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A B S T R A C T   

Dysosteosclerosis (DSS) refers to skeletal dysplasias that radiographically feature focal appendicular osteo
sclerosis with variable platyspondyly. Genetic heterogeneity is increasingly reported for the DSS phenotype and 
now involves mutations of SLC29A3, TNFRSF11A, TCIRG1, LRRK1, and CSF1R. Typical radiological findings are 
widened radiolucent long bones with thin cortices yet dense irregular metaphyses, flattened vertebral bodies, 
dense ribs, and multiple fractures. However, the radiographic features of DSS evolve, and the metaphyseal and/ 
or appendicular osteosclerosis variably fades with increasing patient age, likely due to some residual osteoclast 
function. Fractures are the principal presentation of DSS, and may even occur in infancy with SLC29A3-asso
ciated DSS. Cranial base sclerosis can lead to cranial nerve palsies such as optic atrophy, and may be the initial 
presentation, though not observed with SLC29A3-associated DSS. Gene-specific extra-skeletal features can be the 
main complication in some forms of DSS such as CSF1R- associated DSS. Further genetic heterogeneity is likely, 
especially for X-linked recessive DSS and cases currently with an unknown genetic defect. Distinguishing DSS can 
be challenging due to variable clinical and radiological features and an evolving phenotype. However, defining 
the DSS phenotype is important for predicting complications, prognosis, and instituting appropriate health 
surveillance and treatment.   

1. Introduction 

Dysosteosclerosis (DSS) is regarded as a skeletal dysplasia (OMIM % 
224,300) [1] and was first described in 1934 by Ellis [2] who described 
2 brothers from consanguineous English parents and, considered it 
osteopetrosis (OPT). In 1968, Spranger and colleagues described the 
disease as a distinct entity [3]. Spranger described the radiological 
features in a 12-year-old boy as widened radiolucent long bones with 
thin cortices ends to the dense irregular metaphyses, flattened vertebral 
bodies, dense ribs, and multiple fractures [3]. DSS is categorized as an 
osteosclerotic disease, rather than a nonhomogeneous osteosclerosis (i. 
e. coexistence of radiolucent bones together with dense bones), to 
differentiate DSS from OPT. Nevertheless, DSS is classified as an OPT- 
related disorder by the International Skeletal Dysplasia Registry [4] in 

line with the first report of Ellis [2]. Clinical features of DSS are recur
rent fractures, short stature, failure of tooth eruption, and, sometimes 
optic atrophy and other cranial nerve palsies, developmental delay, and 
skin changes [2,3,5–11]. As radiological and clinical findings are vari
able (See below) making a diagnosis can be challenging. Clinical and 
radiological criteria for DSS are shown in Table 1. 

Since DSS mimics the clinical and radiological findings of OPT to a 
degree, candidate gene defects that compromise osteoclast function 
and/or osteoclastogenesis may be causal. In 2010, Whyte et al. reported 
an American girl of Turkish heritage with DSS, but with histological 
features that suggested this was an “osteoclast-poor” form of OPT with a 
skeletal resorption defect and absence of osteoclasts in bone biopsy [5]. 
In 2012, delineation of the genetic basis for DSS began with detecting 
compound heterozygous loss-of-function mutations (c.607 T > C, p. 
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Ser203Pro; and c.1157G > A, p.Arg386Gln) of the SLC29A3 gene 
(OMIM*612373) in this girl and, also homozygous SLC29A3 (c.1346C >
G, p.Thr449Arg) mutation in another girl with DSS [6]. Since then, 
variants in two genes were identified as a cause of the DSS phenotype 
with autosomal recessive OPT (AR-OPT) (OMIM # 612301 and # 
259700) [1,12,13]; i.e., tumor necrosis factor receptor superfamily 
member 11A (TNFRSF11A) that encodes “receptor activator of NF-κB” 
(RANK), and “T-cell immune regulator 1” (TCIRG1) that encodes a 
component of the vacuolar proton (H+) pump in OCs and gastric mucosa 
[14,15]. Additionally, homozygous mutations in the gene encoding 
“leucine rich repeat kinase 1” (LRRK1) (OMIM *610986) and bi-allelic 
mutation of “colony-stimulating factor 1 receptor” (CSF1R) (OMIM 
*164770) have been identified in the etiology of “osteosclerotic meta
physeal dysplasia” (OMD) which has overlapping features of the clinical 
and radiological findings of DSS (OMIM # 615198), and, “DSS-Pyle 
disease” (DSS-PD) also called “brain abnormalities, neurodegeneration, 
and dysosteosclerosis” (BANDDOS: OMIM # 618476), respectively 
[16,17]. 

Before the delineation of the genetic basis of DSS, 22 cases were 
reported as DSS including the first case of Ellis in the literature 
[2,3,5,7–10,18–30]. Of these only 15 patients full-filled the criteria of 
DSS [2,3,5,7–10,18–25] after excluding 5 cases with a phenotype 
matching OPT [26–28] and two other patients with a sclerosing bone 
dysplasia [29,30]. Several cases have been reported more than once 
[2,3,7,11,31–33]. After the first genetic report of DSS, among 26 pa
tients with genetic results; SLC29A3 defects were found in eight 
[6,13,34–37], TNFRSF11A in five [12,38–41], TCIRG1 in two [13], and 
CSF1R in eleven [17,42,43] (Table 2). Two patients with TNFRSF11A 
had generalized osteosclerosis compatible with OPT [39,40]. Addition
ally, among seventeen individuals with OMD phenotype, ten patients 
had LRRK1 mutations [16,44–52]. In summary, a total of 56 patients 
with similar bone phenotypes excluding individuals with OPT pheno
type have been reported. 

2. Clinical findings 

Although clinical and radiological findings are almost always 
described in children, patients defined in adulthood and/or with long- 
term follow-up provide information about the natural history of the 
disease [7,11,33,37,38,50]. The longest and most detailed followed DSS 
patient is a 44 years of age male reported from 15 months [7,11,33] in 
whom no genetic etiology has been detected including SLC29A3, 
TNFRSF11A, and TCIRG1 [53]. Additionally, a 59-year-old man with 
homozygous TNFRSF11A mutation [38], a 34-year-old man with ho
mozygous LRRK1 mutation [50], and a 23-year-old woman with ho
mozygous SLC29A3 mutation [37] are the oldest reported individuals 
with a genetic etiology. 

Clinical features were mostly dependent on the degree and extend of 
osteosclerosis ranging from cranial nerve palsies to fractures and short 
stature, but no findings related to bone marrow failure. In some patients 
with a DSS phenotype there were distinctive findings related to the 
underlying genetic etiology. 

In the following sections, the clinical and radiological features are 
reviewed for the cases where no genetic mutation has been identified, 
and then the gene-specific features are explored for those with known 
genetic mutations. 

2.1. Bone fractures 

Fractures are the clinical finding usually leading to diagnosis, and, 
starting from early childhood. Long bone fractures affecting the lower 
extremity are the most frequent [3,11], yet, recurrent fractures of the 
metacarpal and phalangeal bones have also been reported [7,10,11]. 
Fractures usually occur through osteosclerotic bones or at the junction of 
radiolucent and dense bone in childhood [5,6,12,37], while in later 
ages, under-modeled osteopenic long bones may also predispose to 
fractures [11,37,38,50], indicating poor bone quality in both osteo
sclerotic and osteopenic bone in DSS. 

Fractures are the most common presenting findings in patients with 
SLC29A3 mutations from early infancy [5,6,34,35,37]. Recurrent frac
tures in lower and upper extremities from the first two years of life are 
the main feature, as they have the highest number of fractures (i.e. 7 
fractures up to age 5) [5,6,34,35,37] in comparison to DSSs related to 
other genes [12,13,16,17,37–42,48–50]. Almost all cases with SLC29A3 
defects present with fractures, while fractures are detected in 60 % of the 
LRRK1 [16,48–51] and TNFRSF11A defects [12,37,38,40], and, 25 % of 
CSF1R defects [17,43]. Recurrent fractures are also a primary presen
tation of those with LRRK1 mutations but fractures may occur in later in 
life with an age of the first fracture 2 to 25 years [48–51]. Similarly, 
fractures associated with TNFRSF11A defects manifest at older ages i.e. 
during adolescence [12,37,38]. Although fractures do not occur in all 
cases, when a fracture presents it can become a significant complication 
due to subsequent skeletal deformity and/or requirement for multiple 
surgeries [12,37,38]. By contrast, fractures are not the main presenta
tion of CSF1R-associated DSS - only one patient with a coccyx fracture at 
age 5 years [17] and a long bone fracture in an adolescent boy [43] have 
been detected. It is possible that the rarity of fractures in similar bony 
features could be related to primary neurological deterioration and 
immobility of the patient with DSS-Pyle phenotype. 

2.2. Growth features 

Short stature is a constant finding in DSS, but prenatal growth is not 
affected and, birth weight and length are usually normal [8–10]. Linear 
growth is affected after birth and, short stature is detected during 
childhood [7–10]. In SLC29A3 cases there is a normal birth length and, 
short stature from early childhood [5,6,13,36,37]. Short stature is also 
detected in almost all cases with TNFRSF11A-associated and TCIRG- 
associated cases and half of the LRRK1-associated cases, while no in
formation regarding prenatal or early postnatal growth exists (Table 2). 

Table 1 
Diagnostic criteria for DSS.  

Clinical criteria Radiological criteria 

Exclusion Exclusion  
1. The finding of persistent bone marrow 

medullary space occupation  
a. Pancytopenia  
b. Extramedullary hematopoiesis  
c. Indication of bone marrow 

transplantation for bone marrow 
failure 

Diffuse osteosclerosis 

Inclusion Inclusion 
Optic atrophy or cranial nerve palsies − /+

and osteonecrosis or osteomyelitis of jaw 
can be seen 

Early Childhood: Widened 
metaphyses, Metaphyseal/epiphyseal 
osteosclerosis with submetaphyseal/ 
diaphyseal radiolucency and thin 
cortical bones. 
Platyspondyly − /+, sandwich 
vertebrate − /+
Late Childhood-Adult: Focal sclerosis 
of under-modeled tubular bones with 
radiolucent diaphysis and thin 
cortices. 
Platyspondyly − /+, sandwich 
vertebrate − /+
Relatively preserved axial skeleton 
osteosclerosis in comparison with 
appendicular skeleton. 
Adulthood: Under-modeled tubular 
bones with radiolucent diaphysis and 
thin cortices, irregular focal sclerosis 
of long bones. Sclerotic band of the 
closed epiphyseal plate. 
Platyspondyly − /+, sandwich 
vertebrate − /+
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In CSF1R defects, neither prenatal nor postnatal growth is affected, and 
only 25 % of the patients had short stature [17,42]. Thus, fetal growth is 
mostly normal in patients with DSS, and depending on the etiology, 
postnatal growth is compromised in infancy and childhood leading to 
short adult height. Final height is disproportionately short due to a short 
trunk in spite of long bone fractures while body proportions are normal 
during childhood [37]. Changes in body proportion might be explained 
by progressive loss of vertebral height or more severely affected verte
bral growth rather than tubular bone growth. Thus, as body proportions 
evolve with age in DSS, regular evaluation of body proportions is 
required during follow-up. We showed that two patients, one 
TNFRSF11A-associated DSS and, one SLC29A3-associated DSS, had 
short-trunk dwarfism with spared arm span [37]. Short extremities were 
also described in historical and X-linked inherited cases [3,10] and in 

one adult individual with CSF1R defects among the genetically proven 
cases [17]. Since body proportions had been evaluated in only very few 
cases, further information is required to explore the effect of specific 
genes on body proportions. Puberty is an important time for growth and 
body proportion changes. While no data exists on pubertal growth for 
DSS, delayed puberty was detected in one historical patient [7], and the 
pubertal delay has not been described in any of the cases with genetic 
mutations. 

2.3. Cranial nerve palsies 

Optic atrophy is variably detected in DSS, but if present can be the 
earliest presenting clinical feature. Optic atrophy manifests as abnormal 
eye movement and blindness in early infancy [2,7,8,10]. Cranial nerve 

Table 2 
Demographic, clinical and radiological features of DSS according to genetic etiology.  

Genetic defect 
(#Patient/#Family) 

SLCA29A3 
(8/8) [6,13,34–37] 

TNFRSF11A 
(5/5) [12,38–41] 

TCIRG1 
(2/1) [13] 

CSF1R 
(11/5) [17,42,43] 

LRRK1 
(10/6) [16,48–52] 

Mutations c.303_320dup 
(Hom), p.S203P/p. 
R386Q, 
p.R386Q(Hom), 
p.P391H (Hom), 
p.T449R (Hom), 
p.Y428*(Hom) 

ac.616 + 3A > G (Hom), ac.784G >
T (Hom), ac.414_427 + 7del/ 
c.1664del, p.R129C (Hom), p. 
R7Cfs*172 (Hom) 

c.117 + 4A >
C/p. 
A796fs*34 

p.P132L/p.Q481*, p.S620delins40/p. 
K27del, p.P658Sfs*24 (Hom), ac.2763 
+ 1G > T (Hom), p.Q481* (Het) 

p.A34Pfs*33 (Hom), 
p.E929* (Hom), 
p.E1980Afs*66 (Hom), 
p.A1991fs*31 (Hom), p. 
T1989G1990del (Hom), 
Not given (Hom) 

Sex ratio F(8)/M(0) F(3)/M(2) F(1)/M(1) F(7)/M(4) F(4)/M(4)/ND(2) 
Ethnicity (Families) Turkish(6), ND(1), 

Cameroonian (1) 
Turkish(3), Japanese(1), 
British (1) 

Indian(2) Brazilian(1), Japanese(1), bChaldean(2 
+ 3), Turkish (3), American (1) 

Iranian (1), Indian (2), 
Moroccan(1), Bulgarian 
(1), Palestinian (3), 
British (2)? 

Short Stature 75 % 80 % 100 % 25 % 40 % 
Skin changes 50 % 0 % 0 % 0 % 0 % 
Optic atrophy 0 % 80 % 0 % 25 % 30 % 
Macrocephaly 12.2 % c20 % 0 % 25 % 30 % 
Developmental delay 12 % 40 % 50 % 100 % 30 % 
Convulsions 0 % d20 % 0 % 37.5 % 0 % 
Recurrent Infections 37.5 % e40 %–20 % 0 % 0 % e30 % 
Anemia/pancytopenia 25 % 20 % 0 % 0 % 20 % 
Hepatosplenomegaly 0 % 20 % 0 % 0 % 10 % 
Hypercalcemia 12 % 0 % 0 % 0 % 0 % 
Dental problems 42 % 60 % 0 % 0 % 60 % 
Fractures 87.5 % 60 % 50 % 25 % 60 % 
Delayed fracture healing 25 % 0 % 0 % 0 % 0 %  

Radiographs 
Osteosclerosis of calvaria 87.5 % 100 % 100 % 87.5 % 30 % 
Platyspondyly 87.5 % 100 % (Mild 40 %) 100 % 87.5 % 10 % 
Vertebral sclerosis 87.5 % 100 % 100 % 50 % 70 % 
Rib Sclerosis/Thickening 87.5 % 100 % 100 % 37.5 % 50 % 
Pelvis-peripheral sclerosis 62.5 % 60 %–40 % (Diffuse) ND 62.5 % 40 % 
Metaphyseal sclerosis 87.5 % 40 % 100 % 12.5 % 60 % 
Erlenmeyer Flask 

deformity/ 
Undertubulation 

75 % 80 % 100 % 100 % 70 % (Mild) 

Diaphyseal osteopenia 
and thin cortices 

37.5 % 40 % 0 % 100 % 30 % 

Diaphyseal diffuse 
sclerosis 

0 % 60 % 100 % 0 % 0 % 

Diaphyseal focal sclerosis 37.5 % 40 % 0 % 100 % 70 % 
Changing sclerosis with 

age 
62.5 % ND ND ND 20 % 

Normal bones of hand 
&forearm bones 

0 % 40 %-Mild 0 % 0 % 0 % 

Others Delayed closure of 
fontanelle (2) 
Melanocytic nevi 
(1) 

Craniosynostosis, 
Hydrocephalus  

Brain malformations, Calcifying 
leukoencephalopathy, Epilepsy 

Acroosteolysis  

a Splice donor site mutations. 
b The clinical information of 2 patients was available for the evaluation. 
c Intracranial extramedullary hematopoiesis. 
d Hypocalcemic. 
e Osteomyelitis. 
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palsies leading to blindness, deafness, and facial paralysis can also be 
part of the clinic picture depending on the degree of cranial bone 
osteosclerosis [2,7,8,10,11]. However, cranial nerve palsies and optic 
atrophy have not been described in association with SLC29A3 mutations 
and TCIRG1 mutations. Optic atrophy is quite common in TNFRSF11A 
defects even after excluding the patients with OPT phenotype and at 
least half of individuals with TNFRSF11A-associated DSS have this 
complication. Optic atrophy or optic canal narrowing is occasionally 
detected in those with CSF1R and LRRK1 mutations [17,51] (Table 2). 

2.4. Dental complications 

Teeth problems in DSS are very common and start from early 
childhood and include problems with tooth eruption, delayed or pre
mature loss of primary dentition, dentition embedded into the gum, 
oligodontia, frequent caries, easily broken teeth, and discoloration 
[7–11,18]. In older ages, osteomyelitis and osteonecrosis of the 
mandible are the main cause of morbidity [28]. 

In genetically proven cases, dental problems are most commonly 
detected in cases with TNFRSF11A [12,38,40] and LRRK1 mutations 
[48,50–52], and also with SLC29A3 mutations [13,37], but to date not 
with CSF1R and TCIRG1 mutations (Table 2). Chronic osteomyelitis of 
the jaw starting from age of 51 years was reported in the oldest reported 
case with DSS who had TNFRSF11A mutation (c.784G > T) [38], while 
osteomyelitis of the mandible was detected in 5.3 years girl with 
TNFRSF11A mutation (p.R129C) who had OPT phenotype [40]. How
ever, osteomyelitis of the jaw bone occurs in younger ages in patients 
with LRRK1-associated DSS, such as; recurrent osteomyelitis of the jaw 
beginning from eight and seven years of age respectively in two different 
patients [51,52]. Although intrinsic dental problems and/or poor dental 
hygiene could be the reason for osteomyelitis, the degree of osteo
sclerosis or severity of osteoclast dysfunction could increase the likeli
hood of dental problems and osteomyelitis. 

2.5. Neurodevelopmental problems 

In DSS, macrocephaly (head circumference ≥ +2 SD or 97th centile) 
has been detected in some historical cases and genetically proven pa
tients [8–10]. Thus macrocephaly, is a feature of DSS and is most 
commonly detected in CSF1R and LRKK1 defects [16,17,42]. Only one 
case with SLC29A3 defect [5,6] was found to have macrocephaly and 
none in TNFRSF11A and TCIRG1 defects. Intracranial extramedullary 
hematopoiesis was the likely cause of macrocephaly in one DSS/OPT 
case with homozygous TNFRSF11A mutation (p.R129C) [40]. Macro
cephaly is usually detected at birth and normalized at older ages 
[8,9,17]. Neurodevelopmental delay and/or deterioration of neurolog
ical function and convulsions are the characteristic features of the CSF1R 
defects related to brain malformation with calcifying leukoencephal
opathy [17,42,43]. The phenotypical features of two historical cases are 
compatible with CSF1R defects with developmental delay, macro
cephaly, convulsions, and intracranial calcification [8,9]. Before the 
cranial imaging era, several cases of developmental delay and seizures 
were also reported [2,10,19,31]. 

2.6. Recurrent infections 

Recurrent respiratory tract infections and some requiring adeno
tonsillectomy were reported in historical cases [11,31]. Among the 
genetically proven cases, individuals with SLC29A3 mutation were 
shown to be prone to recurrent respiratory tract infections [5,6,36], and 
one patient with TNFRSF11A homozygous mutation had recurrent lower 
respiratory infections requiring hospitalization, and, died due to sepsis 
at 26 months of age [41]. Although immunoglobulin levels were not 
given for this latter case, TNFRSF11A-related OPT is associated with 
recurrent infection and hypogammaglobulinemia [14], and, the clinical 
and radiological features of this case may have been more compatible 

with OPT. 
We reported an individual with no known genetic etiology with 

recurrent upper and lower respiratory tract infections requiring adeno
tonsillectomy [37]. This patient also had severe neurodevelopmental 
delay without any accompanying seizures [37]. 

2.7. Skin findings 

Skin manifestations of DSS have been described as violet, greyish, or 
dark rose-colored macular lesions with varying in size, appearance, and 
consistency [2,10,31]. Roy et al. [24] reported a 12-year-old girl with 
the clinical and radiological characteristics of DSS, and cutaneous 
findings of small, depressed skin plaques, with slight rarefaction of the 
elastic layer of the dermis histologically. Similarly, Ellis and Field [2,31] 
described the skin changes as macular atrophy over the front of the chest 
and upper part of the abdomen. Wrinkling and dryness of hand, thighs, 
and calves and orange color change of palm have been reported in 
another case with mental retardation and optic atrophy [8]. 

Among the genetically proven cases, maculopapular skin changes 
were described in a case with SLC29A3 mutation [5]. Hypertrichosis is 
also observed [36,37] and is likely a clinical feature of SLC29A3-asso
ciated DSS. Melanocytic nevi were documented in a case with SLC29A3- 
associated DSS [36]. In contrast to the historical cases with skin changes, 
the patients with SLC29A3 defects did not have mental retardation or 
optic atrophy [2,8–10,31]. It is possible that skin findings of the later 
reported cases with neurological problems i.e. CSF1R defects, remained 
undocumented due to the severity of neurological findings. 

2.8. Hematological features 

The absence of persistent cytopenia or bone marrow failure should 
be the primary clinical criteria used to differentiate DSS from OPT, 
which could be a rule of thumb for DSS (Table 1). Anemia, thrombo
cytopenia, bone marrow failure, and related extramedullary erythro
poiesis are not the features of DSS, but rather OPT. 

Transient anemia was found just in two cases with SLC29A3-asso
ciated DSS, one case with LRRK1-associated DSS, and one with an un
known genetic cause [13,19,37,50]. However, among the reported five 
TNFRSF11A-associated DSS cases; one had anemia, thrombocytopenia, 
and extramedullary hematopoiesis, thus is case is better described as 
OPT not DSS [40]. Another case required hematopoietic stem cell 
transplantation (HSCT) at age 3.1 [39], indicating a more severe 
phenotype, and was likely OPT rather than DSS. Additionally, radio
logical findings in both cases showed rather diffuse osteosclerosis which 
was more consistent with OPT. 

3. Radiological findings 

DSS is diagnosed mainly by radiological findings in combination 
with the clinical findings/criteria related primarily to bone resorption 
defects. Radiological findings of DSS are characterized by focal osteo
sclerosis of undertubulated long bones, and mostly undertubulated short 
bones of the hand, accompanied by thin cortices and axial osteosclerosis 
with or without flattened vertebral bodies. Important distinguishing 
features are that diffuse osteosclerosis is not a finding of DSS, but 
osteopenia or radiolucent bones accompanying osteosclerosis are sug
gestive of DSS (Table 1). However, the shape of the long bones is pre
served except for Erlenmeyer flask deformity or undertubulation. The 
radiological features of DSS show variation from one person to another, 
and also the radiological features evolve with age. The evolving pattern 
of radiological features can be observed from radiographs taken longi
tudinally from the same patient [5,7,11,31,36,37]. 

One of the longest followed cases was a 44-year-old man who had 
radiological examinations from 20 months of age. In this patient, the 
most striking changes were observed up to age 15 years but there was no 
distinctive change other than decreasing osteosclerosis during 
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adulthood [7,11]. Initially, during early childhood, mild under
tubulation with expanded osteosclerotic metaphyses and subsequent 
radiolucency up to the mid diaphysis were observed in long bones and 
short bones of hands [7]. Up to the age of 5.5 years, osteosclerosis 
expanded and became patchy in broadened submetaphyseal region [7]. 
In the late adolescent period, osteosclerosis faded, and the prominent 
finding was radiolucent undertubulated long bones with thin cortices, 
and, marginal sclerosis at the metaphysis [7]. These findings were 
consistent through adulthood, but vertebral and axial skeleton sclerosis 
decreased with age [11]. Furthermore, the vertebral bodies were small 
and ovoid at age 20 months and became flattened with irregular end 
plates and diffuse sclerosis at age 15 years [7], but diffuse osteopenia 
with end plate sclerosis and multiple compression fractures were evident 
at age 44 years [11]. A short and wide femoral neck was a constant 
feature at all ages [7,11]. Cranial bones showed diffuse sclerosis of the 
mandible, maxilla, mastoid, skull, and skull base with unerupted teeth 
and hypoplastic sinuses. No genetic etiology was detected in the 
SLC29A3, TNFRSF11A, and TCIRG1 genes in this patient [53]. 

3.1. SLCA29A3-associated DSS 

In cases with biallelic SLCA29A3 mutations; widened metaphysis, 
metaphyseal and epiphyseal osteosclerosis with radiolucent sub- 
metaphyseal diaphysis are the most distinguishable radiological 
finding in early childhood [5,6,35–37]. Metaphyseal osteosclerosis 
seems to expand through diaphysis with age/growth, most likely related 
to remaining unresorbed calcified cartilage embedded within the 
diaphysis and the sclerotic metaphysis continues to expand with growth. 
Metaphyseal/diaphyseal osteosclerosis becomes patchy with time as a 
result of bone resorption depending on the remaining osteoclast function 

[5,6,37]. This resorption defect during growth leaves under-modeled 
long bones leading to Erlenmeyer flask deformity. However, after 
epiphyseal fusion, osteopenia rather than sclerosis seems to be the 
dominant bone phenotype with fading of interlacing sclerosis [37] 
(Fig. 1). The extent of expansion of osteosclerosis or the age at the fading 
of osteosclerosis are variable, even with the same genetic mutation 
[13,36,37]. Therefore, metaphyseal osteosclerosis and/or patchy scle
rosis of long bones are the most remarkable finding in SLC29A3 defects, 
and, osteopenia with or without focal sclerosis and/or under-modeled 
long bones can be the only findings in later ages. 

Moreover, the axial skeleton shows more consistent osteosclerosis 
than long bones, while the resolution of osteosclerosis with age espe
cially during adulthood is likely [36,37]. Vertebrae demonstrate end- 
plate sclerosis with osteopenia and varying degree of platyspondyly 
which may also show variation with age [5,36,37]. The ribs can be 
broad and fragile [5,6,34]. Osteosclerosis of the skull base and peri
orbital region, and, obliteration of cranial sinuses are observed in the 
majority of the cases [13,37], but, diffuse sclerosis of cranial bones is 
rare [13]. Peripheral sclerosis of pelvic bones giving a bone-in-bone 
impression is unique to DSS [5,6,36,37], and resolution of peripheral 
sclerosis is also observed with age [36,37] (Fig. 1). The femoral neck can 
be short and mildly widened or normal probably related to the severity 
of osteosclerosis [5,6,13,36,37]. Radiological features of DSS according 
to specific genetic defect is given in Table 2. 

3.2. TNFRSF11A-associated DSS 

When the radiographs of the patients with TNFRSF11A-associated 
DSS were evaluated, only two patients had a phenotype fitting DSS with 
undertubulated radiolucent long bones and remarkable axial 

6 yrs 11 yrs
15 yrs

22 yrs

22 yrs

18 yrs

A.1 A.2 A.3 A.4
A.5

B.1 B.2 C.2C.1

A.6

A.7

Fig. 1. A.1 to A.7 show the evolution of radiological findings in SLC29A3-associated DSS: Lower extremities show dense metaphyseal and epiphyseal sclerosis in 
early childhood (A.1). At ages 6 and 11 years, osteosclerosis is more diffuse (A2, A3). At age 15 years, pelvic bones give the impression of a bone-in-bone appearance 
with a more lucent center and dense osteosclerosis in the pelvic bone and femoral heads (A4). At age 22 years, the findings are improved, including the pelvis, 
vertebrae, and lower extremities showing decreased osteosclerosis, tubulation errors with radiolucent diaphysis, and thin cortices (A5-A7). B and C illustrate the 
difference between the SLC29A3-associated DSS (B.1, C.1) and TNFRSF11A-associated DSS (B.2, C.2) with more intense osteosclerosis and thickening of cranial bones 
in TNFRSF11A-associated DSS. Arrowheads and arrows point out osteosclerosis, and radiolucent bone, respectively. 
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osteosclerosis [12,37,38]. Short tubular bones of hand can be normal or 
mildly under-modeled. Furthermore, demarcated focal sclerosis in the 
diaphysis of long bones leads to the fracture-prone dense bone within 
the radiolucent long bone [12,37] (Fig. 2). The short and widened 
femoral neck and, almost normal vertebral height with dorsal wedging 
are other radiological features [37,38]. Nonetheless, radiological find
ings during early childhood and their change with age, the presence of 
isolated metaphyseal osteosclerosis during infancy or early childhood 
need to be explored in these cases. A sclerotic band at the meta- 
epiphyseal junction, where the closed growth plate is localized, may 
be seen in those with TNFRSF11A-associated DSS [12,37,38]. This 
sclerotic band is also identified in adulthood in cases with proven past 
metaphyseal osteosclerosis [11,37,50] and can be a sign of former 
metaphyseal and/or epiphyseal sclerosis (Fig. 2). Therefore, it is 
possible that metaphyseal osteosclerosis is part of radiological features 
in TNFRSF11A-associated DSS. 

3.3. TCIRG1-associated DSS 

The radiological findings of two siblings with biallelic TCIRG1 mu
tations demonstrated diffuse femoral osteosclerosis with Erlenmeyer 
flask deformity and short femoral neck [13]. However, in these patients 
the radiological features were more compatible with DSS, not OPT such 
as metaphyseal and focal osteosclerosis of the humerus and metacarpal 
bones, mild sclerosis of the axial skeleton with sandwich vertebrate and 
platyspondyly, and, mild skull base sclerosis. 

3.4. CSF1R-associated DSS 

The radiological findings of the DSS-Pyle phenotype with biallelic 
CSF1R defects are characterized by osteosclerosis of the axial skeleton 
with undertubulation of long and short tubular bones demonstrating 
remarkable Erlenmeyer flask deformity [17,42]. Furthermore, similar to 
SLC29A3 mutations [5,6,37], widened radiolucent metaphysis and 
diaphysis have thin cortices, additionally, a demarcated osteosclerotic 
bone section exists at relatively narrow mid diaphysis similar to 
TNFRSF11A defects [13,37]. Although longitudinal follow-up of radio
graphic changes has not been undertaken, it is likely that widened 
diaphysis is not radiolucent but rather osteosclerotic in early childhood 

[17]. Additionally, typical metaphyseal osteosclerosis, as seen in 
SLC29A3 defects, seems not to be a feature of CSFR1 defects but rim-like 
metaphyseal sclerosis is detectable in early childhood (Family A-Patient 
III-1) and it is possible this gives rise to a remnant sclerotic band when 
the growth plate fused (Family B- Patient II-1) [17]. Sclerosis of cranial 
bones especially skull base, mild vertebral end plate sclerosis, and mild 
platyspondyly, or concavity of the posterior third of vertebral bodies are 
other distinguishing features [17,42]. 

Two different reports of biallelic CSFR1 mutations in 2017 [54] and 
2019 [55] with lethality in the early neonatal and infancy period and 
severe brain malformations demonstrated generalized osteosclerosis in 
both, and, irregular metaphysis in one [54,55]. Although these two re
ports did not display typical DSS bone phenotype, it is unknown whether 
generalized osteosclerosis would evolve to a DSS phenotype with age. 
Furthermore, one historical DSS case with intracranial calcification and 
convulsions, reminiscent of CSFR1 defects, had metaphyseal radiolu
cency at birth and developed metaphyseal sclerosis and under-modeled 
long bones, i.e. DSS phenotype, later in life at 13 months of age [9]. 
Although his initial bone findings were not described as generalized 
osteosclerosis, the patient was born prematurely at 31 weeks and the 
bones appear quite dense for a premature baby. Thus, generalized 
sclerosis with metaphyseal radiolucency/changes could be a sign of 
future DSS phenotype in CSF1R defects. The probable mechanisms are 
detailed below in the pathogenesis section. 

Monoallelic mutation of CSF1R is associated with adult-onset rapidly 
progressive neurodegenerative disorder-hereditary diffuse leukoence
phalopathy with spheroids (HDLS) [1]. While no bone changes were 
reported in large series of HDLS [56], more recently, an HDLS case with 
heterozygous CSF1R mutation (p.Q481*) was reported to have the 
sclerotic bone disease by Breningstall et al. [43]. This was a 14-year-old 
male that presented with typical clinical and radiological features of 
HDLS [43]. The radiographs, kindly provided by Dr. G. N. Breningstall 
(unpublished), illustrate the typical DSS phenotype with sclerosis of 
cranial vault, under-modeled long and short tubular bones with flared 
radiolucent metaphysis and sclerotic diaphysis, dorsal wedging of flat
tened vertebral bodies with end plate sclerosis and, unevenly sclerotic 
pelvic bones and flared ribs (Fig. 3). Thus, not only the biallelic mutation 
but also monoallelic mutation potentially cause sclerotic bone dysplasia 
i.e. DSS, but not all cases with biallelic mutation lead to bone changes. 

Fig. 2. A sclerotic band (arrows) at the fused growth plate at age of 22 years in a case with SLC29A3-associated DSS followed previous metaphyseal sclerosis (A.1, 
B.1). The sclerotic band on radiographs and computerized tomography is also detectable in TNFRSF11A-associated DSS at the age of 20 years, but where the ra
diographs in early ages were not available (A.2, B.2). Arrowhead indicates focal osteosclerosis at mid-diaphysis of the femur. 
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3.5. LRRK1-associated DSS 

The LRRK1 mutations have been described as a cause of ‘Osteo
sclerotic metaphyseal dysplasia (OMD)’, as the name suggested, meta
physeal sclerosis is the prominent finding [16,48–52]. Ten individuals 
have been reported with homozygous defects of LRRK1. The radio
graphic features resemble those attributable to historically or geneti
cally proven DSS including SLC29A3 or TCIRG1 defects 
[5,6,13,34,36,37]. Similarly, metaphyseal osteosclerosis is one of the 
earliest findings, and, after childhood, likely fades and is not detected 
during adulthood, but a sclerotic band at the closed epiphyseal plate 
[48,50]. The mild undertubulation of long and short tubular bones is 
also a feature of LRRK1-associated DSS [16,48,51]. Nevertheless, the 
changes in the axial skeleton might be milder such as no prominent 
platyspondyly, and mild sclerosis of the cranial base in general [16,48]. 
However, more recently, significant morbidities related to the thick
ening of cranial bone/vault, i.e. optic atrophy, conductive hearing loss 
and osteomyelitis of the jaw have also been detected from early child
hood [51,52] in addition to osteonecrosis and multiple fractures of the 
mandible in adulthood [50]. The end plate sclerosis gives the impression 
of sandwich vertebrae, and, broad and sclerotic ribs during childhood 
become broad and corticospongious in adulthood [50]. 

As a result, radiological findings seen in all four genetic defects are 
more or less similar, and the differences are most likely related to the 
severity of the genetic defect and/or the age at which the radiological 
examination is performed. 

3.6. Bone mineral density 

Areal bone mineral density measurements (aBMD) with dual-energy 
X-ray absorptiometry (DXA) might be a useful tool in determining the 
severity of osteosclerosis in DSS. However, aBMD data for DSS are scarce 

and reported almost only in individuals with SLC29A3 defects. Lumbar 
spine DXA z-scores are over +5 in all reported individuals with biallelic 
SLC29A3 mutations [5,6,34,37], but, normal lumbar DXA z-score was 
detected in one patient with mild osteosclerosis, in early childhood [36]. 
Progression of lumbar DXA aBMD shows differences from patient to 
patient, such as; one patient showed increment from +8.1 at 2 years of 
age to +11.9 at 5 years of age, while progressive decrement from +8 at 
20 months of age to +5.1 at age 5.5 years was observed in another 
[5,34]. Additionally, we observed a waxing and waning course of DXA z- 
score from age 7 years to 23 years between +10.8 and + 5.6 in a patient 
with homozygous c.303_320dup variant in SLC29A3 [37], yet, this 
variant was also found to be homozygous in a case with normal lumbar 
DXA z-score (+0.6) [36]. Furthermore, we demonstrated an increment 
of L1-L4 aBMD z-scores from +8.1 at 18 years of age to +10.7 at 21 years 
of age in a patient with TNFRSF11A-associated DSS [37]. However, it 
must be kept in mind that aBMD measurement with DXA shows varia
tions according to instruments used and body size. The z-scores given for 
the patients may not be body size corrected values and the z-score can be 
higher than reported since the patient usually have short stature. 

In summary, osteosclerotic wide metaphysis is the earliest recog
nizable finding for DSS, and the extent and progression of metaphyseal 
osteosclerosis changes with age, but vanishes up to the adolescent years. 
However, a phantom sclerotic band at the epiphyseal plate after fusion 
of epiphysis could be a sign of earlier metaphyseal osteosclerosis. If the 
patients present at older ages after fading of metaphyseal sclerosis; 
radiolucency, patchy and/or focal sclerosis of long and/or short bones 
with varying degrees of undertubulation could be suggestive of DSS. 
Although the spinal aBMD z-score changes with age, axial skeleton 
sclerosis is relatively more consistent all through the years with verte
bral endplate sclerosis, variable widened sclerotic ribs, and, osteo
sclerosis of pelvic bones and the cranial base. Platyspondyly has been 
described as the principal finding of DSS, yet, it is variable and may not 

A.1

B.1

C

D

F

A.2

B.2
E

Fig. 3. Radiographs of an osteosclerotic adolescent boy with hereditary diffuse leukoencephalopathy with spheroids (HDLS) reported by G. N. Breningstall et al. 
shows sclerosis of the cranial vault (A.1) and mandible (A.2), dorsal wedging of flattened vertebral bodies with endplate sclerosis at the thoracic (B.1) and lumbar 
spine (B.2), and flared osteosclerotic ribs (B.1, B.2), under-modeled long and short tubular bones with flared radiolucent metaphysis, sclerotic diaphysis, and healing 
fracture of the left femur (C–F) and, unevenly sclerotic pelvic bones (F). The radiographs are published courtesy of Dr. G. N. Breningstall. 
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be detected in all cases at initial presentation [37]. Moreover, the 
subjectivity of vertebral height evaluation and segmental vertebral 
height differences can make the recognition of platyspondyly tricky, 
especially in mild cases. Therefore, evolving features of radiological 
findings make the diagnosis of DSS challenging. 

4. Biochemical laboratory findings 

In the biochemical evaluation of DSS; bone turnover markers (BTMs) 
vary according to the genetic etiology and/or pathophysiology, and give 
information about the functional properties of osteoclasts and osteo
blasts, and, some changes in calcium metabolism might also be detected. 

The BTMs in patients with SLC29A3 mutations showed low tartrate- 
resistant acid phosphatase 5b (TRACP-5b) concordant with osteoclast 
poor OPT [5,34], whereas, RANKL is elevated, probably due to paucity 
of osteoclasts causing resistance or non-responsiveness [34]. However, 
other bone resorption and formation markers show inconsistent results, 
such as: normal to elevated urinary deoxypyridinoline (DPD), low to 
normal serum alkaline phosphatase (ALP), low bone-specific ALP (BAP) 
levels, and low to high osteocalcin levels, while C-terminal telopeptide 
(CTx), and, procollagen type 1 N-terminal propeptide (P1NP) levels are 
normal in all evaluated cases [5,34,37]. These variable results were 
obtained from different patients or the same patient at different ages. 
Although it is impossible to detect exact etiology, the variations in BTMs 
could be related to the existence of fractures or microfractures, since 
fractures affect both bone formation and bone resorption. Furthermore, 
in DSS, bone phenotype changes from increasing osteosclerosis to a 
fading osteosclerosis phase and it is possible that BMTs reflect the phases 
of the disease. 

Similarly, BTMs from two patients with TNFRSF11A-associated DSS 
show low normal TRACP-5b levels with normal CTx and DPD levels and 
undetectable serum BB isoenzyme of creatine kinase [37,38], hinting at 
a mild osteoclast defect. Low to low/normal levels of P1NP and normal 
ALP levels may be indicative of a mild osteoblast defect [37,38]. 

Likewise, low ALP levels were also detected in a patient with ho
mozygous CSFR1 mutation, yet, the levels of TRACP-5b, CTx, and type I 
collagen cross-linked N-telopeptide (NTx) were normal [17]. Further
more, one historical case with clinical DSS-Pyle diseases phenotype had 
low BAP and low/normal parathyroid hormone (PTH) and, elevated 
1,25(OH)2 vitamin D levels with normal calcium, phosphate calcitonin 
levels and probably normal TRACP level [9]. These results are not 
conclusive for etiopathology. 

No detailed BMTs were studied in patients with LRRK1 defects 
[48–52] but low ALP level was detected in one patient who had also 
elevated levels of creatine kinase, aspartate aminotransferase, alanine 
aminotransferase, and lactate dehydrogenase, related to underlying 
Duchenne Muscular Dystrophy [16]. While high ALP levels were 
detected in genetically unproven OMD cases [44]. 

In general, no abnormality for calcium phosphate metabolism has 
been detected in DSS cases, yet, hypercalcemia was reported in a patient 
with SLC29A3 mutation, related to high intake of calcium [5,6]. We also 
detected severe hypercalcemia in a patient with no detectable mutation, 
who responded well to bisphosphonate treatment without any further 
recurrence [37]. Nevertheless, low-normal PTH levels have been 
detected in several individuals with different DSSs as an indirect finding 
of hypercalcemia [6,9,37]. Additionally, one patient with biallelic se
vere CSF1R defect, who showed OPT phenotype, was reported to have 
low serum calcium levels requiring intravenous calcium replacement 
[55]. Similarly, one patient with homozygous truncating TNFRSF11A 
mutation (p.R7Cfs*172) had hypocalcemia, and, the biochemistry was 
consistent with osteopetrorickets [41]. Therefore, it can be conceivable 
in DSS that the more severe osteoclast defects cause hypocalcemia due to 
the bone resorption defect, while the abnormal function of osteoclasts 
and osteoblasts may lead to hypercalcemia potentially related to high 
calcium intake, abnormal bone resorption, and/or bone formation/ 
mineralization defect in DSS (See below). 

These findings suggest that the osteoclast defect is a primary problem 
in DSS and, low formation markers point towards DSS as a low bone 
turnover disease. Additionally, abnormal regulation of calcium and 
phosphate metabolism is likely. 

5. Histopathology 

The earliest histopathological analysis of the DSS cases showed ab
normality of growth plate cartilage as less organized columniations [7]. 
Heavy mineralization of unresorbed cartilage and immature osteoid was 
detected [7]. The replacement of the calcified cartilage by bone or 
osteoid was not exhibited [7,10]. Biopsy from compact bone showed no 
cartilage tissue and osteoclast, additionally, the paucity of osteoblasts 
with diminution of vascularity was detected [10]. 

5.1. SLC29A3-associated DSS 

After revealing genetic etiology, several in vivo and in vitro data 
from the SLC29A3 defects shed light on the etiopathogenesis of DSS. 
Similar to the earlier studies, the disordered growth plate where osteo
sclerosis is observed on radiographs, together with the absence of 
osteoclast are the main findings [5]. A more detailed histopathological 
analysis of physeal zone showed normal proliferation and hypertrophy 
of chondrocytes, yet, their usual columnar orientation was disrupted. 
However, an area deep to the growth plate, where normally trabecular 
bone is present, illustrated modest amounts of centrally localized and 
almost entirely calcified cartilage remnants. Diminished numbers of 
hematopoietic cells among the calcified cartilage were detected, instead, 
primarily mesenchymal cells like osteoblasts and fibroblasts were seen. 
Osteoclasts were not identified either by morphological examination or 
by TRAP staining [5]. Overall, the findings of the absence of distin
guishable osteoclasts with increased amounts of calcified cartilage and 
diminished hematopoietic marrow are consistent with “osteoclast-poor” 
OPT. Furthermore, the peripheral blood monocytes (PBMs) isolated 
from two patients with biallelic SLC29A3 defect showed impairment of 
osteoclastic differentiation and also marked reduction in vitro of the 
demineralization capacity of the differentiated osteoclasts [6]. Sup
porting the role of SLC29A3 in osteoclast biology, Slc29a3 is expressed 
as a strong punctate pattern in the cytoplasm of multinucleated cells 
revealed by immunohistochemistry in mouse bones [6]. 

Histopathological analysis of our patient with SLC29A3 mutation, 
using the supracondylar specimen of the femur where the recurrent 
fracture occurred, showed focal, irregular, lytic, and dysplastic 
enchondral bone adjacent to mature compact bone [37]. This finding 
suggests dysplastic repair of the fractured bone, probably related to the 
resorption and/or remodeling defects. Therefore, delayed healing of 
fractures may occur [5,37], and recurrent fractures may present at 
dysplastic bone sites as well [37]. Supporting this hypothesis, no normal 
bone formation was found by fluorescence imaging after demeclocycline 
exposure, and diffuse uptake was detected in areas of calcified cartilage 
near the growth plate [5]. BTMs also support these histopathological 
findings with low bone formation and low bone resorption markers. 

5.2. TNFRSF11A-associated DSS 

There is no histopathological finding yet for TNFRSF11A-associated 
DSS. However, in TNFRSF11A-related OPT; histopathological analysis 
revealed few or absent osteoclasts, and, few patient-derived PBMs 
differentiated to osteoclasts upon exposure to M-CSF and RANKL 
[14,57]. Similarly, PBMs from one individual with TNFRSF11A-associ
ated DSS showed an osteoclast differentiation defect with fewer TRAP 
positive cells than normal [38]. Nevertheless, BMTs (i.e. TRACP-5b and 
CTX) were near normal in DSS cases, indicating a less severe osteoclast 
defect in TNFRSF11A-associated DSS than OPT [37,38]. Although no 
histopathological evidence exists yet, bone formation is likely affected in 
DSS, since patients have low P1NP levels [37,38]. 
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5.3. CSF1R-associated DSS 

For CSF1R-associated DSS; iliac crest biopsies from a 14 year old boy 
showed islands of calcified cartilage in areas of woven bone deep into 
the growth plate, but not in the lamellar bone. Additionally, more 
intense calcification of these cartilage remnants in comparison to bone 
was detected by back-scattered electron microscopy [17]. Although no 
information about osteoclasts could be retrieved from the patients, 
impaired osteoclastogenesis has been detected in Csf1r KO mice, their 
bone phenotype is described as osteoclast poor-OPT [58,59]. Csf1r 
deficiency in mice and zebrafish mirrors the bone and neurological 
phenotype of the human DSS-Pyle Disease spectrum [55,58]. Bone 
remodeling was impaired, and increased trabeculae were detected in the 
expanded epiphyseal chondrocyte region. Histological sections showed 
decreased TRAP-stained cells in Csf1r KO mice [58]. Based on these 
findings, CSF1R-associated DSS can be described as osteoclast-poor 
osteosclerotic bone disease. However, osteoclast markers i.e. TRAP-5b, 
CTx, and NTx, measured in patients with CSF1R-associated DSS were 
normal [17], and there was a milder phenotype compared to Csf1r KO 
mice, most likely explained by hypomorphicity of the human pathogenic 
variants. 

In addition to few osteoclasts, abnormal bone formation and severely 
distorted bone matrix with a mineralization defect and disorganized 
collagen fibrils point to a functional defect of osteoblasts [59]. However, 
osteoblasts do not express Csf1r, and the absence of an osteoblast defect 
in the early embryonal period before the appearance of osteoclasts, and 
correction of bone formation defect after transplantation, indicate the 
primary problem involves the osteoclast affecting osteoblast function in 
CSF1R-associated DSS [59]. 

Similarly, the defective bone formation is hinted at by the decreased 
osteoblast markers, i.e. serum osteocalcin, ALP, and P1NP levels in 
several patients with DSSs, especially with osteoclast-poor genotypes 
[5,37,38]. As demonstrated in Csf1r KO mice, the mineralization defects 
of the long bones with thin cortex could be from abnormal bone for
mation/osteoblastogenesis, not defective osteoclastogenesis, but rather 
the indirect effect on osteoblast function. 

The potential effect of the osteoclast on osteoblastogenesis is medi
ated through osteoclast-osteoblast cross-talk involving RANK/RANKL 
signaling/vesicular RANK reverse signaling that involves OPG [62]. 
Therefore, decreased number of osteoclasts and/or RANK deficiency 
prohibit osteoblast differentiation and function, a likely mechanism for 
osteoblast dysfunction with the abnormal bone formation in DSS. 

5.4. TCIRG1-associated DSS 

While defects of the first two genes, i.e. SLC29A3 and TNFRSF11A, as 
well as CSF1R, cause osteoclast-poor DSS, TCIRG1 was the third gene 
described in association with DSS, and is known to be a cause of 
osteoclast-rich OPT [13,61,62]. Histopathological analysis was not 
performed in the two patients with TCIRG1-associated DSS, yet osteoid 
accumulation and bone marrow fibrosis in addition to the high osteo
clast numbers are described in TCIRG1-related OPT [61]. However, 
retained mineralized cartilage and primary spongiosa in TCIRG1-related 
OPT is similar to the histopathology of DSS patients [62]. BTMs and ALP 
levels were especially variable in TCIRG1-related OPT since osteope
trorickets featuring a mineralization defect causing osteoid accumula
tion results from the added burden of calcium malabsorption due to 
defective TCIRG1 in gastric parietal cells [61,62]. Therefore, TCIRG1- 
related DSS histopathology seems unique compared to other forms of 
DSSs. Additionally, mostly normal lamellar bone with well-formed 
trabecular bone is characteristic of TCIRG1-related OPT. In TCIRG1- 
associated DSS, osteosclerosis of the femora, tibiae, and fibulae is rela
tively uniform, which can be a radiological sign of its histopathological 
findings [13]. 

5.5. LRRK1-associated DSS 

Another defect causing the osteoclast-rich DSS phenotype is LRRK1 
mutation [16,59]. Histopathological analysis of a 34-year-old patient 
harboring a homozygous mutation demonstrated increased trabecular 
bone mass with few eroded surfaces and unresorbed calcified cartilage 
remnants throughout an iliac bone biopsy sample [50]. However, 
abnormal osteoclast function, not impaired osteoclastogenesis, is the 
defect, as shown by several multinucleated flat-shaped osteoclasts with 
no visible resorption lacunae [50]. PBMs from the patient showed faster 
differentiation to osteoclasts but the LRRK1-deficient osteoclasts them
selves demonstrated abnormal resorption activity with a much lower 
number and area of resorption pits [50]. Lrrk1 KO mice have a bone 
phenotype that closely resembles what is found in patients with biallelic 
LRRK1 defects [16]. The histology of the growth plate corresponds to the 
radiological metaphyseal changes of an expanded hypertrophic zone 
with delayed replacement of cartilage by endochondral ossification 
[16]. Similar to LRRK1-deficient osteoclasts, osteoclast precursors from 
Lrrk1 KO mice differentiate normally into mature TRAP-positive 
multinucleated cells, but these cells failed to form peripheral sealing 
zones and ruffled borders [63]. However, Lrrk1-deficient cells exhibit a 
severe reduction of resorption pit area, whereas the mutant LRRK1- 
expressing osteoclasts exhibit a milder defect, suggesting a hypomorphic 
effect of the mutation on LRRK1 function [16]. Consistent with the 
histopathological findings, BTMs in Lrrk1 KO mice showed elevated 
TRAP5b, a marker of osteoclast number, and decreased serum Ctx-1 
level, a marker for osteoclast activity. Furthermore, similar to 
osteoclast-poor DSS, a mild reduction of serum ALP activity was detec
ted in Lrrk1 KO mice and in one patient with biallelic LRRK1 mutation 
[16]. 

In summary, DSS pathology features unresorbed calcified cartilage 
islands in-between trabecular bone at the physea metaphyseal zone, 
which can reflect osteoclast-poor or osteoclast-rich histopathology. The 
feature differentiate that DSS from OPT seems to be the timing and 
severity of the osteoclast defect, which is milder in DSS, together with a 
defect in osteoblastogenesis and bone formation. 

6. Pathogenesis 

In this section, SLC29A3, CSF1R, and LRRK1 will be discussed, 
whereas the other two genes (TCIRG1 and TNFRSF11A) are reviewed 
elsewhere in this special issue. 

6.1. SLC29A3 (OMIM *612373) defects 

SLC29A3, the first gene associated with DSS, is a member of the 
SLC29 gene family which encodes four nucleoside transporters (ENTs; 
ENT1 to ENT4) [64]. SLC29A3 is on chromosome 10 (10q22.1), contains 
six exons, and encodes equilibrative nucleoside transporter 3 (ENT3), a 
protein of 465 amino acids [65]. ENTs mediate membrane translocation 
of hydrophilic nucleosides to regulate salvage DNA synthesis and puri
nergic signaling [64]. ENT3 is the only intracellular nucleoside trans
porter in the family, is localized in late endosomes, lysosomes, and 
mitochondria and, is unique in its functions with maximal activity at an 
acidic pH range of 5.5–6.5 [66,67]. 

Although biallelic SLC29A3 mutations have been described as a 
cause of DSS [6,34–37], a series of disorders with dermatological, 
musculoskeletal, endocrinological, and hematological manifestations 
has also been related to SLC29A3 mutations [68]. These have been 
clarified as four distinct disorders initially; Faisalabad histiocytosis 
(FHC), H syndrome, sinus histiocytosis with massive lymphadenopathy 
(also known as familial Rosai-Dorfman disease), and pigmented hyper
trichosis and insulin-dependent diabetes (PHID), but now reclassified as 
a single entity histiocytosis-lymphadenopathy plus syndrome (HLPS) 
(OMIM #602782) [1]. The principal pathology for histiocytosis- 
lymphadenopathy spectrum complications in ENT3 disorders is 
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impaired macrophage function. SLC29A3 mutations disrupt nucleoside 
transport, subcellular localization, protein stability, and pH sensing, 
with the residual function of ENT3 determining the severity of the dis
ease [65,67,69–71]. Currently, more than 40 mutations have been 
associated with HPLS and/or DSS, and, among them; 6 mutations are 
associated with the DSS phenotype [6,34–37]. However, two mutations 
described in DSS are also found to cause HLPS (p.R386Q and p.T449R) 
[6,72,73]. p.R386Q variant was first described as homozygous in a 
Syrian family with HLPS in 2012, in whom no bone phenotype was 
detected [72]. Then, it was identified as the cause of DSS in a compound 
heterozygous state with p.S203P variant in a patient of Turkish descent 
[6], and homozygous in a Cameroonian patient [34]. Homozygous p. 
T449R mutation caused DSS and HPLS in one family of unknown 
descent [6] and one Lebanese family respectively [73]. However, HLPS 
has not been reported in any patient with DSS, or DSS in any case with 
HLPS. Although a functional assay was not performed for all known 
mutations, and genotype-phenotype correlation has not been defined, 
reduction of nucleoside transport activity is mildest with the p.T449R 
mutation among the 7 studied mutations thus far [65]. Therefore, 
possibly the functional properties of different mutations affect the dis
ease phenotype and its evolution. All mutations and their related 
phenotype are given in Fig. 4. 

The mouse ENT3 (mENT3) knock-out (KO) model (Slc29a3− /− ) re
capitulates the human phenotypes, seemingly normal until 10–12 weeks 
of age [68,74]. However, after 12 weeks of age, health deteriorates with 
almost 90 % mortality at 18–20 weeks apparently from unrelated dis
orders. Necropsy findings identify reduced bone marrow cellularity, 
massive enlargements of the spleen and occasionally the liver, with se
vere histiocytosis in numerous organs. Thus, Slc29a3− /− mice display 
several characteristics analogous to human HPLS [74,75]. 

Slc29a3− /− mice demonstrate a ‘hunchback” kyphosis, dental 
malocclusion, and skeletal deformities consistent with impaired bone 

and cartilage development, and hypertrichosis at 12 weeks of age; i.e. as 
adults (human equivalent 42.5 years). MicroCT displayed loss of 
trabecular bone mineral density in Slc29a3− /− mice [75]. Further 
studies showed abnormal differentiation of mesenchymal stem cells 
(MSCs) and hematopoietic stem cells (HSCs). MSCs from adult mice 
were defective in forming mesenchymal lineages, such as osteoblasts, 
and chondrocytes, adipocytes, and myocytes had reduction in lineage- 
specific cellular markers [75]. An additional feature was increased 
osteoclastogenesis from colony-forming unit-macrophage (CFU-M) cells 
with enhanced differentiation of CFU-M from HSCs, altogether eluci
dating the skeletal deformities and aberrant bone mineralization in adult 
Slc29a3− /− mice [75]. Contrary to Slc29a3− /− mice, osteoclast differ
entiation is impaired in human PBMs obtained from DSS patients [6]. 
Inconsistent results associated with human versus mouse osteoclasto
genesis from SLC29A3 defects might be related to testing different cell 
types (i.e. HSCs in mice, PBMs in patients), and use of adult HSCs from 
mice whereas human specimens were from children. Despite the 
different methods and organisms, the different responses from adult 
versus juvenile cells perhaps explains the age-dependent changes in the 
bone phenotype of DSS. While the bone phenotype is characterized by 
osteosclerosis in early childhood in those with SLC29A3-associated DSS, 
the osteosclerosis decreases and osteopenia becomes a more prominent 
finding by adulthood [37]. These findings from patients with DSS 
indicate increased osteoclast activity and/or impaired osteoblast func
tion in adulthood, which is consistent with data from MSCs and HSCs 
studies in Slc29a3− /− adult mice. Adult stem cells act crucially to repair 
and maintain adult tissues including bone tissue [76]. Hence, the bone 
phenotype in SLC29A3-associated DSS at older ages can be related to the 
adult stem cell defect, and this issue merits exploration. 

Further why a DSS or OPT-like bone phenotype is absent in 
Slc29a3− /− mice might reflect the age of the mice, only adult mice were 
studied for the bone phenotype after it had developed [74,75]. A bone 
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phenotype was not searched for in young mice, or mimics the human 
DSS before the deformities occurred in adult mice. Therefore, mouse 
studies must extend to younger mice including the neonatal period. 
Although the phenotype in SLC29A3-associated DSS is well established 
in humans [5,6,34–37], a better in vivo model is required for under
standing pathophysiology. Additionally, perhaps not all the mice 
Slc29a3− /− model develop a DSS phenotype since only a few patients 
with SLC29A3 mutation have the DSS phenotype. 

6.2. CSF1R (OMIM *164770) defects 

The CSF1R gene, located on chromosome 5 (5q32), consists of 21 
small exons and encodes a tyrosine kinase growth factor receptor for 
colony-stimulating factor-1, the macrophage- and monocyte-specific 
growth factor [77,78]. The CSF1R is expressed in primitive multi
potent hematopoietic cells, mononuclear phagocyte progenitor cells, 
tissue macrophages, osteoclasts, and microglia [79]. Phosphorylation of 
CSF1R through ligand binding activates multiple downstream kinase 
pathways, including PI3K, ERK1/2, and JNK. Furthermore, the 
decreased phosphorylation in JNK has been detected for all the variants 
thus far identified in the affected individuals, demonstrating functional 
deficiency [17]. JNK activation is critical for macrophage development 
and prevention of microglial cell apoptosis [80–81]. 

Bi-allelic mutations of CSF1R in humans are associated with epilepsy, 
structural brain anomalies, and white matter abnormalities including 
periventricular calcifications and leukodystrophy, yet are variably 
associated with sclerotic bone dysplasia, and called “DSS-Pyle disease” 
or “brain abnormalities, neurodegeneration, and dysosteosclerosis” 
(BANDDOS: OMIM # 618476) [1,17,42,43,56]. Heterozygous inacti
vating mutations of CSF1R cause a dominantly inherited adult-onset 
progressive dementia, currently defined as hereditary diffuse leu
koencephalopathy with spheroids 1 (HDLS1 OMIM # 221820) 
[1,56,82]. 

Targeted ablation of Csf1r in mice causes a similar skeletal and 
neural phenotype with severe decreases in osteoclasts in bone and 
microglia in the brain [58,59,83]. Specifically, bi-allelic inactivation of 
Csf1r causes severe osteosclerosis and developmental brain anomalies, 
leading to early death [59]. However, patients with biallelic CSF1R 
mutations have milder phenotypes than Csf1r KO mice, suggesting 
hypomorphic rather than amorphic mutation of at least one allele in 
affected individuals. However, two siblings with the perinatal lethal 
phenotype, reported by Monies et al., who possibly carry homozygous 
CSF1R c.1620 T > A (p.Tyr540*), had severe CNS structural anomalies 
leading to perinatal death [54]. Another patient with a biallelic splice 
site variant in CSF1R (c.17541G > C) had a severe neurological 
phenotype and survived longer with prolonged intensive care [55]. 
Thus, perhaps CSF1R gene dosage determines survival as patients with 
biallelic amorphic mutations have more severe anatomical neurological 
changes leading to early death. 

Additionally, patients with early mortality had generalized osteo
sclerosis interpreted as OPT [54]. The patient who survived infancy had 
hypocalcemia requiring intravenous calcium and his bone phenotype 
was described as OPT with irregular metaphyses [55]. Although detailed 
biochemical features are not known for this patient, hypocalcemia 
together with metaphyseal changes may indicate osteopetrorickets. The 
individuals with biallelic CSF1R mutations have skeletal phenotypes 
that change from severe osteosclerosis to milder or no bone phenotype, 
perhaps depending on the severity of functional loss of the mutations 
[17,42,43,54,55,84]. While the patient carrying two amorphic, or a 
combination of hypomorphic and amorphic, alleles demonstrates a 
skeletal phenotype ranging from OPT to DSS [17,54,55], no or minimal 
skeletal changes can be found in patients with biallelic hypomorphic 
mutations [55,84,85]. Variants detected in HDLS are amorphic hetero
zygous mutations, and classically bone involvement is not detected as a 
clinical feature of HDLS [56,85]. Moreover, monoallelic deletion of 
Csf1r in mice also shows no bone phenotype, while recapitulating the 

neurological findings of HDLS [58,59,86]. However, osteosclerotic bone 
changes mimicking DSS were described by Breningstall et al. (Fig. 3) in 
an adolescent boy with rapid neurological deterioration. [43]. His mu
tation (p.Q481*) causes a severe signaling defect with complete loss of 
function (amorphic mutation) and, was found compound heterozygous 
in a patient with DSS-Pyle disease [17]. Heterozygous carriers of the 
mutation in this family displayed no neurological signs, but mild 
osteosclerosis with increased cortical thickness of long bones. However, 
the 76-year-old grandfather with the mutation had short-term memory 
loss that started at age 70 years and one parietal parenchymal calcifi
cation on cranial CT [17]. Further definition of bone changes is likely 
since not all HDLS had been studied for bone phenotyping. 

It is hypothesized that HDLS and DSS-Pyle mutations are in different 
protein domains of CSF1R, HDLS related mutations are mainly located in 
the intracellular tyrosine kinase domain while DSS-Pyle-related muta
tions are located in all three domains [56,85]. However, only a few 
mutations have been detected in the extracellular immunoglobulin-like 
domain (including p.Q481*) and the transmembrane domain [56,85]. 
Additionally, several HDLS-related heterozygous nonsense or frame- 
shift mutations (including p.Q481*) undergo nonsense-mediated 
mRNA decay (NMD) [87]. Thus, the haploinsufficiency of CSF1R, or 50 
% loss of normal mRNA and protein, could cause the HDLS phenotype 
[56]. Marked phenotype variation with the same CSF1R genotype is not 
unexpected since the neurological phenotype shows marked variation 
even within the same family with heterozygous CSF1R mutation 
[56,85]. How haploinsufficiency with 50 % loss of function leads to 
HDLS at a young age and a bone phenotype, yet no neurological ab
normality in others, needs explanation. The reason for phenotypic 
variation or incomplete penetrance remains unknown, yet, the genetic 
background could be an explanation since the mono-allelic Csf1r-defi
cient mice show the HDLS phenotype whereas mono-allelic Csf1r-defi
cient rats do not [86,88]. Additional mechanisms could be a dominant 
negative effect of the abnormal transcript from a mutated allele dis
rupting stability and/or translation of the wild-type allele and causing 
more than 50 % loss of function [56], additional unrecognized variants 
in CSF1R, or other effector genes. 

Csf1r KO mice have short long bones with metaphyseal osteo
sclerosis, and mandibular osteosclerosis leading to failure of tooth 
eruption [58]. Interestingly, similar to the patients with DSS [11,37], 
Csf1r KO mice illustrate bone changes with age as an expansion of 
metaphyseal osteosclerosis up to the mid-diaphysis of the femur [58]. 
The metaphyseal osteosclerosis of the long bones is caused by more bony 
trabeculae and impaired bone remodeling from failure of osteoclast 
development related to the impaired CSF1R signaling [58]. Targeted 
ablation of Csf1r in FVB/NJ background in comparison with outbred 
background causes a severe phenotype with death within the first month 
of life [59]. These mice have exhibited limb deformities caused by 
spontaneous fractures of long bones and abnormal bone mineralization 
secondary to the osteoblast defect. The abnormal osteoblast function 
might be developmental and from functional failure of the osteoclasts 
[60]. Remarkable findings in the Csf1r− /− mice are decreased cortical 
thickness and marked disorganization of the cortical structure together 
with a substantial delay in the cartilage mineralization, especially in 
secondary ossification centers of the long bones and vertebrae [59]. 
Mineralization defects and spontaneous fractures are consistent with the 
evolving disease pattern and bone phenotype at later ages 
[11,37,38,50]. Additionally, a broadened epiphyseal plate from expan
sion of both proliferative and hypertrophic chondrocytes is consistent 
with the enlarged radiolucency of the growth plate in Csf1r− /− mice, in 
line with human osteopetrorickets [55,59]. However, biochemical fea
tures are not known in the mice model, and whether a calcium-mineral 
abnormality causes a mineralization defect in Csf1r− /− mice needs to be 
clarification. 

In summary, CSF1R spectrum disorders show quite variable osteo
sclerotic phenotypes related to defects in osteoclast development and 
probably functional osteoblast defects. Although CSF1R gene dosage 
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conditions the phenotype, heterozygous gene variants may cause bone 
changes. 

6.3. LRRK1 (OMIM *610986) defects 

The LRRK1 gene, located on chromosome 15 (15q26.3), consists of 
34 exons and encodes a protein of 2015 amino acids which contains 6 N- 
terminal ankyrin repeats, followed by 14 leucine-rich repeats, a RAS-like 
GTPase domain (ROC domain), a C-terminal to ROC domain, a serine/ 
threonine kinase domain, and 7 C-terminal WD40 repeats [89]. 

Lrrk1was initially considered a mammalian growth regulatory fac
tor, and its overexpression induced human HEK293 cell proliferation 
[90]. However, further studies showed loss of Lrrk1 led to severe OPT in 
mice [91]. Later, homozygous LRRK1 mutation was identified as a cause 
of sclerotic bone disease defined as OMD in a 14-month-old boy pre
senting with failure to thrive [16]. Currently, 10 individuals from 6 
families with LRRK1-associated DSS (or OMD) have been described 
[16,48–52]. Furthermore, the body length of Lrrk1 KO mice was slightly 
short. Patients with LRRK1 mutations and Lrrk1 KO mice showed com
parable phenotypes [16,91]. Similar to such patients with LRRK1 de
fects, Lrrk1 KO mice had wide metaphysis and metaphyseal and 
epiphyseal osteosclerosis of poorly modeled long bones. Their short 
tubular bones showed slightly osteopenic diaphyses, and together with 
flattening and endplate sclerosis of vertebrae and marginal sclerosis of 
pelvic bones completely recapitulated the human DSS phenotype [16]. 

Micro-CT of Lrrk1 KO mice revealed markedly increased trabecular 
bone volume due to elevated trabecular number and thickness with 
reduced trabecular separation. Primary spongiosa extended to the 
diaphysis, and was characterized by increased mature osteoclasts, 
cartilage, and trabecular bone, while the secondary spongiosa was 
incomplete and short [91]. In contrast to the markedly elevated 
trabecular bone volume in long bones and vertebrae, a slight increase in 
cortical bone thickness and modest involvement of calvarial bones were 
detected [91]. These findings may indicate differential regulation of 
osteoclast function in membranous and endochondral bone. Similarly, 
thickening of calvarial bone has been reported in 30 % of patients 
harboring LRKK1 mutation, and leading to optic atrophy and recurrent 
osteomyelitis of the jaw and loss of teeth [48,50–52]. Additionally, 
increased numbers of abnormal osteoclasts together with extended pri
mary spongiosa with retention of cartilage cores indicated impairment 
of the resorptive capacity of osteoclasts [91]. Lrrk1 deficient osteoclasts 
showed reduced resorption pits, which were also smaller and shallower 
as measured by nano-CT. Thus, Lrrk1 does not affect osteoclast differ
entiation, but is essential for osteoclast function. Bone resorption is 
significantly impaired in Lrrk1 deficiency and demonstrated in patients 
with LRKK1 mutation [50]. However, the resorption pit area is not 
severely reduced in LRKK1 deficient osteoclasts as Lrrk1 KO osteoclasts, 
suggest hypoomorphic effects of mutation on LRRK1 function. 

Osteoclasts lacking LRRK1 failed cytoskeletal rearrangement in 
response to RANKL, including formation of peripheral sealing zones and 
ruffled borders, which are related to the abnormal intracellular distri
bution of F-actin [16,50,91]. LRRK1 functions in serine 5 phosphory
lation of L-plastin, a member of the cytoskeleton, that stabilizes actin- 
based osteoclast sealing rings and podosomes, critical for osteoclast 
adhesion and the early process of bone resorption [92]. Furthermore, 
targeted deletion of the L-plastin gene in mice causes an OPT phenotype. 
However, trabecular bone mass deposition is much less in L-plastin KO 
mice compared to Lrrk1 KO mice [91,92]. Therefore, the phosphoryla
tion defect of L-plastin alone seems insufficient to explain the entire 
phenotype of Lrrk1 deficiency. The integrin αvβ3, c-Src, and Rac/ cdc42 
small GTPase proteins are essential regulators of the osteoclast cyto
skeleton and function [93–95]. Deletion of any of these signaling mol
ecules causes an OPT phenotype by impairing the capability of 

osteoclasts to remodel the cytoskeleton and resorb bone. Similar to L- 
plastin, mice with disrupted integrin, Src or RAC/Cdc42 proteins show a 
less severe bone phenotype than Lrrk1 KO mice [92]. Overall, these 
findings highlight phosphorylation of multiple substrates by Lrrk1 in 
downstream Lrrk1 signaling pathways and, L-plastin seems just one 
Lrrk1 target. 

Additionally, the bone formation rate is also reduced in Lrrk1 KO 
mice, yet osteocyte density in femur cortical bone and the anabolic ef
fects of PTH are normal [91]. 

In conclusion, LRRK1 plays a key role in osteoclast cytoskeleton 
remodeling and formation of a functional resorption pit. This is probably 
by initiating a cascade of phosphorylation involving several factors. 
Apparently, bone formation is not severely compromised in Lrrk1 KO 
mice, probably related to intact osteoclast formation which maintains 
RANK-RANKL cross talk and preserves osteoblast function. 

7. Summary and future perspectives 

DSS is a group of heritable osteosclerotic diseases with unique 
radiological features. Recognizing their radiographic hallmarks is key to 
suspecting and diagnosing DSS. Mutations in SLC29A3, TNFRSF11A, 
TCIRG1, LRRK1, and CSF1R are now associated with DSS. The bone 
phenotype in SLC29A3, LRRK1, and CSF1R DSS is relatively consistent 
and straightforward features of DSS, bone disease occurs together with 
variable gene-specific extra-skeletal features. However, defining DSS 
from mutation of other genes known to cause OPT, i.e. TNFRSF11A and 
TCIRG1, can be challenging, since differentiating DSS from OPT is 
complicated as evolution of radiological features and other clinical 
findings specific to OPT should be taken into account. Genetic and 
phenotypic heterogeneity of DSS must be evaluated as the etiology, 
complications, pathogenesis, and prognosis differ. Nevertheless, not all 
TNFRSF11A- associated DSS has a complete DSS phenotype and could be 
considered an OPT [39–41], while, other cases reported as TNFRSF11A- 
associated OPT have a DSS phenotype [96]. Indeed, a patient has been 
reported with TNFSF11 (RANKL)-associated OPT and radiological and 
clinical features of DSS [97]. Therefore, further genetic heterogeneity 
for DSS seems likely, and related to other OPT genes, including an X- 
linked recessive DSS [10] and our patient with an unknown genetic 
defect [37]. Furthermore, the absence of a bone phenotype in some cases 
with SLC29A3 and CSF1R mutations must be clarified. In clinical prac
tice, establishing the diagnostic criteria and genetic basis for DSS will 
help understand the complications, prognosis, and treatment. 

Furthermore, HSCT is not considered as a treatment option for DSS, 
however, its complications such as cranial nerve palsies, osteonecrosis of 
the jaw, and fractures may severely affect quality of life. It should be 
kept in mind that osteoblast failure is secondary to an osteoclast defect 
in DSS, and, resolution of bone abnormalities might be possible with 
HSCT. Therefore, treatment options should be individualized recog
nizing the benefit hazard ratio in selected patients with severe compli
cations related to the DSS. 
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P. Whyte, Dysosteosclerosis from a unique mutation in SLC29A3, Bone Abstr. 4 
(2015) 97. 
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