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Summary

Hereditary multiple exostoses (HME) is an inherited genetic
condition characterized by the presence of multiple exos-
toses (osteochondromas). MHE is a relatively rare autoso-
mal dominant disorder, mainly caused by loss of function
mutations in two genes: exostosin-1 (EXT1) and exostosin-2
(EXT2). These genes are linked to heparan sulfate (HS) syn-
thesis, but the specific molecular mechanism leading to the
disruption of the cartilage structure and the consequent ex-
ostoses formation is still not resolved. The aim of this paper
is to encounter the main aspects of HME reviewing the liter-
ature, in order to improve clinical features and evolution,
and the metabolic-pathogenetic mechanisms underlying.
Although MHE may be asymptomatic, a wide spectrum of
clinical manifestations is found in paediatric patients with
this disorder. Pain is experienced by the majority of pa-
tients, even restricted motion of the joint is often encoun-
tered. Sometimes exostoses can interfere with normal de-
velopment of the growth plate, giving rise to limb deformi-
ties, low stature and scoliosis. Other many neurovascular
and associated disorders can lead to surgery. The most
feared complication is the malignant transformation of an
existing osteochondroma into a secondary peripheral
chondrosarcoma, during adulthood. The therapeutic ap-
proach to HME is substantially surgical, whereas the med-
ical one is still at an experimental level.

In conclusion, HME is a complex disease where the paedi-
atrician, the geneticist and the orthopaedic surgeon play
an interchangeable role in diagnosis, research and thera-
py. We are waiting for new studies able to explain better

110

the role of HS in signal transduction, because it plays a
role in other bone and cartilage diseases (in particular ma-
lignant degeneration) as well as in skeletal embryology.

KEY WORDS: Hereditary Multiple Exostoses; osteochondromas; EXT1; EXT2;
HS synthesis.

Introduction

Hereditary multiple exostoses (HME), also known as familial oste-
chondromatosis or diaphyseal aclasis, is an inherited genetic con-
dition characterized by the presence of multiple exostoses
(osteochondromas) (1).

Osteochondroma is a benign tumour relatively frequent, defined
by the WHO as a cartilage-capped bony outgrowth, which is broad-
based (sessile) or stemmed (pedunculated) and is made up of cor-
tex and a marrow cavity both continuous with the host bone. The
pedunculated osteochondromas are always directed away from
the growth plate and the joint. In broad-based osteochondromas
it can be difficult to differentiate the tumour from the normal un-
derlying bone. The most common location for osteochondromas
is at the lateral side of the most active growth plate of a long bone.
Osteochondromas develop and increase in number and size du-
ring childhood until closure of the growth plates.

In MHE, the osteochondromas are often highly irregular and can
become extremely large. The most common clinical problems in-
clude pain and functional impairment. Additionally, growth defor-
mities of bones and short stature are present in a considerable num-
ber of patients. In MHE, malignant degeneration of osteochondroma
is a rare but important complication, especially in adult patients.
The aim of this paper is to encounter the main aspects of HME re-
viewing the literature, in order to improve clinical features and evo-
lution, and the metabolic-pathogenetic mechanisms underlying.

Epidemiology

MHE is relatively rare with an estimated prevalence in Caucasians
of 1 per 50,000 individuals (2), as an incidence in the western po-
pulation of 1,5% (3). However these values are probably unde-
restimated, because individuals without complaints or asympto-
matic lesions are often not diagnosed as HME.

In approximately 50% of individuals, multiple osteochondromas
are initially diagnosed before 3,5 years of age. In more than 80%,
it is diagnosed before the end of the first decade (2). In previous
studies, there seemed to be a higher prevalence of MHE in ma-
les (4), while more recent studies have found no evidence of sexual
predominance (5, 6).

Etiology and pathophysiology

MHE is a monogenetic, autosomal dominant disorder, mainly cau-
sed by loss of function mutations in two genes: exostosin-1 (EXT1)
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and exostosin-2 (EXT2). The first gene was located on chromo-
some 8 (locus 8g24.1) and was discovered by Cook in 1993. La-
ter, EXT2 gene was identified on chromosome 11 (locus 11p11-
13) (7). These mutations have been detected in 70-94% of human
patients, with a higher frequency in EXT1 (8). The existence of
a third MHE locus EXT3 has been discussed for many years, and
also located on chromosome 19, but it has so far not been iden-
tified and its linkage to MHE has been questioned. Recently, so-
matic mosaic mutations in EXT1 or EXT2 have been proposed to
cause MHE in patients previously tested negative for mutations
in any of the two genes (9). According to the Multiple Osteo-
chondroma Mutation Database, 429 mutations in EXT1 and 223
in EXT2 have been described (10). Most of these mutations (~77%)
are sporadic, but at the same time very rare in population: in fact,
only 30% of the affected individuals are spontaneous genetic mu-
tations, whereas residual 70% have a family history. Ethnic con-
centration of these mutations has led to the speculation that their
increased frequency is probably due to a common ancestor and
founder effect rather than mutational sensitivity of the loci (11). We
can observe it, for example, in the Chinese population, where EXT2
mutations have been reported to occur more frequently than EXT1
mutations, whereas it is demonstrated that EXT1 mutations are
nearly twice as common as EXT2 mutations (12).

Due to the dominant inheritance of the disease, two models, ha-
ploinsufficiency and loss-of-heterozygosity (LOH), have been di-
scussed as the molecular cause of HME. The first view expres-
sed was that the “gene dosage” model might not be correct. This
model hypothesizes that proper cartilage development and long
bone growth would require normal levels of heparan sulfate (HS)
synthesis and when levels dropped below a certain “threshold”
due to EXT haploinsufficiency, an environment would be gene-
rated that is conducive to osteochondroma formation. Alternati-
vely, LOH model has been proposed such that MHE affected in-
dividuals inheriting a single dysfunctional copy of either EXT1 or
EXT2 would undergo a second somatic mutation within a normal
EXT allele, resulting in localized osteochondroma formation. Jo-
nes confirmed that in 2010 with a genetically engineered mouse
model: clonal inactivation of EXT1 in postnatal chondrocyte by a
doxycicline inducible allele led to postnatal tumours developing
at the side of the growth plate (13). Another recent study showed
second hits in 63% of analysed osteochondromas and revealed
a mixture of HS positive and negative cells in the cartilage caps.
These results raise the possibility of undetected or masked se-
cond hits in negatively tested samples and support LOH as a mo-
lecular cause of HME (14). The researchers concluded that EXT
genes functioned as tumour suppressor genes (15).

EXT1 and EXT2 are very similar genes: that suggests a similar
biological work. The protein sequence (both of 80kD) showed struc-
tural similarities. But their functions remained unknown until two
independent studies in 1998 that linked EXT1 and EXT2 to HS
synthesis (16, 17): in particular these proteins result transmem-
brane glycoproteins with glycosyltransferase activity (Box 1). By
researching homologous sequences others three EXT-like (EXTL)
genes have been identified in mammals: EXTL1, EXTL2 and
EXTLS3, but they have not been linked to HME (18). Since the th-
ree EXTL-proteins share amino acid sequence homology with EXT1
and EXT2, it is expected that these proteins also might be invol-
ved in HS synthesis (Table 1).

In HME, EXT genes may have mutations, chain elongations and
non-sense coding, all leading to structural changes in EXT gly-
cosyltransferases. Structural changes in these proteins lead to di-
sturbed interactions and lower enzymatic activity, with a conse-
quent lower production of HS. So a disturbance in the HS synthe-
sis is the cause of the formation of exostoses. Moreover it has been
proved that the severity of the disease is inversely correlated to
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HS level (19). Also the penetrance (~95%) tends to be comple-
te when the fall in HS is greater (5). The reduction of HS in cell
surface-associated proteoglycans and matrix-associated pro-
teoglycans, impacts a number of signalizing proteins critical to ske-
letal development, such as IHH, PTHrP, FGF, BMP and WNT: di-
stribution, range of activity, stability and action on target cells can
be influenced (20).

Besides studying the role of HS in osteochondroma formation, se-
veral groups have started to use different mouse models with en-
gineered EXT genes to investigate the function of HS as a regu-
lator of endochondral ossification. Stickens et al. proposed in 2000
that exostoses are caused by a disturbed coordination of chon-
drocyte maturation and perichondrial bone formation (21). The mu-
tation leading to a complete loss of expression of EXT1/EXT2 ge-
nes disturbs the crosstalk via IHH and PTHrP between chon-
drocytes and perichondrial osteogenic cells. This local defect of
regulation leads to a hiatus in the forming of the bony collar. Even
the tumour seems to start from early differentiate chondrocytes
(and not from an osteoblasts) perichondrial cells play a crucial role
because never in HME can be seen enchondromas or other be-
nign tumours located within the bone or bone marrow (Figure 2).
A novel theory based on previous findings was proposed. EXT mu-
tations cause abnormal HS chains and this leads to disturbed bin-
ding of IHH. Loss of binding leads to abnormal diffusion and an
excess of free IHH which leads to disturbance of terminal diffe-
rentiation of chondrocytes at the growth plate, as well as distur-
bed perichondrial bone formation. With changes in diffusion area
of IHH there is a loss of polar organisation on the growth plate.
Combined with a defect in the bony collar, this leads to a patho-
logical process. Chondrocytes proliferate further and migrate th-
rough the defect, which leads to abnormal growth and abnormal
bone formation. The process exacerbates and there is uncontrolled
growth of bone and cartilage in an angle opposed to normal growth
(22).

In 2005 however another new model by Stickens et al. was in-
troduced. There were suggestions that besides the IHH-PTHrP
pathway, the major defects in HME would be located in the FGF
and BMP pathway. In this model disturbed HS synthesis leads to
lower FGF and disturbed differentiation of cartilage (23).
Collectively, these studies suggest that localized and/or tissue spe-
cific disruptions in HS-mediated signalling may be important for
contributing to the various aspects of the MHE pathology. On the
other hand, growth factors alteration may also represent a se-
condary consequence of osteochondroma formation. Although pro-
gress has been made, the specific molecular mechanism leading
to the disruption of the cartilage structure and the consequent exo-
stoses formation after HS loss is still not resolved.

Clinical presentation

Although MHE may be asymptomatic, a wide spectrum of clini-
cal manifestations is found in patients with this disorder. As seen
above, the severity of phenotype may vary because of genetic fac-
tors such as the EXT1 mutation and the incomplete penetrance;
but recent studies found a significant correlation between male
sex and more severe clinical presentations, especially for patients
over 18 years old (24). Possible explanations may relate to phy-
seal closure at an older age in male (prolonging the effects of the
EXT gene), hormonal differences between genders, or X-linked
genes that may interact and accentuate the effect of the EXT1 and
EXT2 genotypes.

Real symptoms will only manifest during growth and specifically
during childhood. Most patients present with an average of 6 exo-
stoses, but anatomical distribution and burden can vary largely

111



G. Beltrami et al.

BOX 1 - Background.

Ossification mechanism
The vertebrate skeleton develops by two mechanisms: intramembranous ossification and endochondral ossification. The first one gives ori-
gin to flat bones of the skull, parts of the craniofacial skeleton and clavicles, through a direct mechanism. Endochondral ossification gener-
ates the rest of the craniofacial bones and the axial and appendicular skeleton and is initiated with the formation of a cartilaginous template,
subsequently replaced by bone.

Endochondral Ossification

During embryonic development, mesenchymal progenitor cells condensate at the site of the future bone and then differentiate into two cell
types: in the centre they differentiate into chondrocytes, whereas the outer cells develop into a fibroblastic cell layer, the perichondrium,
which surrounds the cartilage core (Figure 1). The cartilage elements grow by proliferation of chondrocytes, which align in columns. In the
centre of the cartilage anlagen cells exit the cell cycle and differentiate into prehypertrophic and hypertrophic chondrocytes that finally un-
dergo apoptosis. In parallel, cells in the flanking perichondrium differentiate into osteoblasts, forming the periosteum and the bone collar.
The hypertrophic chondrocytes secrete blood vessel attracting factors leading to the vascularization. Accompanying osteoblasts and osteo-
clasts enter the hypertrophic region and replace the cartilage remnants with trabecular bone and bone marrow. Postnatally, these cells
maintain their embryonic organization and form the growth plate, which enables the longitudinal growth of bones.

Growth factors role
Every step of endochondral ossification is tightly regulated by the concerted action of various growth factors, signalling molecules and cy-
tokines. One of the key factors is the secreted growth factor Indian hedgehog (IHH). IHH acts together with Parathyroid Hormone related
Peptide (PTHrP) in a negative feedback mechanism. IHH is expressed in prehypertrophic chondrocytes and signals to the proliferating
chondrocytes and the flanking perichondrium, where it increases the proliferation rate and the differentiation of osteoblasts, respectively.
Moreover, IHH induces the expression of PTHrP in periarticular chondrocytes. PTHrP signals back to the proliferating chondrocytes, keep-
ing them in a proliferating state. With increasing distance from the producing cells, PTHrP levels decrease. Once they decline below a cer-
tain threshold, hypertrophic differentiation is initiated and the differentiating chondrocytes start to express IHH.
Further signalling molecules controlling chondrocyte proliferation and differentiation include bone morphogenetic proteins (BMP), fibroblast
growth factors (FGF), WNT proteins and many others. BMP signalling is required to form the cartilage anlagen. At later stages of chondro-
genesis, BMP induces chondrocyte proliferation and up-regulate IHH expression, while FGF inhibits these processes. In addition, BMP sig-
nalling induces hypertrophic differentiation and FGF signals accelerate the turnover of hypertrophic cells. High WNT signalling is required for
the condensation of mesenchymal cells and differentiation of the osteoblasts. A decrease in WNT signalling allows the differentiation of
chondrocytes.
Although the genetic interactions of these and other signalling molecules in regulating endochondral bone formation have been intensively
studied, mechanisms that regulate their extracellular distribution are less well understood. A recent study demonstrates that HS plays a cru-
cial role in these signalling pathways.

HS biosynthesis
The assembly of the HS chains takes place in the Golgi apparatus using nucleotide sugars imported from the cytoplasm. Heteromeric com-
plexes of the glycosyltransferases exostosin-1 and exostosin-2 catalyse the elongation of the HS chains. Simultaneously, the HS chain is
modified by several sulfotransferases and one epimerase.

HS carrying proteoglycans
HS carrying proteoglycans are main components of the extracellular matrix. They consist of carrier proteins and one or more HS gly-
cosaminoglycan chains (linear polysaccharides). Depending on the subcellular localization of the HS carrying proteoglycans, three subfami-
lies can be distinguished: membrane spanning (syndecans and betaglycans), phosphatidylinositol-linked (glypicans), and proteoglycans se-
creted into the extracellular space (perlecan and agrin).

HS role
HS binds to extracellular proteins through interactions between the highly sulphated, negatively charged sugar motifs and clusters of posi-
tively charged amino acids on the protein surface. Tissue specific patterns of differently modified HS chains provide a highly complex, extra-
cellular control system regulating signalling events in tissue specific ways. During recent years, many lines of evidence have identified HS
as important regulators controlling the activity and signalling range of many secreted factors in the vertebrate organism, in particular in en-
dochondral ossification.

(25). The most commonly involved bones include the distal femur
(90%), proximal tibia (84%), fibula (76%), and humerus (72%) (26).
Osteochondromas are often first discovered on the ribs and the
proximal tibia, where they can be clearly visible and palpable. They
are rarely located in carpal and tarsal bones, and never in the fa-

Table 1 - Exostosin human genes. cial bones because they develop by intramembranous ossifica-

tion.
Gene Chromosome number Amino acid Recently, a clinical classification system for MHE has been de-

veloped (27). In this classification system, MHE is divided into th-
EXT 1 8 746 ree classes according to the number of bone segments affected
EXT 2 11 718 and the presence of skeletal deformities and/or functional limita-
EXT-L 1 1 676 tions. This classification has been validated through a Switching
EXT-L2 1 330 Neural Network approach and provides an efficient method to cha-
EXT-L3 8 919 racterize MHE (Table 2).
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Figure 1 - Organization of the embryonic growth plate (69).

Table 2 - Clinical classification of MHE.

Figure 2 - Model of ostochondroma formation (69).

I No deformities and no functional limitations

Il Deformities and no functional limitations

Il Deformities and functional limitations

A <5 sites with osteochondromas

B >5 sites with osteochondromas

A <5 sites with deformities

B >5 sites with deformities

A Functional limitation of 1 site

B Functional limitation of >1 site

Pain is experienced by the majority of patients and often leads to
the surgery (28). It may be caused by compression of tendons and
muscles, with possible consequent chronic irritation (impingement,
entrapment) and ruptures. Sometimes, bursitis over the cartila-
ge cup may develop and, as the result of a trauma, peduncola-
ted exostoses can fracture.

Even restricted motion of the joint is often encountered. For exam-
ple, forearm rotation may be limited because of osteochondromas
extending into the interosseous interval between radio and ulna;
or in the knee, maximum flexion may be avoided by an osteo-
chondroma in the popliteal region.

Sometimes exostoses can interfere with normal development of
the growth plate, giving rise to limb deformities. Osteochondro-
mas found in the forearm, can lead to unbalanced shortening of
the ulna, with consequent higher curved radius. That often impairs
function with a progressive limitation pronation. Shortening of the
ulna, also can cause subluxation or dislocation of the radial head.
These deformities are described as Madelung-type deformities (29)
and are classified by Masada into three groups based on
morphological aspects (30).

Hand involvement is often described, with an increase seen around
the metacarpo-phalangeal joint. The most affected bones were
the index and small finger metacarpals. Brachydactyly, angular
deformity (more often seen on the ulnar side) or pseudo-mallet
fingers represent the result (31).

The principal developmental pattern of the hip in patients with HMIE
is coxa valga, due to exostoses near the minor trochanter (32) (Fi-
gure 3). More rarely, we can observe acetabular exostoses and
deformations at the medial femur and consequent ischio-femo-
ral impingement or acetabular dysplasia that may require major
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surgery such as juvenile arthroplasty (33).

There is a high rate of knee deformity in patients with HME, with
nearly a third of patients developing genu valgum (34). It is most
often found in the proximal tibial metaphysis, although angulation
of the femur might also be present. This could even lead to an obli-
que joint line orientation that may predispose to the development
of degenerative joint disease at relatively early age. Furthermo-
re, progression of the angulation might lead to lateral patella
subluxation and patello-femoral complaints.

Even ankle joint is typically characterized by a valgus angulation.
A complex growth disorder is carried out with relative shortening
of the fibula, an oblique course of the distal tibial epiphysis and
a medial subluxation of the talus (35).

Last but not the least, the exostoses are also thought to influen-
ce longitudinal limb growth, with a quarter of patients having a limb
length discrepancy that often require surgical interventions.
Polidistrectual sequelae are often described and may have non-
orthopaedic implications.

Figure 3 - Clinical evolution of a coxa valga in a young HME (32).
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Neurovascular disorder

Impingement, entrapment or irritation of neural structure can oc-
cur when osteochondromas are located in particular regions such
as axilla, proximal fibula or where the noble structures are loca-
ted near bone surfaces. The result is a neuropathy with pain, pa-
resthesias or functional impairment, more frequently seen in su-
perficial peroneal nerve. In the vertebral column, osteochondro-
mas can occur in up to 68% of the patients. The most are loca-
ted in the posterior part of the vertebrae, but in 27% of patients
MRI can reveal the extension into the spinal canal. Although rare,
a symptomatic compression of the medulla can occur with serious
neurologic consequences (36). Therefore, spinal osteochondro-
mas require careful management, thorough follow-up and a MRI
screening for patients in the growing years in order to prevent se-
rious disability (37).

More rarely vascular compressions are seen, especially at the lower
limb. Popliteal artery is most often involved, with pseudo aneury-
sm formation or thrombosis, claudication (Figure 4) and ischae-
mia (38). As case report, is described in literature an acute co-
ronary syndrome due to dynamic extrinsic coronary artery com-
pression by a rib exostoses (39).

Figure 4 - A case of a 35-year woman with a vascular claudication, due
to a chronic obstruction of the popliteal artery.

Low stature

HME can lead to disproportionate short stature. This is not only due
to the involvement of long bones growth plates, but new findings
support a systemic influence of the gene defect on growth rate. For
example, it is observed in adolescents — particularly boys — an ear-
lier or faster closure of the growth plates (40). Moreover, growth
hormone (GH) deficiency has rarely been found in HME patients,
but no pathogenetic connection has been identified and GH re-
placement therapy has not been well described in this disease (41).

Scoliosis

Scoliosis associated with MHE has been described in literature,
without data about prevalence and severity. A recent study con-
firmed scoliosis as a common feature of MHE and disease severity
is a predictor of moderate scoliosis (>20°) (42).

Erosion of bone

In the forearm and lower leg, growth of an osteochondroma can
give rise to erosion of the adjacent bone. In the forearm this mi-
ght lead to limited rotation and pain. In the lower leg, erosion of
the distal fibula is most often seen and caused by an osteo-
chondroma arising from the lateral side of the distal aspect of the
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tibia. Ankle pain, a palpable mass and plastic deformation of the
eroded bone can be the reason for surgical intervention.

Spontaneous hemotorax

Costal exostoses are mostly asymptomatic, but can rarely cau-
se intra-thoracic complications, including haemothorax, pneu-
mothorax as well as injury to the pleura, lung, diaphragm or pe-
ricardium. The association between spontaneous haemothorax
and rib exostoses may be because of rupture of markedly dila-
ted pleural vessels due to prolonged friction between the exostoses
and the pleura (43).

Obstetric problems

Complications can occur during delivery due to the aberrant
morphology of the pelvis or the presence of osteochondromas on
the interior pelvis. Wicklund et al. (5) reported in a paper that 2/3
of women with MHE presented delivery by caesarean section, with
29% of these procedures being secondary to pelvic osteochon-
dromas (5). Women with MHE were at least twice as likely as the
general population to have a caesarean section.

Psychosocial problems

MHE is not only limited to physical complaints and inconvenien-
ce, but has a severe impact on daily life (12). More than half chil-
dren in school encounter serious problems, especially with phy-
sical education, writing, and computer-related tasks. Half of the
adult patients with paid employment had experienced problems
during their occupation, whereas 28% had to stop their activities
and 21% needed adjustment to the workplace. Patients with MHE
were substantially incapacitated in their ability to perform sports.
Moreover limb deformities and short stature are often considered
important cosmetic disfiguring.

For all these reasons, HME can have great psychological reper-
cussions on affected people.

Associate disorders

HS is located not only in growth plate and doesn’t plays a role only
in chondrogenesis and endochondal ossification, but it is wide-
spread in many others districts and takes part to others several
biological processes. For example, HS plays a crucial role in en-
dothelial function. Mooij et al. investigated the effect of HS chain
length in relation to endothelial function and nitric oxide availability.
They demonstrated that HS elongation genes EXT1 and EXT2 are
involved in maintaining endothelial homeostasis, presumably via
increased nitric oxide bioavailability. So endothelial HS might be
interesting therapeutic targets for endothelial dysfunction and sub-
sequent cardiovascular disease in humans (44).

Another recent study by Mooij et al. supports the concept that,
although minor, HS-proteoglycans do contribute to human hepatic
triglyceride-rich-lipoproteins clearance. So EXT1 heterozygosity
causes a modest effect on postprandial lipid clearance (45).
Interestingly, HS plays a role in pancreas development and beta
— cell function; genetic variations in EXT2 are associated with an
increased risk for type 2 diabetes mellitus. It is hypothesized that
loss of function of EXT1 or EXT2 in subjects with HME can affects
pancreatic insulin secretion capacity and development (46).
With only four cases of coexistence of HME and ankylosing spondy-
litis so far, it seems that either association of HME and ankylo-
sing spondylitis could be a rare entity or a coincidence (47). The
increase in the number of reported patients who have a coexistence
of these two diseases might suggest that this association is stron-
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ger than a coincidence. The role of genetic history, gene expression
and a pre-existing inflammatory process or tissue destruction should
be under consideration. To obtain clear and conclusive informa-
tion and to reach a better understanding of this association, further
studies are suggested.

Malignant degeneration

The most feared complication of HME is malignant transforma-
tion of an existing osteochondroma into a secondary peripheral
chondrosarcoma, during adulthood. There is no evidence that chon-
drosarcomas might occur more frequently in relation with sex, se-
verity of the disease, EXT1 or EXT2 mutations (6-24). Also, the-
re is no consensus regarding the lifelong risk of malignant tran-
sformation: it varies from less than 1% in recent papers, up to 25%
in the older series. In 2015, a wide multicentre survey by Czajka
et al. reported a proportion of 2,7% (48). In the same study — and
in according with previous findings — the districts more frequen-
tly involved are the pelvis, the scapula, the proximal part of the
femur and the humerus. Malignant transformation in MHE seems
to be diagnosed at a younger age than chondrosarcomas in non-
MHE patients, most often in the first half of the fourth decade (2-
49).

An interesting study published by Musso at al. in 2015 can cla-
rify the genetic basis of malignant transformation: they observed
that osteochondromas and their associated secondary periphe-
ral chondrosarcomas have different initiating cells (50). In parti-
cular they reported the analysis of the mutational status of the EXT2
gene in tumour samples derived from a patient affected by HME,
documenting the somatic loss of the germline mutation in a giant
chondrosarcoma and in a rapidly growing osteochondroma. In the
classic two-hit model of hereditary tumorigensis, the second so-
matic event is usually responsible for the loss of the wild-type al-
lele, whereas in the case reported by Musso et al., they obser-
ved the loss of the mutated allele and the retention of the wild-
type one. Such a condition could be referred to as an “isoallelic
two-hit model” to highlight that the same allele is affected twice,
as opposed to the classic “alloallelic two-hit hypothesis” that pre-
dicts the different alleles are affected by the two hits. Interestin-
gly, a similar observation was reported in 1997 for the EXT1 gene
(51).

These tumours develop in the cartilage cap of an existing osteo-
chondroma and symptoms of such change include growth after
skeletal maturity. The patient can experience pain, neuropraxia
due to compression of nerves and pressure related symptoms at
other nearby organs. Malignant transformation causes a surface
irregularity and unorganised chalk deposits with light areas in the
middle of the tumour as well as in the cartilage cap. Sometimes
calcifications are seen in the surrounding organs. However, de-
finitive diagnosis requires a biopsy.

Patients with HME seem to develop low-grade chondrosarcomas.
These tumours grow slowly, and rarely metastasise haematolo-
gically to other organs. 10% of secondary chondrosarcomas are
classified as dedifferentiated chondrosarcomas (Figure 5), a very
aggressive type of tumour consisting of two components: a low
grade, well-differentiated chondrosarcoma, and a high-grade (non-
cartilage) sarcoma (52). They have high metastatic risk and a bad
prognosis. EXT gene mutations have been found in these tumours,
and defects in TGF-B and FGF are described.

In the literature we can found a few paper that report other type
of degeneration linked to HME. A recent review found 14 cases
showing transformation of osteochondromas into osteosarcomas
and 1 case of degeneration in Ewing sarcoma (53). In this paper
it is underlined that Ewing sarcoma has never been reported on
a previous bony lesion such as an osteochondroma. No genetic
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Figure 5 - A case of a dedifferentiated chondrosarcoma.

or molecular deepening was reported.

HME is also associated with intraosseous chondroid neoplasms,
potentially resulting in central chondrosarcoma. This interesting
new is reported by Gound et al. in 2015: in their cohort of patients
with HME, they identified 7 cases of histologically confirmed low-
grade central chondrosarcoma, giving a prevalence of 3,6%. Se-
cond this finding, central chondrosarcoma appears to have a si-
milar lifetime incidence as the peripheral one. Once again, the
pathogenetic mechanisms underlying are unknown (54).

EXT gene mutations are described in lung-, liver-, breast-, pro-
state-, brain-, skin- and haematologic cancer. For example, is de-
scribed a case-report of atypical teratoid/rhabdoid tumour (an ag-
gressive embryonic brain tumour, predominantly found in children)
affecting an HME young man (55).

Diagnosis

Since most of the patients are asymptomatic at birth, early dia-
gnosis can only made by genetic screening, such as with registered
affected families. During childhood, when symptoms become evi-
dent, diagnosis result simple.

About the imaging, conventional radiographs are able to focus
osteochondromas in the appendicular skeleton, in the most ca-
ses. Computerized tomography can be considered for regions that
are difficult to visualize (thorax, spine, pelvis).

Magnetic resonance imaging (MRI) allows accurate measurement
of cartilage cap thickness and the effect of the lesion on surrounding
soft tissue structures. It also clearly demonstrates continuity of the
cortex and medulla from the osteochondroma to the parent bone.
The high water content of the cartilaginous cap ensures high si-
gnal intensity on T2 weighted images, allowing it to be easily iden-
tified in relation to surrounding soft tissues. The thickness of the
cartilage cap must be measured from the osseous surface to the
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outermost edge of the cartilage cap at the thickest portion. Peterson
claimed that a thickness of more than one centimetre should rai-
se suspicion (56), whereas many others Authors set the limit to
more than 2 centimetres. In particular, Kok et al. in 2013 asser-
ted such measurements have been shown to have sensitivity and
specificity greater than 95% for the detection of secondary
chondrosarcomas if a 2 cm threshold is used (57).

For detection of malignant transformation, also positron emission
tomography can be used, but increased metabolic radionucleo-
tide uptake may be secondary to benign osteochondroma activity.
Even bone scintigraphy has a low specificity, but can be useful
such as alternative. However, the use of these techniques is the-
refore controversial, especially given the dose of radiation nee-
ded.

It seems that the risk of sarcomatous change among patients with
HME is of the same magnitude as for the breast or cervix cancer.
For this reason, Sonne-Holm et al. pointed out that a screening
programme is needed for patients after the termination of bone
growth (58). They proposed the following screening programme:
a thorough clinical examination along with a full body MRI
should be offered to adult HME patients (> 16 years of age or when
growth pates are closed) every second year in order to map all
of the patient’s exostoses. If MRI is not possible due to technical,
logistic or patient related reasons, a bone scintigraphy is recom-
mended instead.

Differential diagnosis

Actually, no problems of differential diagnosis are reported, but
certain disease can have some affinities with HME.

Hardly exostoses may be confused with enchondromas. They are
benign, generally asymptomatic, intra-osseous tumours of hya-
line cartilage that most commonly affect medullary canal of the pha-
langes of the hand. Rarely, they arise on the surface of the bone.
Enchondromas are the second most common benign cartilaginous
tumour after osteochondromas. Ollier disease is characterized by
multiple enchondromas, whereas Maffucci syndrome is charac-
terized by multiple enchondromas and soft tissue haemangioma.
These pathologies fall into a group of disease named enchon-
dromatosis (59). A recent genetic analysis suggests that soma-
tic mosaic mutations of IDH1 and IDH2 genes cause these di-
sorders (60). So the etiology is different from HME, but the patho-
genesis may be similar: the development of enchondromas in the-
se disorders is thought to be due to derangement of cartilaginous
growth, resulting in migration of cartilaginous rests from the epiphy-
seal plate into the metaphyseal regions. Moreover, malignant de-
generation in chondrosarcoma can be observed in both these di-
sease.

Metachondromatosis is another disease, taking part to the en-
condromatosis family. It occurs with multiple enchondromas and
exostoses, configuring a clinical appearance most close to HVMIE
(61). Recently, it has been reported that loss of function mutations
of the SHP2 gene (which encodes the SHP2 protein tyrosine pho-
sphatase) are associated with metachondromatosis. At molecu-
lar levels, we observed an abundant expression of IHH and FGF2,
as it is done in HME (62).

Another condition where exostoses can be found is Langer-Gie-
dion syndrome, a very rare congenital disease caused by dele-
tion of chromosome 8. Clinical manifestations include (over the
multiple exostoses) short stature, intellectual disability and typi-
cal facial dysmorphism.

All patients show a de novo mutation, spanning the TRPS | and
EXT1 genes, resulting in a phenotype that is a combination of two
independent: tricho-rhino-phalangeal syndrome type I, and HME,
respectively (63).
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Unlikely achondroplasia can be mistake with HME, but presents
analogies in clinical features and pathogenesis. Achondroplasia
is a human bone genetic disorder of the growth plate and repre-
sents the most common form of dwarfism. Achondroplasia is cau-
sed by autosomal dominant mutations of the transmembrane re-
ceptor FGF-receptor 3, an important regulator of linear bone growth.
Patients have no exostoses, but present characteristic short sta-
ture with disproportionate shortening of the limb and metaphyseal
irregularities (64).

Prognosis

HME is a chronic disease that requires a careful follow-up to avoid
many possible complications.

In children, periodic screening every 6-12 months is expected be-
cause several growth disturbances can be early treated by rela-
tively simple procedures, and also it is necessary to monitor cri-
tical districts such as the spine. Roach et al. recommend a full co-
lumna MRI every second year in children with HME in order to iden-
tify intraspinal exostoses and potential intramedullary affection,
to prevent neurological damage (37).

In adults, regular clinical examination is recommended for early
detection and adequate treatment of malignant transformation; this
should be done every 12-24 months depending on the locations
at major risk (pelvis, scapula, proximal femur). However, the pro-
gnosis of secondary chondrosarcomas is good, since these tu-
mours rarely metastasise: the 5-year survival is estimated to be
90% (3).

Treatment

The therapeutic approach to HME is substantially surgical, whe-
reas the medical one is still at an experimental level.

Must be underlined that treatment of exostoses may be conser-
vative if there are no clinical problems to avoid eventual surgical
complications; also, spontaneous regression of the lesions has
been documented in single cases during childhood and adole-
scence (65). Surgery may be considered when symptoms appear:
individuals affected by HME often undergo multiple interventions
(sometimes greater than 20) to remove symptomatic osteo-
chondromas or address deformities (66). Excision is a relatively
easy procedure with low morbidity that consists in a resection at
the base of the exostoses. The largest lesions may require re-
constructive techniques such as internal fixation and allografting.
Local recurrence may occur for incomplete excision (to minimi-
se the risk, is important to remove all the cartilage cap and the
overlying perichondrium) or the development of a new lesion at
the same location especially in very young children with open phy-
sis. To correct deformities, misalignment and limb length inequality
more complex procedures are often necessary, such as osteo-
tomies, bone lengthening and epiphysiodesis (in children).
Even in case of malignant degeneration in chondrosarcoma sur-
gery represents the first choice: surgical resection alone is
usually adequate because these tend to be low-grade lesions. A
role for adjuvant radiotherapy and chemotherapy has not been pro-
ved in secondary chondrosarcomas, and their use remains con-
troversial. Also the few cases of chondorsarcoma dedifferentia-
ted need surgery: they tend to be even more resistant to ra-
diotherapy and chemotherapy, because of poor vascularisation,
low pH and high interstitial pressure.

However, HME is first of all a genetic disease. Today, research
in this field is very active and recent discovers about physio-
pathology can individuate useful therapeutic target. In particular,
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IHH signalisation defect are found in HME and promising treat-
ment with blocking agents are currently under investigation. IHH
blocking agents, such as triparanol, can be used in a neo-adju-
vant fashion, to reduce tumour load before surgery and are cur-
rently used in several studies on brain and skin cancer (67).

A recent study by Huegel et al. highlights one additional possible
pathway in pathophysiology of HME: the role of heparanase (68).
This protein is easily detectable in growth plates of unaffected peo-
ple, only in hypertrophic zone, and has the ability to stimulate chon-
drogenesis, BMP signalling, cell migration and cell proliferation.
Through testing on mouse models, the Authors experimented a
potent heparanase inhibitor, which strongly inhibited chondro-
genesis. These properties make heparanase a conceivable the-
rapeutic target for the future, in HME.

Conclusions

HME is a complex disease where the paediatrician, the geneti-
cist and the orthopaedic surgeon play an interchangeable role in
diagnosis, research and therapy.

Despite several findings in recent years, HME still holds many se-
crets. But, the complex and fascinating genetic mechanisms that
lead to the interactions of cells and molecules at the growth pla-
te remain under investigation. The importance of these researches
lies in the fact that they offer an insight on other — more impor-
tant — diseases. They give us a better understanding of the role
of HS in signal transduction, and of the physiology of other bone
and cartilage diseases as well as of skeletal embryology.

Now we look at the EXT-genes as tumour-suppressor genes with
amajor role in angiogenesis and malignant degeneration. The hope
is that new discovers on HS pathways may one day lead to the
development of an effective cancer therapy. For example, the fin-
ding that regulation defects of IHH are present in the pathogenesis
of the whole spectrum of benign and malignant cartilage tumours
can become a major therapeutic target for treating these tumours.
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