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Abstract

Camurati-Engelmann disease or progressive diaphyseal dysplasia is a rare autosomal dominant
sclerosing bone dysplasia. Mainly the skull and the diaphyses of the long tubular bones are
affected. Clinically, the patients suffer from bone pain, easy fatigability and decreased muscle
mass and weakness in the proximal parts of the lower limbs resulting in gait disturbances. The
disease causing mutations are located within the 7GFJ-1 gene and expected to are thought to
disrupt the binding between TGF1 and its latency associated peptide resulting in an increased
signalling of the pathway and subsequently accelerated bone turnover. In preclinical studies it
was shown that targeting the type I receptor ameliorates the high bone turnover. In patients,
treatment options are currently mostly limited to corticosteroids that may relieve the pain,
improve the muscle weakness and fatigue. In this review the clinical and radiological

characteristics as well as the molecular genetics of this condition are discussed.

Introduction

Camurati-Engelmann disease (CED) (MIM#131300) is characterized by an increased bone
mass and therefore belongs to the group of sclerosing bone dysplasias. The latter is a clinically
and genetically heterogeneous group, all with a low prevalence in the population [1, 2]. In the
latest update of the Nosology and classification of genetic skeletal disorders in 2015 [3] the
sclerosing bone dysplasias are subclassified in three subgroups: the neonatal osteosclerotic
dysplasias, the osteopetroses and related disorders and finally the other sclerosing bone
disorders. The underlying pathogenic mechanisms can be different but obviously share a
disturbance of the balance between bone formation and bone resorption [4]. In some conditions
including osteopetrosis and pycnodysostosis, the primary defect is an impaired osteoclastic
bone resorption while in others (sclerosteosis, Van Buchem disease, high bone mass

phenotype,...) the increased bone mass is caused by augmented osteoblastic bone formation.



Finally, in some conditions the underlying pathogenic mechanism involves a factor coupling
the processes of bone resorption and formation. As described below, CED belongs to the latter

category with involvement of transforming growth factor -1 (TGFB1).

Radiological and clinical manifestations

CED is a rare, autosomal dominant sclerosing bone dysplasia that mainly affects the skull and
the diaphyses of the long tubular bones (Figure 1, 2). It is also known and often referred to as
“progressive diaphyseal dysplasia”. It was first reported in three independent case reports in the
nineteen-twenties [5-7]. Up to date more than 300 cases have been described [8] but the exact
prevalence is unknown. Mild cases of diaphyseal dysplasia with late manifestation and some
asymmetry of the lesions have been published under the name “Ribbing disease II”” (“Ribbing
disease I” refers to multiple epiphyseal dysplasia) but it is now accepted that CED and Ribbing
disease II represent phenotypic variations of the same disorder caused by mutations in TGFBI1

(8, 9].

Affected individuals usually present with pain in the legs, muscle weakness and easy
fatigability. Onset of symptoms can be variable and range from early childhood to late
adulthood [10]. Clinical evaluation often reveals decreased muscle mass and weakness in the
proximal parts of the lower limbs resulting in difficulties when rising from a sitting position
and in gait disturbances. Bone pain is frequently present and may range from mild to severe,
requiring narcotic analgesics [8, 11]. The pain is described as aching, often intermittent and
worse with activity, stress and cold weather. Bone tenderness upon palpation, usually in the
lower limbs, is frequently reported [10]. Some affected individuals have a rather slender (so-
called Marfanoid) habitus with reduction of muscle mass and subcutaneous fat. Joint

contractures can be observed (Figure 2). Other, less frequent orthopedic problems include radial



head dislocation, kyphosis, scoliosis, coxa valga, genu valga and flat feet [11]. Significant
endosteal involvement that narrows the medullary cavity in the long bones, may cause
hematological complications such as anemia. Delayed puberty and hypogonadism have been
reported in some patients [11-13].

Involvement of the skull base may cause cranial nerve palsies due to sclerosis and narrowing
of the foramina. This is rarely seen in childhood but more in an advanced stage of the disorder
later on in adulthood. The most common cranial nerve deficits are hearing loss, vision problems
and facial paresis. The hearing deficit can be conductive and/or sensorineural [14]. Recurrent
cranial hyperostosis after surgical decompression has been reported [15]. Hyperostosis of the
cranial vault can result in frontal bossing. Headaches are frequent complaints in affected

individuals and may be triggered by increased intracranial pressure.

The diagnosis is usually made by radiographic evaluation of the skeleton. Most frequently, the
long tubular bones in the lower limbs (femur and tibia) are affected (Figures 1 and 2). These
bones show uneven cortical thickening of the diaphyses with hyperostosis extending to both the
periosteal and endosteal sides. The hyperostosis is usually present in both limbs but may be
asymmetric. The spine is by definition not affected. Sclerosis of the skull base is more often
observed than hyperostosis of the cranial vault [16]. Bone mineral density measured in the hip
and femoral necks is usually increased. Healing of fractures may be delayed [10] but there is
no evidence for an increased susceptibility to fracture. Bone scintigraphy can be normal despite
the radiographic presence of bone lesions [17, 18]. Bone scintigraphy can be helpful in
monitoring the activity of the disease but has limited value in the specific diagnosis of the

disorder.



Intra- and interfamilial clinical variability is a feature of CED [8, 11, 19, 20]. There is reduced
penetrance as there have been reports of normal radiographs in individuals who are
heterozygous for a pathogenic variant in TGFB1 but exact figures are not known [10].

Several years after its delineation in 1922, the progressive character of the disorder was
recognized [21] and the condition was therefore also named “progressive diaphyseal dysplasia”.
In a large Israeli family, sequential skeletal radiographs over a period of up to 32 years, clearly
demonstrated worsening of the disease but only in about half of the affected individuals [22].
Furthermore, there are also reports of patients whose symptoms seem to resolve with age [9,

18, 20].

Differential diagnosis

In the differential diagnosis, mainly sclerosing bone dysplasias with abnormal bone shape due
to diaphyseal modelling defects should be considered [29]. The distinction with osteopetrosis
is usually easy since in the different forms of osteopetrosis, the diaphyses of long tubular bones
are by definition normal in shape [16]. The defective modelling in osteopetrosis is more
reflected by widening of the (sub)metaphyseal regions (“Erlenmeyer-flask) of the tubular
bones. Hyperostosis of the diaphysis of long bones with new periosteal bone formation can be
seen in melorheostosis. However, in this disorder there is usually asymmetric and unilateral
involvement affecting one or several bones in one limb [30]. The periosteal bone formation is
also more pronounced in melorheostosis, resembling the appearance of wax flowing down the
side of a candle [31]. In addition, ectopic bone formation is a feature of melorheostosis and not
of CED. Cortical hyperostosis of long bones with excessive periosteal bone is observed in
infantile cortical hyperostosis (Caffey disease). In this condition however, onset is earlier
(usually in infancy) and the hyperostosis is not restricted to the long bones but also involves the

mandible, clavicles, scapulae and ribs [32]. The skull base and vault are not affected. Clinical



signs of fever and irritability further distinguish Caffey disease from CED. Ghosal
hematodiaphyseal dysplasia can also resemble CED but in general the hyperostosis is less
pronounced and the hematological complications with severe anemia are only observed in the
former disorder [33]. Diaphyseal expansing of long tubular bones and cranial sclerosis are
features of juvenile Paget disease but in this disorder the long bones show more bowing,
irregular trabeculation and generalized demineralization [34]. Diaphyseal (mainly endosteal)
and skull sclerosis are major features of van Buchem endosteal hyperostosis and sclerosteosis.
Involvement of the mandible, widening of the short tubular bones in hands and feet, and
presence of syndactyly are the most important characteristics distinguishing these conditions
from CED [1, 2]. In craniodiaphyseal dysplasia, sclerosis of the skull and facial bones
(including the mandible) is more pronounced and in addition, there is widening of ribs, clavicles

and short tubular bones in hands, which are not features of CED [35].

Molecular genetics

The molecular defects underlying CED have been identified by positional cloning as mutations
in the gene encoding transforming growth factor beta 1 (TGFp-1) located on chromosome
19q13.2 [36, 37]. The mutations are found in heterozygous state in line with the autosomal
dominant segregation of the disease. At present, 13 different mutations have been reported [8,
38, 39]. Eight of these cluster in a small region of the protein between amino acids 218 and 225
(encoded by exon 4) and are identified in more than 80% of the patients (Figure 3). The
mutations R218C, R218H and C225R are recurrent mutations and the fact that all these have
been described in families of different ethnic background suggests that they are the result of
independent mutational events. Especially the arginine at position 218 turns out to be a hotspot
for mutations as it is substituted in about 60% of the patients [8]. For the cysteine residue at

position 223, 3 different mutations have been reported. In addition to the missense mutations in



exon 4, two different duplications at the same location in the signal peptide of the protein have
been reported [36, 39] as well as three missense mutations (Y81H, R156C and E169K) in the
more proximal part of the protein (Figure 3) [8, 38].

TGFB-1 belongs to the TGF-beta superfamily, consisting of more than 40 members, including
the bone morphogenetic proteins, inhibins, and activins. Like almost all other members, it is
initially encoded as a precursor, containing a signal peptide, the latency associated peptide
(LAP) and finally the mature TGF-B1 at the carboxyterminal part of the protein [40]. This
precursor is processed in different steps. First, the precursor molecule dimerizes by means of
cysteine bridges and subsequently undergoes proteolytic cleavage by furin at the dibasic
protease site to yield the three sub-domains. The signal peptide is cleaved off during passage
through the endoplasmic reticulum and also the LAP is cleaved from the mature peptide. This
homodimer with the mature peptide being non-covalently linked to the LAP is secreted and
stored in the extracellular matrix as a latent complex [40]. This can happen either alone as the
small latent complex or in conjunction with a latent TGF-B-binding protein as a large latent
complex [41, 42]. In this latent state, TGF-B1 cannot bind to its receptor and will therefore not
be able to activate the signalling pathway. However, once activated, TGF-1 can bind to the
type II receptor (TRII) which is constitutively active [40]. Subsequently the type I receptor
(TRI) is recruited resulting in a heteromeric complex [43]. TRI becomes phosphorylated and
activated and in turn phosphorylates intracellularly R-Smads 2 or 3. These activated R-Smads
form heteromeric complexes with Smad4 which are translocated to the nucleus, where they can
bind either directly to DNA or they interact with other transcription factors regulating gene
transcription [44].

Probably due to the limited number of patients and the presence of inter- and intrafamilial
variability, no robust genotype-phenotype correlations have yet been made between patients

with one of the exon 4 mutations and patients with other variants in the 7GF-f1 gene. This



makes the prognosis of the disease unpredictable. The clinical variability, even among patients
with the same mutation, could be due to genetic modifiers either within the TGF-£1 gene or in
other genes. The former has been tested in some families both for some promotor
polymorphisms as well as for some coding variants but no evidence for an association with
disease severity was obtained [10, 45]. More recently, two members of a CED family were
described both having a TGF-£1 mutation but in addition a rare variant in the TNFSF11 gene
encoding the RANKL protein. This variant was identified in homozygous state in the son while
heterozygous in the mother. The authors suggested this as a putative explanation for the milder
phenotype in mother compared to her son [39] but additional studies are needed to confirm this
hypothesis.

In one extended CED family, the observation of anticipation was reported implicating both a
decreasing age of onset and increasing severity over generations [20, 46]. However, this could
not be confirmed in other families and the nature of CED mutations are not indicative for this
phenomenon. Anticipation is usually seen in disorders caused by dynamic mutations such as
expansions of a triplet repeat.

In 2001, a family diagnosed with CED was reported without a mutation in the TGF-f1 gene
suggesting locus heterogeneity for the disease [8]. However, since this is the only mutation-
negative family reported so far, further evidence to support this conclusion is awaited since the
presence of a missed or atypical 7GF-£1 mutation or another diagnosis cannot be excluded.
Along the same line, Nishimura et al. [47] described two Japanese CED patients without a TGF-
S 1 mutation but the presence of striations in the bones of these patients are atypical for classical

CED suggesting that they may suffer from another disease.

Pathogenesis



TGF-B1 plays a role in a lot of biological processes. It regulates cell proliferation,
differentiation, migration, and apoptosis. Furthermore, it influences embryogenesis,
angiogenesis, immune suppression, wound healing, and many other processes [48]. TGF-B1 is
one of the most abundant cytokines in the bone matrix [49]. When osteoclasts resorb bone,
TGF-B1 is released from the matrix. Due to the low pH at the ruffled border, the binding
between LAP and the mature peptide is broken and the growth factor becomes active. Active
TGF-B1 will act on osteoblasts stimulating the chemotaxis, proliferation and differentiation of
osteoblast precursors [50]. Furthermore, it will indirectly inhibit further osteoclast
differentiation and activation. Therefore it is considered an important regulator in the coupling
of the processes of bone formation and bone resorption making CED a bone remodelling disease
[51]. A transgenic mouse model for the H222D mutation resulted in diaphyseal thickening of
the long bones and increased fracturing supporting defective bone remodelling [51].
Furthermore, administration of a bone-targeted TGF- type 1 receptor inhibitor rescues
uncoupled bone remodelling in CED [52]. Some of the clinical observations such as the
reduction in fat and muscle mass seem to be unrelated to the skeletal abnormalities. But they
can be explained by the fact that TGF-B1 is an inhibitor of myogenesis as well as adipogenesis
[53, 54].

The cluster of exon 4 mutations in CED patients is located in the LAP region which is essential
for the dimerization of the protein. These mutations involve or are next to the cysteine residues
at position 223 and 225 which form cysteine bridges to stabilize the dimer. Based on that, it
was suggested that the result of the mutations is a reduced ability of the LAP to bind the mature
TGF-B1 resulting in an increased activity. This was confirmed in vitro for several of these
mutations [55]. Functional evaluation of the Y81H mutation and the 9-basepair duplication in

the signal peptide indicated a decreased secretion of the protein but the resulting intracellular



accumulation leads also to increased signalling, although the underlying mechanism of this is

still unclear [55].

Treatment

No consensus management guidelines have been developed to date. Treatment with
corticosteroids may relieve the pain, improve the muscle weakness and fatigue, and even correct
the anemia [10, 23]. Individuals with severe symptoms can be treated with a bolus of
prednisolone 1.0-2.0 mg/kg/day followed by rapid tapering to the lowest alternate-day dose
tolerated. Less symptomatic individuals can be started on 0.5-1.0 mg/kg every other day. Some
individuals may be able to discontinue steroid therapy during quiescent periods [24]. It is not
yet clear if steroid therapy can delay or prevent hyperostosis in the appendicular skeleton and
skull [23, 25, 26]. Histologic studies following steroid therapy have shown increased bone
resorption and secondary remodeling with increased osteoblast activity and decreased lamellar
bone deposition. However, several studies reported no regression of sclerosis on radiographs or
scintigrams after steroid treatment [23, 25].

There are some conflicting reports on the effect of losartan treatment in individuals with CED
[11, 27, 28]. Losartan is an angiotensin II type 1 receptor antagonist that has been shown to
downregulate TGFB1 signaling [56]. In some patients reduced bone pain and increased muscle
strength was reported whilst in others no effect was observed. There is no evidence that
treatment with bisphosphonates is successful in individuals with CED. Surgery is rarely needed.
Recently, good results have been reported by performing radical craniectomy with titanium
mesh cranioplasties for the treatment of recurrent cranial hyperostosis with resultant increased
intracranial pressure [15]. In case of hearing loss, surgical decompression of the internal

auditory canal can improve hearing, however since the skull hyperostosis is progressive,



compression of the auditory nerve may recur. Preclinical studies show that targeting the type I

receptor can ameliorate the high bone turnover (48) but no data from clinical trials are available.
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Legends to figures

Fig 1: Radiographs of individual VDBI at the age of 15 years with the p.Y81H mutation in the
TGFpB-1 gene. (a) Lateral view of the skull shows distinct sclerosis of the skull base and mild
hyperostosis of the calvarium, especially in the frontal bones. (b) Anteroposterior view of the
left femur reveals a fusiform enlargement of the mid-diaphysis of the femur with both endosteal
and periosteal hyperostosis, mostly pronounced on the medial side. (¢) Anteroposterior view of
the right lower limb. Sclerosis is present on the lateral side of the tibia with relative sparing of
the fibula. (d) Anteroposterior view of the right humerus also shows widening of the diaphysis

due to endosteal and (to a milder degree) periosteal hyperostosis.

Fig 2: Clinical photographs (a-b) and radiographs (c-f) of individual VR at the age of 17 years
p-Y81H mutation in the TGFB-1 gene. The clinical pictures show contractures in the knees and
relatively long and slender limbs. (c) Lateral view of the skull showing mild sclerosis of the
skull base and frontal bones of the vault. (d) Anteroposterior view of the left femur reveals
fusiform widening of the mid-diaphysis with both endosteal and periosteal hyperostosis.

Cortical sclerosis results in obliteration of the medullary space. Note also cortical hyperostosis



in the proximal part of the tibia and fibula. (¢) The pelvis shows coxa valga but no signs of
sclerosis in the pelvic bones. Bilateral cortical hyperostosis of the femoral diaphyses is visible.
(f) Anteroposterior views of the left lower limb show hyperostosis in the diaphysis of both tibia

and fibula with narrowing of the medullary cavity.

Fig 3. CED causing mutations in the TGFf-1 gene at cDNA and protein level.
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