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ABSTRACT

Objective: Hereditary multiple osteochondromas is an autosomal dominant disorder caused 
by heterozygous pathogenic variants in EXT1 or EXT2. We aimed to evaluate the clinical and 
molecular findings of a Turkish cohort with hereditary multiple osteochondroma.

Materials and Methods: Thirty-two patients aged 1.3-49.6 years from 22 families were enrolled. 
Genetic analyses were made by EXT1 and/or EXT2 sequencing and chromosomal microarray 
analyses.

Results: We found 17 intragenic pathogenic variants in EXT1 (13/17) and EXT2 (4/17), 12 of which 
are novel. Four probands had EXT1 deletions, including 2 patients with partial EXT1 microdele-
tions involving exons 2-11 and 5-11, and 2 patients with whole-gene deletions. In 21 variants, the 
frequency of truncating and missense variants was 76.1% and 23.8%, respectively. Two families 
had no detectable variants in EXT1 and EXT2. All patients had multiple osteochondromas at the 
long bones, mainly at the tibia, forearm, femur, and humerus. Bowing deformity of the forearms 
(9/32) and the lower extremities (2/32), and scoliosis (6/32) were observed. The clinical severity 
was not different between patients with EXT1 or EXT2 variants. One patient with an EXT2 variant 
and another with an EXT1 microdeletion had the most severe phenotype with class III disease. 
Four patients with no EXT1 or EXT2 variants had milder phenotypes. Intrafamilial variability in 
disease severity was not observed.

Conclusion: We report a hereditary multiple osteochondroma cohort with clinical and molecu-
lar data including 12 novel intragenic variants in EXT1 or EXT2, and 4 microdeletions involv-
ing EXT1. Taken together, our data expand the existing knowledge of the phenotype–genotype 
spectrum in hereditary multiple osteochondroma.
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INTRODUCTION

Hereditary multiple osteochondromas (HMO, OMIM 133700), also known as hereditary mul-
tiple exostoses, is characterized by the formation of several benign cartilage-capped bone 
tumors, typically located in the metaphyseal region of long bones.1-4 Osteochondromas are 
rarely present at birth and grow in number and size during childhood until the closure of 
the growth plates and may cause various clinical manifestations including limb deformity, 
restricted joint motion, shortened stature, scoliosis, and compression of peripheral nerves.1,4
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What is already known 
on this topic?
•	 Hereditary multiple osteo-

chondromas (HMO) is an 
autosomal dominant disorder 
characterized by the formation 
of multiple cartilage-capped 
bone growth, termed osteo-
chondromas or exostoses. It is 
mainly caused by heterozygous 
pathogenic variants in EXT1 or 
EXT2.

What does this study 
add on this topic?
•	 This study reports the pheno-

type–genotype spectrum in 
a Turkish HMO cohort. There 
was no difference in the clini-
cal severity in patients with 
pathogenic variants in EXT1 or 
EXT2. Four patients without any 
detectable EXT1 or EXT2 vari-
ants had mild phenotypes with 
class I disease.
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HMO is mainly caused by heterozygous pathogenic loss-of-
function variants in the EXT1 or EXT2 genes.4,5 EXT1 and EXT2 
encode exostosin 1 (EXT1) and 2 (EXT2), respectively, which 
are 2 heparan sulfate glycosyltransferases involved in hepa-
ran sulfate synthesis and elongation, and thus, are implicated 
in chondrocyte proliferation and differentiation.1,2 Variants in 
EXT1 rather than EXT2 have been reported more frequently in 
HMO patients, despite the variable prevalence among popu-
lations.6-10 Most of these alterations are responsible for the 
premature termination and loss of function of EXT proteins. 
Although EXT1 and EXT2 are expressed in many tissues, the 
most common pathogenic effect of their alteration affects the 
growing bones.11

In patients with HMO, osteochondromas have been associated 
with a reduction in skeletal growth, bone deformities, func-
tional limitations, premature osteoarthrosis, and compression 
of peripheral nerves. Malignant transformation of osteochon-
droma toward chondrosarcoma is the most serious secondary 
complication in HMO and occurs in 2%-5% of patients.4 HMO 
is characterized by a wide intra- and interfamilial clinical 
variability, with great differences in the number and location 
of osteochondromas and varying degrees of deformities and 
functional impairments.4,12 Furthermore, few genotype–phe-
notype correlation studies have been performed to date iden-
tifying a more severe HMO phenotype and a higher risk of 
malignant transformation in patients carrying EXT1 variants.4,8,12

The aim of this study is to evaluate the phenotype severity of a 
Turkish HMO cohort and to investigate the phenotype–geno-
type relationship by comparing it with the molecular analysis 
results of the cohort.

MATERIALS AND METHODS

Thirty-two patients from 22 families followed up by our depart-
ment with the clinical diagnosis of HMO were included in this 
study. The diagnosis of HMO was established when 2 or more 
osteochondromas were diagnosed upon physical and radio-
graphic examinations. Each patient or the guardian of the 
patient gave their written consent according to the International 
Ethical Guidelines and Declaration of Helsinki for molecu-
lar analyses as well as for the publication of clinical findings, 
patient images, and molecular data. The study was approved 
by the institutional ethics committee of Cerrahpaşa Faculty of 
Medicine (Approval date/number: 23.02.2023/627600).

Genomic DNA was extracted from the blood samples of each 
proband using standard techniques. EXT1 (NM_000127.3) and 
EXT2 (NM_000401.3) primers for all exons and exon-intron 
flanking regions were designed. Sequencing analyses were 
performed by next-generation sequencing using the Ion S5 
platform (Thermo Fisher Scientific). Sequence alignment, vari-
ant calling, and annotation were carried out using Ion Reporter 
software. Chromosomal microarray analysis (CMA) using the 
HumanCytoSNP-12 BeadChip array (Illumina Inc., San Diego, 
Calif, USA) was carried out according to the manufacturer’s 
instructions. This array contains approximately 300 000 single 
nucleotide polymorphism (SNP) markers per sample with an 
average probe spacing of 72 kb. The B-allele frequency and 
log R ratio data were analyzed with KaryoStudio software 
(Illumina Inc.). The genomic positions were determined using 

GRCh38/hg38, UCSC Genome Browser. Variant interpreta-
tions were made according to the American College of Medical 
Genetics and Genomics practice guidelines.13 Bioinformatics 
tools (PolyPhen2, SIFT, Mutation Taster, DANN) and elec-
tronic data (dbSNP, ExAC, 1000G, ClinVar, Varsome, HGMD 
Professional version, DGV, DECIPHER) were used to identify the 
variant pathogenicity. All detected variants were searched in 
the Multiple Osteochondromas Mutation Database (MOdb) 
(https​://da​tabas​es.lo​vd.nl​/shar​ed/ge​nes/E​XT1, and https​://
databas​es.lo​vd.nl​/shar​ed/ge​nes/E​XT2) (accessed February 12, 
2023).

Disease severity was divided into 3 classes according to the 
number of bone segments affected and the presence of skel-
etal deformities and/or functional limitations using the follow-
ing criteria: class I: no deformities and no functional limitations 
(A: ≤5 sites with osteochondromas, B: >5 sites with osteochon-
dromas), class II: deformities and no functional limitations 
(A: ≤5 sites with deformities, B: >5 sites with deformities), and 
class III: deformities and functional limitations (A: functional 
limitation of 1 site, B: functional limitation of >1 site).14

Statistical Analysis
Statistical analysis was performed with Statistical Package 
for Social Sciences statistical software (version 21.0 for Mac 
OS X; IBM corp., Armonk, NY, USA). The Kolmogorov–Smirnov 
test was used to determine the distribution of continuous vari-
ables. The Mann–Whitney U test was used to compare non-
parametric data. Categorical data were compared using 
Chi-square or Fisher’s exact tests. A P-value of less than .05 
was considered statistically significant.

RESULTS

Clinical Characteristics
The median age of the study cohort including 17 males and 15 
females was 11.1 years at the first examination. Nine patients 
were followed up with a median period of 3.5 years. The clini-
cal features of the patients were summarized in Table 1. Seven 
(31.8%) of the 22 families in the study cohort were familial.

Patients’ median standard deviation score (SDS) of height at 
their initial examination was −1.5 and the SDS values were 
in a broad range from −4.8 to 1.2. Six adult patients (P3, P4, 
P6, P15, P19, and P25) and 6 patients younger than 18 years of 
age (P13, P14, P18, P26, P29, and P31) had short stature. Ten 
(31.2%), 9 (28.1%), 6 (18.7%), 5 (15.6%), and 2 patients (6.2%) in 
the cohort had class IIB, IB, IA, IIA, and IIIA diseases, respec-
tively. Protuberances at the ends of long bones were present in 
7 patients. Osteochondromas were present at the long bones 
of the upper and/or lower limbs (32/32), scapulae (10/32), and 
phalangeal bones (9/32). The earliest age at which osteochon-
dromas were noticed was around 1 year of age in P2 and P9. 
The median number of the affected body sites with osteochon-
dromas in the total cohort was 6 (range: 2-13), while the median 
number of total osteochondromas was 11 (range: 2-32). Nine 
(28.1%) patients had bowing of the forearms (P3, P4, P6, P9, P14, 
P15, P21, P22, and P25). Six (18.7%) patients had Madelung’s 
deformity (P3, P4, P6, P9, P14, P15). Two (6.2%) patients (P12, 
P15) had deformities of the lower extremities. Scoliosis was 
present in 6 (18.7%) patients (P8, P9, P10, P12, P13, and P30). 
Four (12.5%) patients (P9, P13, P20, and P31) complained of pain 
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which is not associated with the number of osteochondromas. 
None of the patients were diagnosed with malignant tumors.

Three patients (P29, P30, and P31) had similar features including 
bulbous nose, long philtrum, thin upper lip, and cone-shaped 
epiphyses in addition to osteochondromas on radiographic 
examinations which were consistent with trichorhinophalan-
geal syndrome type II. Two of these patients (P30, P31) had 
intellectual disability. The clinical findings of these patients 
were published in our previous study.15 A further patient with 
Down syndrome (P9) underwent a scoliosis repair and had a 
functional disability on both ankles. She also had hypothyroid-
ism, congenital heart abnormality, and severe intellectual dis-
ability. None of the remaining patients had endocrinopathies or 
cardiac abnormalities.

Genetic Studies
The results of the genetic analyses of the patients were sum-
marized in Table 2. Of 32 patients, 28 patients (87.5%) had the 
genetic diagnosis of HMO. Nineteen patients presented intra-
genic pathogenic EXT1 variants, and 3 patients had patho-
genic EXT2 variants. Three patients from 1 family (P20, P21, 
and P22) had 8q24.11 microdeletions over 44 Kb involving the 
EXT1 gene partially detected by CMA. P29, P30, and P31 had 
large microdeletions with variable breakpoints involving the 
TRPS1-EXT1 interval. No pathogenic variants were found in 
4 patients (P18, P19, P23, and P24) by sequencing analyses. 
Karyotype analysis of the patient diagnosed with Down syn-
drome (P9) showed trisomy 21 caused by a 21;21 Robertsonian 
translocation.

In sequencing analyses, 17 variants including 13 EXT1 variants 
and 4 EXT2 variants were detected. One patient (P11) was 
heterozygous for both novel likely pathogenic EXT2 variants. 
Segregation analysis in this family was not possible. While 8 out 
of 13 intragenic variants detected in EXT1 were truncating vari-
ants (splicing, frameshift, and nonsense), all 4 EXT2 variants 
were truncating variants. In EXT1, exon 1 was the most affected 
exon containing 2 missenses and 2 nonsense variants.

Genotype–Phenotype Correlation
The disease severity was not different between patients with 
EXT1 and EXT2 variants (P > .05). Four patients without any 
detectable pathogenic variants had a relatively mild pheno-
type with class IA (P19, P24) and class IB (P18, P23) disease. 
The patient (P31) with a partial microdeletion involving exons 
2-11 of EXT1 had class IIIA disease, whereas 2 patients with 
whole-gene deletions (P29, P30) were milder with class IA and 
IIA diseases, respectively. In familial cases in the total cohort, 
intrafamilial variability in clinical findings and disease severity 
was not observed.

DISCUSSION

In the current study, we studied EXT1 and EXT2 variant spectra 
in 32 HMO patients from 22 families. We found disease-causing 
intragenic variants in 16 families, including 13 families (81.2%) 
with EXT1 variants, and 3 families (18.7%) with EXT2 variants. 
Among the variants currently listed in the MOdb, variants in 
EXT1 are more common than those in EXT2, with a rate of 63.4%, 
which is similar to our rate. Among the variants in the MOdb, 
missense variants are rare at around 20%, and most variants Fa
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(around 60%) are truncating variants. Similarly, the frequency 
of missense variants was (5/21) 23.8% in our study. Truncating 
variants in EXT1 and EXT2 were the frameshift (5/21), non-
sense (4/21), splicing (3/21), and gross deletion variants (4/21). 
In the MOdb, frameshift alterations have been listed with an 
approximate rate of 30%, similar to our results. In the literature, 
genomic alterations cannot be detected in about 10%-15% of 
HMO patients by conventional methods due to alterations such 
as intronic deletions, translocations, or somatic mosaicism.4,6,16 
Correspondingly, 2 families (9.0%) in our study did not have 
intragenic variants in either EXT1 or EXT2.

In HMO, it has been observed that osteochondromas are diag-
nosed before 3 years of age in 50% of patients and before 
the end of the first decade in more than 80% of cases.1,4 Our 
patients were not suitable for age-based comparison as they 
showed heterogeneity in age. HMO may involve any bone 
which grows from endochondral ossification, and the most 
common region for osteochondromas is the lateral side of the 

growth plate of a long bone.1 A mean of 6 osteochondromas 
per patient has been reported in previous studies, but the num-
ber of osteochondromas or involved bones, and the degree of 
the deformity vary.3,4 The bones commonly affected by the dis-
ease are the long bones including the femur, radius and ulna, 
and tibia.4 Correspondingly, the median number of osteochon-
dromas per patient in our cohort was 11, despite the relatively 
younger age of our cohort. In our patients, the tibia, forearm, 
femur, and humerus were the commonly affected bones. No 
osteochondromas were detected in bones developed by intra-
membranous ossification. Angular deformities of the forearms 
(about 39%) and/or lower limbs (about 10%) and inequality in 
limb length (about 10%) are common orthopedic complications 
in HMO.4 In our study, bowing deformity and dysmetria of the 
forearms were present in 6 (18.7%) patients. Two patients (6.2%) 
had deformities of the lower extremities.

In several studies on the genotype–phenotype correlation in 
HMO, pathogenic EXT1 variants are associated with a severe 

Table 2.  The Results of Genetic Analyses of the HMO Cohort

Family
Proband 
Code

Family 
History Detected Heterozygous Variants Variant Type

Variant Pathogenicity/
Novelty

Variant 
Localization

Family 1 P1 Maternal 
inheritance

EXT1:c.1219C>G, p.Gln407Glu Missense VOUS/novel Exon 4/11

Family 2 P2, P3, P4 Familial EXT1:c.2115delG, p.Met705IlefsTer13 Frameshift Pathogenic/novel Exon 11/11
Family 3 P5, P6 Familial EXT1:c.1978delC, p.Leu660TrpfsTer5 Frameshift Pathogenic/novel Exon 10/11
Family 4 P7 De novo EXT1:c.1019G>A, p.Arg340His Missense Pathogenic/known Exon 2/11
Family 5 P8 Maternal 

inheritance
EXT1:c.493C>T, p.Gln165Ter Nonsense Likely pathogenic/known Exon 1/11

Family 6 P9 De novo EXT2:c.764dup, p.Tyr255Ter Nonsense Likely pathogenic/novel Exon 4/14
Family 7 P10 De novo EXT1:c.552G>A, p.Trp184Ter Nonsense Likely pathogenic/known Exon 1/11
Family 8 P11 De novo EXT2:c.1273-1G>C; EXT2:c.1179-1G>C Splicing Likely pathogenic/novel; 

Likely pathogenic/novel
Intron 7/13; 
Intron 6/13

Family 9 P12 De novo EXT2:c.515_518del, p.Asp172ValfsTer130 Frameshift Likely pathogenic/novel Exon 2/14
Family 10 P13 De novo EXT1:c.1632+2T>G Splicing Likely pathogenic/novel Intron 7/10
Family 11 P14 Paternal 

inheritance
EXT1:c.1820del, p.Gly607AspfsTer14 Frameshift Likely pathogenic/novel Exon 9/11

Family 12 P15 De novo EXT1:c.803G>T, p.Gly268Val Missense Pathogenic/novel Exon 1/11
Family 13 P16, P17 Familial EXT1:c.166C>T, p.Pro56Ser Missense VOUS/novel Exon 1/11
Family 14 P18, P19 Familial No pathogenic variants in EXT1 and 

EXT2
— — —

Family 15 P20, P21, 
P22

Familial arr[GRCh38]8q24.11 (1177​78822​-1178​
22898​)x1

Large deletion 
(over 44 Kb)

Pathogenic Exons 5-11 of 
EXT1

Family 16 P23, P24 Familial No pathogenic variants in EXT1 and 
EXT2

— — —

Family 17 P25, P26, 
P27

Familial EXT1:c.2084del, p.Pro695LeufsTer11 Frameshift Likely pathogenic/known Exon 11/11

Family 18 P28 De novo EXT1:c.1021A>G, p.Arg341Gly Missense Pathogenic/known Exon 2/11
Family 19 P29 De novo arr[G​RCh38​]8q23​.3q24​.12 (1130​28744​

-1186​70887​)x1
Large deletion 
(over 5600 Kb)

Pathogenic Whole gene 
(EXT1)

Family 20 P30 De novo arr[G​RCh38​]8q23​.3q24​.12 (1124​73987​
-1251​60640​)x1

Large deletion 
(over 12 600 
Kb)

Pathogenic Whole gene 
(EXT1)

Family 21 P31 De novo arr[G​RCh38​]8q23​.1q24​.11 (1073​82797​
-1178​61338​)x1

Large deletion 
(over 10 400 
Kb)

Pathogenic Exons 2-11 of 
EXT1

Family 22 P32 De novo EXT1:c.1383T>A, p.Tyr461Ter Nonsense Likely pathogenic/novel Exon 5/11
HMO, hereditary multiple osteochondromas; Kb, kilobase; N/A, not available.
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phenotype, including greater numbers of osteochondromas, 
skeletal deformities, and short stature and may have a higher 
risk for chondrosarcoma.3,4,12 Furthermore, it has been reported 
that the presence of EXT2 variants, the absence of EXT1 and 
EXT2 variants, and the female sex were associated with a mild 
phenotype.12 In our study, we did not observe a difference in 
the clinical severity in our cases with EXT1 or EXT2 variants. 
Moreover, contrary to the study of Pedrini et  al.12 the most 
severe patient in our study was a female with class III disease 
carrying a likely pathogenic variant in EXT2 (P9). The second 
severe patient with class III disease was also a female with par-
tial EXT1 microdeletions involving exons 2-11 (P31). On the other 
hand, 4 patients without any detectable pathogenic variants 
in EXT1 and EXT2 had a relatively mild phenotype with class I 
disease, in accordance with the previous studies.8,12

In the EXT1 gene, 4 out of 13 intragenic variants were detected 
in exon 1, including 2 nonsense and 2 missense variants. Three 
further missense variants in EXT1 were in exons 2 (c.1019G>A, 
and c.1021A>G) and 4 (c.1219C>G). The variants in exon 2 were 
pathogenic and their region has been known as a cluster 
region for missense variants.5 On the other hand, the missense 
variant in exon 4 was a variant of unknown clinical signifi-
cance. In the study of Santos et al.9 all missense variants in EXT1 
were found in exons 1 and 2. They postulated that this is an 
important region since it contains the exons (exons 1 to 3) that 
encode the exostosin domain of the EXT1 protein. All detected 
EXT2 variants in our study were novel and they were located in 
regions that are involved in encoding amino acids of the exos-
tosin domain. It has been previously reported in several studies 
that EXT2 pathogenic variants are mainly located in the first 
8 exons.4-6,9,10

CONCLUSION

In the current study, a total of 87.5% of the HMO cohort pre-
sented EXT1 or EXT2 variants. All patients had multiple osteo-
chondromas at the long bones. The most common complication 
of osteochondromas was bowing deformity and dysmetria of 
the long bones. The clinical severity was not different between 
the patients with EXT1 or EXT2 variants. Although HMO is a dis-
ease with characteristic clinical and radiological features and 
molecular genetic testing is not usually required to make the 
diagnosis, molecular confirmation can be a valid diagnostic 
tool for a definitive diagnosis.
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