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Abstract 

Buschke-Ollendorff syndrome is a rare autosomal dominant condition caused by pathogenic 

variants in LEMD3 and characterised by connective tissue nevi and sclerotic bone abnormalities 

known as osteopoikilosis. The bone phenotype in Buschke-Ollendorff syndrome including 

osteopoikilosis remains unclear. We investigated bone turnover markers, pelvis and crura X-rays; 

lumbar spine and femoral neck DXA; bone activity by NaF-PET/CT, bone structure by μCT and 

dynamic histomorphometry in adults with Buschke-Ollendorff syndrome. Two women aged 25 and 

47 years with a BMI of 30 and 32 kg/m
2
, respectively, were included in the investigation. Bone 

turnover markers were within normal range. aBMD Z-scores were comparable to that of controls in 

the lumbar spine and increased at the hip. Radiographies exposed spotted areas in crura and pelvis, 

and NaF-PET/CT exposed abnormal pattern of irregular shaped NaF uptake in the entire skeleton. 

In both biopsies, µCT showed trabecular structure comparable to that of controls with stellate 

shaped sclerotic noduli within the cavity and on the endocortex. Histomorphometric analyses of the 

sclerotic lesions revealed compact lamellar bone with a normal bone remodeling rate, but partly 

replaced by modeling-based bone formation. Woven bone was not observed in the nodules. 

Therefore, while bone turnover and BMD were largely within normal reference range in patients 

with the Buschke-Ollendorff syndrome, osteosclerotic lesions appear to emerge due to modeling-

based bone formation with secondary bone remodeling. These observations indicate that LEMD3 

may be important for the activation of bone lining cells leading to modelling-based bone formation.  

 

Key words: Buschke-Ollendorff syndrome, LEMD3, osteosclerosis, osteopoikilosis, bone 

modeling. 
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1. Introduction  

Buschke-Ollendorff syndrome (BOS) [MIM: 166700] is a rare condition with an estimated 

prevalence of approximately 1:20.000 that is inherited in an autosomal dominant manner. It is 

characterized by connective tissue naevi, skeletal findings including nodular sclerotic areas 

(osteopoikilosis) [1] and less commonly melorheostosis, which may cause pain and joint 

deformities [2]. BOS is caused by heterozygous loss-of-function variants in LEM domain-

containing protein 3 (LEMD3) [3], which encodes MAN1, an integral protein in the inner nuclear 

membrane. MAN1 antagonizes bone morphogentic protein (BMP) and transforming growth factor 

beta (TGF-β) signalling through interaction with transcription factors known as mothers against 

decapentaplegic, drosophila homolog of 2 and 3 (Smad2 and 3), respectively [4-6]. The TGF-β 

signalling pathway is central for differentiation of bone forming osteoblasts (Ob), skeletogenesis 

and bone homeostasis [7, 8]. In humans, heterozygous pathogenic variations in the FBN1, 

TGFBR1/2 or TGF1β impede the TGF-β pathway, causing connective tissue disorders with skeletal 

deformities and overgrowth as illustrated in Marfan, Loeys Dietz, and Camurati-Engelman 

syndromes, respectively [9-12]. However, the downstream LEMD3 regulation of the TGF-β 

pathway is only partly understood.  

 

 

Abbrevations: aBMD, Areal bone mineral density, BASP, alkaline phosphatase, BOS, Buschke-Ollendorff syndrome, 

BSU, bone structural unit, BV/TV, trabecular bone volume, LEMD3, LEM domain-containing protein, BMP, MAN1 

antagonizes bone morphogentic protein, MBF, modeling-based bone formation, NaF, 18F-sodium-fluoride, Ob, 

osteoblast, OCN, osteocalcin, oRBF overflow remodeling-based P1NP, pro-collagen type 1 amino terminal peptide 

PTH, parathyroid hormone, RANKL, Receptor activator of nuclear factor kappa-Β ligand, RBF, remodeling-based bone 

formation, Smad, mothers against decapentaplegic, drosophila homolog, TGF-β, transforming growth factor beta, VOS, 

volume of interest 
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Previous clinical reports on the bone phenotype in patients with BOS include 

radiological and histological investigations of bone tissue from two BOS patients known to carry a 

pathogenic LEMD3 variant. While nodular sclerotic areas in the femoral head were described as 

“silent” [1], bone remodeling and a network of thick bone trabeculae, enlarged Haversian canals 

and fibrotic tissue were observed in a proximal phalanx [13]. However, TGF-β signalling and 

histomorphometric details including the remodeling process within the sclerotic areas have not been 

reported in BOS patients. Although the emergence of sclerotic areas in bone in BOS indicates 

pathological bone cell activity, increases in bone mass albeit local may reveal processes that could 

expand our knowledge of bone physiology and possibly reveal mechanisms that may lead to novel 

treatments of diseases characterised by low bone mass such as osteoporosis. 

Therefore, we aimed to study the skeletal phenotype and the abundance of the sclerotic areas in two 

women carrying a LEMD3 variant using X-ray, dual-energy X-ray absorptiometry (DXA), and 18F-

sodium-fluoride (NaF) PET/CT scan, as well as characterising the cellular events generating these 

sclerotic areas using µCT and 3D histology of bone biopsy specimens. Additionally, we explored 

the mRNA expression of LEMD3 and TGFBR1 in human proximal femur bone control specimens 

from adolescent individuals by in situ hybridization. 
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2. Materials and Methods 

2.1 Study subjects 

The study includes adult non-related, non-pregnant women diagnosed with BOS on the basis of the 

clinical phenotype and the identification of a pathogenic variant in LEMD3. Subjects with BOS 

were included if they had normal renal- (creatinine < 90 µmol/l) and liver function (aspartate 

transaminase < 3 times the upper limit); and alcohol consumption (< 14 units/week); if they did not 

take any medical treatment that could influence bone metabolism (oral corticosteroid treatment 

within the last 12 weeks and treatment with anti-osteoporosis medication, sex steroids, or 

anticonvulsants); if they did not receive anticoagulant treatment, and had normal coagulation; if 

they were non-allergy to lidocaine, morphine, or diazepam and if there was no history of metabolic 

bone diseases.  

Three subjects identified with BOS at the Department of Dermatology or the Department of 

Clinical Genetics, Odense University Hospital were invited by letter of which two accepted to 

participate. Both patients had a previous skin biopsy at time of diagnosis. At the time of study-

inclusion, they underwent systematic interview about their medical history including bone fracture, 

DXA, fasting blood sampling, a standard transiliac crest bone biopsy and subject nr. 1 underwent a 

NaF-PET/CT. 

The study was approved by the Ethic Committee, Region of Southern Denmark (S-20170024) 

and the Danish Civil Data Registry (Nr. 19/1368), and signed informed consent was obtained from 

all study subjects. 

 

2.2. Laboratory evaluations 

Fasting ionized Ca
2+

, parathyroid hormone (PTH), alkaline phosphatase (BASP), 25-(OH)-vitamin 

D, and TSH were assessed in the BOS patients using cobas 800 modular analyzer, (Roche 
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Diagnostics, Basel, Schweiz) according to manufactures protocol. Furthermore, fasting bone 

turnover markers including serum, pro-collagen type 1 amino terminal peptide (P1NP), and 

osteocalcin (OCN) were quantitated using IDS-iSYS (Immunodiagnostic Systems Tyne and Wear, 

UK). 

 

2.3 Radiographs 

X-rays were not performed. Previous radiographs including antero-posterior projections of the 

distal tibia and ankle (subject 1) and pelvis (subject 2) were identified in electronic medical records 

and re-evaluated. 

 

2.4 DXA 

Areal bone mineral density (aBMD) was measured using DXA (Hologic Discovery, Waltham, 

Massachusetts, USA) in an anterior-posterior projection at the lumbar spine (L1-L4), total hip, and 

femoral neck. Z-scores were calculated using the reference ranges provided by the manufacturer 

and by the Third National Health and Nutrition Examination Survey reference [14]. Evaluation of 

the DXA scan for subsequent calculations was observer blinded. 

 

2.5 NaF-PET/CT 

PET/CT data were acquired on a GE Discovery MI PET/CT scanner (GE Healthcare, Milwaukee, 

WI, USA) after intravenous administration of 200 MBq [
18

F]-NaF according to standard 

procedures. NaF-PET/CT was performed in one patient. 

 

2.6 Bone specimens  
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From two BOS patients, a transiliac crest bone biopsy with a diameter of 7.5 mm was obtained 2 

cm below and 2–3 cm behind the anterosuperior iliac spine  [15]. Bone specimens were fixed and 

stored in 70% ethanol at 4°C until dehydrated and embedded non-decalcified in methyl-

methacrylate before µCT and histology.  

From four adolescent controls a 5–10-mm-thick disc from the proximal femur was obtained 

during their corrective surgery for coxa valga patients. The discs were cut into smaller pieces, 

fixated in 4% PFA, decalcified in 0.5 M EDTA with 0.4% PFA and paraffin embedded. These 

samples were used for the in situ hybridization analysis, as this analysis was not compatible with 

methyl-methacrylate embedment used for the biopsies obtained from the two BOS patients. The 

study on these samples was previously approved by the Ethic Committee, Region of Southern 

Denmark (S-20120193) [16]. 

 

2.7 µCT  

The methyl-methacrylate embedded bone BOS biopsies were scanned in a desktop µCT scanner 

(µCT 35, Scanco Medical AG, Brüttisellen, Switzerland) in high-resolution mode (1000 projections 

per 180°) with an isotropic voxel size of 10 µm, an X-ray tube voltage of 70 kVp, an X-ray current 

of 114 µA, and an integration time of 800 ms. The data sets were low-pass filtered with a Gaussian 

filter ( = 1.3 and support = 2) and segmented with a fixed threshold filter (448.7 mg HA/cm
3
). The 

threshold was found as the minimum point between the peak repressing bone and marrow in the 

attenuation histogram.  

For each biopsy three volume of interest (VOIs) were semi-manually delineated: i) cortical bone 

including the adjacent sclerotic nodes, since it was impossible to separate these at the µCT level; ii) 

trabecular bone only, excluding sclerotic nodes; and iii) trabecular sclerotic nodal tissue only using 

custom-made software, as previously described [17]. The tissue mineral density (i.e. the intrinsic 
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bone tissue density) was determined for all VOIs using the software supplied with the scanner. In 

addition, trabecular bone volume (BV/TV) was determined for the trabecular VOI. The tissue 

mineral densities and the trabecular bone volumes were compared with that of a reference 

population of Danish women (N = 46, aged 19–96 years) [18] and (N = 41, aged 19–96 years) [19], 

respectively. Quality assurance was performed by scans of the solid-state phantom (weekly) and 

wire phantom (monthly) provided with the scanner. 3D visualization of the µCT data was 

performed with Amira (version 5.6., FEI Visualization Science Group, Mérignac, France). 

 

2.8 Sectioning 

After µCT, 340 7.5-µm–thick serial sections were cut on a Leica SM2500 microtome (Leica, 

Germany) from each methyl-methacrylate embedded BOS biopsy. For every tenth section, two 

adjacent sections were either stained with Masson-Goldner trichrome or immunostained for 

osteopontin for the detailed histological analyses.  

Adjacent 3.5-µm-thick sections were cut from the decalcified paraffin-embedded biopsies from 

adolescent controls (age 11–18 years) for in situ hybridization analysis. Here, we used bone 

samples from the proximal femur of adolescent humans, since it contained both modeling-based 

periosteal deposition and remodeling-based intracortical remodeling. 

 

2.9 Immunostaining 

The sections were deplastified with a xylene/chloroform mixture and with 2-methoxyethyl-acetat, 

rehydrated, pre-treated in EDTA [0.5 M EDTA + 0.4% paraformaldehyde (pH 8.0)], and blocked 

with 0.5% casein (Sigma-Aldrich, Copenhagen, Denmark) in TBS [0.05 M Tris-HCl (pH 7.6)+0.15 

M NaCl] and a avidin/biotin blocking kit (DAKO, Glostrup, DK). The sections were then incubated 

with biotinylated goat anti-osteopontin antibodies (BAF1433, R&D systems, Minneapolis, MN, 
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US) diluted in Renoir Red (PD904, Biocare Medical, Concord, CA, US), which were detected with 

alkaline phosphatase conjugated streptavidin (016-050-084, Jackson ImmunoResearch, Suffolk, 

UK) and visualized with Liquid Permanent Red (DAKO, Glostrup, DK). Finally, the sections were 

counter-stained with Mayer’s hematoxylin and mounted with Aquatex. 

 

2.10 Combined in situ hybridisation and immunostaining 

Paraffin sections from proximal femur specimens obtained from 4 coxa valga patients were in situ 

hybridized using an enhanced version of the RNAScope 2.5 high-definition procedure (322310, 

Advanced Cell Diagnostics [ACD], Abingdon, UK) for the mRNA expression of LEMD3 (probe-

Hs-LEMD3, 569171, ACD) and TGFRB1 (probe-Hs-TGFBR1, 431041, ACD), previously 

described in detail [16]. A Runx2 probe (probe-Hs-RUNX2, 440071, ACD) was used as a positive 

control, while probe diluent (300041, ACD) was used as a negative control. In short, the probes 

were labelled though eight amplification-steps and visualized with liquid Permanent Red (DAKO, 

Glostrup, Denmark). Subsequently, the sections were immunostained with mouse anti-tartrate-

resistant acid phosphatase antibodies (Clone ZY-9C5, Zymed), labelled with horseradish 

peroxidase–conjugated anti-mouse IgG polymers (BrightVision, Immunologic, Duiven, the 

Netherlands), visualized with Deep Space Black (Biocare Medical, Concord, CA, USA) and 

counterstained with Mayer’s hematoxylin.  

 

2.11 Histological analysis 

Based on the combined Masson-Goldner trichrome stained and osteopontin immunostained 

sections, we investigated the bone structural unit (BSU) and the cement lines separating them in 

cortical, trabecular and nodular sclerotic bone. This analysis allowed us to reconstruct the events 

leading to the generation of nodular sclerotic bone in patients with BOS. The BSUs were separated 
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according to whether they were generated by hemi-osteonal remodeling (trabecular bone) of from 

osteonal remodeling (cortical bone), and whether they were generated by modeling-based bone 

formation (MBF) or remodeling-based bone formation (RBF). BSUs generated by MBF had a 

smooth osteopontin-rich cement line, running along the lamellae structure of BSUs below (prior 

quiescent surface). BSUs generated by RBF had a scalloped osteopontin-poor cement line, breaking 

the lamellae structure of the BSUs below (prior eroded surface). The BSUs generated by overflow 

remodeling-based formation (oRBF) having both scalloped osteopontin-poor cement lines (prior 

eroded surfaces) and smooth osteopontin-rich cement lines (prior quiescent surfaces) were also 

addressed. Note that the presence or absences of lamellae breakage (visible by polarized light) at 

the level of the cement lines (prior erosions) were considered the golden standard when validating 

the usefulness of the osteopontin immunostaining.  
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3. Results 

3.1. Characterization of subjects 

Subject 1 was 25 years and had a BMI of 30 kg/m
2. 

The second subject was 47 years old and had a 

BMI of 32 kg/m
2
. The participants were non-smokers and pre-menopausal, and they did not report 

any co-morbidities or symptoms related to bones and joints such as fractures and reduced range of 

movement. There were no previous fractures or on-going pharmaceutical treatments (Table 1). 

Participants had indurated skin lesions ranging in size from pea-sized to hand-sized areas that 

were scattered on the trunk, buttocks and extremities. Skin biopsies showed connective tissue naevi.  

 

3.2 Biochemistry 

Although vitamin D (25OHD) was within normal range in both participants, PTH was borderline 

increased and ionised calcium in the low-normal range in one of the participants. Biochemical 

markers of bone formation including BASP, P1NP and osteocalcin were within reference range in 

both participants (Table 1). 

 

3.3 Radiographics 

Radiographs showed osteosclerotic spotted areas both in the distal crus and pelvis (Figure 1). 

 

3.4 DXA 

While Z-scores within reference range were observed in the lumbar spine of both subjects, Z-scores 

were increased in the proximal femur in the participants (Table 1) [20]. “Spotted areas” were 

observed on DXA scan of the femur in subject 1, while these were more discrete on hip DXA of 

subject 2. Similar spotted areas were not identified on DXA of the lumbar spine. 
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3.5 NaF-PET/CT of subject 1 

This revealed a relatively unobtrusive, but clearly abnormal pattern in the shape of irregular and 

mottled looking NaF-uptake in the entire skeleton, easily noted in the pelvis and the proximal parts 

of femora (Figure 2A-E). No foci of highly increased NaF uptake were observed in the skeleton. 

 

3.6 µCT 

The µCT analysis revealed a trabecular bone structure comparable to that of controls with scattered 

irregularly shaped sclerotic nodes both within the marrow cavity and along the endosteal surface in 

both biopsy specimens from BOS patients (Figure 3A). The tissue mineral density of the sclerotic 

nodes was comparable to the tissue mineral density in the cortical bone (Figure 3B). The cortical 

and sclerotic nodal tissue mineral densities were comparable to that of a normal Danish reference 

population (Figure 3B), but the trabecular tissue mineral densities of the BOS subjects were 

substantially lower than that of the Danish reference population (Figure 3B). In contrast, the 

trabecular bone volume fractions BV/TV were similar to that of the reference population, indicating 

that the volumetric bone density of the trabecular bone compartment is within reference range in 

both BOS subjects.  

  

3.7 Histology  

The histological analyses focused on the two nodular sclerotic areas in each biopsy specimen 

observed by µCT (Figure 4A). The nodular sclerotic area in the marrow cavity consisted of a 

compact lamella bone formed by a mosaic of BSUs. The BSUs along the edge of the osteosclerotic 

area were mostly modeling-based BSUs with a smooth osteopontin-rich cement line running along 

the lamella structures of BSUs below (Figure 4B-D, F-G), but also overflow remodeling-based 

(oRBF) BSUs, suggesting that generation and expansion of sclerotic nodes were the result of 
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modeling-based bone formation (MBF) and oRBF. Remodeling-based BSUs with a scalloped 

osteopontin-poor cement line breaking the lamellae structures of BSUs below were also observed 

along the edge (Figure 4H). The BSUs in the body of the formed sclerotic area were mostly osteons 

generated by osteonal remodeling, resembling the intracortical osteonal remodeling of cortical bone 

(Figure 4D-I). Here, the larger pores in the sclerotic area reflected non-quiescent osteonal 

remodeling events (Figure 4B-C).  

Nodular sclerotic areas similar to those in trabecular bone were observed at the endocortex. 

These were primarily composed of modeling-based BSU with a smooth osteopontin-rich cement 

line (Figure 5A-F), generating and expanding these sclerotic endocortical nodes. BSUs in the 

sclerotic nodes were transformed into osteons with scalloped osteopontin-poor cement lines as a 

result of intracortical osteonal remodeling (Figure 5C-H). 

In general, the bone biopsies from BOS patients exhibited a relatively normal eroded and 

osteoid surfaces, supporting that formation of sclerotic nodes was an ongoing process. The osteoid 

surfaces were just replaced by modelling activities along the sclerotic nodes. No excess of 

osteoclasts were observed within the sclerotic nodes or in the remaining bone. Moreover, the bone 

of the sclerotic nodes appeared lamellar with no evidence of woven bone.  

 

3.8 In situ mRNA expression of LEMD3 and TGFBR1  

The mRNA expression of LEMD3 and TGFBR1 in human proximal femur bone specimens obtained 

from four adolescent control patients during their corrective surgery for coxa valga was assessed by 

in situ hybridization. These bone specimens contained both modeling-based periosteal deposition 

and remodeling-based intracortical remodeling, resembling the events in the nodal sclerosis of BOS 

patients. LEMD3 mRNA expression was observed in TRAcP
+
 bone-resorbing osteoclasts, 

osteoblastic reversal cells, mature bone-forming osteoblasts, osteocytes and cells of the inner 
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cellular layer of the periosteum (cambium) reported to be, in part, osteoprogenitor cells (Figure 6A-

F) [16]. In the cortical pores, LEMD3 mRNA expression was also observed in mononuclear cells, 

within the lumen of the pores previous stated to be osteoprogenitor cells (Figure 6A, C-D). The 

LEMD3 mRNA expression was in general low. TGFBR1 mRNA expression was high in TRAcP
+
 

bone-resorbing osteoclasts located both at the periosteum and in intracortical pores (Figure 6G-J). 

In intracortical remodeling events, osteoprogenitor cells like reversal cells and cells within the 

lumen of the pores had a very low mRNA expression of TGFBR1, while we were unable to observe 

any staining for TGFBR1 mRNA in mature bone-forming osteoblasts (Figure 6G, I). At the 

periosteum, cells of the cambium, i.e. osteoprogenitors, showed a high expression TGFBR1 (Figure 

6H-J). As positive controls, the Runx2 mRNA expression in osteoblast-lineage cells 

(osteoprogenitors, osteoblasts and osteocytes) was investigated to validate the RNA quality within 

the sections. As negative controls, the sections were hybridized with only the probe diluent. 
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4. Discussion 

The present study addressed the bone phenotype of bone specimens from adult women with BOS 

carrying a pathogenic variant in LEMD3. This investigation showed that the sclerotic nodules/foci 

observed in adult, female patients with BOS are results of local modeling-based bone formation and 

overflow remodeling-based bone formation (oRBF) gradually transforming trabeculae to cortical 

bone. This illustrates that LEMD3 normally antagonizes activation bone lining to bone-forming 

osteoblasts generating modeling-based formation (MBF), likely by decreasing BMP and/or TGF-β 

signalling [4-6]. Moreover, this implies that LEMD3 antagonise the overflow of remodeling-based 

bone formation, contributing to a neutral remodeling balance at the basic multicellular unit (BMU) 

level.  

The reason why the pathogenic variant in LEMD3 result in apparently randomly distributed 

foci, and not generalized osteosclerosis, still represents an enigma, which warrants further studies. 

Based on findings from X-rays and microscopy, nodules observed in BOS have previously been 

reported as “silent” [1]. By contrast, we found both trabecular- and endosteal-located sclerotic foci 

to be the result of numerous MBF and some oRBF events gradually expanding the size of the foci – 

layer upon layer – over time, revealing that the foci are moderately active and evolving. In healthy 

adult bone, MBF and oRBF only represent a minor fraction of the overall bone formation [21]. 

These processes that contribute to shaping and reshaping the bones according to physiological 

mechanical needs primarily takes place during skeletal growth in childhood and adolescence [22-

25]. Here, MBF is also referred as mini-modeling formation [24], while oRBF is also referred to a 

BMUs with a positive remodeling balance, i.e. positive BMU balance, where the magnitude of the 

formation phase is greater than that of the resorption phase [23]. 

Two of the currently available anabolic anti-osteoporosis therapies (teriparatide and 

romosozumab) have been reported to promote both MBF and oRBF [26, 27]. In contrast, the anti-
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resorptive agent denosumab – a humanized RANKL-binding antibody inhibiting osteoclast 

differentiation – only leads to a limited increase in MBF in humans [26] and monkeys [25], while 

bisphosphonates, the most commonly used type of anti-resorptive therapy, have been reported to 

induce neither MBF nor oRBF.  

Importantly, we observed osteonal remodeling resembling the intracortical osteonal remodeling 

process of cortical bone within the sclerotic noduli. Both active and inactive osteonal remodeling 

events were visible, and the configuration and dimensions of these events were similar to those 

observed in cortical bone. Therefore, the findings of formation of lamellar bone structures with 

layer upon layer build-up and a secondary osteonal remodeling process provide evidence that BOS-

associated sclerotic noduli are dynamic and reflect transformation of trabeculae to cortical bone, a 

process that may to extent resemble the physiological corticalization during growth. In contrast to 

the histological findings in a distal phalanx of a BOS patient [13], we found no evidence of 

formation of an increased rate of intracortical bone remodelling, but clear evidence of a local 

thickened cortical bone, as reported in the distal phalanx. Studies of bone histology from further 

BOS subjects are required to substantiate whether this is a consistent finding in individuals with 

impaired LEMD3. 

The underlying mechanisms that activate quiescent bone-lining cell to develop into mature 

bone-forming osteoblasts followed by modeling-based formations of sclerotic areas remain 

unanswered. Our investigation indicates that LEMD3 or downstream genes could antagonize 

activation, suggesting that underlying mechanisms involve TGF-β and BMPs signalling. In other 

words, the pathogenic variants in LEMD3 may perturb the antagonistic effect of LEMD3 on TGF-β 

and BMP signalling, resulting in increased proliferation and early differentiation of bone lining 

cells. Although impaired TGF- signalling may inhibit osteoclastogenesis by altering the osteoblast 

RANKL/OPG secretion [28], we observed no paucity of osteoclasts or osteoclast activity. Further, 
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it remains to be detailed if impairment of the antagonistic effect of LEMD3 on BMP signalling 

changes the number of osteoblasts. TGF- and BMP signalling are controlled by multiple factors, 

and TGF-/BMP signalling crosstalk with several pathways known to be important for bone 

homeostasis including Wnt and Hedgehog signalling pathways [7]. We speculate that pathways 

such as Wnt signalling pathway may compensate for the decreased effect of LEMD3 in BOS 

patients.  

The findings of irregular, thickened trabeculae indicate the MBF process could be a more 

distinct and possibly generalized phenomenon than the findings on X-ray may suggest. The 

trabecular sclerotic areas were subtle, and the volumetric bone density was not increased. Although 

aBMD was increased substantially at the hip, pathogenic LEMD3 variants do not appear to result in 

a generalized osteosclerotic skeletal condition or high bone mass phenotype.  

The higher aBMD established by DXA is likely originating from sclerotic nodes along the 

endocortex thickening the cortical bone. This is consistent with the combined µCT and histological 

analysis where the endocortical bone envelope appears thickened but shown to be the result 

sclerotic nodes adjacent to the cortical bone. Importantly, due to the sporadic noduli, measurements 

of aBMD should be interpreted with caution, as it may not reflect fracture risk in patients with BOS. 

PET-CT scans revealed mottled looking skeletons, somewhat similar to the sclerotic skeletal 

lesions observed on 
99m

Tc-99m MDP SPECT/CT scans of BOS patients [29]. NaF is a sensitive and 

specific marker of on-going active micro-calcification [30]. Although increased uptake due to 

higher bone formation was anticipated, we did not observe any foci with particularly intense NaF 

uptake. NaF attaches primarily to micro-calcifications (< 50 m) and binds only to the surface of 

macro-calcific deposits, implicating that NaF uptake decreases the denser and less penetrable 

macro-calcifications become [30]. Therefore, the compact lamellar structures and normal osteonal 

remodeling processes observed may have prevented NaF from penetrating the skeletal tissue, 
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limiting the possibility of assessing NaF uptake in sclerotic areas. In addition, the absence of intense 

NaF uptake in the sclerotic areas may reflect that these areas over years develop layer upon layer 

over years, rendering it difficult to detect any difference in the NaF uptake. 

Camurati-Engelmann’s disease is caused by pathogenic TGFB1 variants and represents a 

condition with excessive TGF-β1 activity. The disease is characterized by widespread 

osteosclerosis in long bones and skull [12, 31, 32], and 
99

Tc-labelled methylene diphosphonate 

scintigraphs show seemingly more extensive disease activity with more wide spread endosteal wavy 

sclerosis [33] compared to our observations in BOS patients. The discrepancy between Camurati-

Engelmann and BOS may reflect that another antagonist than LEMD3 antagonises TGF-β 

signalling. Histomorphometic findings from patients with TGFB1 variants remain to be published to 

determine if the endosteal sclerosis in Camurati-Engelmann and BOS is congruent. 

Since the sclerotic noduli were comparable with cortical bone during development, we 

investigated the mRNA expression of LEMD3 and TGFBR1 within the developing cortical bone of 

the proximal femoral of adolescent humans with active modeling-based periosteal deposition and 

remodeling-based intracortical remodeling. This investigation demonstrated that both LEMD3 and 

TGFBR1 mRNA were present in all osteoblast-lineage cells as expected and in osteoclasts. 

However, there were no observable variances in the mRNA expression, which could explain the 

scattered distribution of the sclerostin noduli in BOS patients. It would have been preferable to 

compare mRNA expression patterns in BOS patients to the adolescent controls, but the bone 

biopsies from BOS patients were plastic-embedded processed for the histomorphometry, not 

paraffin embedded for the mRNA expression analysis.  

Based on our observations, we suggest that in patients with BOS, quiescent bone lining cells are 

activated to bone-forming osteoblasts. This leads to increased width of existing trabeculae by 

formation of modeling-based bone structural units expanding to form nodular sclerotic areas 
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through repeated cycles of MBF and to some extent oRBF. Even though the contribution of oRBF 

is minor, its presence suggests that LEMD3 may also have a role in the termination of bone 

formation, regulating the generation of oRBF. The generated nodular sclerotic areas subsequently 

undergo osteonal remodeling, leading to formation of osteons and histologically transformation 

from trabecular to cortical bone (Figure 7).  

The present investigation was based on only two patients with Buschke-Ollendorff’s syndrome 

who were both premenopausal with a wide age range, which has an independent effect on bone 

morphology. While findings on X-rays were similar to those of other patients with the condition, it 

not clear whether the detailed findings obtained in the two patients can be generalized to all BOS 

patients. Further, additional immunohistochemistry studies of BOS patients would have been 

advantageous.  

In conclusion, assessments of bone specimens from two women with Buschke-Ollendorff’s 

syndrome demonstrated histological findings of active MBF, some oRBF and central osteonal 

remodeling in the osteosclerotic noduli reflecting the transformation of trabeculae to cortical bone. 

Our findings suggest that disruption of the antagonistic effect of LEMD3 on TGF-β signalling 

and/or BMP with secondary enhancement of the pathway is involved in the regulation of MBF and 

some extent oRBF. It is, however, unexplained why the sclerosis presents itself as scattered noduli 

in the trabecular compartment and on the endocortex, and not a generalized sclerosis. Evaluation of 

activity, morphology and gene expression of bone cells from unaffected bone and sclerotic noduli in 

LEMD3 deficient rodent models may elucidate the mechanisms that lead to development of the 

sclerotic noduli. This could potentially uncover if LEMD3 antagonists could merge as a novel 

treatment of low bone mass and bone fragility.  
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Figure legends 

 

Figure 1. 

Radiographic images of two women with BOS. (A-B): Anterior posterior and lateral crus of subject 

1. (C): Anterior posterior pelvis of subject 2. 

 

Figure 2. 

18F-sodium fluroide PET/CT of subject 1. Maximum-intensity projection image of 18F-sodium 

fluoride PET scan (A) and merged PET/CT scans of subject 1 in coronal (B) and sagittal (C) 

projections; D) and (E) are axial projects of CT and merged PET/CT scans, respectively, at the level 

of the sacroiliac joints. 

 

Figure 3. 

A: Micro-CT images of the bone biopsies from the two subjects. A sclerotic node in the trabecular 

compartment (blue asterisks) and the cortical compartment (black asterisks) is shown in 

magnification in the lower panel. B: Tissue mineral density of cortical bone only (red dots), 

trabecular sclerotic nodal tissue only (blue crosses), and trabecular bone only, excluding sclerotic 

nodes (red dots) for the two BOS patients compared with corresponding values from a reference 

population of Danish women (black dots). The tissue mineral densities of the trabecular sclerotic 

nodes are almost identical to that of the cortical bone and both have comparable tissue mineral 

densities to that of the Danish reference population. The trabecular bone tissue mineral densities of 

the BOS subjects were substantially lower than that of the Danish reference population. Trabecular 

bone volume BV/TV for the two BOS patients (trabecular bone excluding sclerotic nodules, red 

dots) compared with corresponding values from the reference population (black dots). The BV/TV 

values of the BOS patients were very similar to that of the reference population.  
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Figure 4. 

Histological examination of the transiliac bone biopsy obtained from subject 1. The illustrated 

adjacent sections are either Masson-Goldner trichrome stained (A-B, G, I) or immunostained for 

osteopontin (C-F, H). A: Overview image of the complete transiliac bone biopsy. Frames mark the 

two sclerotic areas investigated in detail. B-C: Illustrated the sclerotic area in the bone marrow 

cavity. Note the presence of pores within the sclerotic area. D: Illustrates the presence of MBF BSU 

with smooth osteopontin-rich cement lines (yellow arrowheads) at the edge of the sclerotic bone 

and osteons (#) within the sclerotic bone. High magnifications of the framed area are shown in F-G. 

Here the scalloped osteopontin-poor cement lines of RBF BSU are visible (green arrowheads). E: 

Illustrated smooth osteopontin-rich cement lines embedded in the sclerotic bone, as well as osteons. 

Note that these smooth osteopontin-rich cement lines represent oRBF BSU (blue arrowheads), as 

they are extended scalloped osteopontin-poor cement lines. High magnifications of the framed area 

are shown in H-I. Here the scalloped osteopontin-pore cement lines of remodeling-based BSU are 

more visible.  

 

Figure 5. 

Histological examination of the sclerotic bone thickening the cortical bone within the transiliac 

bone biopsy obtained from subject 1. The illustrated adjacent sections are either Masson-Goldner 

trichrome stained (A, C, E, G) or immunostained for osteopontin (B, D, F, H). A-B: Overview of 

the thickened cortex and the sclerotic bone on its endosteal surface. High magnifications of the 

frames area are shown in C-H. C-D: Endocortical sclerotic bone with MBF BSU with smooth 

osteopontin-rich cement lines (yellow arrowheads) at the edge of the sclerotic bone and osteons (#) 

within the sclerotic bone. High magnifications of the framed area are shown in E-F. Here the 
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scalloped osteopontin-poor cement lines of hemi-osteonal and osteonal RBF BSU are visible (green 

arrowheads). G-H: Intracortical osteons with scalloped osteopontin-poor cement lines.  

 

Figure 6. 

In situ hybridization for LEMD3 (A-F) and TGFBR1 (G-J) mRNA (red dots) combined with 

immunostaining for the osteoclast marker TRAcP (black staining) in bone specimens from the 

proximal femur metaphysis of a patient. A-F: LEMD3 mRNA staining is present in TRAcP
+
 

osteoclasts (OC), osteoblast (OB) and other osteoblast-lineage cells, like peri-osteoclastic cells and 

osteocytes (yellow arrowheads). G-J: TGFBR1 mRNA staining is abundant in TRAcP
+
 osteoclasts, 

and to some extent in peri-osteoclastic cells. No staining was observed in bone forming osteoblasts 

or osteocytes.  

 

Figure 7. 

Model illustrating the gradual formation of the osteosclerotic areas over time in BOS patients. 

Quiescent bone lining cells are locally activated to bone-forming osteoblasts that extend the width 

of the existing trabeculae (blue) by the formation of modeling-based BSU. This process is repeated 

over-and-over again leading to the generation of the observed sclerotic areas. When the sclerotic 

area reaches a certain thickness, it starts to undergo osteonal remodeling forming osteons (yellow), 

which completes the transformation from trabecular to cortical bone.  
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Table 1 

Demographics Subject 1 Subject 2 

Sex F F 

Age (years) 25 47 

Height (cm) 160.5 162.8 

Weight (kg) 82.5 79.6 

BMI (kg/m
2
) 30 32 

Genotype c.1577_1578delTT,         

p.526fs*, exon 7 c.1522+1G>C 

Phenotype Connective tissue naevi Connective tissue naevi 

Biochemistry and DXA     

p-Ca
2+

 (mmol/L) [1.18-1.32] 1.21 1.18 

p-PTH (pmol/L) [1.1-6.9] 3.7 7.0 

p-BASH (U/L) [35-105] 94 95 

p-Vitamin D (25 OH) 88 77 

Pro-Collagen III Peptid (μg/L) (2.4-6.4) 5.5 4.2 

Osteocalcin (μg/L)(2.0-22.0) 4.7 2.0 

p-TSH (10E-3IU/L) [0.30-4.0) 1.6 2.6 

BMD, lumbar (Z-score) 0.7 1.4 

BMD, femur (Z-score) 3.3 3.2 

BMI: Body Mass Index, U: unit,   

The interval for normal values is stated in [ ]  

 

Highlights 
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 Buschke-Ollendorff Syndrome with LEMD3 variants presents with unexplained skeletal 

sclerotic foci  

 The nodular sclerotic areas in the marrow cavity consist of a compact lamella bone 

 Osteonal remodeling processes suggest that BOS-associated sclerotic noduli are dynamic 
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