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Figura 7. Osteocondromas. A. Sésil. B. Pedunculado 
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Glycosaminoglycans (GAGs) 

N-acetyl-D-glucosamine (GlcNAc)  
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Multiple osteochondromatosis (MO)
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Exostoses (multiple)-like 2 gene (EXTL2)
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Exostosin 2 protein (Ext2)

Loss of Heterocigosity (LOH)

Indian hedgehog (Ihh) 

Hedgehog-interacting protein (Hip)

Parathyroid hormone-related protein (PTHrP) 

Dysplasia epiphysealis hemimelica (DEH) 

Metachondromatosis (MC)
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ABSTRACT 

Multiple osteochondromatosis (EXT1/EXT2-CDG) is an autosomal dominant O-linked 

glycosylation disorder characterized by the formation of multiple cartilage-capped tumors 

(osteochondromas). The two genes responsible for MO, EXT1 (8q24) and EXT2 (11p11-p13), 

are tumor suppressor genes that encode glycosyltransferases involved in heparan sulphate 

chain elongation. We present the clinical and molecular analysis of 33 unrelated Latin 

American patients suffering osteochondromatosis [26 multiple (MO) and 7 solitary (SO)]. 

The objectives were to analyze the spectrum of molecular changes and their association with 

the phenotype. Eighty-three percent of MO patients presented a severe phenotype, including 

two patients with malignant transformation to chondrosarcoma (11%). We found the mutant 

allele in 17 MO cases and 1 SO patient, who upon deeper examination was diagnosed as very 

mild MO. Eight out of thirteen mutations in EXT1 were novel (p.Leu251*, p.Arg346Thr, 

p.Lys126Asnfs*62, p.Val78Glyfs*111, p.Lys306*, p.Leu264Pro, p.Gln407* and the deletion 

of exon 1). Regarding the EXT2 gene, we found five mutations, four of them novel 

(p.Trp394*, p.Asp307Valfs*45, p.Asp539Glnfs*5, and exon6-16del). As 31% of the disease 

causing mutations in MO patients remain unknown it is wise to hypothesize about a putative 

EXT3 locus or unknown transcriptional regulatory sites of the EXT1/2 genes. We analyzed the 

exostosin1 and exostosin2 protein expression in osteochondroma tissues by Western blot and 

we observed that both protein levels were reduced or absent independently of the mutated 

gene, both in MO and SO patients when compared with normal samples. This study 

represents the first Latin American research program in EXT1/EXT2-CDG. 

INTRODUCTION 

Multiple osteochondromatosis (MO; MIM� 133700, 133701), also known as 

EXT1/EXT2-CDG in the congenital disorder of glycosylation (CDG) nomenclature (Martinez-
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Duncker et al. 2012; Jaeken 2010) is a genetically heterogeneous disease. Around 90% of MO 

patients present mutations in one of the two genes: EXT1 (MIM 608177), mapped in 

chromosome 8 (8q24.11-q24.13), or EXT2 (MIM 608210), mapped in chromosome 11 

(11p12-p11). Both are ubiquitously expressed tumor-suppressor genes of the EXT gene 

family, characterized by their homology in the carboxyl-terminal region and the presence of a 

signal peptide at the amino end region (Busse et al. 2007; Jennes et al. 2009; B. T. Kim et al. 

2001). All members of this gene family have been cloned and identified and they encode 

glycosyltransferases involved in the adhesion and/or polymerization of heparan sulfate chains 

(HS) at heparan sulfate proteoglycans (HSPGs) (Busse et al. 2007; Kim et al. 2003; Nadanaka 

& Kitagawa 2008; Wise et al. 1997). In particular, EXT1 and EXT2 encode exostosin 1 and 2, 

respectively, the two subunits of the major polymerase in heparan sulfate synthesis. 

HSPGs are ubiquitously expressed at cell surfaces and in extra-cellular matrices. They 

are composed of a core protein and one or more HS glycosaminoglycan chains (linear 

polysaccharides formed by alternating N-acetylated or N-sulfated glucosamine units and 

glucuronic acid) that interact with numerous proteins, including growth factors, morphogens 

and extracellular matrix proteins (Gallagher and Lyon 1986). Each HS chain binds to a serine 

unit of a proteoglycan core protein by an O-linked-xylosylation (Carlsson et al. 2008; 

Gallagher and Lyon, 1986; Shi and Zaia, 2009; Zak et al. 2002). In patients lacking exostosin 

activity, the truncated HS chains of HSPGs disturb specific growth factors binding in 

chondrocytes, resulting in abnormal signaling and altered endochondral ossification leading to 

MO (De Andrea et al. 2012). 

MO is characterized by the formation of multiple cartilaginous tumors, named 

osteochondromas that mainly affect the metaphyses of long bones or the surface of flat bones 

(Alvarez et al. 2007; Bovée 2008; Francannet et al. 2001; Hameetman et al. 2004; Jennes et 

al. 2009). Complications may involve bone and surrounding tissue deformities, fractures or 
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mechanical joint problems, vascular compression, arterial thrombosis, aneurysm, 

pseudoaneurysm formation and venous thrombosis. Pain, acute ischemia, and signs of 

phlebitis or nerve compression may also occur within the most severe complication, the 

malignant transformation of osteochondroma to secondary peripheral chondrosarcoma, which 

is estimated to occur in 0.5-5% of patients (Alvarez et al. 2007; Delgado et al. 2012; 

Francannet et al. 2001; Kitsoulis et al. 2008). Solitary osteochondroma (SO) is a much more 

common, non-hereditary condition, with similar clinical findings limited to a single 

osteochondroma. 

In search for MO causative mutations, EXT1 and EXT2 have been widely analyzed by 

different techniques. To date, more than 689 different EXT1 and 345 EXT2 mutations have 

been found worldwide and an update on all reported mutations is deposited at 

http://medgen.ua.ac.be/LOVD) (Jennes et al. 2009; Pedrini et al. 2011). While most of the 

mutations are single nucleotide variants (SNVs) affecting the coding region or splicing 

signals, intragenic deletions involving single or multiple exons of the EXT1 or EXT2 genes 

have also been detected at a frequency of about 10% (Jennes et al. 2008, Vink et al. 2005 

Lonie et al. 2006; Pedrini et al. 2005; White and Sterrenburg 2003; Wuyts et al. 1998). The 

presence of an additional MO causing gene has been proposed to explain the absence of an 

EXT1 or EXT2 mutation in a small percentage of MO patients (15-30%) (De Andrea and 

Hogendoorn 2012; Jennes et al. 2009; 2012). 

This study represents the first Latin American research program in MO. The aims were 

to characterize at the molecular level the MO patients; to establish genotype-phenotype 

correlations, when possible; to assess whether some SO patients were, in fact, mild MO cases; 

and to characterize available osteochondromas at protein level. A broad spectrum of genomic 

changes, including novel pathogenic mutations, were identified in EXT1/EXT2-CDG patients. 

Eighteen mutant alleles, all different, were found in the EXT1 or EXT2 genes in 26 MO 
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patients, including two patients with malignant transformation to chondrosarcoma. One SO 

case was redefined as mild MO and exostosin defects were observed in all five 

osteochondromas analyzed. 

MATERIAL AND METHODS 

Patients and samples

Thirty-three patients (18 males and 15 females), from unrelated pedigrees with 

osteochondromatosis from Chile and Argentina (originally, 26 MO and 7 SO), were included 

in the mutation analyses. Diagnosis for inclusion was performed on the basis of clinical 

manifestations and confirmed by physical and/or radiographic examinations at the Orthopedic 

and Imaging Departments, Children’s Hospital of Córdoba, National University of Córdoba, 

Argentina. DNA and tissue samples from patients and their relatives were obtained together 

with their informed consent in accordance with the Helsinki Declaration as revised in 2000. 

The study was approved by the Ethics Committee of the Hospital (CIEIS) Act Nº 95/2007. 

Patient genomic DNA was obtained from peripheral blood leukocytes using the Wizard 

Genomic DNA purification Kit (Promega, Madison, WI). DNA was extracted according to 

the manufacturer’s instructions. DNA samples from peripheral blood leukocytes of 9 healthy 

subjects were also obtained to be used in the promoter studies. Osteochondromas from 3 MO 

and 2 SO patients, obtained by surgery and otherwise discarded, were available for DNA and 

protein analysis. Cartilage samples were also available from 3 healthy subjects, who 

underwent surgery for any other reason. 

Clinical studies and phenotypic data

Clinical variables were analyzed according to a scale established by the Musculoskeletal 

Tumoral Society with some modifications (Francannet et al., 2001). It includes the evaluation 
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of all palpable lesions, patient’s height and deformities and functional limitations. Lesion 

quality and the severity of the disease was assessed using different factors: age of onset 

(before/after 3 years), number of exostoses (more/less than 10 osteochondromas), vertebral 

location of the exostoses (absence/presence), stature (above/below 10th percentile), and 

functional rating (good/fair). The degree of severity was classified in two groups: mild (M) 

and severe (S). Four subcategories were defined in patients with severe phenotype (types IS to 

IVS) (Alvarez et al., 2006; 2007; Francannet et al., 2001). 

Genotyping and mutation analysis

For mutation screening, the 11 EXT1 and 14 EXT2 coding exons and their intronic 

flanking regions were amplified by PCR from genomic DNA. Primer sequences and PCR 

conditions are described in Sarrión et al. (2013). All fragments, except those corresponding to 

exon 1 of EXT1, could be amplified by PCR simultaneously (Table 1). Exon 1 of EXT1 and 

exon 4 of EXT2 were split into several overlapping fragments, to obtain amplification 

products that did not exceed 650 bp. PCR was performed in a 50 �l reaction volume, 

containing ~100 ng of genomic DNA, 1-2 mM MgCl2, 0.2 mM of each dNTP, 0.4 �M of 

each forward and reverse primer and 0.7 U of GoTaqR Flexi polymerase (Promega, Madison, 

WI). All PCR programs included an initial denaturation of 4 min at 95oC, followed by 35 

cycles of 30 sec at 95oC, 30 sec at annealing temperature (Ta) and 1 min. at 72oC. Finally, an 

extension at 72oC was performed for 5 min. Annealing temperature was 60oC for all primer 

combinations, with the exception of primers for the amplification of overlapping regions of 

exon 1 of EXT1. For these primer combinations, Ta was set at 55oC for ex1.1 and 57o C for 

ex1.2 and ex1.3. The EXT1 promoter region (−1285_−851) was also analyzed by sequencing. 

Primers are available on demand. The PCR reaction was performed as described above with a 

Ta 55oC. All the PCR products were purified using PCR purification kit (GE Healthcare) and 



6����
����	

85

sequenced with BigDye 3.1 (Applied Biosystems; life technologies). The sequences were 

analyzed with an ABI PRISM 3730 DNA Analyzer (Applied Biosystems life technologies). 

The presence of all the mutations detected was confirmed by digestion with the 

appropriate restriction enzyme. Novel mutations were confirmed by analyzing 50 control 

samples. The mutations were given the official HGVS nomenclature (www.hgvs.org). As 

reference sequences, NM_000127 for EXT1 and NM_000401 for EXT2 were used. 

MLPA

EXT1 and EXT2 exon copy number in the patients’ genomic DNA was analyzed by the 

multiplex ligation-dependent probe amplification (MLPA) technique designed by MRC-

Holland, using the commercial kit #P215-B1 and following the manufacturer’s instructions. 

PCR products were run on an ABI 3730 DNA Analyzer capillary sequencer (Applied 

Biosystems, Forster City, CA, USA). Peaks were analyzed with Coffalyser v9.4 software 

(MRC-Holland Vs 05; 30-08-2007). The proportion of each peak relative to the hight of all 

peaks was calculated for each sample and then compared to proportions for the corresponding 

peak averaged for a set of at least ten normal DNA samples. Ratios of 1 were treated as 

normal copy number. Ratios below 0.6 were considered as deletions. Each positive result was 

confirmed in a second independent MLPA reaction. 

Assessment of functionality of missense mutations

In order to assess the possible pathogenic effect of the new missense mutations, the 

changes were analyzed by the bioinformatic tool PolyPhen-2 (Polymorphism Phenotyping v2; 

http://genetics.bwh.harvard.edu/pph2/). 

Western blot for exostosin 1 and exostosin 2 protein detection
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The cartilage samples were processed mechanically with a PRO 200 PKG3 

homogenizer in a radio immune-precipitation assay (RIPA) lysis buffer, with protease 

inhibitors. The lysates were centrifuged at 2500 rpm for 10 min, and the supernatants 

obtained were spun down at 13000 rpm for 20 minutes. Total protein present in the soluble 

supernatants was quantified by the Lowry method and 20 μg protein were resolved by SDS-

PAGE (acrilamide 10%), transferred onto Polyvinylidene Difluoride (PVDF) membranes and 

immunoblotted by standard immunostaining using a horseradish peroxidase–conjugated 

secondary antibody and chemiluminescence detection (ECL) (Bernard et al., 2001; Trebicz-

Geffen et al., 2008). Rabbit primary polyclonal antibodies raised against full-length human 

EXT1 and EXT2 proteins (H00002131-D01P and H00002132-D01P Abnova) were used at 

1:500 dilution and the anti-rabbit secondary antibody at1:2500 dilution (Bernard et al., 2001; 

Trebicz-Geffen et al., 2008). Quantification analyses of EXT1 and EXT2 protein expression 

were performed using Image J Software (NIH). 

RESULTS 

Phenotypic characterization

We recruited a cohort of 33 Latin American ostochondromatosis patients, ranging from 

3 to 55 years at diagnosis, including 26 MO and 7 SO cases. Orthopedic deformities of 

forearm, shortening of limbs, ankle, varus or valgus of knee, brachymetacarpus, scoliosis, 

synostosis, arthritis, vessel or nerve compression were observed as common manifestations in 

MO. The lesions were located in the femur (58%), tibia (45%), humerus (45%), fibula (39%), 

radius (33%) and pelvis (20%), a frequent localization of malignant transformation to 

chondrosarcoma (patients P06 and P38) (Table 1). The grade of severity was determined 

according to the clinical variables described in material and methods (Francannet et al. 2001). 

Phenotypic data were available for 69% (18 out of 26) of the MO patients and the most 
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relevant characteristics are summarized in Table 1. A severe phenotype ranging from grade IS 

to IVS was observed in most of the MO patients. Seventy-seven percent of them presented 

age of onset below 5 years and 50% (13 out of 26) manifested a familiar inheritance (Table 

1). Two patients (P06, a 32 year-old female reported by Delgado et al. (2012) and P38, a 42 

year-old male with a type IIS severe phenotype) developed a malignant chondrosarcoma. This 

gives a frequency of malignant transformation of 11%, (2 of 18 MO) considering only 

patients with clinical data, or 8% (2 of 26), considering all MO cases. Both patients presented 

a large chondrosarcoma on the pelvis that led to a severe vascular compression (Table 1). 

Gene sequence and dose analyses of EXT1 and EXT2 exons

Exons and flanking regions of EXT1 and EXT2 were sequenced from the genomic DNA 

of the 33 patients. Negative cases were subsequently analyzed by MLPA of all EXT1 and 

EXT2 exons. The mutant allele was found in 17 of 26 (65%) MO patients and in one of the 

SO cases. This case was re-analyzed and found to be a mild MO case. We identified 18 

pathogenic mutations (5 nonsense, 6 frame-shift, 3 missense, 1 splice site mutation and 3 

large deletions identified by MLPA), 13 of them in EXT1 and 5 in EXT2, which are listed in 

Table 2. Seven of the EXT1 mutations were novel (p.Leu251*, p.Arg346Thr, 

p.Lys126Asnfs*62, p.Val78Glyfs*111, p.Lys306*, p.Leu264Pro, p.Gln407*) as were four of 

the EXT2 mutant alleles (p.Trp394*, p.Asp307Valfs*45, p.Asp539Glnfs*5 and a deletion of 

exon 6 to 16). Bioinformatic predictions for EXT1 missense mutations suggested a pathogenic 

role for them [PolyPhen, probably_damaging (0.986, 0.997 and 1)]. All mutations were 

included at the international multiple osteochondroma mutation database 

(http://medgen.ua.ac.be). 
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Analysis of the EXT1 promoter

The EXT1 sequence corresponding to the core promoter region was reported to map at 

approximately 917 bp upstream of the EXT1 start codon, within a 123 bp region (Jennes et al. 

2012). We sequenced 435 bp, including this 123-bp region in the 33 patient and 9 control 

samples, and no mutation was detected. For the two previously reported SNPs within this 

region (rs7001641 and rs34016643) (Jennes et al. 2012), we only detected that four patients 

were heterozygous carriers for the C-allele of rs34016643 (P18, P21, P34 and P41), as was 

also one of the control indviduals. The MAF was thus 0.06, both in patients and controls. For 

three of these four patients, no pathogenic mutation in EXT1 or EXT2 was identified. Only 

patient P41, who carried the C-allele of the rs34016643 SNP, bore a nonsense mutation 

(c.1219C>T, p.Gln407*) in exon 4 of the EXT1 gene (Table 1). 

After coding sequence, MLPA, and promoter analyses, fifteen cases remained with no 

mutation identified. Nine of them were MO patients and six were SO. Most of these patients 

did not have a positive family history of osteochondromatosis and in the case of P39, this 

information was not available (Table 1). 

DNA analysis of cartilage tissue from some available osteochondromas

Loss of heterozygosity (LOH) was analyzed by PCR and MLPA in available cartilage 

samples, obtained from five patients who underwent surgeries (P02, P06, P07, P26 and P31). 

No LOH was detected in any of these tissues (listed in figure 1). 

Protein analysis of exostosin 1 and 2 of cartilage tissue from some available osteochondromas

We analyzed exostosin 1 (EXT1) and exostosin 2 (EXT2) protein expression in 

osteochondroma samples from 5 patients (3 MO: P02, P06 and P26; and two SO: P07 and 

P31) and in cartilage samples from 3 control subjects. Both EXT1 and EXT2 proteins were 
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expressed in tissues from controls as shown by the corresponding 74-kDa and 73-kDa bands 

(Figures 1A and B). Reduced or null expression of at least one protein was observed in all 

patients’ samples. Patients P26 and P31, were positive for EXT1 and negative for EXT2, 

while patients P02 and P07 showed an opposite expression pattern, although EXT2 levels 

were clearly reduced. Patient 06 was negative for both proteins. 

DISCUSSION 

This work represents the first clinical, biochemical and molecular research for the study 

of multiple hereditary osteochondromatosis (EXT1/EXT2-CDG) in Latin American patients. 

Analyzing the genomic DNA of thirty-three unrelated patients, the mutant allele was detected 

in the EXT1 or EXT2 gene in 65% of the MO patients and in one of the 7 SO cases who, upon 

careful reexamination, was diagnosed as MO with very mild symptoms. Taken together, 18 

different mutations were identified in 27 MO patients and none in 6 SO patients. No mutation 

was found in the promoter sequences of any of the patients. All five available 

osteochondromas showed a deficiency of either exostosin 1 or exostosin 2 or both. 

Recent studies reported that EXT1 is responsible for ~65-75% of the MO patients 

(Pedrini et al. 2011). In agreement with this observed that EXT1 mutations (72%) were more 

common than EXT2 mutations (28%) in our series. Rearrengments detected by MLPA 

analysis accounted for 17% of the mutant alleles, a frequency similar to that found in Spanish 

patients by Sarrion et al. (2013), and somewhat higher than those reported by others. 

Seven of the 13 EXT1 mutations (p.Leu251*, p.Arg346Thr, p.Lys126Asnfs*62, 

p.Val78Glyfs*111, p.Lys306*, p.Leu264Pro, p.Gln407*) and 4 of the 5 EXT2 mutant alleles 

(p.Trp394*, p.Asp307Valfs*45, p.Asp539Glnfs*5, and ex6-16del) were novel. Although 

some mutation hotspots were reported (Jennes et al 2009) 



,�
����	����
���	��	���	@���
�
��	�����	

90

(http://medgen.ua.ac.be/LOVDv.2.0/), we did not observe EXT1 or EXT2 recurrent mutations 

in the patients of this study. However, we detected two mutations in EXT1 gene that were 

reported many times before. The missense mutation c.1018C�T (p.Arg340Cys) observed in 

P40, was reported 22 times and the exon 6 deletion c.1469delT (p.Leu490Argfs*9), found in 

P02, 37 times. These mutations were shown to cause the impairment of heparan sulfate 

synthesis [McCormick et al. 1998; Jennes et al. 2009]. 

We did not look for mutations either in the 5’ and 3’ UTRs or in deep intronic regions. 

However, the promoter region was genotyped and no mutation was detected. A recent study 

described a regulatory role for the G/C SNP (rs3401643) located at position −1158 bp, within 

a USF1 transcription factor binding site (Jennes et al. 2012). The authors observed that the 

presence of the C-allele resulted in a ~56% increase in EXT1 promoter activity. The possible 

effect of this allele in the four patients of the present study, who are heterozygous for it, will 

require further studies. 

We had 9 MO patients for who remained undiagnosed at the molecular level. 

Transcriptional regulation may be a contribution factor to help explain the high number of 

patients without molecular definition of the disease and methylation of cytosine residues in 

promoter regions is a known mechanism leading to transcriptional gene repression in tumor 

suppressor genes. Nevertheless, in osteochondromas or in chondrosarcomes it seems not to be 

the case (Ropero et al., 2004, Hameetman et al 2007). A putative EXT3 gene, located in the 

short arm of chromosome 19 has been proposed to explain the absence of an EXT1 or EXT2

mutation in a small percentage of MO patients (30 – 15 %). Nevertheless, the existence of this 

third locus is not clear so far (Ahn et al., 1995; Wuyts et al., 1996). A possible additional 

explanation for this apparent lack of mutation is the presence of mosaicism as reported by 

Szuhai et al. (2011) and Sarrion et al. (2013). This mosaicism could be responsible for a non-

detection of the mutation in lymphocyte DNA. 
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We could analyze the tissue expression of exostosin 1 and 2 in five patients (Figure 1). 

Scanning densitometry of Western blots showed that EXT1 and EXT2 protein levels tended 

to be null or lower in patients compared with control samples and they did not correlate with 

the affected gene, the degree of severity or the clinical presentation (MO or SO). In two 

patients (P02 and P06) carrying an EXT1 mutation, we could not detect the EXT1 protein 

according to the nonsense or frameshift mutations in these patients, but it could not explain 

the loss of ext2 protein observed. These findings suggest that EXT1 mutations probably 

interfere with the function of exostosin’s complexes in Golgi, probably inactivating 

holoenzyme activity, degrading the whole protein, or interfering in some other function in the 

Golgi (Bernard el al, 2001). 

Several studies have suggested that MO patients present a more severe phenotype when 

they bear EXT1 mutations compared to EXT2 mutations (C. M. Alvarez et al., 2007; C. 

Alvarez et al., 2006; Francannet et al., 2001), while other studies could not confirm this 

observation (Jennes et al., 2008; Signori et al., 2007). Recently Pedrini et al., (2012) 

performed a genotype-phenotype correlation study in two large cohorts of more than 500 MO 

patients, in which they found that EXT1 mutations conferred an OR of 6.8 for a severe 

phenotype, according to a new clinical classification system defined by them. In our cohort, 

we classified the phenotype of the patients according to Francannet et al. (2001). We assigned 

a severe phenotype in 83% of MO patients (7% type IS, 53% type IIS, 13% type IIIS and 

27% type IVS) and the remaining 17 % were classified as moderate (Figure 2). Although our 

patients with EXT2 gene mutation showed a smaller number of affected bones (data not 

shown), which is in accordance with a recent study (Stancheva-Ivanova et al., 2011), all of 

them were classified as severe (Figure 2). Thus, we cannot evidence differences between the 

grade of severity in the phenotype in patients with EXT1 or EXT2 mutations. 
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We observed that the grade of severity differed between the proband and other affected 

members in the family, in agreement with the intra-familial variability reported previously 

(Hennekam, 1991). No family history for MO was reported in 42% of MO patients. The 

skeletal deformations most observed in our patients were shortening of limbs, varus, valgo, 

brachymetacarpus, scoliosis, shortened stature and synostosis. In one EXT2 patient (P01) with 

a nonsense mutation (c.1182G>A; p.Trp393X), high severity in the phenotype was observed 

due to vertebral localization of osteochondromas. In summary, (Figure 2). 

Two patients suffer a malignant transformation to chondrosarcoma (�10%). This is the 

most important complication in MO, estimated to occur in 0.5-5% of patients (Bovée, 2008). 

Due to there is no etiological treatments, the individuals have at least one or multiple 

operative procedures (Bovée, 2008). Eight of our patients had undergone surgical excision of 

one or more osteochondroma. In adults, an indication for excision is suggested only by 

malignant transformation (Clement, Ng, & Porter, 2011).  

It has been shown that hereditary osteochondromas and secondary chondrosarcomas are 

associated with a second mutational hit in EXTs genes (Bovée, 2010; Hecht et al., 1997). In 

these sense, we analyzed DNA from resected osteochondroma tissue in P6. We did not 

observe a somatic mutation by PCR or MPLA in both genes. This could contribute to rules 

out a complete deletion or the presence of genetic rearrangements as the second mutational 

EXT1 hit in this patient with a malignant transformation in a pelvis osteochondroma. 

Regarding the two patients with malignant chondrosarcoma, patient P06 bore the 

pathogenic mutation c.848T>A (p.Leu283*) in the first exon of the EXT1 gene (Delgado et al. 

2012), while in P38 no mutation was detected, neither in EXT1 nor EXT2 (Table 1).  

In conclusion, despite several reports estimated the prevalence of MO at 1:50,000 in the 

western population, the epidemiological data available at present allow no conclusion 

regarding the genotypes in any region of the world (Hennekam, 1991). The phenotype 
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prevailing in Latin America countries emphasizes the complexity of the disease in a broad and 

ethnically heterogeneous region. In summary, we have found the molecular bases in 83% of 

MO patients and the patients without the specific mutation detected were included in a group 

whereas more questions concerning the pathogenesis of the disease are hypothesized. The 

most important topic is how the disruption of a ubiquitously expressed gene causes this 

cartilage-specific disease and according to the clinical manifestation, the query is how the 

clinical intra-familial variation can be explained. It led us to investigate into new interesting 

candidates for mutation screening. This could be the putative EXT3 locus or novel genes 

related to this pathology, in this sense the new exome sequencing studies will soon became a 

diagnostic tool for this identification. 
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Figure 1: Analyses of ext1 and ext2 protein expression in osteochondroma tissues. Protein 

levels were measured in cartilage from excised tissues in MO (P6, P26 and P2), solitary 

exostosis (P31 and P7) and normal subjects (c). The tissues were homogenized mechanically, 

lysed, centrifuged twice and 20 ug total protein was analysed by SDS-PAGE followed by 

Western blot inmunodetection with anti-ext1 and anti ext-2 respectively. (A) We observed a 

specific band that migrated at 74 kDa for ext1 and (B) at 73 kDa for ext2 protein. (C) Table 

shows EXT1germline mutations in MO (P06 and P02) with different grade of severity in the 

phenotype. (ND) Patients without mutations detected in EXT1 or EXT2 genes are P26, P31 

and P7. LOH was studied by sequence and MLPA. Densitometric analysis performed by 

Image J software of the detected bands showed decrease or null expressions of both proteins 

in patients. 
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Figure 2: Genotype- phenotype correlations in 33 patients studied. Proportion of Severe 

phenotype (blue), and mild (red), with the different spectrum of severe phenotype (IS ligh 

blue, IIS light red, IIIS green, and IVS violet). Distribution of EXT1 and EXT2 mutations and 

patients without mutations identified, according to the grade of severity in the phenotype. 



,�
����	����
���	��	���	@���
�
��	�����	

100



6����
����	

101



,�
����	����
���	��	���	@���
�
��	�����	

102



6����
����	

103


��;���	�3+����������������

	
���;
��	�4+������&�%C�.������, ��.����B�����(���&��%��$��$�> �%��&%�) ��$�����(��
�( ���  '�) ����(� ) � G � �%, � �)�)� B� ) $�  > ��%� �)���'%� ) � ������H� ����H� ��
�� B�
������
	
��������
4��	����
�!��	���	 ��
����	 @�����	��
�������	 ��	
��!�������	���	 @���
�
�	��	��
�	

����	 ����	 R(%"(� )���� ����'	 5��S	 ��	 ���	 ��E��
�	 ��	 �������	 
��
����
F������	
��
�K����	R�86%/$SQ	��
�������	��	���
��������	��	@���
�
�	��	5��	��	��
�������	
��	����	�	�;;�	�	��	!����������	�������	��
�������	��	��	��������	�������	����	
R��/SQ	�	�����
������	��	�;
������	��	==	�����	��
���@����	��	��
������
��	�	��	��	
!��	��	G�
	��	��
������
��	
��������	��	(	�����	��	5��"	,�	)'9V	��	���	����!�����	
R*)M*9))S	
�����	!������	���
��	���	�����	��	5��	R��	����	��	���	1#������	^	:S"	2�	
��	 �����
�����	��
�������	 ��	 ���	 �;����	 ����!��
��	 ��	 ����	 �	 ��	 ���	�����	 ��	
�����
��	 ��	 ������	 ����	 �%������	 R
"3<:�S	 ��	 �;;�
	 ,�	 ���	 �����	 5��	 ��	
����
�
����	 ���	 ??	 $2��	 ������������	 ���	 ��/	 ������
��	 
��	 ,�
����	 �'� � 	
d2�
����
	 ::1:>*&?)*'()*(e	 
���	 ��
����	��	 !����	 ��	 ������	
���	 ����	 ����!����"	
/����!����	 N��	 ���	 1#������	 ���������������	 ����
�!����
�	 ���	 ���	 !������	 ��	
������'	���	���	C����	�;��
����	N��	��	
�����	�;
�����	
��	���	!�����
�	����
���	
����	 �	 
���
���
�"	 ,�	 ��F�����	 ��	 �;
������	 ��	 ��
������
��	 
��������	 ��	 (	 �����	
5��	 �	 ?	 ���
�����	 ���
��	 N��	 ����'	 ��
�'	 ������	 �	 ������ ��	 ������������	
����
�!����
�	 ���	 ��	 1#�����"	  ��	 ��	 ���	 �����	 5��	 
�����
�	 ��!����	 ��
��	 ��	
�AB
	'	 ����
���	 N��	 ��	 �
��	 ���
��	 ��!����	 ��	 �3
�	 ���	 �����"	 ,�	 ����������'	

��
����������	�!��������	��	E�
�����������	�	���	�@��
�	���
�!�	��	!�����	�����	

���	��	@���
�
�	5��"	

	

	



,�
����	����
���	��	���	@���
�
��	�����	

104

�������
���
��
�����	 $������'	 4�������	�������!�H�'	 6����	 �����
�'	 $����	 %�!�
'	 2���	 %���'	

2�
a���	 ������&�����
'	 ���	 3��H�!�
�'	 8�!���	 8��������'	 -����	�����@'	 $��!���	 ��	
��������'	 4���	 ���	 6��'	 6����
�	 �b����'	 L�!���	 2�����'	 8���@�	 ����&�����'	 ������	
��������	 ���	 $�����	 ��������"	 8	 �������	 ���	 ��������

����	 8

����E	 
�	 
E�	
5��E	 ����	 ����	 �E���
�
�1	 ,!������	 �@	 5�
��������
�	 ���	 8���
�!�	 ,@@��
�	 �@	
������'	����'	��
�	���	�����"	?2������%'�����+��+����%=�@
	



6����
����	

105

A Genomic and Transcriptomic Approach to the High Bone Mass 

Phenotype: Evidence of Heterogeneity and Additive Effects of TWIST1, 

IL6R, DLX3 and PPARG

Patricia Sarrión,1† Leonardo Mellibovsky,2† Roser Urreizti,1 Sergi Civit,3 Neus Cols,1 Natàlia 

García-Giralt,2 Guy Yoskovitz,2 Alvaro Aranguren,1 Jorge Malouf,4 Silvana Di Gregorio,5

Luís Del Río,5 Roberto Güerri,2 Xavier Nogués,2 Adolfo Díez-Pérez,2 Daniel Grinberg1‡ and 

Susana Balcells1*‡

1 Departament de Genètica, Universitat de Barcelona, IBUB, CIBERER, Barcelona, Spain; 2 URFOA, IMIM, 

Hospital del Mar, RETICEF, Barcelona, Spain; 3 Departament de Estadística, Universitat de Barcelona, 

Barcelona, Spain; 4 Hospital de la Santa Creu i Sant Pau, Barcelona, Spain; 5 CETIR Medical Imaging Centre, 

RETICEF, Barcelona, Spain 

† These two authors contributed equally to this work. 

‡ These two authors contributed equally to this work. 

Disclosures 

All authors state that they have no conflicts of interest.



,�
����	����
���	��	���	@���
�
��	�����	

106

ABSTRACT 

The aims of the study were to establish the prevalence of the high bone mass (HBM) 

phenotype in a cohort of Spanish postmenopausal women (BARCOS); to determine the 

contribution of LRP5 and DKK1 mutations and of common bone mineral density (BMD) 

variants to the HBM phenotype; and to characterize the expression of 88 osteoblast-specific 

and Wnt-pathway genes in primary osteoblasts from two HBM cases. 0.6% of individuals 

(10/1600) displayed Z-scores in the HBM range (sum Z-score > 4). No mutations in the 

relevant exons of LRP5 were found and a rare missense change in DKK1 was found in one 

woman (p.Y74F). Fifty-five BMD SNPs from Estrada et al [NatGenet 44:491-501,2012] were 

genotyped in the HBM cases to obtain risk scores for each individual. Z-scores were 

negatively correlated with these risk scores, with a single exception, which may be explained 

by a rare penetrant genetic variant. The expression analysis in primary osteoblasts from two 

HBM cases and five controls showed that IL6R, DLX3, TWIST1 and PPARG were negatively 

related to Z-score. One HBM case presented with high levels of RUNX2, while the other 

displayed very low SOX6. In conclusion, we provide evidence of heterogeneity and the 

additive effects of several genes for the HBM phenotype. 

KEY WORDS: HIGH BONE MASS; OSTEOPOROSIS; BMD; LRP5; DKK1; IL6R; 

TWIST1; DLX3; PPARG; RUNX2; SOX6
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INTRODUCTION 

Osteoporosis has a complex genetic background. Bone mineral density (BMD) is a 

highly heritable intermediate phenotype that correlates well with fracture risk.(1-6) BMD is 

distributed as a Gaussian curve in the general population, with two small groups having 

extremely low or extremely high BMD values at both ends. These individuals with extreme 

phenotypes may bear infrequent and highly penetrant alleles at a few specific loci. 

Alternatively, the extreme phenotypes may depend on the presence of a high number of 

common variants with low penetrance and additive effects. 

A few individuals with high bone mass (HBM, MIM#601884), as defined by a sum Z-

score > 4 (total lumbar spine Z-score + total femoral neck Z-score), have been reported to 

bear highly penetrant missense alleles at the low-density lipoprotein receptor-related protein 5 

(LRP5, MIM#603506) locus that are transmitted in an autosomal dominant way. More than 

10 years ago, two different groups found that LRP5 regulated bone mass.(7,8) While 

inactivating mutations in LRP5 were shown to cause osteoporosis-pseudoglioma syndrome,(7)

gain-of-function mutations caused a high bone mass (HBM) phenotype.(8) This phenotype has 

been associated with the LRP5–G171V mutation in two independent pedigrees.(8,9) Six 

additional missense mutations (D111Y, G171R, A214T, A214V, A242T and T253I), all in 

the first �-propeller domain of LRP5, were identified in patients who also showed an 

increased bone density.(10) The affected individuals had elevated bone synthesis assessed by 

serum markers, but normal bone resorption, bone architecture and serum calcium, phosphate, 

PTH and vitamin D levels.(8,9) Significant phenotypic heterogeneity was reported, and some 

affected family members also had a torus palatinus.

LRP5 acts as a co-receptor with members of the Frizzled family to activate the 

canonical Wnt/�-catenin signalling pathway, which is crucial for bone formation.(11) This 

pathway is activated by the binding of the appropriate Wnt protein to LRP5 and is blocked by 
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the binding of inhibitors such as Dickkopf-related protein 1 (encoded by DKK1,

MIM#605189) and Sclerostin (encoded by SOST). The HBM-causing mutation prevents the 

binding of these two inhibitors. Mutations in SOST are the cause of van Buchem disease (12)

and sclerostosis,(13) two pathologies with an abnormally high bone density. On the other hand, 

Dkk1+/- mice showed a marked increase in bone mass.(14)

The prevalence of HBM in the general population has been estimated as 0.2-1%,(8,15,16)

but the genetic architecture of this extreme phenotype remains poorly understood. However, 

recent genome-wide association (GWA) analyses and meta-analyses have established a 

number of genomic loci that explain differences in BMD across the general population. In 

particular, Estrada et al.(17) identified 56 such genomic loci and showed how they can be used 

to calculate risk scores to predict BMD. 

In order to explore the genetic constitution of the high bone mass phenotype, our aims 

were, first, to establish the prevalence of HBM in the BARCOS cohort of postmenopausal 

Spanish women; second, to determine whether any of the HMB cases carried LRP5 or DKK1

mutations that could explain the phenotype; third, to assess whether the HBM cases were 

carriers of a low number of risk alleles of 55 autosomal GWA-identified BMD loci; and 

fourth, to characterize the osteoblast RNA samples from two HBM cases in terms of 88 

osteoblast-specific and/or Wnt-pathway genes. 

MATERIALS AND METHODS 

Study Cohort 

The study population included the HBM cases in the BARCOS cohort (n=10). This 

cohort of postmenopausal women from the Barcelona area has been described elsewhere.(18,19)

Four additional HBM cases were recruited from CETIR, Barcelona (a private medical 
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services centre specializing in nuclear medicine and other imaging modalities). Blood samples 

and written informed consent were obtained in accordance with the regulations of the 

Hospital del Mar Human Investigation Review Committee for Genetic Procedures. A total of 

1600 dual-energy X-ray absorptiometry scans (DXA; QDR 4500 SL; Hologic, Waltham, MA, 

USA) of the women from this cohort were analysed in order to pinpoint those HBM cases in 

which the sum Z-score (hip plus lumbar spine) was equal to or greater than four.(8) All DXA 

measurements were performed prior to any treatment that could increase bone mass. 

Pathologic phenotypes such as osteopetrosis or any other sclerosing bone disorders were ruled 

out based on the absence of radiologic alterations in the skull and long bones, the absence of 

any fragility fracture and the absence of any underlying disease. 

Sequencing of LRP5 and DKK1

The genomic DNA of each participant was isolated from peripheral blood leukocytes 

using conventional methods. In all probands, LRP5 exons 2 to 4 and 9 to 16, and their intronic 

flanking regions, and the four exons and flanking regions of DKK1 were amplified and 

sequenced using specific primers. Mutation screening was performed by direct sequencing 

using the BigDye v3.1 kit (Applied Biosystems, Foster City, CA, USA) and the ABI PRISM 

3730 DNA Analyzer (Applied Biosystems). Primers and PCR conditions are available on 

demand. Nomenclature for DNA variants followed these reference sequences: NM_002335.2 

for LRP5 and NM_012242.2 for DKK1. 

SNP Selection and Genotyping 

Out of the 64 SNPs identified by Estrada et al.,(17) we chose 55, one for each autosomal 

locus (listed in Supplementary Table 1). Genotyping of the 13 available HBM cases was 

carried out with a KASPar v4.0 genotyping system at the Kbioscience facilities (KBioscience, 
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Herts, UK) using the Kraken allele-calling algorithm. The genotypes of 1001 BARCOS 

participants for the same SNPs were already available, since this cohort was included in the 

replication phase of the study by Estrada et al.(17) One of the SNPs (rs3905706) gave 

conflicting results and was eliminated from the analyses. Quality control was carried out by 

resequencing 6.28% of the samples. The readings showed full concordance between the two 

techniques. 

Genetic Risk Allele Analysis 

The analysis of the 54 SNPs associated with BMD was similar to the one carried out by 

Estrada et al.(17) Briefly, the genotype of each SNP was transformed into a risk score by 

taking into account the effects estimated by the authors and listed in their Supplementary 

Table 9. The scores for homozygotes for the risk allele were 2x the effect size; scores for 

heterozygotes were 1x the effect size; and the scores for homozygotes for the alternative allele 

were zero. For each individual, the risk scores of all SNPs were summed up to obtain a global 

risk score, which was then normalized by dividing it by the mean effect size of BARCOS. 

Normalized global risk scores were sorted into five bins, as described in Estrada et al.(17)

Missing genotypes within BARCOS cohort individuals and also within HBM probands were 

solved by replacing them by the mean of the corresponding SNP scores in BARCOS. This 

strategy would attenuate the variance of the overall group.(20)

Primary Osteoblast Isolation and Cell Culture 

Primary osteoblast (hOB) cells of postmenopausal women were available from bone 

specimens extracted from knee samples that would otherwise have been discarded at the time 

of orthopaedic surgery. Both informed consent and BMD values were obtained from the 

donors. One of them was patient HBM10. Five donors had sum Z-score values of 2.4, 1.2, 
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0.4, -0.7 and -2.2, and were used as controls. One additional donor had a sum Z-score value of 

5.3 and was used as a second HBM case for the transcriptomic analysis, since she fulfilled all 

HBM criteria. hOB cells were obtained from bone specimens, as described previously.(21,22)

Briefly, the trabecular bone was separated and cut into small fragments, washed in phosphate 

buffered solution (PBS) to remove non-adherent cells, and placed on a petri dish. Samples 

were incubated in Dulbecco’s Modified Eagle Medium (DMEM; Gibco; Invitrogen, Paisley, 

UK), supplemented with sodium pyruvate (1 mM), L-glutamine (1 mM), 1% 

penicillin/streptomycin, 10% fetal calf serum (FCS), 0.4% fungizone and 1% ascorbic acid. 

Cells were subcultured twice, prior to harvesting and total RNA extraction. 

RNA Extraction, cDNA Synthesis and Real-time PCR 

Total cell RNA was extracted using the High Pure RNA Isolation Kit (Roche Diagnosis, 

Mannheim, Germany) in accordance with the manufacturer’s instructions. Two micrograms 

of total RNA were reverse transcribed using random primers of the High Capacity cDNA RT 

Kit (Applied Biosystems) in accordance with the manufacturer’s instructions. The real-time 

PCR (qPCR) reactions were performed in a final volume of 10 �l using 20 ng of each cDNA, 

which was used as template for each well in the RealTime ready Custom Panel 384 (Roche). 

This custom panel included 88 genes selected by us (Table 2). All qPCR reactions for each 

sample were performed in triplicate with the LightCycler® 480 Real-Time PCR System 

(Roche, Mannheim, Germany). B2M was chosen as the reference gene because of its 

minimum coefficient of variation between samples. 

Validation of the 11 genes with positive results in the expression analysis described 

previously was performed with new assays designed using the online ProbeFinder software 

(Roche). GAPDH and 18S were tested as possible reference genes, and GAPDH was selected. 

For this validation step, samples from three additional control individuals were included in 
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the analysis. Again, all qPCR reactions for each sample were performed in triplicate with the 

LightCycler® 480 Real-Time PCR System (Roche, Mannheim, Germany). 

Statistical Analysis 

Statistical significance of differences in gene expression between two HBM and five 

control individuals was determined by the Mann-Whitney U test. The correlation between the 

expression levels and Z-scores was analysed by linear regression. Calculations were 

performed with SPSS v11.5 (SPSS, Chicago, IL, USA).

RESULTS 

HBM Prevalence in the BARCOS Cohort and Features of the HBM Cases 

In total, 1600 DXA scans were analysed across the BARCOS cohort. Those cases in 

which the sum Z-score was equal to or greater than four were considered HBM cases and 

further analysed. Pathologic phenotypes were ruled out based on a more in-depth examination 

of the medical history, a physical examination and a radiologic study. In the BARCOS cohort, 

10 cases (0.63% of individuals) fulfilled this HBM criterion. Five additional HBM cases were 

recruited elsewhere (see Materials and Methods). The main features of all HBM cases are 

listed in Table 1.

Search for Mutations in LRP5 and DKK1 

Exons 2 to 4 of LRP5, which encode the first beta-propeller of the protein, and in which 

HBM mutations have previously been described, were sequenced in the 13 HBM cases with 

available DNA sample. Next, exons 9 to 16 were analysed, since they encode beta-propellers 

3 and 4, which have been described as binding regions for the LRP5 inhibitor DKK1. No 
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private and probably causing mutations were found in any of these exons. The missense LRP5

polymorphisms p.V667M (rs4988321) and p.A1330V (rs3736228), associated with BMD in 

GWA studies, together with other silent exonic variants found in the HBM individuals, are 

shown in Table 1. Their frequencies in HBM cases were similar to those found in the general 

population (dbSNP; http://www.ncbi.nlm.nih.gov/SNP/). Regarding DKK1, the four exons 

and flanking regions were amplified and sequenced in the 13 HBM cases. One previously 

undescribed heterozygous missense change (p.Y74F) and an exonic silent polymorphism 

were found in different individuals (Table 1). The p.Y74F was not present in the 1000 

genomes database, while the tyrosine 74 and adjacent residues were found to be conserved in 

the Dkk1 sequences of primates, rodents and cows (but not in C. lupus or D. rerio). PolyPhen 

and SIFT scores for this missense change were as follows: 0.068 (benign) and 0.38 

(tolerated). 

Analysis of 55 Bone Mineral Density Loci

Fifty-five SNPs previously described to be associated with BMD at GWA 

significance(17) were genotyped in the 13 HBM cases and the genetic risk score for each 

individual was then calculated by taking into account both the number of risk alleles and the 

relative effect of each SNP on BMD (see Methods). This calculation was also performed for 

1001 individuals in the BARCOS cohort with available SNP genotype and LS-BMD data. 

Figure 1A shows the distribution of the BARCOS individuals into the different score bins 

(bars) and the mean LS-BMD value for each bin (triangles). As expected, a decrease in BMD 

values was observed as the genetic risk score increased. Figure 1B shows a similar graph for 

the 11 HBM individuals for which genotyping was successful (two of the HBM cases -HBM8 

and HBM14- had to be discarded because of sub-optimal genotyping results). The frequency 

distribution shows a shift towards the lower genetic risk score bins. Again, BMD values 
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(measured as Z-scores) decreased as genetic risk scores increased, with the exception of one 

individual (HBM9), who presented the maximum BMD value (Z-score = 7) and the largest 

genetic risk score. 

Expression Analysis of 88 Bone-development and/or Wnt-pathway Genes 

A transcriptomic analysis by qPCR was carried out in primary osteoblast samples from 

two HBM and five control individuals that were obtained after knee-replacement orthopaedic 

surgery. In a first step, 88 bone-development and/or Wnt-pathway genes (Table 2) were 

analysed in samples from the two HBM cases and two control individuals. Differences above 

or below 2 fold in expression level between HBM and control individuals were observed for 

11 genes (underlined in Table 2). These genes were validated and re-analysed using new 

probes and samples from three additional control individuals. A borderline significant 

difference (p=0.053, Mann-Whitney U test) between mean ranks of HBM and control 

individuals was detected for three of these genes, TWIST1, FZD3 and IL6R. Additionally, a 

correlation analysis between expression levels and Z-scores was performed for the 11 genes. 

Significant negative correlation was observed for TWIST1 (p=0.023, Fig. 2A), IL6R (p=0.006, 

Fig. 2B), DLX3 (p=0.006, Fig. 2C) and a trend, without reaching significance, was observed 

for PPAR-γ (p=0.093, Fig. 2D). For SOX6 and RUNX2, one of the HBM samples (but not the 

other) presented an expression level that was 5-fold decreased or increased, respectively, 

compared with controls (Fig. 2F and 2G). 

DISCUSSION 

In this study we established that the prevalence of the HBM phenotype in a Spanish 

cohort of postmenopausal women is 0.63%. None of the HBM individuals had mutations in 

the relevant exons of the LRP5 gene that could explain their phenotype. One individual had a 
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rare missense change in DKK1 (p.Y74F). The results of the analysis of 55 osteoporosis-

predisposing SNPs pointed to an inverse correlation between risk alleles and BMD in this 

group of HBM women, with the exception of one case with the highest BMD value and the 

highest risk score. Finally, the results of an expression analysis in primary osteoblasts showed 

a significant negative correlation between Z-scores and mRNA levels of TWIST1, IL6R, 

DLX3 and PPAR-γ , and a possible role of elevated RUNX2 or reduced SOX6 levels in HBM.  

There are few studies that describe the prevalence of HBM in the general population. In 

a recent one,(15) the authors studied a UK DXA-scanned population in which the prevalence of 

HBM was 0.2% of individuals. The lower prevalence (0.2% versus our 0.6%) may be due to 

differences in the study design, including the definition of HBM, which was stricter in their 

study. All HBM-related LRP5 mutations identified to date are located in the first beta-

propeller of the protein,(10) while the mutations that cause osteoporosis-pseudoglioma 

syndrome and exudative vitreoretinopathy are found all over the gene.(23) In our mutational 

analysis of exons coding for the first beta-propeller (and for the third and fourth, which have 

been described as binding regions for DKK1,(24)) no mutations were detected in the 13 HBM 

individuals analysed. Our results are in agreement with those published by Duncan et al.,(25)

who pointed out that < 2% of their HBM cases were due to mutations on exons 2-4 and 

intron/exon boundaries of the LRP5 gene, after analysing 98 patients. 

We also analysed the DKK1 gene under the hypothesis that loss-of-function mutations 

in this gene could have the same effect as gain-of–function mutations in LRP5. In this regard, 

it has been shown that bone mass was inversely proportional to Dkk1 levels in mice.(26) We 

found a missense change (p.Y74F) in one HBM individual. In humans, the only report on 

DKK1 mutations is by Korvala et al.,(27) who recently suggested that a mutation in DKK1 may 

predispose individuals to primary osteoporosis. No mutations were found in the HGMD 

Professional 2012.4 database (released 14 December 2012), and a limited number of very rare 
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missense changes (18) were found in the 1000 genomes database (released 12 May 2012); 

seven of these are predicted to be deleterious by SIFT and probably damaging by PolyPhen. 

Whether these changes, or the p.Y74F described in this paper, are associated with an HBM 

phenotype remains an interesting open question.

To test whether the HBM phenotype could be explained by a polygenic additive effect 

of susceptibility loci, we chose to genotype the GWA-discovered BMD loci defined by 

Estrada et al. [2012]. We were able to use the BARCOS cohort information for these same 

loci as a framework for comparison. We would expect HBM individuals to bear a high 

number of protective alleles or a low number of risk alleles. Indeed, the distribution of genetic 

risk scores for the HBM cases shifted towards lower risk, with the mode bin set at 44-48 

instead of 48-52 and the mean of scores being 48.08 instead of 50, although we did find HBM 

cases in all of the bins (Fig. 1). However, we note that the only HBM individual falling into 

the highest risk score bin (HBM9) was the one with the highest Z-score and such a 

contradictory fact might indicate the existence of a highly penetrant and probably rare 

protective allele counterbalancing the additive effect of the risk alleles. The HBM phenotype 

of this individual might be a Mendelian trait due to an as-yet unidentified gene. In this 

respect, the HBM phenotype in the family of HBM9 seems to segregate as a discrete trait: the 

mother is also an HBM individual (sum Z-score = 4.4), while her eldest brother is not (Fig. 

1C). Altogether, these results are consistent with the coexistence of both polygenic and 

Mendelian cases of HBM, which would then be a heterogeneous trait. 

To gain further insight into specific genes that might be involved in the HBM 

phenotype, we undertook a transcriptomic study of two HBM cases for which we had access 

to primary osteoblast cultures. We selected 88 genes to set up a Roche Custom Panel 384 

assay, which extensively covered both Wnt-pathway and bone biology genes. For this 

selection, we took into account the sites recently highlighted by GWA analyses, in particular 
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those in Estrada et al.(17) and Duncan et al.(28) When expression levels were compared between 

the HBM cases and five controls, only six genes displayed differences. Three of them 

presented mRNA levels that negatively correlated with BMD (TWIST1, IL6R and DLX3), and 

a fourth, PPAR-γ, showed a trend without reaching significance.  The other two genes had one 

of the two HBM samples with outlier mRNA levels: RUNX2 was 6-fold elevated in one HBM 

sample, while SOX6 was 5-fold reduced in the other HBM sample. These six genes may play 

a role in the HBM phenotype and may act in an additive way. For instance, the addition of 

TWIST1, IL6R, and DLX3 yields a coefficient of determination of 0.91 (p=0.001; Fig. 2E), 

which means that as much as 91% of the Z-score value may be explained by the expression 

levels of these three genes. Interestingly, only two of the six genes (RUNX2 and SOX6) 

correspond to GWA-significant BMD loci. 

As for their functions, none of them belong to the Wnt pathway and all except IL6-R

play roles in skeletal development. RUNX2, TWIST1 and PPAR-γ  are involved at the stage of 

mesenchymal stem cell (MSC) differentiation. At this stage, several transcription factors, 

including PPAR-γ, determine adipogenesis, while Runx2 and SP7 are necessary for 

osteoblastogenesis. Firstly, PPAR-γ favours adipogenesis and suppresses osteoblastogenesis, 

partly through inhibiting RUNX2, which results in a reduced number of osteoblasts in the 

bone marrow. Later, PPAR-γ stimulates osteoclastogenesis by enhancing c-fos expression in 

osteoclast precursor cells.(29) Regarding TWIST1, it is an inhibitory partner of RUNX2. The 

relief of this inhibition leads to the onset of osteoblast differentiation.(30) Moreover, loss of 

function mutations in TWIST1 result in Saethre-Chotzen Syndrome, an autosomal dominant 

condition characterized by craniosynostoses, limb anomalies and tooth agenesis.(31)

Association of TWIST1 with BMD in postmenopausal women has been reported.(32)

The transcription factor Sox6 plays a central role in endochondral skeletal development 

by promoting cartilage matrix formation. Sox6 ensures proper spatial and temporal 
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maturation of chondrocytes in cartilage growth plates.(33) It has been reported that a disruption 

of the SOX6 gene, which likely results in haploinsufficiency, can cause craniosynostosis.(34)

DLX3 is developmentally expressed during osteoblast growth and differentiation and 

promotes development of the osteoblast phenotype.(35) DLX3 also plays a regulatory role in 

the development of the ventral forebrain and may play a role in craniofacial patterning and 

morphogenesis.(36) Mutations of loss of function and haploinsufficiency of DLX3 cause 

tricho-dento-osseous syndrome,(37) an autosomal dominant disorder characterized by 

increased density and/or bone thickness.(38) Human and animal experiments have implicated 

pro-inflammatory cytokines as primary mediators of accelerated bone loss in menopause, 

including interleukin-1, tumour necrosis factor-alpha and interleukin-6. Increased production 

of pro-inflammatory cytokines is associated with osteoclastic bone resorption in a number of 

disease states, including rheumatoid arthritis, periodontitis and multiple myeloma; oestrogen 

withdrawal is associated with increased production of pro-inflammatory cytokines, and 

exposure of bone cultures to supernatants from activated leukocytes is associated with 

increased bone resorption.(39) Interleukin-6 (IL-6) is a proinflammatory cytokine that leads to 

multilineage differentiation of hematopoietic cells and acts through Il-6R. IL-6R–induced 

osteoclast activation is well documented(40) and appears to require IL-1, another important 

proosteoclastogenic cytokine.(41) Axman et al.(42) demonstrated that blockade of IL-6R 

through neutralizing antibodies specifically blocks inflammatory osteoclastogenesis in vitro

and in vivo. 

In summary, these six genes act through four distinct pathways: MSC differentiation 

(RUNX2, TWIST1, PPARG); chondrogenesis (SOX6); skeletal formation (DLX3); and 

inflammation/osteoclastogenesis (IL6R). Concomitant optimization of these distinct pathways 

that influence BMD at different developmental and physiological stages may be a way to 

reach the HBM phenotype. IL6R has been targeted by a monoclonal antibody (tocilizumab) 
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and phase III clinical trials in patients with rheumatoid arthritis are encouraging.(43,44) Given 

the inverse correlation of BMD and IL6R osteoblast mRNA observed here, it is tempting to 

speculate that this same strategy might serve as a treatment for improving BMD. 

It is evident that the expression analysis presented here was limited and did not cover all 

of the genes in the human genome. Additionally, the number of individuals analysed was 

modest because of the difficulties in finding primary human osteoblasts. These represent 

limitations of the study. Additional genes may also be relevant for HBM. To further exploit 

the transcriptomic analysis in terms of both genes and samples, it may be necessary to turn to 

easier sources of mRNA such as lymphocytes. 

In conclusion, to our knowledge, this genomic and transcriptomic analysis of HBM is 

the first report of its kind. By combining both strategies, it was possible to gain a deeper 

insight into the genetic makeup of the HBM phenotype, consisting on evidences of additive 

effects, genetic heterogeneity and a possibly monogenic case not caused by LRP5 or DKK1. 

Furthermore, the transcriptomic approach in primary osteoblasts helped identify specific 

relevant genes, some of which might be therapeutic targets for osteoporosis. 
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Table 2. Genes included in the RealTime Custom Panel 

Wnt-pathway genes Bone biology genes 

AES WNT2 AKAP11 DLX5 RUNX2
APC WNT2B ALPL FGF23 SHH 
AXIN1 WNT3 ARHGAP1 GALNT3 SMAD1 
CTNNB1 WNT3A BGLAP GPR177 SMAD2 
DKK1 WNT4 BMP1 HDAC5 SMAD3 
DMP1 WNT5A BMP2 IHH SMAD4 
FZD1 WNT5B BMP3 IL6R SOX4 
FZD3 WNT7A BMP4 JAG1 SOX6
FZD4 WNT7B BMP5 MEF2C SOX9 
FZD5 WNT9A BMP7 MEPE SP7 (OSX)
FZD6 WNT10A c18orf19 MMP2 STARD3NL 
FZD9 WNT10B CIZ/NMP4 MMP9 TGFB1 
LEF1 WNT11 CLCN7 MSX2 TNFRSF11A (RANK) 
LRP5 WNT16 CNOT7 NFATc1 TNFRSF11B (OPG) 
LRP6  COL10A1 NFAT5 TNFSF11 (RANKL) 
SFRP1  COL1A1 NFKB1 TWIST1
SFRP4  COL1A2 NPY1-R ZBTB40 
SOST  CYP19A1 PPARG
WNT1  DLX3 PTH  
Genes with a positive result in the first comparison (two HBM and two controls) are underlined. Genes with 

significant (or borderline) results in the validation stage (two HBM vs. five controls) are shown in bold. 
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Figure 1. Distributions of genetic risk scores among 1001 BARCOS individuals (A) 

and 11 HBM probands (B), and their relationships with BMD or Z-score values, 

respectively. Histograms describe counts of individuals in each genetic score category 

(left axis scale); (A) Triangles (right axis scale) represent LS-BMD means and vertical 

bars depict their standard errors; (B) Diamonds represent mean Z-score values. (C) 

Pedigree of family HBM9. Arrow indicates the proband HBM9; filled symbols 

represent presence of the HBM phenotype; numbers below symbols denote sum Z-

scores; NA: not available. 
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Figure 2. Analysis of mRNA levels of several candidate genes in relation to BMD 

levels. (A-E) Correlation analysis of Z-score values and gene expression levels of (A) 

TWIST1, (B) IL6R, (C) DLX3, (D) PPARG and (E) the addition of TWIST1, IL6R and 

DLX3; R2 is the coefficient of determination. (F) One of the HBM samples presented an 

expression level of SOX6 5-fold decreased in relation to the mean of five control 
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individuals. (G) The other HBM sample presented an expression level of RUNX2 that 

was 6-fold increased. 
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Tabla 2. Resumen de las características fenotípicas a tener en cuenta según distintos autores.

  
Francannet, 

2001 
Porter, 

2004 
Alvarez, 

2006 
Jennes, 

2008 
Pedrini, 

2011 
Dolor  X     
Deformidad de 
las extremidades

X X X X X 

Longitud de las 
extremidades 

  X   

Edad de 
aparición de la 
MO 

X     

Nº de exostosis X X X  X 
Tamaño de las 
exostosis 

  X   

Localización 
vertebral 

X     

Estatura X X  X  
Nº de 
operaciones 

 X    

Funcionalidad  X   X 
Pedunculada/ 
Sésil 

  X   

Proximal/ Distal   X   
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Nº de lugares 
afectados 

   X  

Complicaciones 
secundarias 

      X   
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4. MODELO CELULAR DE OSTEOCONDROMATOSIS 

MÚLTIPLE 
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1. EL ESTUDIO DE LA ALTA MASA ÓSEA PARA AVANZAR 

EN EL ESTUDIO DE LA OSTEOPOROSIS 
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2. ALTA MASA ÓSEA ¿MONOGÉNICA, COMPLEJA O AMBAS? 
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