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HIGHLIGHTS 20 

• A previously unreported familial skeletal dysplasia with a probable autosomal 21 
dominant inheritance pattern is described. 22 

• This extremely unusual phenotype is mainly characterized by high bone mass and 23 
bone lucent lesions.  24 

• Patients are paucisymptomatic  25 
• Whole-exome sequencing of affected family members revealed rare variants in 26 

genes associated with bone biology including SEMA4D, TBX18, PTCH1, PTK7, and 27 
ADGRE5. 28 
  29 
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Abstract 31 

High bone mass (HBM) disorders are a clinically and genetically heterogeneous 32 

subgroup of rare skeletal dysplasias. Here we present a case of a previously unreported 33 

familial skeletal dysplasia characterized by HBM and lucent bone lesions that we aimed 34 

to clinically characterize and genetically investigate. For phenotyping, we reviewed past 35 

clinical records and imaging tests, and performed physical examination (PE), bone 36 

densitometry, and mineral panels in affected individuals, including a male proband, his 37 

son and daughter, in addition to unaffected controls, including the proband’s wife and 38 

brother. Affected individuals also underwent impact microindentation (IMI). In an effort 39 

to elucidate the disorder’s molecular etiology, whole exome sequencing (WES) was 40 

performed in all individuals to filter for rare variants present only in affected ones. The 41 

cases displayed a unique skeletal phenotype with a mix of sclerotic features and lucent 42 

bone lesions, and high IMI values. Bone mineral density was very elevated in the 43 

proband and his daughter. The proband’s daughter also exhibited idiopathic scoliosis 44 

(IS), in addition to mild thrombocytopenia and mild structural thyroid abnormalities, 45 

which were the only extra-skeletal abnormalities identified. WES analysis yielded 5 rare 46 

putative pathogenic variants in affected members in genes that are associated with bone 47 

metabolism including: SEM4AD, TBX18, PTCH1, PTK7, and ADGRE5. The PTK7 48 

variant appeared as possibly implicated in the development of IS while the TBX18 and 49 

SEMA4D variants stood out as the strongest candidates for the lucent bone lesions and 50 

HBM, respectively, given their high predicted pathogenicity and putative role in bone 51 

biology. Variant functionality should be addressed in the future to assess their 52 

implication in skeletal metabolism as it is the first time that mutations in TBX18 and 53 

SEMA4D have been associated to bone developmental lesions and mineral metabolism 54 

in a clinical setting.  55 

 56 

Key words: genetic research, diseases/disorders related to bone, impact 57 

microindentation, cell tissue signaling-paracrine pathways 58 
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Abbreviations 62 

BAP: bone-specific alkaline phosphatase 63 

CTX: C-terminal telopeptide of type 1 collagen  64 

ECLIA:  electrochemiluminescence immunoassay  65 

FN: femoral neck 66 

HBM: high bone mass 67 

Hh: hedgehog 68 

IMI: impact microindentation 69 

IS: idiopathic scoliosis  70 

ITP: idiopathic thrombocytopenic purpura 71 

JDP: Juvenile Paget Disease 72 

LS: lumbar spine 73 

MAS: McCune-Albright Syndrome 74 

OC: osteocalcin 75 

P1NP: procollagen 1 N-terminal peptide  76 

PCP: planar cell polarity  77 

PE: physical exam 78 

PFD: polyostotic fibrous dysplasia 79 

PTH: parathormone 80 

TH: total hip 81 

TSH: thyrotropin  82 

WES: whole-exome sequencing 83 

  84 
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1. Introduction 85 

High bone mass (HBM) disorders comprise a rare, clinically and genetically diverse 86 

group of skeletal dysplasias characterized by supraphysiological bone mass [1]. They 87 

typically result from mutations that lead to impaired bone resorption by diminishing the 88 

number or function of osteoclasts (osteopetroses), or by targeting and stimulating bone 89 

formation pathways, although other physiopathologic mechanisms have also been 90 

described [1]. In their latest report, the “Working Group on the Classification and 91 

Nomenclature of Skeletal Dysplasias” has classified these disorders  into three 92 

categories including neonatal osteosclerotic dysplasias, osteopetroses, and other high 93 

bone mass disorders [2]. 94 

Although these disorders resemble each other in that they all feature increased bone 95 

mass, the clinical implications of each particular disease are considerably different. For 96 

instance, severity may range from neonatal lethality, as in most neonatal osteosclerotic 97 

dysplasias, to lack of associated symptoms as in osteopoikilosis. Distinctive clinical 98 

manifestations are also very varied and, in some cases, radically different, e.g., altered 99 

osteoclastic function in the osteopetroses leads to bone brittleness and increased fracture 100 

rate, while bone overgrowth in sclereostosis and van Buchem disease, is associated with 101 

important reductions in fracture risk, albeit often displaying severe complications such 102 

as nerve compressions [1].  103 

Advances in sequencing technologies have aided tremendously in the elucidation of the 104 

underlying mutations responsible of these disorders, and consequently, provide insights 105 

into their physiopathology. However, the molecular etiology of many sporadic and 106 

ultrarare cases remain frequently pending. This not only affects the patient, as an 107 

appropriate classification of the disease may have an important impact on its clinical 108 

management, but also limits  our understanding of skeletal physiology in general.  109 

Here we present a familial case of a sclerosing bone dysplasia that also featured lucent 110 

bone lesions, representing a unique and, to our knowledge, previously unreported 111 

phenotype. Whole exome sequencing (WES) of the cases revealed mutations in 112 

interesting candidates including genes involved in homeobox transcription regulation, 113 

osteoblastic and osteoclastic functions, and in the bone-forming Wnt signaling pathway.  114 

2. Subjects and Methods 115 
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2.1 Subjects 116 

Three subjects within the same family including the proband, his son, and his daughter, 117 

who exhibited rare skeletal manifestations, underwent physical examination (PE), 118 

clinical history, revision of previous medical records (including imaging studies and 119 

laboratory tests), impact microindentation (IMI) , bone densitometry by dual-energy x-120 

ray absorptiometry (DXA), a blood mineral panel, and whole exome sequencing 121 

(WES). Clinical history, revision of radiologic imaging, DXA, a mineral panel, and 122 

WES were also performed in the proband’s wife (i.e., mother of the affected children), 123 

and the proband’s brother, both of whom were unaffected (controls). Of note: the 124 

images and clinical history depicting the case were recently sent to several international 125 

experts on rare bone diseases, including experts from Skeletal Dysplasia Information 126 

and Diagnosis in Lausanne. A couple of experts found radiological similarities with 127 

Juvenile Paget Disease (JPD) [3], but this diagnosis was excluded given that the 128 

individuals we studied were paucisymptomatic (in contrast to the severe manifestations 129 

and early-onset clinical presentation seen in patients with JPD), had normal or close-to-130 

normal levels of alkaline phosphatase, and lacked mutations in TNFRSF11B. Besides this 131 

potential differential diagnosis, no alternative diagnosis was contemplated. Thus, to our 132 

knowledge, this represents a novel skeletal phenotype.  133 

Informed consent was obtained from all individuals who participated in the study. The 134 

study was approved by the Clinical Research Ethics Committee of Parc de Salut MAR 135 

according to the ethical code of the World Medical Association declaration of Helsinki. 136 

 137 

2.2 Dual-energy x-ray absorptiometry (DXA) 138 

Bone mineral density (BMD) was measured by DXA at the lumbar spine (L1-L4) (LS), 139 

femoral neck (FN), and total hip (TH). BMD was measured with a DXA densitometer 140 

QDR 4500 SL® (Hologic, Waltham, MA, USA), according to the manufacturer's 141 

recommendations. In our department, the in vivo coefficient of variation of this technique 142 

is 1.0% at LS, 1.60% at TH, and 1.65% at FN. 143 

2.3 Mineral Panel 144 
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All individuals underwent a blood mineral panel that included  calcium, phosphate, 145 

kidney function, tissue non-specific alkaline phosphatase, bone-specific alkaline 146 

phosphatase (BAP) (electrochemiluminescence immunoassay (ECLIA), Liaison BAP 147 

Ostase, DiaSorin, Stillwater, MN) , osteocalcin (OC) (ECLIA, Roche Elecsys, Roche 148 

Diagnostics, Mannheim, Germany),  C-terminal telopeptide of type 1 collagen (CTX) 149 

(ECLIA, Elecsys Beta Crosslaps, Roche Diagnostics), procollagen 1 N-terminal peptide 150 

(P1NP) (ECLIA, Roche Elecsys, Roche Diagnostics), and vitamin D (competitive 151 

immunoluminometric direct assay with direct-coated magnetic microparticles, Elecsys 152 

25(OH)D total II, Roche Diagnostics). 153 

 154 

2.4 Impact Microindentation 155 

IMI was performed on the affected individuals. This technique allows for the in vivo 156 

assessment of bone tissue mechanical characteristics [4]. It is based on the principle that 157 

the deeper a test probe penetrates into a cortical bone’s outer surface, the less resistant is 158 

the bone tissue to a mechanical challenge. The procedure was performed with the 159 

OsteoProbe handheld device (Active Life Scientific; California, USA) by an expert 160 

operator. Details on the technique have been previously published [5]. Briefly, the skin 161 

is first disinfected, and local anesthesia is applied through the injection of lidocaine 1% 162 

at the periosteum. The test probe is then inserted perpendicularly to the bone. After at 163 

least 8 adequate measurements, the probe is applied on a polymethylmethacrylate 164 

calibration phantom for at least five additional measurements. Bone mineral strength 165 

index (BMSi), IMI’s unitless output variable, is then calculated by measuring the ratio 166 

between the penetration of the probe into the bone and its penetration into the reference 167 

phantom. BMSi normality ranges from 70-80.  168 

2.5 Whole exome sequencing (WES) 169 

DNA from the family members was extracted from peripheral blood with the Wizard 170 

Genomic DNA Purification Kit (Promega, Madrid, Spain) and was used for WES in the 171 

Center for Genomic Regulation platform (CRG, Barcelona, Spain). Libraries were 172 

prepared using the NEBNext® DNA Library Prep Reagent Set for Illumina® kit (ref. 173 

E7370L) according to the manufacturer's protocol. Briefly, 1 ug of DNA was fragmented 174 
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to approximately 250-300 bp and subjected to end repair, addition of “A” bases to 3′ ends, 175 

ligation of NEB Next hairpin adapter and USER excision. Then libraries were amplified 176 

using partial Illumina adapter primers. All purification steps were performed using 177 

AgenCourt AMPure XP beads (Beckman Coulter).  178 

For exome selection, the SureSelect XT workflow was followed. Briefly, 750 ng from 179 

each library with partial adapters were used for hybridization with the Human All Exon 180 

V6 capture library. After 18 hours of incubation at 65ºC, probe-bound DNA was pulled 181 

down using streptavidin beads (Dynabeads MyOne Streptavidin C1, Invitrogen) and was 182 

further amplified using indexed primers to allow for multiplexing and to get full-length 183 

adapters. 184 

Final libraries were analyzed using Agilent DNA 1000 chip to estimate the quantity and 185 

check size distribution and were then quantified by qPCR using the KAPA Library 186 

Quantification Kit (ref. KK4835, KapaBiosystems). Libraries were loaded at 20 pM into 187 

one lane and were sequenced 2 x 125 on Illumina’s Hiseq2500 at coverage of 75-100x 188 

with paired-end runs of 2x76 bp following the manufacturer’s protocol. Images from the 189 

instrument were processed using the manufacturer’s software to generate FASTQ 190 

sequence files. 191 

 192 

2.6 Bioinformatics analysis 193 

Raw sequencing reads in the FASTQ files were mapped with BWA-MEM version 0.7.17 194 

to the GRCh38 reference genome (GATK bundle). Samples were processed using GATK 195 

version 4.1.4.0 following GATK best practices, which includes  removal of duplicates, 196 

recalibration, variant calling and filtering with VQSR ( variant quality score 197 

recalibration). Haplotype Caller in GVCF mode followed by joint calling with 198 

GenotypeGVCFs was used to perform the germline variant calling. The resulting VCF 199 

files were annotated with Variant Effect Predictor  version 98.3 [6]. The database versions 200 

used were Ensembl DB version: 98, Genome assembly GRCh38.p12, GENCODE 31, 201 

RefSeq “2019-06-28(GCF_000001405.39_GRCh38.p13_genomic.gff)”, Regulatory 202 

build 1, PolyPhen 2.2.2, SIFT 5.2.2, dbSNP 152, CADD GRCh38-v1.6, COSMIC 89, 203 

HGMD-PUBLIC 2018.4, ClinVar 2019-04, 1000 Genomes Phase 3 (remapped), NHLBI-204 

ESP V2-SSA137 (remapped), gnomAD r2.1, exomes only (remapped). 205 

 206 

https://gatk.broadinstitute.org/hc/en-us/articles/360035535932-Germline-short-variant-discovery-SNPs-Indels-
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2.7 Variant filtering and prioritization 207 

Genetic variants were filtered according to the following premises: a) nonsynonymous 208 

change; b) shared variants among affected individuals under an autosomal dominant 209 

inheritance pattern; c) absent in unaffected individuals; c)  Minor Allele Frequency < 210 

0.001 in gnomAD ‘s non-Finnish European population; and d) not present in highly 211 

variable genes. Resulting variants were then submitted to Matchmaker Exchange, an 212 

online platform that integrates data from several genomic and phenotypic databases in 213 

an effort to help researchers and physicians identify other patients with variants in the 214 

same genes that are phenotypically alike [7]. 215 

 216 

2.8 In silico study of genetic variants  217 

SIFT [8], PolyPheN [9], and Combined Annotation Dependent Depletion (CADD) [10] 218 

scores were used for prediction of variant pathogenicity, and PhastCons in vertebrates 219 

[11]  to analyze for variant evolutionary conservation.   220 

3. RESULTS 221 

3.1 Clinical history and review of past medical record/imaging and new 222 

radiographic imaging 223 

The proband and his children were all born at term from unrelated Caucasian parents. 224 

They did not report suffering any developmental abnormalities or exhibiting evident 225 

problems during growth. Intelligence was normal in all. A pedigree chart is displayed in 226 

Figure 1. 227 
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 228 

Figure 1. Pedigree of the family segregating a sclerosing skeletal dysplasia and lucent 229 
bone lesions. Black filled symbols indicate affected individuals. Whole exome 230 
sequencing was performed in individuals: II.1, II.3, II.4, III.2, and III.3  231 

 232 

 233 

 234 

3.2 Proband 235 

The proband was a 56-year-old man at the time of the study. He had not sustained any 236 

fractures during growth and young adulthood nor explained bone pain. At age 36, he 237 

fractured his proximal left humerus and femoral shaft in a car accident. Femoral and 238 

pelvic x-rays evidenced an abnormal periosteal reaction to the fracture, thickened 239 

femoral cortices in addition to rarefaction of the skeleton (Figure 2A), which led to 240 

subsequent imaging and laboratory studies. MRI of the pelvis and femurs also revealed 241 

diffuse rarefaction of the bone marrow signal which was also present in the left humerus 242 

(Figure 2B) and acromial base. In addition, MRI showed metaphyseal lucent lesions  in 243 

the long bones that had been imaged i.e., proximal left humerus, proximal femurs, and 244 

distal right femur (knee MRI was requested for mechanical knee pain) (Figure 2C). A 245 

bone scan only revealed increased uptake around fractured areas. Blood tests showed 246 
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alkaline phosphatase, CRP, erythrocyte sedimentation rate, parathormone (PTH), 247 

thyrotropin (TSH), calcium, phosphorus, and complete blood count within the normal 248 

range. Serum protein electrophoresis, kidney and liver functions were also normal. Head 249 

CT performed at that time showed normal brain morphology without calcifications. At 250 

the time of the current study, the patient had developed mild type 2 diabetes mellitus 251 

(controlled through diet) and high blood pressure. The proband’s parents were deceased 252 

at the time of the study: the father died of a stroke at age 74, and the mother died of 253 

ischemic heart disease at age 54. There was no known family history of fractures, or 254 

skeletal and mineral abnormalities. His brother, who did not explain any relevant 255 

medical history, underwent a  radiographic skeletal survey at the time of the study 256 

which did not display any abnormality.  257 

The proband had 2 children with a non-related, healthy woman. She had no personal or 258 

familiar history of bone disorders and also underwent a  skeletal survey that was 259 

normal.  260 
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 261 

Figure 2. Proband’s radiographic imaging. A. Pelvis and proximal femurs. Widespread 262 
bone rarefaction is noted at all displayed sites. An abnormal periostic reaction is 263 
observed around the fractured site at the left femoral diaphysis (asterisk). Femoral 264 
cortices are thickened (arrow). B. Left humeral fracture after a car accident. Bone 265 
rarefaction is observed throughout the humerus. C. Right knee MRI. Small lucent 266 
lesions are observed at the distal femoral metaphysis.   267 

 268 

 269 

 270 
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3.3 Son  271 

The first child was a boy, 21 years of age at the time of the study. Skeletal abnormalities 272 

were first detected at age 14 after sustaining a small left olecranon fracture due to a fall 273 

from his own height. X-rays revealed lucent lesions at the distal left humeral diaphysis 274 

and metaphysis and proximal left ulnar and radial metaphysis (Figure 3A and 3C). 275 

Imaging of the right upper extremity showed similar lesions (Figure 3B). Pelvic and hip 276 

X-rays showed diffuse cortical thickening at both femurs in addition to lucent lesions at 277 

the femoral necks (Figure 3D).  MRI imaging revealed altered signaling and similar 278 

lesional images at the clavicles, acromion, ribs and thoracic vertebrae. The initial 279 

suspicion was that of polyostotic fibrous dysplasia (PFD), but it was ruled out after a 280 

bone scan did not evidence any pathologic uptake, besides that of the fracture. The 281 

remaining study for McCune-Albright syndrome (MAS) screening was also negative, as 282 

no hormonal disturbances or café-au-lait spots were detected. Calcium, phosphorus, and 283 

PTH were within the normal range for his age, except for a mild alkaline phosphatase  284 

elevation. He reported transient episodes of bone pain during adolescence which were 285 

attributed to growth spurts. 286 
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 287 

Figure 3. Proband’s son radiographic imaging. A-B. Bilateral humeri showing extensive 288 
lucent lesions affecting entirely both diaphyses with secondary cortical thinning. Lucent 289 
lesions are also observed bilaterally at proximal and distal epiphyses, bilateral distal 290 
metaphyses, and proximal left metaphysis (arrow). Lesions appear particularly 291 
trabeculated at the distal humeri (dotted arrows). C. Right elbow. The site of an old 292 
olecranon fracture is observed (arrow) as well as trabeculated lucent lesions at the 293 
proximal ulnar and radial metaphyses (asterisks). D. Lucent lesions affecting both 294 
femoral necks and femoral diaphyses (arrows).  295 

 296 

3.4 Daughter 297 
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The second child was a girl, 19 years of age at the time of the study. Dysplastic skeletal 298 

abnormalities were first detected at 15 years of age after she underwent X-ray imaging 299 

in the setting of idiopathic scoliosis (IS) evaluation. In addition to the scoliotic curve, 300 

X-rays revealed vertebrae of hyperostotic appearance (Figure 4A), which was further 301 

confirmed by a subsequent spinal MRI. Additional X-rays also identified distal 302 

metaphyseal and medullar lucent lesions that led to cortical diaphyseal thinning at the 303 

mid-distal humeri (Figure 4A, 4B, and 4C). Pelvic and hip X-rays showed marked 304 

cortical thickening of the femurs (Figure 4A). PFD and MAS were initially suspected. 305 

However, given that a bone scintigraphy did not reveal increased uptake at any site and 306 

that a complete endocrine panel did not show hormonal disturbances, that diagnosis was 307 

excluded. A thyroid US did display a mildly heterogenous gland due to the presence of 308 

colloidal cysts at both thyroid lobes. Thyroid function was normal and thyroid 309 

autoantibodies, including anti-thyroid peroxidase, anti-thyroglobulin, and TSH receptor 310 

antibodies, were negative. Blood tests showed moderate thrombocytopenia which was 311 

later found to be associated with hepatosplenomegaly. These manifestations were 312 

transient and she was finally diagnosed with idiopathic thrombocytopenic purpura (ITP) 313 

by the Hematology department at her local hospital. An innocent heart murmur was also 314 

detected. Cardiologists ruled out any structural heart disease after performing pertinent 315 

testing. 316 
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 317 

Figure 4. Proband’s daughter radiographic imaging. A. Whole spinal and pelvic X-ray. 318 
Thoracolumbar scoliosis. Vertebrae display a sclerotic appearance. A large lucent lesion 319 
affecting the mid-distal right humeral diaphysis and distal metaphysis is observed. 320 
Trabeculation of the lesion is observed in the distal humeral metaphysis (arrow). 321 
Bilateral pelvic iliums show several microcystic lesions (asterisks). Bilateral femoral 322 
cortical thickening. Lucent lesions are absent at the femoral necks. B. Left humerus 323 
displaying a mid-diapaphyseal to distal metaphyseal/epiphyseal lucent lesion with 324 
secondary cortical thinning. C. Right elbow displaying  trabeculated lesions similarly to 325 
those observed in  her brother, while the ulnae and radius appear unaffected.  326 

 327 
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3.5 Physical Exam (PE) 328 

PE was completely normal in the proband, children’s mother, and son i.e., no 329 

dysmorphic facial features, abnormal intraoral features, body asymmetries or 330 

disproportions, or cutaneous lesions were identified. Mild hepatomegaly and 331 

thoracolumbar prominence corresponding to the scoliotic curvature were detected in the 332 

daughter. Proband’s weight was 105 kg and height 181 cm. Children’s mother height 333 

was 170 cm. Son’s weight was 98 kg and height 192 cm. Daughter’s weight was 69 kg 334 

and height 178 cm.  335 

3.6 Impact Microindentation 336 

BMSi values were elevated in the proband, and his son and daughter: BMSi (mean ± 337 

SD) was 83 ± 2.3, 82.3 ± 2.5, 87.7 ± 3.45, respectively, indicating above average bone 338 

mechanical properties. 339 

3.7 DXA 340 

DXA results are displayed in Table 1. Briefly, BMD values were very elevated in father 341 

and daughter. The son displayed BMD values on the high end of normality at the 342 

spine and normal at the hip, a site that also presented with extensive lucent 343 

lesions (Figure 3D). BMD was within the normal range at all sites in the 344 

proband’s brother and in the wife’s lumbar spine, while it displayed osteopenia 345 

in her hip and femoral neck. 346 

Table 1. DXA outcomes in studied individuals 347 

Subjects Lumbar spine Femoral Neck Total Hip 
BMD 
g/cm2 

T-/Z-
score 

BMD 
g/cm2 

T-/Z-
score 

BMD 
g/cm2 

T-/Z-
score 

Proband (II.3) 1.416 3/3.5 1.722 5.8/6.7 1.620 5.9/7.5 
Daughter* (III.3) 1.636 4.7 1.495 5.5 1.614 5.5 
Son* (III.2) 1.363 2.4 0.836 -0.7 1.054 0.1 
Brother (II.1) 1.109 0.2/0.9 0.814 -0.9/0.2 0.995 -0.2/0.3 
Wife (II.4) 0.977 -0.6/0.6 0.653 -1.8/-0.6 0.732 -1.7/-0.9 

*Only Z-scores were calculated for these individuals as they were 19 and 21 at the time 348 
of the study. 349 

Family members are designated in relationship to the proband.  350 
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 351 

3.8 Mineral panel 352 

Mineral panel results are displayed in Table 2. Briefly, the proband’s son displayed 353 

elevated bone resorption and formation markers, while the daughter, after being subject 354 

to vitamin D replacement due to vitamin D deficiency detected in a prior blood test 355 

(results not shown), showed elevated BAP and P1NP, indicating a high bone 356 

turnover/bone formation state, respectively. Conversely, the proband, displayed low 357 

BAP and OC levels, while P1NP and CTX were in low end of normality. The proband´s 358 

wife exhibited high bone formation markers in the setting of a probable primary 359 

hyperparathyroidism (her serum calcium was at the high end of normality) that is 360 

currently under study. Serum calcium and phosphate and kidney function were normal 361 

in all. 362 

Table 2. Mineral panel in affected and unaffected individuals 363 

 ALP 
(U/L) 

BAP 
(µg/L) 

PTH 
(pg/ml) 

OC 
(ng/ml) 

CTX 
(pg/ml) 

P1NP 
(ng/ml) 

Vit D 
(deficiency 
<10ng/ml; 
suboptimal 
10-30 
ng/ml)) 

Proband 
(II.3) 

61 (40-
150) 

7 (9-
15) 

93 (14-
100) 

11,2 
(14-46) 

260 (90-
840) 

27 
(23.3-
94.4) 

30 

Daughter 
(III.3) 
 

55 (50-
175) 

13 (6-
10) 

43 (14-
100) 

35,1 
(11-43) 

391 (40-
540) 

119 (15-
58.9) 

87  

Son 
(III.2) 

135 
(40-
150) 

29 (9-
15) 

50 (14-
100) 

28,2 
(24-70) 

725 (90-
580) 

132 
(23,3-
94,4) 

24 

Brother 
(II.1) 

54 (40-
150) 

10 (9-
15) 

76 (14-
100) 

15,7 
(14-46) 

300 (90-
840) 

38 
(23,3-
94,4) 

21 

Wife 
(II.4) 

102 
(35-
120) 

22 (10-
16) 

180 (14-
100) 

49,1 
(11-43) 

774 (40-
730) 

105 (15-
58.6) 

22 

Normality ranges for each parameter are displayed adjusted for sex and age in 364 
parenthesis. Altered values are bolded and underlined. Family members are designated 365 
in relationship to the proband. 366 
Abbreviations: ALP: tissue non-specific alkaline phosphatase, BAP: bone specific 367 
alkaline phosphatase, PTH: parathormone, OC: osteocalcin, CTX: C-terminal 368 
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telopeptide of type 1 collagen, P1NP: procollagen type 1 N propeptide, Vit D: vitamin 369 
D  370 
 371 

 372 

 373 

3.9 WES results and in silico analysis  374 

Variant filtering yielded a total of 26 rare variants shared by the affected individuals and 375 

absent in the unaffected family members (Table 3). Matchmaker Exchange did not 376 

retrieve any of the specific variants we submitted. In addition, uploaded clinical data from 377 

patients with different variants in our candidate genes did not reveal any kind of 378 

phenotypic correlation with our cases, with the exception of ODF2, which was identified 379 

in another patient with non-defined neurologic and skeletal involvement. However, 380 

current available data indicate that ODF2, which encodes a key component of sperm tail 381 

outer dense fibers and has been linked to male infertility [12], is not associated with bone 382 

biology. Potential implication of remaining variants in mineral metabolism and skeletal 383 

disorders was investigated in public sites including the Musculoskeletal Knowledge 384 

Portal, GeneCards, and PubMed. Five of the investigated variants were identified in genes 385 

with a potential role in bone biology: SEMA4D, TBX18, PTCH1, PTK7 and ADGRE5. Of 386 

these, two variants, p.(V212M) in SEMA4D and p.(R349Q) in TBX18, stood out as the 387 

most likely candidates given their putative role in bone biology and development. In 388 

addition, both variants displayed the highest predicted pathogenicity, i.e. CADD score of 389 

23.1 and 28 respectively, and were considered to be deleterious by SIFT and probably 390 

damaging by PolyPhen (Table 3). Nonetheless, the predicted pathogenicity for p.(D436N) 391 

in PTCH1, p.(T683M) in PTK7, and p.(E724G) in ADGRE5 was not negligible either 392 

with CADD scores >20, and thus were also considered as possible contributors to the 393 

observed phenotype (Table 3).  394 

 395 

 396 

 397 

 398 
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Table 3. Rare variants shared by affected individuals and absent in the two non-affected 399 

family members 400 

Gene Protein Varia
nt1 

Effect on 
the 
protein 

dbSNP2 Conservation3 Sift4 Polyphen5 CADD6 

AC12702
9.3 

Uncha-
racterized 
Protein 

chr1
7: 
6391
7846
C>T 

p.(A217T
) 
Missense 

rs3739587
58 
 

1 0.64 0 10,3  

ADGRE5 Adhesion 
G Protein-
Coupled 
Receptor 
E5 

chr9: 
1440
6924 
A>G 

p.(E724G
) 
Missense 

rs1430564
36 
 

0,033 0.02 0.205 23,9 

APBA2 Amyloid 
Beta 
Precursor 
Protein 
Binding 
Family A 
Member 2 

chr1
5: 
2905
4318
C>T 

p.(A145V
) 
Missense 

rs7657597
59 
 

0,654 0.29 0 10,5 

ARL6 ADP 
Ribosylatio
n Factor 
Like 
GTPase 6 

chr3: 
9778
8001
C>T 

p.(R121C
) 
Missense 

rs2020448
96 
 

0,998 0 0.899 34 

ASXL3 ASXL 
Transcrip-
tional 
Regulator 3 

chr1
8:33
7440
91A
>G 

p.(M1415
V) 
Missense 

rs1813038
38 
 

0,608 0.32 0 7,8 

ATP6V1
G2 

ATPase H+ 
Transpor-
ting V1 
Subunit G2 

chr6:
3154
6170
T>C 

p.(Q41R) 
Missense 

rs2019012
12 
 

1 0.07 0.862 26,6 

CACNA1
A 

Calcium 
Voltage-
Gated 
Channel 
Subunit 
Alpha1 A 

chr1
9: 
1320
7562 
CCC
GCT
G>C 

p.Ser2429
_Gly2430
del 
In frame 
deletion 

rs7754288
32 

    

DMAC2 Distal 
Membrane 
Arm 
Assembly 
Complex 2 

chr1
9:. 
4143
6446
T>C 

p.(H87R) 
 

rs5667342
25 
 

0,017 0 0.131 15,8 

DNAH11 Dynein 
Axonemal 
Heavy 
Chain 11 

Chr7
: 
2174

p.(I2661T
) 
Missense 

rs3727305
42 
 

1 0 0.187 23,9 
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1994
T>C 

DNAH11 Dynein 
Axonemal 
Heavy 
Chain 11 

chr7: 
2171
1818
C>G 

p.(A2314
G) 
Missense 
 

rs3725414
83 
 

1 0.07 0.999 27 

FAM171
A1 

Family 
With 
Sequence 
Similarity 
171 
Member 
A1 

chr1
0: 
1525
4801
G>T 

p.(T166N
) 
Missense 

rs1387994
89 
 

1 0.07 0.955 24,6 

GNL1 G Protein 
Nucleolar 1 

chr6:
3055
5078
C>T 

p.(R118Q
) 
Missense 

rs7620356
15 
 

0,002 0.57 0 3,3 

GPR63 G protein 
coupled 
receptor 63 

chr6: 
9679
9296 
G>A 
 

p.(R146*) 
Nonsense 
 

     

KRI1 KRI1 
Homolog 

chr1
9: 
1055
7617
C>T 

p.(D524N
) 
Missense 

rs1428409
47 
 

0,999 0.02 0.988 26,2 

LRRC30 Leucine 
Rich 
Repeat 
Containing 
30 

chr1
8:72
3118
8G>
A 

p.(R17K) 
Missense 

rs2001426
71 
 

0,13 0.9 0 6 

MDH1B Malate 
Dehydroge
nase 1B 

chr2: 
2067
5530
3G>
A 

p.(R206C
) 
Missense 

rs1450460
21 
 

0,006 0.18 0.676 14 

ODF2 Outer 
Dense 
Fiber Of 
Sperm 
Tails 2 

chr9: 
1285
0011
0G>
A 

p.(R782H
) 
Missense 

rs2010203
49 
 

0,997 0 0.988 32 

POLE DNA 
Polymerase 
Epsilon, 
Catalytic 
Subunit 

chr1
2: 
1326
2473
8G>
C 

p.(L2274
V) 
Missense 

rs1487881
80 
 
 
 

0,999 1 0 13,2 

PTCH1 Patched 1 chr9:
9547
8096
C>T 

p.(D436N
) 
Missense 

rs1422749
54 
 

0.998 0.12 0.066 22.8 

PTK7 Protein 
Tyrosine 
Kinase 7 

chr6:
4314
2276
C>T 

p.(T683M
) 
Missense 

rs7964411
1 
 

0.755 0.15 0.671 23 
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RBSN Rabenosyn, 
RAB 
Effector 

chr3: 
1509
6021
C>G 

p.(E34Q) 
Missense 

rs1414797
81 
 

1 0.07 0.996 24 

SEMA4D Semaphori
n 4D 

chr9: 
8939
1404
C>T 

p.(V212
M) 
Missense 

rs3775655
99 
 

0,998 0 0.981 22,9 

SLC22A1
8 

Solute 
Carrier 
Family 22 
Member 18 

chr1
1: 
2922
451G
>A 

p.(V328I) 
Missense 

rs1488384
89 
 

0,046 0.17 0.024 11,6 

TAPBP TAP 
Binding 
Protein 

chr6: 
3330
3829
C>G 
 

p.(W487
C) 
Missense 

rs1458372
11 
 

0,001 0.26 0.001 8,2 

TBX18 T-Box 
Transcripti
on Factor 
18 

chr6: 
8473
8550
C>T 

p.(R349Q
) 
Missense 

rs1870859
91 
 

1 0.02 0.983 29 

 401 

Genes are listed in alphabetical order.  402 
1Genomic position of the variant in the human reference genome GRCh38 403 
2Reference SNP ID number (rs) and MAF (minor allele frequency) for the already 404 
described variants 405 
3Conservation score in vertebrates from PhastCons (0,000 to 1), being 1 the most 406 
conserved locus. 407 
4Sift: 0-0.05 damaging (in bold); 0.051-1 tolerable (non-damaging) 408 
5PolyPhen: 0-0.4 benign; 0.41-0.89 possibly damaging; 0.9-1 pathogenic (in bold) 409 
6CADD: the greater the score, the more damaging the variant is predicted to be 410 

 411 

4. DISCUSSION 412 

Here we present a familial case of a previously unreported skeletal dysplasia 413 

characterized by HBM and bone lesions, that underwent extensive clinical phenotyping 414 

and genetic analysis through WES. The affected family members included the proband 415 

and his two children, a boy and a girl, suggesting that the dysplasia followed an autosomal 416 

dominant inheritance pattern. WES was performed in the three affected members and in 417 

two unaffected relatives, the proband’s brother and his non-consanguineous wife (and 418 

mother of the affected children), allowing us to filter for rare variants that were only 419 

present in the cases. Genetic variants were identified in genes that are known to play a 420 

role in bone metabolism, but that have not been previously linked to a metabolic bone 421 
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disorder including TBX18, SEMA4D, and ADGRE5.  Rare variants in PTCH1 and PTK7, 422 

which have been previously associated with other skeletal diseases, were also found.  423 

 424 

Unlike other HBM disorders characterized by debilitating symptoms, the dysplasia in 425 

this family was paucisymptomatic. In the case of the proband, skeletal anomalies were 426 

incidentally identified during radiographic exams at age 36 after a high-impact 427 

traumatic event. In the daughter’s case, the dysplasia was also fortuitously detected 428 

through X-rays during medical evaluation for idiopathic scoliosis. Perhaps the most 429 

symptomatic individual was the proband’s son, who did report periods of intermittent 430 

bone pain during growth, as well as a low-impact fracture at the olecranon, a skeletal 431 

site that displayed several lucent lesions and secondary cortical thinning. He was also 432 

the affected member with the most extensive disease and the lowest BMD, particularly 433 

at the hip and femoral neck, but again, lucent lesions were also present at this site 434 

which, very probably, exerted a densitometric-lowering effect. In contrast to his 435 

children, the proband exhibited skeletal rarefaction at several sites which we suspect is 436 

an age-related process as similarly occurs in fibrous dysplasia [13].  437 

An unresolved aspect is whether the elevated bone mass in these individuals is the 438 

consequence of  increased bone formation or defective bone resorption. The absence of 439 

fragility fractures (except for the mild olecranon fracture in the son) and high BMSi 440 

values obtained with the microindentation technique (which indicate that the indented 441 

bone had good mechanical properties), suggest that the skeletal phenotype is probably 442 

the result of a supraphysiological bone-forming effect.  Bone turnover markers were not 443 

too informative on this aspect as they were elevated in the proband’s children while they 444 

were low or on the low-end of normality in the proband. Besides transient 445 

thrombocytopenia associated with hepatosplenomegaly, later classified as ITP, and mild 446 

structural thyroid abnormalities in the daughter, no extra-skeletal abnormalities were 447 

identified. This suggests that the implicated variants had a skeletal-specific effect. Of 448 

the identified rare variants, p.(V212M) in SEM4AD and p.(R349Q) in TBX18 appeared 449 

as the most likely candidates due to their comparatively high pathogenicity scores and 450 

presumed role in skeletal biology.   451 

SEMA4D encodes semaphorin 4D (SEMA4D), a member of the highly conserved 452 

semaphorin protein family [14]. SEMA4D has established roles in cancer biology (it 453 
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promotes neoplastic growth) and in immune system regulation, but recent evidence 454 

points to additional functions, including bone remodeling [14].  Both its membrane-455 

bound and soluble forms bind to specific receptors, Plexin-B1 being its main receptor in 456 

non-immune cells. In bone, in vitro and animal studies have shown that Sema4d, which 457 

is produced and secreted by osteoclasts, binds to Plexin-B1, which is widely expressed 458 

by osteoblasts [14]. The Sema4d-Plexin-B1 complex results in altered osteoblastic 459 

differentiation and bone formation by suppressing insulin like growth factor (IGF1)-460 

dependent signaling [15]. Negishi-Koga and collaborators generated a Sema4d KO 461 

mouse model which featured high bone mass, increased resistance to fracture in the 462 

three-point bending test, greater bone formation rate and normal osteoclastic activity, 463 

indicating that the osteosclerotic phenotype derived from enhanced osteoblastic bone 464 

formation [15]. Likewise, they generated a Plexin-B1 KO that exhibited a similar bone 465 

phenotype. They also observed that in calvarial cells cultured in osteogenic conditions, 466 

Sema4d suppressed bone nodule formation and bone formation markers, including 467 

alkaline phosphatase, osteocalcin, and type I collagen. Furthermore, they evidenced that 468 

treatment with a blocking Sema4d antibody protected female ovariectomized mice from 469 

rapid bone loss. In agreement with Sema4d role in bone remodeling, a very recent study 470 

that conducted a genome wide meta-analysis in mesenchymal stem cells, evidenced 471 

significant upregulation of ERBB2, a downstream effector of SEMA4D/Plexin-B1 472 

signaling, in cells derived from osteoporotic patients [16].  In a clinical setting, 473 

SEMA4D has been explored as a biomarker in osteoporosis, but existing evidence of its 474 

utility is conflicting [17, 18]. Segmental copy number loss of SEMA4D has also been 475 

identified in a substantial portion of patients with acetabular dysplasia, but functional 476 

analyses to explore potential causality have not been performed [19]. Collectively, data 477 

suggests that a defective copy of SEMA4D, whose quaternary structure is a homodimer, 478 

could lead to a dominant bone-forming effect.  479 

TBX18 encodes T-Box Transcription Factor 18 (TBX18) which belongs to the T-box 480 

transcription factor family. It is known to play pivotal roles in organ formation during 481 

embryogenesis [21]. From a clinical standpoint, mutations in TBX18, which like 482 

SEMA4D is a homodimer, have been identified in dominant urinary tract malformations 483 

[22]  and congenital heart defects [23].  In mouse models, both under- and 484 

overexpression of TBX18 have resulted in severe skeletal ossification anomalies [24]. 485 

Subsequent animal studies have shown that through epigenetic mechanisms, Tbx18 is 486 
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spatially and temporally expressed in cells of chondrocytic lineage involved pre- and 487 

postnatally in endochondral bone formation [25]. Given that lucent lesions observed in 488 

the affected individuals are close to the metaphyses and have appeared before growth 489 

plate fusion, it is plausible that altered TBX18 activity could have played a role in their 490 

development. 491 

 492 

Another rare variant that could also contribute to the high bone mass phenotype is 493 

p.(E724G) in ADGRE5. The protein encoded by this gene is CD97, which belongs to 494 

the EGF-seven-span transmembrane (EGF-TM7) family of adhesion G protein coupled 495 

receptors (GPCRs) [26]. Most available data suggest that it plays a role in cell adhesion, 496 

leukocyte recruitment and migration as well as in immune responses given its high 497 

expression in inflammatory sites [26]. However, Won et al. also explored its potential 498 

role in bone biology by investigating a CD97 KO mouse model, and found that CD97 499 

played an important role in RANKL-mediated osteoclastogenesis [27]. In addition, they 500 

also observed an increase in bone mass in CD97 KO mice as compared to WT which 501 

was secondary to decreased osteoclastic activity. Despite this potential implication in 502 

altered osteoclastic activity, it is unlikely that a single defective CD97 copy (CD97 503 

forms a heterodimer) would be solely responsible for the elevated BMD values 504 

observed in this family. However, it may have contributed to it to a certain extent.   505 

The two other remaining candidate variants were identified in genes PTCH1 and PTK7, 506 

which are involved in the bone forming Wnt pathway. PATCHED1, the protein 507 

encoded by PTCH1, is a 12-pass transmembrane receptor that acts as hedgehog’s (Hh) 508 

signaling main repressor [28]. The Hh signaling pathway, which also holds a key role in 509 

embryonic patterning, organ development, and cell proliferation, is a well-known 510 

positive regulator of Wnt-dependent bone formation [28]. Animal studies have shown 511 

that loss-of-function Ptch1 mutations are associated with accelerated bone formation 512 

and increased bone mass [29]. Although perhaps PATCHED1is best known for its 513 

tumoral suppressor activity given its well-established role of Hh dysregulation in 514 

carcinogenesis. This is evident in patients with Gorlin syndrome, a rare condition 515 

characterized by the predisposition of neoplastic development at an early age, 516 

particularly basal cell carcinomas, odontogenic keratocysts of the jaws, and palmar pits 517 

among other abnormalities, that is caused by germline heterozygous loss-of-function 518 

PTCH1 mutations [30]. None of these manifestations were encountered in our patients. 519 



27 
 

Also, while BMD has not been well-characterized in patients with Gorlin syndrome, a 520 

study indicated that it was above normal in the 2 subjects evaluated [29] but not close to 521 

the very high values seen in the family we studied. Furthermore, the identified 522 

p.(D436N) PTCH1 variant has also been reported in 2 other studies, one associated with 523 

familial cases of Hirschsprung disease [31] and another with ocular developmental 524 

abnormalities [32] although causality of this variant with these disorders was not 525 

demonstrated. Skeletal findings were not reported in neither of these studies. In 526 

addition, both SIFT and Polyphen considered this variant probably benign, despite the 527 

CADD score of 23. While we cannot exclude a potential role for this variant in the 528 

cases, we do not consider it as the main candidate for the observed phenotype.    529 

PTK7 encodes protein tyrosine kinase 7, a conserved transmembrane receptor [33]. It is 530 

unclear how PTK7 exactly signals, but there is broad evidence that it regulates Wnt 531 

signaling pathways [33]. PTK7 appears particularly relevant in the planar cell polarity 532 

(PCP) pathway, a non-canonical Wnt signaling pathway involved in cellular orientation 533 

and neural tube closure. Its involvement in canonical Wnt signaling is less clear 534 

although animal studies indicate that it attenuates β-catenin expression [34]. From a 535 

clinical standpoint, postnatal dysregulation of PTK7 activity has also been observed in 536 

cancer and metastatic development [35], although its mechanistic involvement remains 537 

unknown. Mutations in PTK7 have also been involved in neural tube defects in humans 538 

[36] and interestingly, in idiopathic scoliosis (IS), which typically presents during 539 

adolescence and affects much more frequently girls than boys. Hayes and colleagues 540 

identified a rare PTK7 heterozygous variant that was found to interfere with normal 541 

Wnt/PCP signaling in a boy with IS and no other evident abnormalities [37].  They also 542 

developed a zygotic mutant Ptk7 zebrafish that displayed late onset spinal curvature 543 

without associated vertebral deformities, greatly resembling human IS. Importantly, 544 

vertebral mineral density was not found to be different between wild-type and mutant 545 

zebrafish. Going back to our case, data in the literature suggest that the PTK7 mutation 546 

might have played a role in the development of IS in the daughter, while it appears less 547 

likely that it played a role on increased BMD.  548 

Taking everything into consideration, we postulate that the encountered phenotype is 549 

the result of the effects of more than one variant. In relation to the high bone mass, it is 550 

plausible that it resulted from the additive effects of the SEMA4D, PTCH1, and 551 

ADGRE5 variants, although we hypothesize that the SEMA4D variant, given its putative 552 
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role in bone formation, high predicted pathogenicity, and probable dominant effect, is 553 

the most highly contributing candidate. We also speculate that the TBX18 variant is 554 

possibly responsible for the lucent bone lesions, while there is supporting data pointing 555 

to the role of the PTK7 variant in the development of IS observed in the proband’s 556 

daughter.  557 

 558 

An important limitation from our study is the small number of affected individuals 559 

included in the study. This has led to a significant number of potential variants obtained 560 

from WES, making it difficult to ascribe the phenotype to a given mutation. In addition, 561 

we did not retrieve additional patients in public genomic databases with variants in the 562 

same genes and phenotypic correlation with our cases. Hence, functional tests to 563 

investigate the potential implication of each of the identified variants with the clinical 564 

manifestations must be performed. Furthermore, we have only explored coding regions 565 

in this family, thus, we cannot rule out that the observed phenotype is the result of (a) 566 

mutation(s) in intronic regions or due to epigenetic changes. We plan to to perform the 567 

pertinent genetic investigations to this end if we fail to obtain clear positive results from 568 

functional testing of our current candidate variants. Nonetheless, our study has 569 

important strengths, given that we present a novel familial skeletal dysplasia that has 570 

been extensively phenotyped and genetically investigated. In addition, the identification 571 

of putatively pathogenic variants in genes that have been previously associated with 572 

bone disorders in animal models such as SEMA4D, ADGRE5 or TBX18, in the setting of 573 

a human skeletal dysplasia, might be great relevance to the field of bone metabolism. 574 

Future functional analysis of these variants will determine the importance of these genes 575 

in human skeletal physiology and perhaps discover new therapeutic targets for bone 576 

disorders.  577 

 578 
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