37, 38). Nephrolithiasis in FOP could be related to inadequate fluid intake due to functional difficulties in voiding, immobilization itself, and the effects of activin A on kidney function (48, 49).



INJURY, REPROGRAMMING IN VIVO, AND CELLULAR SENESCENCE

Injury, in general, is associated with accumulation of senescent cells [see (8) and Figure 1]. Growing evidence suggests that injury-induced reprogramming in skeletal muscle is facilitated by the accumulation of senescent cells at or near the site of damaged tissue (8). Bothe acute and chronic injury enables transcription-factor-mediated reprogramming in damaged muscle (8). The reprogramming effect of senescence appears to be due to the release of interleukin 6 (IL-6) and perhaps other components of the senescence-associated secretory phenotype (SASP) (8, 52). Senescence and the SASP facilitate the reprogramming of neighboring non-senescent cells but also recruit macrophages for the removal of necrotic tissue (8).


[image: Figure 1]
FIGURE 1. Muscle injury-induced senescence. Senescence-associated β-galactosidase (SAβ-gal) staining of the tibialis anterior muscle of a wild-type mouse is shown without injury (left) and 5 days after injury via cardiotoxin (CTX) injection. SAβ-gal-stained cells appear blue. Images are courtesy of Haitao Wang, Ph.D., Mayo Clinic, Rochester, MN, USA).


Paracrine release of IL-6 and other factors secreted by senescent cells promote reprogramming by Oct4, Sox2, Klf4, and c-Myc (OSKM) in non-senescent cells (53) into pluripotent cells (also called induced pluripotent stem cells or iPSCs). A direct relationship has been demonstrated between senescence and OSKM-driven reprogramming. In cells lacking p16INK4a/ARF (i.e., cells that do not undergo senescence), their ability to reprogram is severely compromised (9, 53). Furthermore, pharmacological inhibition of NFkB, a major driver of cytokine production and the SASP, reduces in vivo reprogramming (9). Aging, which is associated with higher levels of cellular senescence, also favors OSKM-driven reprogramming. Similarly, in physiological conditions of wound healing, senescence triggered by injury could promote cell dedifferentiation to mediate repair of damaged tissue (9, 53).



ROLES OF CELLULAR SENESCENCE IN FOP LESION FORMATION

In FOP, injuries due to soft tissue trauma, viral infection, muscular stretching, and even fatigue due to overuse can precipitate a flare-up. Tissue damage causes pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) in response to microbial and endogenous injury in the setting of a hypoxic microenvironment (54, 55). As the result of tissue injury, senescent cells accumulate and potentially contribute to early events that enhance BMP signaling and facilitate the reprogramming of tissue-resident stem cells (Figure 2).


[image: Figure 2]
FIGURE 2. Potential roles for cellular senescence in FOP lesion formation. The major hypothesized contributions of senescence are through the production of activin A, IL-6, and other components of the SASP. T, inhibitory pathways;[image: image], inhibitory action of senotherapeutic drugs.


Senescence is a cellular response to damage characterized by an irreversible cell cycle arrest and then by the SASP (56, 57). The SASP produces at least two factors that can directly promote increased BMP signaling and stem cells reprogramming—activin A and IL-6, respectively (Figure 2). It is well-established that activin A stimulates BMP signaling in FOP cells, owing to the causative mutations in the ACVR1 gene. In addition to the permissive effects of IL-6 in reprogramming, FOP cells show an increased efficiency of iPSC generation (58). In normal cells, the generation of iPSCs is facilitated by transduction of mutant ACVR1 or SMAD1 or by the early addition of BMP4 during the reprogramming. ID genes, downstream targets of BMP-SMAD signaling, are important for iPSC generation and their signaling through this pathway can inhibit cell senescence due to p16/INK4A, which otherwise serves to prevent reprogramming (58). Thus, ID1 and other ID genes may serve to both enhance expansion of the FOP early lesion as well as stimulate production of osteochondral progenitor cells. Enhanced BMP signaling promotes a tremendous fibroproliferative response, perhaps further accelerated by secretion of platelet-derived growth factor (PDGF) and matrix metalloproteinases (MMPs) by the SASP (Figure 2). Osteochondral progenitor cells derived from reprogrammed stem cells ultimately contribute to the endochondral bone formation which is the hallmark of mature FOP lesions. Other events that may contribute to formation of heterotopic bone cannot be excluded (59). However, in mouse models it will be possible to demonstrate if senescence-mediated tissue reprogramming in FOP lesions shifts lineage determination from a myogenic to a chondrogenic fate after injury.

Senescent cells may play multiple roles in the formation of HO in FOP and drugs which target senescent cells and/or the SASP may be candidates for therapeutic interventions. Compounds which selectively clear senescent cells (so-called senolytics) were first described on the basis of targeting pro-survival networks in senescent cells (60). Compounds that reduce the SASP (i.e., senomodulators), including inhibitors of the JAK/STAT pathway that plays an important role in regulating cytokine production, reduce systemic and adipose tissue inflammation in old mice (61). Rapamycin, a senomodulator, may be of particular benefit in FOP, since it also reduces activin-A mediated mTOR signaling (62). Many senotherapeutic agents have been reported, are effective in delaying or alleviating multiple age-related conditions in pre-clinical models, and are now being evaluated in clinical trials (63, 64). Their potential use in FOP offers a novel therapeutic approach to injury-induced flare-ups in FOP which should be further explored. We propose that senescent cell clearance and/or reduction in the SASP will ameliorate HO formation in mouse models of FOP and can be translated for use in patients with FOP.



CONCLUSIONS

Monogenic segmental progeroid syndromes are important models for studying aspects of physiological aging. Features of precocious aging in FOP include both those that are related to dysregulated BMP signaling as well as those secondary to early immobilization and disuse. At the level of lesion formation in FOP, soft tissue injury resulting in hypoxia, cell damage, and inflammation may result in the accumulation of senescent cells as in aged tissue. Production of Activin A, interleukin 6, and other inflammatory cytokines as part of the SASP could mediate the initial signaling cascade that results in intense fibrosis as well as tissue-resident stem cell reprogramming prior to ectopic endochondral bone formation. This proposal requires experimental validation, but is amendable to testing in animal models. Consideration of FOP as a segmental progeroid syndrome may offer a unique perspective into potential mechanisms of normal aging, may increase understanding of BMP signaling as related to bone homeostasis and repair, and may also provide insight for identification of new targets for therapeutic interventions in FOP such as use of senotherapeutic drugs now in phase 1 and phase 2 clinical trials for aging-related conditions.
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The 2019 International Skeletal Dysplasia Society nosology update lists 441 genes for which mutations result in rare human skeletal disorders. These genes code for enzymes (33%), scaffolding proteins (18%), signal transduction proteins (16%), transcription factors (14%), cilia proteins (8%), extracellular matrix proteins (5%), and membrane transporters (4%). Skeletal disorders include aggrecanopathies, channelopathies, ciliopathies, cohesinopathies, laminopathies, linkeropathies, lysosomal storage diseases, protein-folding and RNA splicing defects, and ribosomopathies. With the goal of evaluating the ability of mouse models to mimic these human genetic skeletal disorders, a PubMed literature search identified 260 genes for which mutant mice were examined for skeletal phenotypes. These mouse models included spontaneous and ENU-induced mutants, global and conditional gene knockouts, and transgenic mice with gene over-expression or specific base-pair substitutions. The human X-linked gene ARSE and small nuclear RNA U4ATAC, a component of the minor spliceosome, do not have mouse homologs. Mouse skeletal phenotypes mimicking human skeletal disorders were observed in 249 of the 260 genes (96%) for which comparisons are possible. A supplemental table in spreadsheet format provides PubMed weblinks to representative publications of mutant mouse skeletal phenotypes. Mutations in 11 mouse genes (Ccn6, Cyp2r1, Flna, Galns, Gna13, Lemd3, Manba, Mnx1, Nsd1, Plod1, Smarcal1) do not result in similar skeletal phenotypes observed with mutations of the homologous human genes. These discrepancies can result from failure of mouse models to mimic the exact human gene mutations. There are no obvious commonalities among these 11 genes. Body BMD and/or radiologic dysmorphology phenotypes were successfully identified for 28 genes by the International Mouse Phenotyping Consortium (IMPC). Forward genetics using ENU mouse mutagenesis successfully identified 37 nosology gene phenotypes. Since many human genetic disorders involve hypomorphic, gain-of-function, dominant-negative and intronic mutations, future studies will undoubtedly utilize CRISPR/Cas9 technology to examine transgenic mice having genes modified to exactly mimic variant human sequences. Mutant mice will increasingly be employed for drug development studies designed to treat human genetic skeletal disorders.

SIGNIFICANCE

Great progress is being made identifying mutant genes responsible for human rare genetic skeletal disorders and mouse models for genes affecting bone mass, architecture, mineralization and strength. This review organizes data for 441 human genetic bone disorders with regard to heredity, gene function, molecular pathways, and fidelity of relevant mouse models to mimic the human skeletal disorders. PubMed weblinks to citations of 249 successful mouse models are provided.

Keywords: skeletal dysplasia, skeletome, mouse models, genetic disease, nosology


INTRODUCTION

Rare human genetic diseases cumulatively affect about 1 in 200 individuals and involve an estimated 7,000 genes. Major research efforts are underway to identify these mutant genes and characterize their disease phenotypes. Knowledge gained can guide therapies and provide hypotheses to develop future treatments. As recently summarized (1), “Genome sequencing has revolutionized the diagnosis of genetic diseases. Close collaborations between basic scientists and clinical genomicists are now needed to link genetic variants with disease causation. To facilitate such collaborations, we recommend prioritizing clinically relevant genes for functional studies, developing reference variant-phenotype databases, adopting phenotype description standards, and promoting data sharing.”

Rare human genetic skeletal dysplasias affect about 1 in 5,000 individuals (2) and account for 5% of all birth defects (3). The International Skeletal Dysplasia Society (ISDS, https://www.isds.ch), promotes scientific progress in the field of skeletal dysplasias and dysostoses, meets every second year, and published skeletal nosology summaries during 2001 (4), 2006 (5), 2010 (6), 2015 (7), and 2019 (8). There are presently 441 skeletal nosology genes, with an average of 20 new genes identified yearly (Figure 1). The classification aims to (i) identify metabolic pathways active in cartilage and bone, and their regulatory mechanisms; (ii) identify cellular signaling networks and gene expression sequences implicated in skeletal development; (iii) identify candidate genes for genetic disorders; (iv) facilitate integration of data coming from spontaneous and genetically engineered mouse mutants; (v) help in developing diagnostic strategies; (vi) stimulate the design and exploration of new therapeutic possibilities; and (vii) provide a knowledge framework accessible to physicians as well as to basic scientists and thus to facilitate communication between clinical genetics and pediatrics and the basic sciences (4).


[image: Figure 1]
FIGURE 1. ISDS Nosology gene identification.


The objectives of the present review include further characterizations of these 441 skeletal nosology genes and evaluating the reliability of mutant mouse models to mimic these human skeletal disorders.



HISTORICAL HIGHLIGHTS

Short stature and other visually obvious skeletal dysplasias were apparent throughout human history (9). The discovery of X-rays by Wilhelm Röntgen (10) was quickly followed by the description of osteopetrosis by Albers-Schönberg (11) and many skeletal dysplasias during the following decades (12). Dual-energy X-ray absorptiometry (DXA) technology, developed during the 1980s (13), permitting quantitation of bone mineral density (BMD), and continued advances in computed tomography (CT), providing 3 dimensional images, lead to increasing sophisticated understanding of bone dysmorphology. The first nosology gene identified was CA2 (carbonic anhydrase 2, osteopetrosis), initially in 1983 using electrophoretic, enzymatic and immunologic techniques on red blood cell extracts (14), and subsequently by genetic mutation analysis in 1991 (15). The first genetic mutation for any human disease to be identified by WES was DHODH (dihydroorotate dehydrogenase), responsible for postaxial acrofacial dysostosis, in 2010 (16).



NOSOLOGY

Nosology is the classification of diseases, which in its simplest form involves symptoms and pathogenic mechanisms. No classification system is perfect and there are often multiple ways to classify a given disorder. At the extremes, “lumpers” and “splitters” prefer few and many categories, respectively (17). Heredity can be X-linked, autosomal dominant, or autosomal recessive. Skeletal dysplasias can affect the skeleton only, or be part of pleiotropic syndromes affecting multiple organs. Mutations of various genes within a molecular pathway can each produce similar phenotypes. Loss-of function (LoF) mutations completely disrupt the activities of their encoded proteins but hypomorphic mutations allowing reduced protein activities occur. Gain-of-function (GoF) mutations increase the activities of enzymes and receptors and produce different phenotypes than LoF mutations. Dominant-negative mutations adversely affect functions of wild-type proteins. Mutations can occur within the protein-coding region of the genome (exome), within introns, or between gene coding regions. Mutations include deletions, duplications, and inversions.

The 2019 edition of the ISDS Nosology and Classification of Skeletal Disorders database organizes mutant human skeletal phenotypes into 42 groups, based on clinical observations and known gene/phenotype relationships (8). A total of 461 disorders and 441 genes are provided, when all 10 genes listed within the Notes sections of the tables (Table 1) are included. Updated HGNU gene symbols for 11 genes (Table 2) are employed. Supplemental Table 1 provides an alphabetical list in spreadsheet format of all 441 genes, with information on heredity, gene function and mouse model status. Genetic disorders are not listed, as mutations in many genes result in multiple phenotypes. Inheritance patterns are 242 autosomal recessive, 135 autosomal dominant, 34 autosomal recessive or autosomal dominant depending upon the exact mutation in the gene, 21 X-linked and 11 non-inherited, somatic mutations. Three genes can have either germline or somatic mutations.


Table 1. Genes identified in 2019 Nosology notes section.
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Table 2. Gene symbol nomenclature.
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RMRP encodes an RNA regulating DNA transcription, RNU4ATAC encodes an RNA that is a component of an enzyme complex, and MIR140 is a microRNA. Proteins (and the 3 RNAs) function as enzymes (146, 33%), scaffold components (79, 18%), ligand/receptor signaling molecules (72, 16%), transcription factors (62, 14%), cilia components (36, 8%), matrix proteins (23, 5%), membrane transporters (19, 4%), and cohesionopathy proteins (4, 1%). These eight gene function categories are informative but arbitrary, and other categories can be envisioned. For example, 23 enzymes are involved in the synthesis, processing, and degradation of protein and glycosaminoglycan matrix components. Skeletal disorders include malfunctions of lysosomal function. Signaling genes can be assigned to BMP, FGF, WNT, and other pathways.

There are no orthologous mouse genes for human ARSE (arylsulfatase E) and RNU4ATAC (RNA, U4atac small nuclear, U12-dependent splicing). Supplemental Table 1 summarizes published data on the availability and fidelity of mouse models for the 439 human rare bone disease genes. Mutant mice with bone phenotypic data exist for 260 of the 439 genes (59%) with similar bone phenotypes observed for 249 (96%) genes. Supplemental Table 2 contains PubMed hyperlinks to publications for all 249 genes provided in Supplement Table 1 having mutant mouse bone phenotypes. These two supplemental tables should provide a major resource for the bone research community.

Mutant mouse bone data are inconsistent with human skeletal phenotypes for 11 genes (Ccn6, Cyp2r1, Flna, Galns, Gna13, Lemd3, Manba, Mnx1, Nsd1, Plod1, Smarcal1). There are no obvious explanations for or commonalities among these human-mouse phenotype inconsistencies. For 97 genes (22%) mutant mice have been generated and examined, but no skeletal data were reported. Mutant mice do not appear to have been examined for 82 genes (19%) and 36 (8%) of these genes belong to the understudied Ignorome/Dark Genome (18–20). Individual laboratories and/or consortia are encouraged to examine these genes, now known to contribute to poorly understood human rare bone diseases.

The number of bone nosology genes continues to increase as novel genes affecting skeletal metabolism are identified in human subjects. The genes described in this report form an arbitrary “snapshot” taken during August 2019 and will undoubtedly increase. Skeletal disorders for which mutant genes have not been identified include CDAGS syndrome (OMIM 603116), cherubism with gingival fibromatosis (OMIM 266270), chondrodysplasia punctata tibial-metacarpal type (OMIM 118651), dysplasia epiphysealis hemimelica (OMIM 127800), femur fibula ulna syndrome (OMIM 228200), hemifacial microsomia (OMIM 1642100, genochondromtosis (OMIM 1373600, Moreno–Nishimura–Schmidt syndrome (OMIM 608811), pachydermoperiostosis (OMIM 167100), and thoracolaryngopelvic dysplasia (OMIM 187760).

Formation of a normal skeleton involves BMP, FGF, and WNT signaling pathways and mutations in multiple genes within these pathways often produce skeletal dysplasias. Bone cells respond to parathyroid hormone, the active vitamin D metabolite calcitriol, and circulating FGF23 as part of the calcium-phosphate homeostatic system and disruptions in these hormones produce skeletal endocrinopathies. Skeletal disorders involving aggrecanopathies (13), channelopathies (21), ciliopathies (22, 23), cohesinopathies (24), lamiopathies (25), linkeropathies (26), protein-folding defects (27), ribosomopathies (28), spliceosomopathies (29), and transcription factors (30) show the importance of pathways not often thought to be involved in bone development.



SKELETAL DISORDER VIGNETTES

This section briefly summarizes selected skeletal disorders resulting from various mutations, highlighting the wide range of transcription and translation events that can be disrupted.

• Mutations can be benign with healthy nutrition but produce disease when key nutrients are lacking. All humans have an inactivating mutation in GULO, encoding an enzyme involved in the synthesis of ascorbic acid, and develop scurvy without sufficient dietary intake of vitamin C. The ascorbate synthetic pathway, involving aldehyde and aldose reductases, was only fully characterized in 2010 (31). Ascorbic acid is a required cofactor for the hydroxylation of proline and lysine residues in collagen and disruption of the mouse gulonolactone oxidase gene results in spontaneous bone fractures (32). Similarly, human and mouse HAAO and KYNU genes are involved in the synthesis of the enzymatic cofactor NAD and inactivating mutations in these human and mouse genes can result in congenital malformations (33).

• X-linked human mutations comprise 6% of the total skeletal disorders. X-inactivation of one of the two X chromosomes in women by long non-coding RNA specific transcript XIST occurs, but about 20% of X chromosome genes escape this inactivation (34). AMER1 and PORCN are X-linked genes that code for components of the WNT signaling pathway, with dominant mutations in women causing osteopathia striata with cranial sclerosis and focal dermal hypoplasia (including osteopathia striata), respectively. Due to developmental lethality male patients are extremely rare, but a few males having post-zygotic mosaic mutations have been identified (35, 36). Amer1 mutations in mice disrupt bone architecture (37) and treating adult mice with inhibitors of the PORCN enzyme reduces bone mass (38).

• Somatic gene mutations in 11 genes (AKT1, FLBN, GNAS, GREM1, HRAS, IDH1, IDH2, MAP2K1, NOTCH2, NRAS, PIK3CA) arise in the developing zygote and are not transmitted genetically. Loeys-Dietz syndrome includes several skeletal dysplasias and can result from mutations in SMAD2, SMAD3, TGFB2, TGFB3, TGFBR1, or TGFBR2 and 75% of affected subjects have somatic mutations (39). Melorheostotic, dense hyperostotic bone lesions are caused by somatic mosaic mutations in KRAS (40) and MAP2K1 (41). MAP2K1 mutations are thought to arise after the formation of dorso-ventral plane (42). KRAS and MAP2K1 are not included among the 441 Nosology disorders. Mutations in COL11A1, EZH2, and MET can be either germline or somatic.

• Deleterious mutations can occur at multiple sites within genes. For example, there are 1053 COL1A1 DNA variants in the Osteogenesis Imperfecta Variant Database as of September 2019 (https://oi.gene.le.ac.uk/home.php?select_db=COL1A1, accessed 13 December, 2019).

• Splicing mutations that disrupt normal exon transcription within the spliceosome are estimated to contribute to 15% of human genetic diseases (43, 44). Acrofacial and mandibulofacial dysostosis often involve spliceosome defects and mutations in EFTUD2, EIF4A3, and SF3B4 genes each result in distinct craniofacial phenotypes. Splice site mutations in AIFM1 (45), SERPINF1 (46), and TRAPPC2 (47) result in skeletal dysplasias.

• MicroRNAs are non-protein coding single-stranded RNAs (48) that regulate gene expression in bone and other tissues. Mouse studies show that microRNA-140 is involved in growth plate development (49, 50). A gain-of function mutation in microRNA-140 results in human skeletal dysplasia (51).

• Subjects with intragenic duplications of IFT81 (tandem duplication of exons 9 and 10) and MATN3 (tandem duplication of exons 2–5), detected by WGS, have skeletal dysplasias similar to subjects with LoF mutations in these genes (52).

• Autosomal-dominant syndactyly, synpolydactyly, and brachydactyly types D and E can result from dominant-negative mutations in the homeobox gene HOXD13. Duplications of the HOXD gene cluster locus produce mesomelic dysplasia with shortened limbs (53, 54). Similar Hoxd locus GoF alterations in ulnaless mutant mice, generated by X-irradiation, produce similar bone phenotypes (55, 56).

• ISDS nosology includes skeletal disorders resulting from disruptions of calcium-phosphate homeostasis, including various endocrinopathies. Regulation of calcium and phosphorus homeostasis involves ALPL, CASR, DMP1, ENPP1, FAM20C, FGF23, GALANT3, HRAS, KL, NRAS and TRPV6 genes. Parathyroid hormone synthesis and action involve CDC73, FAM111A, GCM and PTH1R. Vitamin D synthesis and actions involve CYP2R1, CYP27B1 and VDR. Normal Ca and P homeostasis occurs in humans (57) and mice (58) with deletions of the GC gene and thereby lacking the circulating vitamin D-binding protein (DBP) that binds serum 25-OH-D. Multiple neonatal bone fractures were observed due to maternal hypoparathyroidism and vitamin D deficiency (59).



HEREDITY OF BONE MASS WITHOUT SKELETAL DYSPLASIA

Osteoporosis is a common skeletal disease in which reduced amounts of otherwise normal bone lead to fragility and fractures. Adult bone mass, even within the normal range, has a strong heredity influence (60, 61) and identifying the genes involved in bone mass accumulation during growth and loss during aging has received great interest within the context of the etiology and treatment of osteoporosis. GWAS studies over the past decade described an increasing number of genes affecting BMD, with 518 loci identified in the 2019 UK Biobank analysis (62). Juvenile osteoporosis, although not a true dysplasia as bone architecture is normal, usually has genetic causes (63, 64). There are healthy subjects with unexplained high bone mass (65, 66) and attempts are underway to identify the genes responsible. Recent discoveries of such genes include LRP6 (67) and SMAD9 (68).



MOUSE MODELS

All models are wrong, but some are less imperfect than others, and many are useful - George Box

Mouse models make important contributions to understanding and treating human diseases (69–72), including skeletal disorders (73, 74). Mutant mice that model human phenotypes also model successful drugs (75), help identify genes responsible for human genetic disorders and can provide insights for osteoporosis drug development (76). Bone mass and architecture vary in healthy humans and among laboratory mouse strains, with the most commonly studied C57BL/6 mouse strain an outlier having limb bones with high diameters and low cortical thickness (77–81).

The majority of mouse data summarized in this review involve individual investigator-initiated studies examining possible skeletal phenotypes in transgenic mice with specific alterations in genes chosen by the investigator. This approach, known as reverse genetics, utilizes the expertise of the laboratories involved.

In contrast, human studies involve forward genetics, with genes responsible for known skeletal phenotypes identified. Forward genetics is also employed in mouse studies, as genes responsible for spontaneous and mutagen-induced skeletal malformations are identified. The Jackson Laboratories (JAX), with a long history of studying mouse strains, recently employed WES to identify 14 genes having spontaneous mutations causing bone phenotypes (82, 83). Several laboratories employed N-ethyl-N-nitrosourea (ENU) in chemical mutagenesis campaigns to produce mouse lines having a wide-range of phenotypes. This approach yielded 41 genes having mutations causing bone phenotypes similar to the corresponding human skeletal disorders. These 41 genes with relevant citations are provided in Supplemental Table 3.

Two high-throughput mouse reverse genetics gene knockout phenotyping campaigns have been undertaken (84). The International Mouse Phenotyping Consortium (IMPC, www.mousephenotype.org) aims to characterize knockout mouse phenotypes for all 20,000 genes (74, 85). Lexicon Pharmaceuticals' Genome5000™ effort examining the druggable genome confirmed known bone phenotypes for 23 genes and identified 11 genes, including Notum (86), for which bone phenotypes were not previously characterized (87). Importantly, skeletal phenotypes were described for Fam20c (non-lethal Raine syndrome), Lrrk1 (osteosclerotic metaphyseal dysplasia), Pappa2 (short stature), Sfrp4 (Pyle's disease), and Slc10a7 (skeletal dysplasia) prior to knowledge of the human skeletal dysplasias when mutated in humans (84). For the 439 mouse genes discussed in this review, 149 genes have been examined by the IMPC, yielding 63 viable adult homozygous mouse mutants. Skeletal phenotypes (either body BMD or radiological dysmorphology) were observed for 28 genes. Results from the IMPC phenotyping campaign are summarized in Table 3.


Table 3. Summary of International Mouse Phenotyping Campaign (IMPC) models.
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Mouse models of human genetic disorders are employed to evaluate potentially beneficial skeletal actions of therapies approved for other disease indications. Teriparatide treatment increases bone mass in Lrp5 KO mice mimicking humans with osteoporosis pseudoglioma syndrome from loss of function LRP5 mutations (88, 89). Similarly, anti-sclerostin antibody treatment increases bone mass in mutant mouse models with low bone mass from gene disruptions (90) of Col1a1 (91, 92), Col1a2 (93, 94), Crtap (95), Dmp1 (96), Lrp5 (97), and Zmpste24 (98). Mechanistic hypotheses can be tested, such as periostin treatment retarding skull suture fusion in heterozygous Twist1 mice with craniosynostosis (99).



MOUSE STUDY PRECAUTIONS

Several experimental pitfalls should be avoided when performing mouse studies (100).

• Knockout of individual genes can disrupt the functions of neighboring genes (101). Examples include the presence of orofacial defects resulting from a hypomorphic Pax9 allele during knockout of the neighboring Slc25a21 gene (102) and glycosaminoglycan accumulation resulting from reduced expression of the Naglu gene during knockout of the neighboring Hsd17b1 gene (103).

• Transgenic Cre mouse lines are invaluable for conditionally activating or inactivating genes of interest. Several reporter genes are available for visualizing bone cells at different stages of development (104). But not all Cre lines are as specific as originally believed (105–107). Understanding these limitations is critical for experimental design and interpretation.

• Quantitative PCR methods are often not optimized and MIQE (Minimum Information for the publication of qPCR Experiments) guidelines have been established (108, 109). Selection of the appropriate reference gene(s) is important (110–112).

• Many antibodies suffer from a lack of specificity resulting from cross-reactivity to similar epitopes present on multiple proteins. Clifford Saper in 2005, as Editor-in-Chief of The Journal of Comparative Neurology, repeatedly received “… distressed communications from authors … to withdraw papers because an antibody against a novel marker was found to stain tissue in knockout animals …” (113). Excellent reviews (not cited here) provide guidelines for successful antibody validation and the purposeful joviality in their titles (“Antibody Can Get It Right … Antibody Anarchy … Antibody Crimes … A Guide to the Perplexed … Garbage In, Garbage Out … Hitchhiker Antigens … Not for the Faint-Hearted … The Dark Side of the Immunohistochemical Moon … The Good, Bad, and Really Ugly”) emphasizes the seriousness of the problem. Antibodies claimed to be specific for particular proteins should not react against tissues from KO mice missing the gene of interest and validation of antibody specificity using tissues from KO cells or mice is strongly encouraged.

• Established cell lines employed in conjunction with mouse studies can become contaminated and replaced by more robust, faster growing cells (114). Cell line authentication methods exist and should be employed (115, 116). MC3T3-E1 cell subclones vary as models of osteoblast biology (117).



LARGE ANIMAL AND ZEBRAFISH MODELS

Large animals can have advantages over rodents for understanding human genetic disease and drug development. Hypophosphatasia occurs in sheep (118) and dogs (119) having mutations in ALPL. Canine genetic skeletal disorders include mutations in ADAMTSL2—geleophysic dysplasia (120), COL1A2—osteogenesis imperfecta (121), DVL2—Robinow syndrome (122), HES7—spondylocostal dysostosis (123), and SERPINH1—osteogenesis imperfecta (124). Spontaneous mutations in chicken KIAA0586 (125) and LMBR1 (126) genes result in the expected bone phenotypes.

Zebrafish are increasing contributing to our knowledge of skeletal genomics (127, 128) and advantages over mouse models include acquiring data more rapidly. Zebrafish mutants have been described for several of the 441 genes in this review. One complication of zebrafish studies is that zebrafish underwent a teleost-specific whole genome duplication and have more than 26,000 protein-coding genes (129). There is a one-to-one relationship between 47% of human genes and a zebrafish ortholog. There are multiple zebrafish genes associated to a single human gene, and vice versa.



DRUG DEVELOPMENT

Exciting advances are being made in developing drug treatments for patients with genetic skeletal disorders (130, 131) and mouse models invariably contribute to this progress. These advances are best reviewed by the laboratories involved, but three examples are illustrative. An antibody to NOTCH2 reverses osteopenia in a mouse model of Hajdu-Cheney syndrome (132). Cinacalcet corrects hypercalcemia in a mouse model of familial hypercalcemia type 2 (133). ENPP1 enzyme replacement therapy improves blood pressure and cardiovascular function in a mouse model of generalized arterial calcification of infancy (134).

Understanding genetic skeletal disorders provides key knowledge for developing osteoporosis therapies (76, 135). Disruptions in genes coding for proteins in the RANK—RANKL—osteoprotegerin signaling pathway involved in osteoclast generation cause human skeletal disorders. The RANKL neutralizing antibody denosumab is a successful osteoporosis therapy. The recently approved anabolic osteoporosis treatment romosozumab, a sclerostin neutralizing antibody, was developed with knowledge gained from subjects with osteosclerosis resulting from SOST gene mutations. Subjects with pinocytosis have mutations in the cathepsin K coding gene CTSK. Treatment with odanacatib, an inhibitor of cathepsin K in osteoclasts, reduced bone fractures in postmenopausal women but cardiovascular side effects precluded regulatory approval.



FUTURE DIRECTIONS

Since many human disorders involve hypomorphic, gain-of-function, dominant-negative and intronic mutations, future studies will undoubtedly utilize CRISPR/Cas9 technology and other evolving techniques to examine transgenic mice having genes modified to exactly mimic variant human sequences (72, 136). RNA sequencing will increasingly be employed for diagnosis and mechanistic understanding of genetic diseases (137–141).

The IFMRS (International Federation of Musculoskeletal Research Societies), in collaboration with the Broad Institute, is establishing a Musculoskeletal Genomics Knowledge Portal (MGKP) to integrate, interpret and present human data linked to musculoskeletal traits and diseases (http://www.kp4cd.org/about/bone).
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Skeletal dysplasias are a diverse group of heritable diseases affecting bone and cartilage growth. Throughout the years, the molecular defect underlying many of the diseases has been identified. These identifications led to novel insights in the mechanisms regulating bone and cartilage growth and homeostasis. One of the pathways that is clearly important during skeletal development and bone homeostasis is the Wingless and int-1 (WNT) signaling pathway. So far, three different WNT signaling pathways have been described, which are all activated by binding of the WNT ligands to the Frizzled (FZD) receptors. In this review, we discuss the skeletal disorders that are included in the latest nosology of skeletal disorders and that are caused by genetic defects involving the WNT signaling pathway. The number of skeletal disorders caused by defects in WNT signaling genes and the clinical phenotype associated with these disorders illustrate the importance of the WNT signaling pathway during skeletal development as well as later on in life to maintain bone mass. The knowledge gained through the identification of the genes underlying these monogenic conditions is used for the identification of novel therapeutic targets. For example, the genes underlying disorders with altered bone mass are all involved in the canonical WNT signaling pathway. Consequently, targeting this pathway is one of the major strategies to increase bone mass in patients with osteoporosis. In addition to increasing the insights in the pathways regulating skeletal development and bone homeostasis, knowledge of rare skeletal dysplasias can also be used to predict possible adverse effects of these novel drug targets. Therefore, this review gives an overview of the skeletal and extra-skeletal phenotype of the different skeletal disorders linked to the WNT signaling pathway.

Keywords: skeletal dysplasias, Wingless and Int-1 (WNT)/planar cell polarity (PCP) pathway, Wingless and int-1 (WNT)/β-catenin pathway, Wingless and int-1 (WNT)/Ca2+ pathway, osteoporosis


INTRODUCTION

In the last decades, plenty of examples have been generated where the identification of causal genes for rare, monogenic diseases resulted in novel insights into the role and functioning of already known pathways. A textbook example of this is Wingless and int-1 (WNT; pronounced “wint”) signaling and its role in bone formation and homeostasis. First indications of this involvement were generated by studying rare monogenic conditions with abnormal bone mass, delivering novel targets for drug development for osteoporosis, a common disorder characterized by decreased bone mass in late life. Recently, an antibody against a WNT signaling inhibitor was approved as an anabolic agent for the treatment of osteoporosis.

The name WNT was introduced almost 30 years ago referring to the wingless-type mouse mammary tumor virus integration site (int-1) which was the first member from this gene family being described (1, 2). Meanwhile, three different pathways have been described, one canonical pathway also known as the WNT/β-catenin pathway and two non-canonical pathways, the WNT/Ca2+-dependent pathway and the WNT/planar cell polarity (PCP) pathway (Figure 1). All three are initiated by the binding of an extracellular WNT ligand to the N-terminal domain of one of the seven transmembrane-span FZD receptors. Depending on the pathway, also co-receptors are involved with the low-density lipoprotein (LDL)-related receptor (LRP)-5 and−6 being specific for canonical WNT signaling.


[image: Figure 1]
FIGURE 1. Overview of the different WNT signaling pathways. WNT ligands can activate the canonical or WNT/β-catenin signaling pathway (left) by binding to a receptor complex formed by low-density lipoprotein (LDL)-related receptor (LRP)5/6 and Frizzled (FZD). This activation results in the translocation of hypophosphorylated β-catenin to the nucleus. In the inactive state, β-catenin is degraded by the proteasome after phosphorylation by a glycogen synthase kinase 3β (GSK3β)-Axin-casein kinase 1 (CK1)–adenomatous polyposis coli (APC) complex and subsequent ubiquitination. The activation of the non-canonical WNT/planar cell polarity (PCP) pathway (middle) results in the activation of c-jun NH2-terminal kinase (JNK) via disheveled (DVL) and the Rac and Rho small GTPases. Activation of the non-canonical WNT/Ca2+ pathway (right) by binding of WNT to an FZD receptor results in intracellular Ca2+ release which activates a number of calcium-sensitive enzymes [protein kinase C (PKC), calcineurin (CaN), calmodulin-dependent protein kinase II (CamKII)]. More downstream nuclear factor of activated T cells (NF-AT) is activated and translocates to the nucleus to induce the expression of target genes.


In mammalians, 19 different WNT ligands have been identified and 10 FZD receptors (3), already illustrating the involvement of this pathway in a broad range of cellular processes. All three pathways have a number of functions both during embryonic development and in adult life. These include cell fate specification, cell proliferation and migration, as well as body axis patterning. Furthermore, they are also important for cell functioning as well as processes of cell death. For some processes, only one of the three pathways is involved, but for others, evidence was generated indicating convergence of some of them (4).

At the beginning of this century, an additional role of WNT signaling was discovered following new gene identifications in some rare monogenic skeletal dysplasias. As explained in detail below, the study of conditions with either decreased or increased bone mass resulted in the identification of mutations in several genes involved in especially canonical WNT signaling (5). The most recent revision of the nosology and classification of genetic skeletal disorders (6) includes 461 different diseases. These disorders are interesting experiments of nature to gain insights into the regulatory mechanisms of bone formation, resorption, and homeostasis both during development and during adult life. In this review, we aim to discuss those skeletal disorders in which abnormal WNT signaling contributes to their pathogenesis. Furthermore, the implications of the novel insights toward more common bone disorders such as osteoporosis are highlighted.



EXTRACELLULAR MODULATORS

As previously mentioned, the WNT signaling pathway is activated by the binding of WNT ligands. Because of the broad functions of this pathway, additional regulation mechanisms are required to ensure proper timely and spatially functioning of the pathway. Extracellular modulators, including WNT inhibitors and activators, contribute to this complex regulation. Not surprisingly, mutations in various components of this pathway have been described in skeletal dysplasias.


WNT Ligands

WNT ligands are secreted glycoproteins with a length of 350–400 amino acids. In humans, 19 different ligands have been identified, all containing 23–24 conserved cysteine residues (7, 8). A distinction between canonical (e.g., WNT1 and WNT3) and non-canonical (e.g., WNT5A) WNTs can be made, although overlap between the different pathways has been suggested. Various WNT ligands are associated with skeletal disorders, as described below.


WNT1

WNT1 is of major importance for the regulation of bone homeostasis, through binding with the co-receptor LRP5. Mutations in the WNT1 gene are found in families with osteogenesis imperfecta (OI) type XV and early-onset osteoporosis (9–11).

OI is a hereditary connective tissue disorder, characterized by bone fragility, hearing loss, and dentinogenesis imperfecta. In the majority of patients, the disease is caused by heterozygous mutations in COL1A1 and COL1A2, which encode the type I collagen pro α-chains. However, also recessive forms of OI do exist. One example is OI type XV caused by bi-allelic loss-of-function mutations in the WNT1 gene (11–15). Moreover, the importance of the WNT signaling pathway in OI is emphasized by the observation of increased serum levels of Dickkopf1 (DKK1), an antagonist of the canonical WNT pathway, in OI patients. However, so far, no disease-causing OI mutations have been described in DKK1 (16).

Osteoporosis is a common skeletal disorder characterized by low bone mass, impaired bone quality, and increased fracture risk (14, 17). Whereas, most patients show symptoms later in life, early-onset osteoporosis can already present in adolescence. Some of this early-onset forms of osteoporosis are caused by heterozygous WNT1 mutations (10, 12–15). These mutations result in disturbed bone remodeling and subsequent imbalance in bone homeostasis (13).



WNT3

WNT3 is critical for axis formation and limb growth in vertebrates (18, 19), and a homozygous nonsense mutation (p.Glu83*) in the WNT3 gene has been reported in tetra-amelia syndrome type 1 (19). Tetra-amelia is an autosomal recessive disorder, characterized by the absence of all four limbs. It is extremely rare, with an incidence of 1.5–4 per 100,000 births (19–21).



WNT5A

Unlike the other WNT ligands discussed in this review, WNT5A belongs to the non-canonical WNT/PCP pathway. In order to exert its functions, such as promoting osteoblast differentiation, WNT5A binds to the cysteine-rich domain of receptor tyrosine kinase-like orphan receptor (ROR) 1/2 (22–24). Heterozygous loss-of-function mutations in the WNT5A gene are associated with autosomal dominant Robinow syndrome (RS) type 1 (ADRS1) (24–27). RS is characterized by skeletal abnormalities (short stature, brachydactyly, and mesomelic limb shortening predominantly of the upper limbs), genital hypoplasia, and typical facial dysmorphisms. The disorder is genetically and clinically heterogeneous, showing both dominant and recessive inheritance patterns. Additional phenotypic features of RS include hypertelorism, dental problems, and kidney abnormalities.



WNT6

Acro-pectoro-vertebral dysplasia (F-syndrome) is a rare skeletal disorder with a dominant inheritance pattern (28, 29). Symptoms include carpal and tarsal synostosis, malformations of the first and second fingers with frequent syndactyly, and spina bifida occulta (28–30). Although the molecular basis remains unknown, Thiele et al. (29) mapped the disease to a 6.5 cM region on chromosome 2q36, where the WNT6 gene is located. As this gene is expressed during limb development, it is a promising candidate gene for harboring disease-causing mutations for F-syndrome (6, 29).



WNT7A

WNT7A forms a receptor complex with LRP6 and FZD5 in order to activate the canonical WNT signaling pathway (31, 32). It is expressed in the dorsal ectoderm and involved in the formation of the dorsoventral axis in limb development (32–34). Moreover, it also contributes to anteroposterior patterning by maintaining sonic hedgehog expression (32–34). Consistently, mutations in WNT7A cause limb malformations in Al-Awadi–Raas–Rothschild syndrome (AARRS) and Fuhrmann syndrome (FS) (31–37). Patients with AARRS display short upper limbs, severe malformations of the lower limbs, hypoplastic pelvis, anteriorly displaced genitalia, underdeveloped nails, and absence of uterus. The phenotype observed in FS is milder (e.g., solely ulnar deficiency and oligodactyly) since this is due to only a reduced function of the protein compared to complete loss-of-function mutations as seen in AARRS (32, 34–37). Although both are rare autosomal recessive disorders, different mutations contribute to the highly variable disease phenotypes (31, 34–36, 38, 39).



WNT10B

The WNT10B ligand is a key regulator for osteogenesis and is involved in all stages of limb development (24, 40–42). WNT10B plays an important role in the development of hands and feet, and bi-allelic mutations can cause split-hand/foot malformation type 6 (SHFM6). Generally, SHFMs are complex limb malformations that affect the central rays of hands and feet (42–44). From a clinical and genetic point of view, SHFM is highly heterogeneous. Both isolated and syndromic forms can be distinguished, as well as reduced penetrance has been reported (42–44). While most types of SHFM are autosomal dominantly inherited, SHFM6 follows an autosomal recessive pattern of inheritance (43, 44).




WNT Inhibitors
 
SOST

Sclerostin, encoded by the SOST gene, is an osteocyte-derived secreted glycoprotein with a cysteine-knot motif (45). It acts as an extracellular antagonist of the canonical WNT signaling pathway by binding to the first β-propeller domain of LRP5/6 (46–49). Hence, sclerostin functions as a key regulator in bone metabolism and, particularly, bone formation (46, 50). Moreover, an interaction with the extracellular domain of LRP4 has been described, and studies demonstrated that this interaction is essential for normal sclerostin functioning (51, 52).

SOST was identified as the disease-causing gene for several high bone mass disorders, including sclerosteosis type 1. This rare skeletal dysplasia, caused by bi-allelic loss-of-function mutations in the SOST gene, is characterized by hyperostosis, tall stature, and syndactyly. The bone overgrowth affects predominantly the skull, mandible, and tubular bones in the limbs. Involvement of the skull base may cause compression of the cranial nerves and subsequent facial palsy, hearing loss, and blindness (50, 53–55). In 1998, Van Buchem disease, another autosomal recessive high-bone mass disorder, was mapped to the same chromosomal region as sclerosteosis (56). The molecular cause was a bi-allelic 52-kb deletion 35-kb downstream of SOST (23, 57). Since the deleted region contains a myocyte-enhancer factor 2C (Mef2c) binding site, imperative for SOST expression, the deletion results in reduced transcription of SOST (23). Although there is phenotypic overlap between sclerosteosis and Van Buchem disease, the phenotype of the latter is usually milder, as the patients have normal stature and do not exhibit syndactyly (54, 55). Another very rare sclerotic bone disorder is craniodiaphyseal dysplasia (CDD), inherited in an autosomal dominant manner. Clinical manifestations include sclerosis and hyperostosis, especially of the skull and facial bones, resulting in facial dysmorphism or “leontiasis ossea” (49, 58). Mutations causing CDD are located in the signal peptide of sclerostin and affect the secretion of sclerostin in a dominant negative manner.



GREM1

Gremlin has been characterized as a bone morphogenetic protein (BMP) inhibitor that regulates limb and kidney formation during development (59). However, WNT antagonistic activity has also been described since luciferase assays showed reduced stimulatory effects of WNT3A in the presence of gremlin (60, 61). In 2010, Dimitrov et al. (62) described a monoallelic 1.7 Mb duplication containing both the GREM1 and the FMN1 locus in a patient with Cenani–Lenz-like non-syndromic bilateral oligosyndactyly. FMN1 contains a cis-regulatory region that is essential for the activation of gremlin in the limb bud. Hence, genomic rearrangements can lead to an altered function of gremlin and subsequent phenotypic abnormalities (39, 62–64). Interestingly, the phenotype of the patient is similar to that of the transgenic chick with overexpression of Grem1 (65, 66). Furthermore, GREM1 has been suggested to decrease the metastatic potential of osteosarcoma. Besides reduced gremlin levels in osteosarcoma cells, downregulation of GREM1 was also associated with an increased degree of proliferation and angiogenesis (67).



SFRP4

Secreted FZD-related protein (sFRP) 4 is one of the five members of the sFRP family, known for antagonizing the WNT signaling pathway (68–70). sFRPs contain a C-terminal netrin-like domain (NTR) and an N-terminal cysteine-rich domain, sharing up to 50% sequence homology with the cysteine-rich domain of FZD receptors (24, 68, 70, 71). Consequently, sFRPs serve as decoy receptors for WNT ligands, thereby preventing activation of both canonical and non-canonical WNT signaling (24, 68–70). sFRP4 is a 346-amino acid protein, expressed in the majority of tissues (70). Regarding skeletal tissue, it contributes to maintaining normal osteoblast and osteoclast function during bone development and in the adult skeleton (68–70). A disrupted function of sFRP4 was discovered in Pyle disease, a recessive disorder affecting long bones with metaphyseal widening, cortex thinning, increased trabecular bone, decreased bone mineral density, and bone fragility (24, 72–74). Since 2016, various bi-allelic truncating mutations in sFRP4 have been confirmed to cause Pyle disease (70, 72, 73). These nonsense mutations prohibit appropriate WNT and BMP signaling interaction, which is crucial to maintain appropriate stability of cortical bone (70, 71, 73).




WNT Activators
 
Glypicans

Glypicans (GPCs), a subfamily of heparin sulfate proteoglycans, are linked to the cell surface via a glycosyl-phosphatidylinositol (GPI) anchor (75–77). The main function of the GPCs is regulating the activity of growth factors, such as hedgehogs and (non-)canonical WNTs (77–80). Six highly conserved GPCs have been identified in mammals, and pathogenic variants in GPC4 and GPC6 have been found in patients clinically diagnosed with skeletal dysplasia.



GPC4

GPC4 is located on chromosome Xq26 and is a regulator of the WNT/PCP pathway (79, 81). Only recently, hemizygous truncating and frameshift mutations were found in families with Keipert syndrome (82). These mutations are recognized as loss of function due to the subsequent loss of essential domains, such as the GPI anchor. Keipert syndrome is characterized by craniofacial and digital abnormalities, accompanied by learning difficulties and deafness (82, 83). Furthermore, there are indications that hemizygous pathological variants could result in an X-linked form of RS. White et al. (84) described a non-synonymous missense variant (p.Arg412Lys) in a male patient with an RS-like phenotype, including brachydactyly, mesomelia, and facial dysmorphisms.



GPC6

GPC6 is the smallest protein of the GPC family and is widely expressed in the growth plate during skeletal development (76, 77, 85). Genetic null mutations in GPC6 prevent anchoring to the membrane, thereby disrupting the action of GPC6 in developmental processes (75–77). Such mutations were found in omodysplasia type 1 (OMOD1), an autosomal recessive skeletal dysplasia. Both nonsense mutations and genomic rearrangements have been described to contribute to the development of OMOD1 (76). This rare syndrome is characterized by cranial dysmorphisms, short stature of prenatal onset with severe shortening of the humeri (“omo” is the Greek term for humerus) and femora, and restricted mobility in elbows, hips, and knees. In addition, extra-skeletal manifestations, including congenital heart defects and cognitive delay, can also be observed (76, 77). There is also an autosomal dominant form of OMOD (OMOD2), which is milder with normal stature and is caused by heterozygous mutations in the FZD2 gene (see below).



RSPO2

R-spondins (RSPO) are secreted proteins and activators of the canonical WNT signaling pathway (86–88). The WNT agonistic activity is a direct result of the formation of a ternary complex with leucine-rich repeat-containing G protein-coupled receptor 4, 5, or 6 (LGR4/5/6) and Zinc and ring finger 3 (Znrf3) or Ring finger protein 43 (Rnf43), as this complex prevents ubiquitination of the WNT receptors (86, 89–91). RSPOs are key regulators in bone development and bone homeostasis, partly mediated by RSPO2, which has high expression levels in the apical ectodermal ridge of limb buds, but also in the postnatal skeleton, lungs, and brain tissue (86). Similar to WNT3 alterations (see above), an impaired RSPO2 function contributes to the development of tetra-amelia. However, patients affected with RSPO2 mutations exhibit additional hypoplasia or aplasia of the lungs (91). Bi-allelic nonsense mutations, deletions, and frameshift mutations were described in families with tetra-amelia type 2 (91). Furthermore, a homozygous missense mutation (p.Arg69Cys) was reported in humerofemoral hypoplasia with radiotibial ray deficiency, albeit in only one consanguineous family. The affected family members showed severe dysostosis with malformation of all four limbs, absence of tibiae, and hypoplasia of the pelvis (91).





RECEPTORS AND CO-RECEPTORS

Both the canonical and non-canonical WNT signaling pathways are activated by the binding of WNT ligands to the FZD receptors alone or in combination with specific co-receptors. Identification of single disease mutations in LRP5, LRP6, and ROR2 highlights the importance of these co-receptors in the regulation of canonical and non-canonical WNT signaling during skeletal development.


FZD2

FZD2 is a member of the FZD receptor family that includes nine G protein-coupled receptors. These FZD receptors interact with disheveled (DVL) upon activation by one of the WNT ligands which results in the initiation of one of the different WNT pathways. In 2015, Saal et al. (92) demonstrated that mutations in FZD2 can cause autosomal dominant OMOD, also referred to as OMOD2. OMOD2 is a rare skeletal dysplasia which is marked by severe rhizomelic shortening of the upper limbs, mild facial dysmorphism (frontal bossing, depressed nasal bridge, and short nose), and genital hypoplasia (92). Clinically, OMOD2 can be distinguished from OMOD1 (recessive form—discussed previously) by the presence of short first metacarpals and normal stature (93).

As mentioned, heterozygous mutations in FZD2 can cause OMOD2. To date, one missense mutation (p.Gly434Val) and two nonsense mutations involving adjacent amino acids (p.Ser547* and p.Trp548*) have been reported (92–95). The nonsense mutations are located in the intracellular domain of FZD2, more precisely in the conserved DVL binding motif (KTxxW). Subsequent functional studies have demonstrated that in the presence of p.Trp548* mutant FZD2, the localization of DVL at the membrane and the activation of the canonical WNT signaling pathway upon WNT treatment are lost (92). The effect of the identified mutations on the non-canonical WNT signaling pathways was not investigated. Several of the clinical features that are reported in patients with OMOD2 are also present in patients with RS (described previously). Therefore, it is likely that the causal genes for these disorders are involved in the same pathway(s). As it is shown that WNT5A/ROR2 interaction can induce WNT/PCP signaling (see below), it is likely that FZD2 is also involved in this pathway.



ROR2

ROR2 is a member of the ROR kinase family of orphan receptors with tyrosine kinase activity which is involved in the WNT signaling pathway as co-receptor of the non-canonical PCP pathway. The extracellular domain of ROR2 which is important for protein–protein interactions contains several conserved domains such as an immunoglobin-like domain, an FZD-like cysteine-rich domain (CRD), and a Kringle domain (KD). The intracellular region contains a tyrosine kinase (TK) domain followed by serine/threonine-rich and proline-rich structures. Mutations in ROR2 can cause either autosomal dominant brachydactyly type B1 (BDB1) or autosomal recessive RS type 1 (ARRS1) (96, 97).

ARRS1 is characterized by short stature, mesomelic limb shortening, genital hypoplasia, and typical facial dysmorphisms (including hypertelorism). In addition, patients with ARRS1 may also have vertebral segmentation defects such as hemivertebrae and rib fusions (98). Since the identification of ROR2 as a disease-causing gene for ARRS1, more than 25 different mutations have been identified (99). These mutations include missense, nonsense, and frameshift mutations located in both the intra- and extracellular regions of the protein (96, 98–101). Based on the phenotypic overlap between ARRS1 and Ror2 knockout mouse, it was suggested that the mutations result in loss of function of ROR2 due to decreased protein stability and intracellular entrapment of the mutant protein (98, 101). ROR2 serves as a co-receptor for WNT5A-induced non-canonical WNT signaling of which WNT/PCP signaling is shown to be most important for limb development. Loss of function of ROR2 will most likely result in decreased WNT/PCP signaling and limb deformities (102).

BDB1 is the most severe form of brachydactyly and is one of the first described types of heritable brachydactyly. It is characterized by hypoplasia and/or aplasia of the distal phalanges and nails in hand and feet resulting in an amputation-like phenotype (101, 102). The BDB1 causing mutations in ROR2 are all nonsense or frameshift mutations that are located in the intracellular region of the protein and co-localize in two domains, either immediately N-terminal or C-terminal of the TK domain (101). Genotype–phenotype correlation demonstrated that the latter group of mutations results in a more severe phenotype (103). Since parents of ARRS1 patients do not show brachydactyly, it is suggested that BDB1 causing mutations are gain-of-function mutations (96).



LRP Receptors

The LRPs are a group of evolutionary conserved receptors regulating a wide range of cellular processes. In order to regulate these processes, LRPs can modulate a variety of pathways, including canonical WNT signaling activity (104). The extracellular region of the majority of the LRP receptors contains at least one ligand-binding domain composed of cysteine-rich ligand-binding-type repeats and one epidermal growth factor (EGF)-precursor homology domain composed of EGF repeats and a YWTD/β-propeller domain. Most LRP receptors have in the intracellular region at least one NPxY-(endocytosis) motif. However, LRP5/6 are lacking this motif (105). Mutations in three members of the LRP family, namely, LRP4, LRP5, and LRP6, are reported to result in rare skeletal disorders (51, 106, 107).



LRP5

Almost 20 years ago, genetic research highlighted the importance of LRP5 in the regulation of bone formation with the identification of disease-causing mutations in patients with abnormal low or high bone mass. Subsequent studies demonstrated that LRP5, as a co-receptor of the canonical WNT signaling pathway, regulates osteoblast proliferation and differentiation as well as osteocyte apoptosis (108). More specifically, homozygous loss-of-function mutations in LRP5 can cause the osteoporosis-pseudoglioma (OPPG) syndrome which is characterized by reduced bone mass, increased bone fragility, and severely reduced visual acuity (109). So far, over 70 different mutations in LRP5 have been reported to cause OPPG, and these mutations are spread throughout the gene. Mutations affecting splicing or introducing premature stop codons result in the most severe phenotypes (110). Furthermore, reduced bone mass is also reported in heterozygous mutation carriers (111). Besides the severe OPPG phenotype, it is reported that heterozygous OPPG loss-of-function mutations in LRP5 can cause juvenile-onset osteoporosis without an ocular phenotype in children (112).

As mentioned, mutations in LRP5 can also result in a skeletal phenotype with increased bone mass (106, 113, 114). When consulting OMIM or the nosology of skeletal disorders (6), mutations in LRP5 are identified in patients diagnosed with high bone mass (HBM) phenotype, autosomal dominant osteopetrosis type 1, autosomal dominant Van Buchem disease, Worth disease, endosteal hyperostosis, or osteosclerosis. Although these rare disorders have a different name, they represent the same disorder which is characterized by increased bone mass especially affecting the skull and tubular bones and a reduced fracture risk (106). Due to the increased bone mass of the skull, headaches and cranial nerve entrapment are commonly reported in these patients (115). Furthermore, these disorders are all caused by heterozygous gain-of-function mutations in LRP5. All mutations are located in the first β-propeller domain of the protein, and functional studies demonstrated that they disrupt the binding of canonical WNT signaling inhibitors sclerostin and DKK1 with the co-receptor. Although mutations in DKK1 are not reported in patients with monogenic skeletal disorders, different studies have shown that DKK1 is an important regulator of the WNT signaling pathway and bone mass via its interaction with LRP5 (116). As a result, mutations disrupting the binding of LRP5 with sclerostin and DKK1 result in increased canonical WNT signaling activity which consequently leads to increased bone formation (116–118).



LRP6

LRP6 is the closest homolog of LRP5, and functional studies demonstrated that LRP6, similar to LRP5, is a co-receptor of the canonical WNT signaling pathway (104). However, mutations in LRP6 are less common compared to LRP5, most likely due to a more important role for LRP6 during embryonic development. However, recently, heterozygous mutations in the first β-propeller domain of LRP6 were identified in two families with HBM phenotype. The amino acids mutated in LRP6 are homologs to known LRP5 mutations (107). Although no functional studies were performed, it is highly likely that the mutations, similar to those reported for LRP5, disturb the binding of sclerostin and DKK1 and consequently result in increased WNT signaling activity and increased bone mass. The skeletal phenotype of LRP6 mutant patients was similar to the phenotype reported in patients with LRP5 mutations. However, in the small group of patients with HBM mutations in LRP6, no cranial nerve entrapment was reported which is commonly found in LRP5 HBM mutant patients. In addition, in patients with HBM mutations in LRP6, absence of the adult maxillary lateral incisors was reported. Since the latter is never reported in LRP5 HBM mutant patients, this finding can maybe be used to distinguish between both HBM types (107). Besides the high bone mass phenotype, heterozygous loss-of-function mutations in LRP6 are previously shown to cause coronary artery disease and tooth agenesis (119, 120). Remarkably, in the family with coronary artery disease due to a mutation in LRP6 described by Mani et al. (119), osteoporosis was also reported. Based on the role of LRP6 in WNT signaling, it was suggested that the observed osteoporosis phenotype was also caused by the mutation in LRP6.



LRP4

Another LRP receptor which is implicated in the regulation of bone formation is LRP4. In contrast to LRP5/6, LRP4 is involved in the inhibition of the canonical WNT signaling pathway through its interaction with sclerostin. The identification of disease-causing LRP4 mutations in syndromic disorders demonstrated that LRP4 is not only important in the regulation of bone mass but also regulates limb and kidney development among others (51, 121, 122). Mutations in LRP4 can cause sclerosteosis type 2, Cenani–Lenz syndrome (CLS), isolated syndactyly, and congenital myasthenia gravis depending on type and location of the mutations (51, 122–124). As myasthenia gravis patients have no skeletal phenotype and the mutations do not affect WNT signaling activity (125), it is not further discussed in this review.

The clinical phenotype of sclerosteosis type 2 is highly similar to the sclerosteosis type 1 phenotype previously described. Sclerosteosis type 2 causing mutations in LRP4 are located in the third β-propeller domain and result in decreased binding of sclerostin (51, 124). Due to the impaired LRP4–sclerostin binding, serum levels of sclerostin are elevated in these patients and the activity of the canonical WNT signaling pathway is increased in osteoblasts, leading to increased bone formation (51, 124).

As mentioned, bi-allelic mutations in LRP4 can also cause CLS. CLS is marked by syndactyly, synostosis, and renal abnormalities, similar to what has been discussed above for patients with a mutation in GREM1 that interacts with LRP4. CLS-causing mutations are spread throughout LRP4, except for the third β-propeller domain (122, 123). Functional studies indicated CLS-causing mutations result in a decreased expression of the receptor at the cell membrane. This indicates that CLS-causing mutations have an effect not only on the inhibition of the canonical WNT signaling pathway by sclerostin but also on the regulation of other pathways such as MUSK-agrin signaling. In addition, in an individual with isolated syndactyly, compound heterozygous missense mutations within the fourth β-propeller domain have been described (126). In vitro studies demonstrated that the presence of the mutations results in decreased inhibition of the WNT signaling activity by LRP4 similar as reported for CLS mutations. Therefore, it is suggested that these patients might suffer from a mild type of CLS.




INTRACELLULAR REGULATORS OF WNT SIGNALING

Activation of the different FZD receptors and co-receptors results intracellularly in a complex signaling cascade which ultimately leads to transcription of target genes and regulation of a wide range of cellular processes. There are many proteins involved in this intracellular signaling; however, only a few underlie the development of rare inherited skeletal dysplasias.


Disheveled

The disheveled protein family consists of three members (DVL1-3) which all act downstream of FZD receptors in both the canonical and non-canonical WNT signaling pathway. The DVL proteins share highly conserved regions, namely, the amino-terminal DIX (N-terminus) domain, a PDZ (central) domain, a carboxyl-terminal DEP (C-terminus) domain, and two regions with positively charged amino acid residues (127). These conserved regions are important to mediate protein–protein interactions and define the further propagation of the signal through either the canonical or non-canonical pathway. Furthermore, DVL can move from the cytoplasm to the nucleus, and this is also required for proper propagation of the WNT signaling. To ensure the movement of DVL to the nucleus, DVL proteins contain a nuclear export sequence (NES) and nuclear localization sequence (NLS) (128).

DVL proteins are highly important for normal functioning of the different WNT signaling pathways. Genetic defects can consequently affect the skeleton. Heterozygous mutations in both DVL1 and DVL3 have been identified in individuals with autosomal dominant RS (ADRS) types 2 and 3, respectively (129–131). As mentioned, ADRS is marked by skeletal abnormalities, genital abnormalities, and dysmorphic facial features (132).



DVL1

In 2015, two independent research groups reported the identification of de novo frameshift mutations in exon 14 of DVL1 in patients with ADRS without mutations in WNT5A (129, 130). In total, nine different frameshift mutations, all located in the penultimate exon of DVL1, have been reported so far. All mutations result in the same premature stop codon in the last exon and escape nonsense-mediated mRNA decay. The mutations are located downstream of the abovementioned conserved domains, and all mutations result in a novel shared, highly basic C-terminal tail sequence that most likely exerts novel signaling functions (129–131). More in detail, in vitro luciferase reporter assays demonstrated that co-transfection of wild-type and mutant DVL1, representing the heterozygous mutations, results in significantly increased canonical WNT signaling activity compared to the effect of wild-type DVL1 alone. More interestingly, several patients with mutations in DVL1 show increased bone mass which is not seen in the other autosomal dominant or recessive forms of RS (129). Most likely, the increased bone mass in ADRS2 patients is caused by the effect of DVL1 mutations on canonical WNT signaling. In addition, ADRS2 patients often have macrocephaly and normal stature (>10% percentile) (129, 130).



DVL3

In a subsequent study, it was shown that not only mutations in DVL1 but also DVL3 can cause ADRS (131). Similar as for DVL1, the mutations result in a frameshift to the−1-reading frame and a shared premature stop codon in the last exon. The DVL3 mutants are shown to escape nonsense-mediated mRNA decay. All identified mutations have 83 C-terminal amino acids in common (131, 133). The functional effect of this C-terminal tail on regulation of canonical and/or non-canonical WNT signaling pathway is still unknown. Patients with mutations in DVL3 (ADRS3) can be distinguished from ADRS2 patients based on the presence of short stature and macrocephaly. Furthermore, congenital heart defects and cleft lip and/or cleft palate were reported in the majority of the patients (131).



NXN

Nucleoredoxin (NXN) is an oxidative stress response protein which is highly expressed during murine limb bud development and can directly bind DVL via the PDZ domain. By binding to DVL, NXN can inhibit DVL signaling activity and consequently different WNT signaling pathways (134–136). It is suggested that the interaction of NXN with DVL is a key regulatory mechanism to maintain spatial and temporal balance between canonical and non-canonical WNT signaling during development (84). Recently, NXN was identified as the causative gene for autosomal recessive RS type 2 (ARRS2). In two families without mutations in the known causative gene ROR2, White et al. (84) identified bi-allelic variants which segregated with the ARRS2 phenotype consisting of short stature, mesomelic shortening, genital hypoplasia, and typical facial dysmorphisms. Mice lacking Nxn also show craniofacial defects, suggesting that the mutations reported in the patients are loss-of-function mutations (136, 137).



RAC3

RAC3 is a member of the Rac subfamily of the Rho family of GTPases. Upon activation by WNT ligands, RAC3 can interact with DVL to activate downstream signaling including c-jun NH2-terminal kinase (JNK)/c-jun phosphorylation which is necessary for cytoskeletal organization. White et al. (84) reported in 2018 the identification of a rare variant in RAC3 in a patient with a Robinow-like phenotype including facial dysmorphism and developmental delay, seizures, an abnormal electroencephalogram, and a thin corpus callosum. Based on the role of RAC3 in the WNT/PCP pathway (Figure 3), they suggest that the identified de novo variant can cause the Robinow-like phenotype in the patient (84). However, additional functional studies or identification of additional affected individuals with possible pathogenic variants is necessary. In a more recent study, Costain et al. (138) also identified heterozygous missense variants in RAC3 in patients with neurodevelopmental disorder with structural brain anomalies and dysmorphic facial features. Since there is some overlap between the clinical phenotype of the patients described in both reports, most likely the patients described by both research groups suffer from the same disease.



APC2

Adenomatous polyposis coli (APC) is a tumor suppressor gene that can regulate canonical WNT signaling as a part of the multiprotein destruction complex that targets β-catenin for phosphorylation and degradation (139). APC2 or APC-like protein is a homolog of APC which is mostly expressed in the postmitotic neurons during development (140). Both proteins share a 20-amino acid repeat motif that is capable of binding β-catenin. However, in addition to this shared motif, APC also contains a second motif which is lacking in APC2 and can bind β-catenin with a higher affinity. Nevertheless, APC2 is still capable of depleting intracellular β-catenin, although less efficient than APC (141).

Homozygous loss-of-function mutations in APC2 have recently been described in patients with a Sotos-like phenotype (142). Sotos syndrome is an overgrowth syndrome, also known as cerebral gigantism. Individuals with APC2 mutations resemble patients with Sotos syndrome because they show intellectual disability and relative macrocephaly with a long face and prominent chin (142). The role of the canonical WNT signaling pathway in the development of this disorder is not yet investigated.



AMER1

APC Membrane Recruitment Protein 1 (AMER1), also known as FAM123B or Wilms tumor on the X chromosome (WTX), is an intracellular inhibitor of the canonical WNT signaling pathway. AMER1 can interact with the AXIN/APC/GSK3β/β-catenin multiprotein complex and enhances the ubiquitination and degradation of β-catenin (143, 144). AMER1 is located on the X-chromosome, and loss-of-function mutations or gene deletions can cause the X-linked dominant disorder osteopathia striata with cranial sclerosis (OSCS) (145). Radiographs of patients with OSCS show cranial sclerosis and dense linear striations in the submetaphyseal regions of the long bones and pelvis. Besides these radiographic signs, patients with OSCS often also present with macrocephaly, broad nasal bridge, frontal bossing, ocular hypertelorism, hearing loss, and palate abnormalities. Less common symptoms of OSCS are cardiac malformations and cognitive defects. In males, OSCS can be lethal due to severe heart defects and/or gastrointestinal malformations (143, 145, 146).



PORCN

Porcupine O-acyltransferase (PORCN) is a member of the evolutionarily conserved porcupine (PORC) gene family of endoplasmic reticulum transmembrane proteins that are involved in the processing and secretion of WNT ligands. PORCN is located on the X-chromosome, and heterozygous loss-of-function mutations can cause focal dermal hypoplasia (FDH) also known as Goltz syndrome in female patients. Goltz syndrome caused by mutations in PORCN is rarely reported in males which leads to the suspicion that non-mosaic Goltz syndrome is embryonically lethal for males (147, 148). Goltz syndrome is a multisystem syndrome that is characterized by dermal abnormalities including focal dermal hypoplasia among others, ophthalmologic features, facial anomalies, and skeletal abnormalities. The latter are reported in ~80% of the patients and include syndactyly or polydactyly, osteopathic striae, hypoplasia or absence of digits, scoliosis, and/or facial asymmetry (148, 149).




DISCUSSION

The identification of novel disease-causing genes for rare skeletal dysplasias accelerated significantly in the last decades, initially by positional cloning efforts and more recently by the availability of next-generation sequencing technology. This resulted in the identification of the disease-causing gene for 92% of the skeletal disorders (6). The increased knowledge on monogenic diseases resulted in a better understanding of the pathological mechanisms and highlighted which pathways regulate specific cellular processes. This information is also relevant for understanding more common multifactorial diseases. Furthermore, it has been shown that therapeutic targets which are based on genetic evidence from Mendelian traits as well as genome-wide association studies (GWASs) are more likely to be successful in clinical studies for multifactorial diseases (150). Here, we focused on skeletal dysplasias caused by mutations in genes that encode proteins that are directly involved in one of the WNT signaling pathways. As shown in Table 1, mutations in these genes can result in a variety of skeletal dysplasias, each with specific clinical features. The broad spectrum of clinical observations reflect the cellular and spatial functions of WNT signaling, some of them associated with embryonal development, others with bone mass and homeostasis in adult life. For example, the clinical features of RS and OMOD are similar which led to the hypothesis that all causative genes are involved in the WNT/PCP pathway which is previously shown to be important during limb development (Figure 2) (102). On the other hand, the influence of canonical WNT signaling on bone mass was highlighted by unraveling the underlying pathogenic mechanisms of disorders with a progressively increasing bone mass such as sclerosteosis, Van Buchem disease, and high bone mass phenotypes (osteosclerosis) (51, 53, 57, 107, 113). The genes causing these disorders, SOST, LRP4, LRP5, and LRP6, are all involved in the canonical WNT signaling pathway (Figure 3), and all mutations reported result in an increased canonical WNT signaling (Table 1). In addition to the conditions with increased bone mass mentioned, mutations in WNT1, a ligand inducing canonical WNT signaling, and LRP5 can also result in decreased canonical WNT signaling activity and consequently decreased bone mass (Table 1; Figure 3) (12–15, 109). All these data show that the canonical WNT signaling pathway is an important regulator of bone mass as is also corroborated by the observation in GWASs that many of these genes harbor genetic polymorphisms associated with bone mineral density or fractures (151, 152, 154) (Table 1). This is in line with a general observation that there is an enrichment in genes for Mendelian disorders near regions associated in GWASs with a similar phenotype (157).


Table 1. Overview of the main skeletal dysplasias caused by mutations in genes involved in WNT signaling.
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FIGURE 2. The role of the proteins that underlie Robinow syndrome or omodysplasia (indicated in red) in the WNT/planar cell polarity (PCP) pathway.
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FIGURE 3. Overview of the modulators of the canonical WNT signaling pathway that are involved in the regulation of bone mass in human disease. Proteins indicated in red are mutated in patients with increased or decreased bone mass.


The evidence for an important role for WNT signaling in regulating bone mass makes it an obvious candidate for drug development for the treatment of osteoporosis. The incidental finding that lithium chloride (LiCl), a first-line treatment for bipolar disorders, increases canonical WNT signaling activity and increases bone formation already confirms the therapeutic potential of the pathway (158, 159). But at the same time, phenotypic features of single mutation diseases can give insights into possible adverse effects of interfering with the pathway. For example, a rare nonsense mutation (c.376C>T) was identified in the LGR4 gene, which encodes a receptor for RSPO1–4, activators of WNT signaling. The mutation is specific for the Icelandic population, as described by Styrkarsdottir et al. (160), and shows strong association with osteoporotic fractures and low bone mineral density (BMD). But at the same time, the variant is associated with an increased risk of squamous cell carcinoma of the skin and biliary tract cancer (160). Also for other types of cancer, abnormal WNT signaling has been reported. These cancers can be caused by single mutations (germline or mosaic) in, for example, APC or WTX, but also common genetic variation in WNT3, DVL1, and NXN is previously associated with increased cancer risk (161–166). However, increased cancer risk is not reported for any of the rare skeletal dysplasias described in this review.

Currently, the treatment of osteoporosis is mainly based on the use of antiresorptive agents, such as bisphosphonates, without the capacity to rebuild the lost bone. Consequently, there is an urgent need for more specific, anabolic therapies for osteoporosis, making canonical WNT signaling of major interest. The pharmaceutical industry focused on sclerostin as a therapeutic target based on the expression of sclerostin being almost exclusive in bone tissue, the progressive increase in bone mass in adults with sclerosteosis and Van Buchem disease and on the absence of non-skeletal clinical features in these patients (167). Clinical trials demonstrated that treatment with romosozumab (Evenity™, Amgen/UCB), a monoclonal antibody for sclerostin, results in increased bone mass and decreased fracture risk (168, 169). However, a phase III clinical trial demonstrated that although romosozumab is clearly beneficial for bone health, treatment was also associated with slightly increased incidence of cardiovascular events (169). Increased incidence of cardiovascular events was observed in men treated with romosozumab compared to placebo (170) and in postmenopausal women treated with romosozumab compared to women treated with alendronate (169). When compared to postmenopausal women treated with placebo, romosozumab-treated individuals have a similar incidence of cardiovascular events (168). In addition, in patients pretreated with alendronate, the incidence of cardiovascular events was lower (171). Furthermore, in postmenopausal women who were treated with alendronate after romosozumab treatment, the difference in cardiovascular events remained stable compared to patients treated with alendronate alone (169). Therefore, additional studies are needed to investigate whether combined treatment of alendronate and romosozumab can reduce the cardiovascular events. Clinical data from sclerosteosis and Van Buchem patients who lack sclerostin do not report an increased incidence of cardiovascular events in these patients (172) which suggests that targeting sclerostin does not cause cardiovascular disease. However, for now, the use of romosozumab is only approved for the treatment of severe osteoporosis in postmenopausal women but is contraindicated in patients with an increased cardiovascular risk. Therefore, the identification of new therapeutic targets potentially interfering with WNT signaling remains imperative.

In conclusion, mutations in the WNT signaling pathway can lead to a broad range of skeletal dysplasias. Especially those characterized by an increased bone mass have been instrumental in highlighting the role of WNT signaling in bone formation and homeostasis with therapeutic applications for the treatment of osteoporosis.
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Gene Sequence 5-3 Amplicon Ensemble gene ID

length (bp)

PBGD TgCAGTTTGAAATCATTGCTATGTC 84 ENSGO0000113721
AACAGCTTTTCTCTCCAATCTTAGA

ACVR1c.617G TggTACAAAGAACAGTGgCTAG 101 ENSGO0000115170
CCATAGCTGCCTTTCCCgA

ACVR1¢.617A TggTACAAAGAACAGTGGCTTA 101
COATACCTGCCTTTCCCA

ACVRI CAGCTGCCCACTAAAGGAAAAT 68
AATAATGAGGCCAACCTCCAAGT

CsF1 COgAggAGgTTCIgAGTAC 100 ENSGO000018437 1
AATTTggCACGAGGTCTCCAT
CTCggAgCTCTGATGTGTTgAA

DCSTAMP ATTTTCTCAGTAGCAAGCAGTTTC 101 ENSG0000016493
AGAATCATGGATAATATCTTGAGTTCCTT

D1 ACQTCTGCTCTACGACATGA 56 ENSGO0000125968
TgggCACCAGCTCCTTgA

TRAGP GACAATCTGCAGTACCTGCAAGAT 128 ENSGO0000102575
COCATAGTggAAGOGCAGATA

CTSK COATATGTGGGACAGUAAGAGAGTT 149 ENSGO0000143387
TGCATCAATGYCCACAGAGA

NFATe1 AgCAGAGCACGGACAGCTATC 143 ENSGO0000131196
ggTCAGTTTTCGCTTCCATCTC

AlphaV Integrin TACAGCAGGTCCCCAAGTCACT 100 ENSGO0000138448
AATTCAGATTCATCCCCAGAT

PBGD, porphobiinogen deaminase; ACVR1¢c.617G, Activin A receptor type I, control allele; ACVR1c.617A, Activin A receptor type |, FOP allele; ACVR1, Activin A receptor type I;
CFS1, colony-stimulating factor1 [coding for macrophage-colony stimulating factor (M-CSF)): DC-STAMR, dendlitic cell-specifc transmembrane protein; ID-1, Inhibitor of DNA binding
1; protein; TRACR, tartrate resistant acid phosphatese; CTSK, Cathepsin-K; NFATe1, nuclear factor of activated T-cels 1; Alpha V Integrin, Integrin subunit Alpha V. For each gene, the
first oligonucleotide sequence represents the forward primer, the second sequence the reverse primer.
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Syndrome Inheritance

Down De novo trisomy
Werner Autosomal recessive
Dyskeratosis X-linked; autosomal
congenita® dominant

Cockayne Autosomal recessive
Hutchinson-Gilford Dominant negative
Ataxia telangiectasia Autosomal recessive
Berardinelli-Seip® Autosomal recessive
Fibrodysplasia Sporadic; autosomal
ossifcans progressiva dominant

*For examples, GATAT, JAK2, DSCR, DYRK1A,
binformation shown for the two most common forms.
°Life expectancy ranges from infancy to 60s.
9Congenital generalized lipodystrophy type 1 and 2.
°Estimated median life expectation.

Approximate mean
life-span (years)

60

47

Variable®

20

12

20

40

56°

Causative mutation

Many genes involved in
phenotype®
WRN

DKC1; TERC
Cs-A (ERCC8); CS-8
(ERCC6)

LMNA

ATM

AGPAT2; BSCL2

ACVRY (ALK2)

Possible mechanistic relevance to
natural aging

Decreased genome maintenance

Decreased genome maintenance; altered
DNA damage responses; accelerated cell
senescence

Accelerated cell senescence
Decreased genome maintenance

Altered DNA damage responses;
accelerated cell senescence
Decreased genome maintenan
Accelerated neurodegeneration; Reduced
immune diversity

Altered insulin signaling; decreased
membrane integrity; increased glycation
damage

Injury-induced senescence; overactive
activin A-BMP pathway signaling
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System or
tissue

Skin

Central
nervous

Respiratory
Bone
Muscle

Joint
Immune

Reprodiuctive
Renal

Aging features in FOP

Aopecia;
Subcutaneous
lipodystrophy (21-24)

Hearing loss;
Myelination defects

Decreased vital capacity;
Pulmonary hypertension

Osteoporosis;
Fractures

Sarcopenia (36-38)

Osteoarthitis (19, 39, 40)
Inflammation;
Predisposition to
respiratory infections (7)

Menstrual abnormalities.
Nephrolithiasis (48)

Characteristic(s) in FOP

Alopecia seen in both sexes
(19, 25-27);

lipodystrophy may be
associated with jaw ankylosis or
recurrent flare-ups

‘Conductive and sensorineural
hearing loss (19, 28-30);
re-myelination deficits (31-33)
Restrictive pulmonary function
(7,34

Osteoporosis (secondary) (35)

Sarcopenia of disuse is
prominent

Often symmetrical

Acute inflammatory episodes
(flare-ups) (10);

chronic inflammatory state
(41-45)

Amenorthea (19, 46, 47)

Three times more likely
compared to general population
49)
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Disorder Gene Type Origin  References

Acrocapitofemoral Ihh KO ENU (o)
dysplasia

Alagille syndrome Jjagd1b KO  ENU ©1)
Amelogenesis sic10a7 KD MO ©2)
imperfecta

Auriculocondylar mef2ca KO ENU ©3)
syndrome

Bruck syndrome Plod2 KO ENU (16)
Campomelic dysplasia  sox9a, sox9b. KO ENU (64)
Cartilage-Hair rmip KO CR (65)
Hypoplasia

Cenani-Lenz o4 KD MO (66)
syndactyly

Chordoma HRASV12 OE  ToR ©7)
Cleidocranial dysplasia  runx2b KD MO ©9)
Craniofacial defects tgm2 KD MO (©9)
Craniofacial defects fof10a KD MO (©9)
Craniosynostosis tcf12 Tol2 (70)
Craniosynostosis cyp26b1 KO ENU 1)
Craniosynostosis cyp26b KO ENU 72
Culler-jones syndrome g2 KO Tol2 73)
Delayed mineralization ~ Pthd 74
Delayed mineralization R 5)
Ehlers-Danlos bigalt? KD MO/CR (76)
syndrome

Fibrodysplasia acvrl CE Tol2 @7
Ossificans Progressiva

Gaucher disease gbal KO ENU 79
Holoprosencephaly ptehi KO ENU (o)
Hyperosteogeny nialed OE  ToR 79
Hyperthyroidism tshr KO ENU 80)
Hypohidrotic eda, edar KO ENU ©1)
ectodermal dysplasia

Joint disease scxa KO CR ©2)
Kippel Feil syndrome  meox ENU ©3)
Multiple herediitary ext2, papst! KO ENU ©4)
exostoses

No mineralization entpds KO ENU ©5)
Oculodentodigital ox43 KO ENU ©6)
dysplasia

Orofacial cleft tgfp3 KD MO ©7)
Orofacial cleft mir140 KD MO 88)
Orofacial cleft faf KD MO ©9)
Orofacial cleft wnt9a, irf6 KO Tol2 (90)
Osteoarthitis coll1a2 KO ENU ©1)
Osteoarthritis prgda, prgdb KO TA ©2)
Osteogenesis colfala MM ENU  (14,15,93)
imperfecta

Osteogenesis bmp1 KO ENU ©4)
imperfecta

Osteogenesis sp7/osx KO  ENU (95)
imperfecta

Osteogenesis collala, collalb, MM ENU (96)
imperfecta colta2

Osteopetrosis mcsf KO ENU ©)
Osteoporosis TR (98)
Osteoporosis R (©9)
Osteoporosis gpr137b KO  CR (100)
Osteoporosis R (101)
Osteoporosis TR (102)
Osteoporosis atpbvih KO CR (20)
Osteoporosis Igmn Ko 1A (103)
Osteoporosis o5 KD MO (19
Osteoporosis pis3 KD MO 18)
Osteoporosis il (104)
Pseudoxanthoma enpp1 KO ENU (105)
elasticum

Pseudoxanthoma abecba KO ENU (108)
elasticum

Saethre-Chotzen twist, tfc12 Ko TA (107)
syndrome

Saul-Wilson syndrome  cog4 KO CR (108)
Spine curvature Kif6 KO TA (109)
disorders

Spine curvature ptk7 Ko zFC (110)
disorders

Spine curvature sic39a8 KO CR (@11
disorders

Spine curvature colgala KO  ENU 112
disorders

Spine curvature thx6, her, her7, Ko TA ©5)
disorders hes6é

Spine curvature uts2ra Ko TA (113)
disorders

Spine curvature TR (114
disorders

Sponastrime dysplasia  tons/ KO CR (115)
Stickler/Marshall colttata, KD MO (116)
syndrome colttalb

Tumoral calcinosis golgb1 KO TA 17
Vertebral fractures R (118)

KO, Knockout; KD, knockdown; MO, morpholino; CE, cell ablation; MM, missense
mutation; ENU, N-ethyl-N-nitrosourea; CR, CRISPR; Tol2, transposon-mediated
integration; TR, treatment, meaning OP models indluced by microgravity, drugs, aging,
physical exercise, iron stress, microRNA, mechanical loading; TA, telen; ZFN, zinc
finger nuclease.
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Cell type Gene/pathway Transgenic line References Applications

Neural crest-derived skeletal sox10 Tg(sox10:GFPJP5 (170) (170)%, (19"
cells sox10 Tglsox10:kaedef’3% (71 (90, 171)*
S0x10 Tglsox10:mRFP) 254 (172) (78,172
sox10 Tg(-4725s0x10:Cre)Pe™ (178) (173, 174y
Sox10 Tg(~4.950x10:egf0f* (175) 75177
fit Tq(fiT:EGFPY (178) (19,78, 89, 178, 179)"
Cartilaginous cells foxp2 Tglfoxp2-enhancerA:EGFFY** (180) (180, 181)"
col2ala Tg(Col2alaBAC:mcherry)#590 (40) (78, 91, 105)", (40, 182,
ey
col2ata Tg(-1.7col2ala:EGFP-CAAX ™12 (183) (183, 184)", (112)*
col18al Tg(16Hsa.COL18AT- (185) (188
Mmu.Fos:EGFPF215
Preosteoblasts cyp26b1 Taleyp26b1:YFPY5780 (72) 72
cyp26b1 Tglcyp26b1:YFP)7426 (186) (186)*
Branchial arches and notochord cyp26al Toleyp26al:eYFR/!/+ (187) (187, 183)"
cells
Intervertebral disc cells shhb Tg(-5.25hhb:GFP)™! (189) (189
twist Tg(Ola.twist1:EGFP)10¢ (190) 190/
Early osteoblasts osx/sp7 To(sp7:EGFPP1212 (181) (73, 181)%,
(112, 179, 191, 192y,
(193)%, (65)°
osx/sp7 Tg(Ola.sp7:mCherry? 13! (72) ©ay, 72"
osx/sp7 Tg (Ola.sp7:NLS-GFPF52 72) (1948, (72, 195)", (78, 85)",
(198"
osx/sp7 TglosterixmCherry-NTRop 446 (197) (197, 198)%
osx/sp7 Tglosx:Kaede4 (198) (196, 199)%, (198)§
osx/sp7 To(osx:CFP-NTR) (200) (200
osx/sp7 Tglosx:H2A-mCherry)31° (198) (198)*
osw/sp7 Tglosterix Lifeact-mCherry)*2°%2 (201) o1
col10at Tg(Col10a1BAC:mCitring)7°% (202) (78,91, 105y, (202)"
col10at Tg(-2.2c010a1a:GFPI* (203) (208, 204)*
unx2 Tg(Hsa. RUNX2- (208) (95, 195)", (205)%
Mmu.Fos:EGFPF259
unx2 TQRUNX2:egfp) @1 @1, (182y
Mature osteoblasts osc/bglap Tg(Ola.bglap. 1:EGFPY*4008 (205) (105, 195Y", (205)*
entpdsa TgBAC(entpdsa: YFP) 59 ©5) (35)", (85)°
entpdsa TgBAC(entpdsa:Kaede) #6857 (195) (198)", (35)*
coltal Tg(collal:EGFPF19 @31) @1, (18
rankl Tg(rankl:HSE:CFP) (46) ey
notchla Tg(Ola.sp7:N1alCDJ3! (79) 79
Osteodlasts ctsk TgBAC(ctskCitringf"5% (206) (108"
otsk Toletsk:YFF) (206) (10sy"
ctsk Tgfetsk:DsRed) (207) o7y
ctsk Tg(CTSK-DsRed) ©7) ©7*
cisk Tg(Ola.ctsk EGFRF'S ©7) 7
ctsk To(ctskmEGFP) (46) (46, 208
trap T9(TRAP:GFP) ©7) @
trap Tgltrap:GFP-CAAX) 201 (201) (o1
Bmp responsive cells Bmp pathway To(Bre:GFPPT (209) (o9
Bmp pathway To(breseghppts'o ©10) 177,210
Bmp pathway Tg(BMPRE:EGFP)'8 (169) (169)*, (78)*
p-catenin activated cells Wnt pathway Tg(7xTCF-Xla.Siam:GFF)* @11) @11, (78"
Wnt pathway Tg(7xTCFXla.Siam:nismCherry)®® @11) 73,211y
Wt pathway Tglhsp70kwnt8a-GFP)** ©12) @13"
Wht pathway Tglhsp70l:ckk1-GFP)*32 (214) (73, (214)¢
Wt pathway Tolmyl7:EGFP*%* ©15)
Stress responsive cells UPR pathway Tgleflaxbp15-glp)™0 ©16) @igf
UPR pathway Tg(Hsa ATFERE:A2GFP)™5 @17) @17
UPR pathway Tg(Hsa ATF6RE:eGFP)™54 ©17) ©17)

*Transgenic lines used to characterize mutants with skeletal pathologies, *transgenic lines used to analyse skeletal development and molecular pathways, Strensgenic lines used to
study skeletal regeneration, Medaka transgenic lines are reported in bold.
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Disorder Stage AR AB Dualstain Calcein Morphology Histology TEM SEM ISH Transgenics MicroCT X-Ray AFM qBei Nanoindentation FTIR References

Acrocapitofemoral L x x (0)
dysplasia

Alagille L x x x ©1)
syndrome

Amelogenesis L ox x ©2)
imperfecta

Auriculocondylar L x x (©3)
syndrome

Brucksyndrome  L-J-A  x X x x x x (16)
Campomelic L x x x x (©4)
dysplasia

Cartiage-Hair L o x x x x (65)
Hypoplasia

Cenani-Lenz L x x x (©6)
syndactyly

Chordoma [ x x x ©7)
Cleidocranial L x x X (©8)
dysplasia

Craniofacial L x x ©9)
defects

Craniofacial L x x (©9)
defects

Craniosynostosis LA x x X (70)
Craniosynostosis L x x x @)
Craniosynostosis LA x x x x x x (72)
Culler-iones A x x x 73)
syndrome

Delayed L x x x x (74)
mineralization

Delayed LA x x x (75)
mineralization

Ehlers-Danlos L ox x x 76)
syndrome

Fibrodysplasia LA x x x x 77)
ossificans

progressiva

Gaucher disease L x x % x )
Holoprosencephaly L x x (0)
Hyperosteogeny  L-A x x x x x x 9
Hyperthyroidism A x ©0)
Hypohidrotic A x x x x x @1
ectodermal

dysplasia

Joint disease LA x x x x x x x ©2)
Kippel Feil LA x ©3)
syndrome

Multiple L X x x @4
hereditary

exostoses

No LA x X x x x x @)
mineralization

Oculodentodigital A x x @6)
dysplasia

Orofacial cleft L ox x x x ©n
Orofacial cleft L x ©8)
Orofacial cleft L x x x x ©9)
Orofacial cleft L x x x (©0)
Osteoarthritis LA x x x x x ©
Osteoarthitis LA x x i X x x ©2)
Osteogenesis LA x x x ©3)
imperfecta

Osteogenesis LA x x x x x x (©4)
imperfecta

Osteogenesis LA x x x x x ©5)
imperfecta

Osteogenesis LA x x x (©6)
imperfecta

Osteogenesis LA x x x x x (15)
imperfecta

Osteogenesis LA x x x x x x (14
imperfecta

Osteopetrosis LA x x x x x ©7)
Osteoporosis L x x ©8)
Osteoporosis L ox ©9)
Osteoporosis A x x x (100)
Osteoporosis A x x (101)
Osteoporosis L ox x x i o (102)
Osteoporosis LA x x x x x x (©0)
Osteoporosis Lox x (103)
Osteoporosis L x x x x (19
Osteoporosis L x (18)
Osteoporosis L ox x x (104)
Pseudoxanthoma  L-J  x x x x x (105)
elasticum

Pseudoxanthoma  L-J  x x x x (106)
elastioum

Saethre-Chotzen A x x x x (107)
syndrome

Saul-Wiison L x (108)
Syndrome

Spine curvature  L-J-A x x X x (109)
disorders

Spine curvature  L-J-A X x x (110)
disorders

Spine curvature  J-A X @11
disorders

Spine curvature LA x X x x x x (112)
disorders

Spine curvature LA x x x x @5)
disorders

Spine curvature  L-A x % x (119)
disorders

Spine curvature A x x x (114)
disorders

Sponastrime L x (115)
dysplasia

Stickler/Marshall L x x x x (116)
syndrome

Tumoral A x x (117)
calcinosis

Vertebral A x x (118)
fractures

L, Larval stage; J, Juvenile stage; A, Adult stage; AR, Allzarin redi; AB, Alcian blue; TEM, Transmission electron microscopy; SEM, Scanning electron microscopy; AFM, Atomic force microscopy; qBei, Quantitative backscattered electron
imaging; FTIR, Fourier-transform infrared spectroscopy.
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Nosology gene symbol

CIAS1
CDC45L
PPGB
DHPAT
EVC1
FAMS8A
HSGNAT
LEPRE1
PCNT2
WISP3
ZAK

HGNC gene symbol

NLRP3
CDC45
CTSA
GNPAT
EVC
cena
HGSNAT
P3H1
PCNT
CCN6
MAP3K20

HGNC, Human genome organization gene nomenclature committee.
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Category Number of genes

Total mouse protein-coding genes® 437 (100%)

Genes not assigned for IMPC analyses 52 (12% of total)

Genes with ES cells generated, but no mice 183 (42% of total)

Mice generated without phenotyping 56 (13% of total)

Mouse phenotyping completed 149 (34% of total)
Embryonic and preweaning lethality 86 (58% of 149 phenotypes)
Subviable (Few surviving homozygous mice)® 7 (8% of 149 phenotypes)
Lack of bone data® 5 (3% of 149 phenotypes)
No observed bone phenotypes? 23 (15% of 149 phenotypes)
Bone phenotypes® 28 (19% of 149 phenotypes)

“No mouse genes for human ARSE and ANUAATAC; Mir1d0 and Rmrp are RNA-
coding genes.

bCant1, Chst14, Dnejc21, Dnmt3a, Docks, Egot, and Zswimb.

Skeleton not tested for Dmp1, Map3k20, Snx10 and Sulf; no BMD deta for Ltbp2.
9Bgn, Bhiha9, Cc202a, Clap410, Cyp2r1, Gpeb, Hazo, lck, ldh, lah2, Knyu, Nor3, Orcd,
Picbd, Ptdss1, Pycrl, Serpinf1, Smarcall, Tetex1d2, Thpo, Tmem165, and Trappc2.
°Low BMD for Hdac8, Lpin2, Neki, P3h1, Phex, Plod1, Pis3, Setd2, Sparc and
Wnt10b; high BMD for Colia2, Fucal, Gnas, Hgsnat, Lirki, and Sgsh; skeletel
dysmorphology for Col9a2, Creb3I1, Ctsk, Ift80, MmpS, Plekhm1, Sh3bp2, Suz12; low
BMD and dysmorphology for Cyp27b1; homozygous lethality with adult heterozygous
dysmorphology for Pitx1 and Pthip; and homozygous lethality with fetal dysmomphology
and adult heterozygous dysmorphology for Nxn.
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Gene

AFF3 (LAF4 in notes)
C20D3

coGt

EED

LMBR1
MACROH2AT
(H2AFY in notes)
RASGRP2
sbc2

suz12

VANGLT (STB2)

Model status

Mouse model
Mouse model
No data
Mouse
Mouse model
Mouse model

Mouse
Mouse
Mouse model
Mouse

Nosology notes comments

Microdeletion on Chr 2
OFD phenotypes

CDG type 2G

Weaver syndrome

Deletion affecting SHH ZRS
Deletion—PITX1 ectopic activation

Osteopetrosis—leukocyte adhesion
Chr 822.1 duplication

Weaver syndrome

Caudal regression—OMIM 600145
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Fibroblast

Gingival, dermal

Dermal

Gingival, dermal

Gingival, dermal foreskin
Gingival, dermal foreskin
Dermal

Gingival

Interspinous ligament
Dermal

Dermal
Dermal

Gingival

Approach

Retroviral delivery of RUNX-2,Osterix,Octd/4 and L-Myc in
combination with ascorbic acid, B-glycerophosphate,
dexamethasone.

Retroviral delivery of Oct9 with N-Myc in combination with
ascorbic acid, B-glycerophosphate, dexamethasone.

Plasmid delivery of Octé, Osterix, and L-Myc in combination with
ascorbic acid, B-glycerophosphate, dexamethasone.

Adenovirus delivery of BMP7.

Ascorbic acid, B-glycerophosphate, dexamethasone.
Ascorbic acid, B-glycerophosphate, human platelet lysate.
Ascorbic acid, B-glycerophosphate.

Osteoclast cell-like conditioned media.

Ascorbic acid, B-glycerophosphate, dexamethasone, ALKS
inhibitor I, vitamin D.

Ascorbic acid, B-glycerophosphate, dexamethasone, TGF-B.

Ascorbic acid, p-glycerophosphate, vitamin D, p-tricalcium
phosphate scaffold.

5-aza-dC and BMP-2.

Mouse model

NOD/SCID

NOD/SCID

NIH IIl, C57BL/6

NOG

BNX

Reference

©)

@)

®

(©-11)
(12)
(18, 14)
(15)
(16)
a7

(18)
(19)

(20)
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Gene  Phenotype

EXTRACELLULAR MODULATORS

WNT1  Osteogenesis

imperfecta type XV (AR)

Early-onset
osteoporosis (AD)

WNT3  Tetra-amelia syncrome

type 1 (AR)

WNTSA Robinow syndrome

type 1 (AD)

WNT6  Acro-pectoro-vertebral
dysplasia (F-syndrome,
AD)

Fuhmann syndrome
(AR)

WNT7A

Al-Awadi-Raas—
Rothschild syndrome
(AR)

WNT108  Spit-hand/foot
malformation type 6
(AR)

Sclerosteosis type 1
(AR)

SOST

Van Buchem disease
(AR)
Craniodiaphyseal
dysplasia (AD)

Cenani-Lenz-like
non-syndrorric
oligosyndactyly
(SP/AD)

Pyle disease (AR)

Grem1

sFRP4

GPC4  Keipert syndrome
(-linked)
Robinow-like

phenotype (X-linked)

GPC6  Omodysplasiatype 1

(AR)

RSPO2  Tetra-amelia syndrome

type 2 (AR)

Humerofemoral
dysplasia (AR)

(CO-JRECEPTORS
FZD2  Omodysplasia type 2
(AD)

Robinow syndrome
type 1(AR)

ROR2

Brachydactyly type B1
(AD)

LRPS Osteoporosis-
pseudoglioma
syndrome (AR)
(Juvenile) osteoporosis
(AD)

Endosteal hyperostosis
(AD)

Osteopetrosis type 1
(AD)

Van Buchem disease
type 2 (AD)

High bone mass
phenotype (AD)

High bone mass
phenotype (AD)

LRPE

LRP4 Sclerosteosis type 2

(AR

Cenani-Lenz syndrome
(AR)

INTRACELLULAR REGULATORS

ovLt1 Robinow syndrome

type 2 (AD)

owvL3 Robinow syndrome

type 3 (AD)

NXN Robinow syndrome

type 2 (AR)

RAC3 Robinow-like

phenotype

APC2  Sotos syndrome type 3

(AR)
AMERT  Osteopathia striata with
cranial sclerosis
(X-linked)

PORCN  Goltz syndrome

(X-linked)

OoMIM

615220

615221

273395

180700

102510

228930

276820

226300

269500

239100

122860

NA

265900

301026

268315

618021

618022

164745

268310

113000

259770

144750

607634

607636

601884

614305

212780

616331

616894

618529

617169

300373

306600

Skeletal

Recurrent bone fractures
Bone deformity

Short stature

Low bone mass

Recurrent bone fractures
Low bone mass

Impaired bone quality (trabecular
and cortical)

Absence of all limbs

Pelvis hypoplasia

Short stature

Mesomelc limb shortening
Hypertelorism
Mandibular hypoplasia
Dental problems
Carpal/tarsal synostoses
Skeletal malformations.
Syndactyly/polydactyly
Limb shortening
Fibular/ulnar hypoplasia
Oligosyndactyly

Limb shortening
Absence of ulna/fibula
Oligosyndactyly

Pelvis hypoplasia

Malformations of hands/feet

Progressive skeletal overgrowth (tubular
bones, skul, mandible)

Tall stature

Syndactyly

Increased thickness of bones (tubular
bones, skul, mandible)

Sclerosis

Hyperostosis (skullfacial bones)

Facial distortion (= leontiasis ossea)
Bilateral oligosyndactyly

Metaphyseal widening (long bones)
Cortex thinning

Increased trabecular bone mass
Decreased bone mineral density
Fractures

Genu valgum

Dental abnormalities

Craniofacial abnormalities

Digits abnormaities

Brachydactyly

Mesomelia

Facial dysmorphism

Short stature

Severe limb malformations (shortening of
humeri/femora)

Restricted mobilty in eloows/hip/knees
Craniofacial dysmorphism

Absence of all limbs

Pelvis hypoplasia

Severe dysostosis
Malformation of al limbs

Absence of tibiae

Femoral deficiency (not all patients)
Absence of digits (preaxial side)
Pelvis hypoplasia

Craniofacial dysmorphism
Limb shortening

Short stature

Limb shortening

Facial dysmorphisms
Hypoplastic/aplastic distal phalanges
and nails in hands and feet
Hypoplastic middle phalanges

Reduced bone mass and strength

Reduced bone mass and strength

Cortical thickening of the long bones
Generalized sclerosis

Increased thickness of the skul
Increased bone strength

Torus palatinus (some patients)

Cortical thickening of the long bones
Generalized sclerosis

Increased thickness of the skul
Increased bone strength

Progressive skeletal overgrowth
Cortical thickening of the tubular bones
and skull

Facial asymmetry

Syndactyly

Distal bone malformations
Syndactyly

Mild facial dysmorphism

Limb shortening
Facial dysmorphisms.
Osteosclerosis

Short stature (rare)

Limb shortening

Facial dysmorphisms

Short stature

Macrocephaly (not all patients)
Limb shortening

Facial dysmorphisms

Short stature

Macrocephaly

Brachydactyly

Facial dysmorphism

Macrocephaly

Long face

Prominent chin and nose

Sclerosis of the long bones and skull
Longitudinal striations in the long bones,
pelvis, and scapulae

Macrocephaly

Syndactyly, ectrodactyly, polydactyly
Osteopathic striae

Hypoplasia or absence of digits
Scoliosis.

Facial asymmetry

Other symptoms

Blue sclerae (not all patients)

Brain malformations (not all patients)
Hearing loss

Dentinogenesis imperfecta

Cleft ip/palate
Pulmonary abnormaities
Urogenital defects
Kidney/spleen/adrenal
glands hypoplasia
Genital hypoplasia
Kidney abnormalities

Craniofacial anomalies
Spina bifida occuta

Kidney agenesis
Genital hypoplasia (females: absence
of uterus, anteriorly displaced
genitalia)

Hypoplasia/absence of nails

Cranial nerve compression due to
increased bone mass of the skull

Cranial nerve compression due to
increased bone mass of the skull

Severe neurologic impairment

Leaming difficulties
Deafness

Cryptorchidism
Hernias

Congenital heart defects
Cognitive delay

Lung hypo/aplasia
Clet lip/palate
Dysmorphic features

Genital hypoplasia

Genital hypoplasia

Blindness due to abnormal blood
vessel development in the eye

Granial nerve compression due to
increased bone mass of the skull

absence of the adult maxillary lateral
incisors

Cranial nerve compression due to
increased bone mass of the skull

Kidney anomalies

Genital hypoplasia

Genital hypoplasia

Congenital anomalies (omphalocele,
ventral hernia, and cardiac anomalies)

Developmental delay
Seizures