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ARTICLE INFO ABSTRACT

Keywords: The osteopetroses and related sclerosing bone dysplasias can have a broad range of manifestations. Especially in
TCIRG1 the milder forms, sandwich vertebrae are an easily recognizable and reliable radiological hallmark. We report on
SLC29A3 four patients from three families presenting with sandwich vertebrae and platyspondyly. The long bone phe-
Autosomal recessive osteopetrosis notypes were discordant with one patient showing modeling defects and patchy osteosclerosis, while the second
PDI}; i;zsss;;‘;m displayed only metaphyseal sclerotic bands, and the third and fourth had extreme metaphyseal flaring with

uniform osteosclerosis. Two of the four patients had experienced pathological fractures, two had developmental
delay, but none showed cranial nerve damage, hepatosplenomegaly, or bone marrow failure. According to these
clinical features the diagnoses ranged between intermediate autosomal recessive osteopetrosis and dysosteo-
sclerosis. After exclusion of mutations in CLCN7 we performed gene panel and exome sequencing. Two novel
mutations in SLC29A3 were found in the first two patients. In the third family a TCIRGI C-terminal frameshift
mutation in combination with a mutation at position +4 in intron 2 were detected. Our study adds two cases to
the small group of individuals with SLC29A3 mutations diagnosed with dysosteosclerosis, and expands the
phenotypic variability. The finding that intermediate autosomal recessive osteopetrosis due to TCIRG1 splice site
mutations can also present with platyspondyly further increases the molecular heterogeneity of dysosteo-
sclerosis-like sclerosing bone dysplasias.

Next generation sequencing

1. Introduction osteomesopyknosis at the other end of the spectrum [12,24,30]. The

underlying disease mechanism can be either increased activity of os-

Sclerosing bone dysplasias can have a broad range of manifestations
with autosomal recessive infantile malignant osteopetrosis at the one
end and barely detectable bone mass alterations and/or absence of
clinical signs in mild autosomal dominant osteopetrosis or

teoblasts or decreased function of osteoclasts. The former case applies
to the disease category hyperostosis with the craniotubular dysplasias
as prominent examples, and the latter mechanism is at work in the case
of the osteopetroses and related conditions like dysosteosclerosis
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[4,20]. An important indicator of impaired osteoclast function is
sclerosis of the vertebral endplates due to non-resorbed mineralized
cartilage leading to the radiological appearance of sandwich vertebrae.

Autosomal recessive osteopetrosis (ARO, OMIM #259700) is in the
majority of cases caused by mutations in the T-cell immune regulator 1
(TCIRG1) gene and mostly has a lethal course if not timely treated by
stem cell transplantation [33]. Due to the absence of a bone marrow
cavity in ARO sandwich vertebrae are better seen in intermediate au-
tosomal recessive osteopetrosis or autosomal dominant osteopetrosis
type 2 (ADO2, OMIM #166600) that are mainly caused by biallelic or
heterozygous mutations in CLCN7, respectively [3,5,7]. In rare cases,
however, a similar phenotype can also be secondary to intronic muta-
tions in TCIRG1 [28,37].

Dysosteosclerosis (DOS, OMIM #244300), first described by
Spranger et al., is also characterized by sandwich vertebrae and over-
laps with intermediate ARO and ADO2 [34]. Additional features in-
clude platyspondyly, metaphyseal osteosclerosis and widening, some-
times reminiscent of Pyle's disease, short stature, pathological fractures,
cranial nerve damage, hypodontia and impaired tooth calcification, and
macular skin changes [4]. In two patients with this diagnosis biallelic
mutations in SLC29A3 were identified, encoding for the equilibrative
nucleoside transporter 3 (ENT3), which transports nucleosides and free
purine and pyrimidine bases across the lysosomal and mitochondrial
membranes [15]. Mutations in SLC29A3 are more often associated with
histiocytosis-lymphadenopathy plus syndrome (OMIM #602782).
Major features of this complex disease (generalized inflammation, his-
tiocytic plaques, hepatosplenomegaly, lymphadenopathy) can be at-
tributed to impaired macrophage function and increased proliferation
[15]. In contrast, when monocytes from DOS patients were differ-
entiated in vitro reduced osteoclast numbers were observed [4,36]. It is
still debated whether dysosteosclerosis is an own disease entity or
whether the osteosclerotic phenotype associated with SLC29A3 muta-
tions is just a special manifestation within the histiocytosis-lymphade-
nopathy disease spectrum. Moreover, in one patient diagnosed with
DOS a homozygous intronic mutation in TNFRSF11A encoding RANK
was identified, which increases the genetic heterogeneity of this phe-
notype [13]. We describe four patients from three families with sand-
wich vertebrae, variable platyspondyly, and metaphyseal flaring and
sclerosis. We show the similarities between intermediate ARO caused
by intronic TCIRGI mutations and DOS caused by SLC29A3 mutations,
compare these findings to the literature, and discuss the heterogeneity
of dysosteosclerosis its role as a separate disease entity.

2. Material and methods
2.1. Next generation sequencing

Before next generation sequencing was initiated, mutations in
CLCN7 were excluded using Sanger sequencing. For Patients 1 and 2, a
custom bone mass panel containing 70 genes known or suggested to
cause alterations in bone mineral density was employed [27]. The en-
richment of the coding regions of these genes was performed using
SureSelect XT target enrichment system from Agilent or NEB-Next DNA
Library Prep Master Mix Set from Illumina. Samples were run on an
[llumina HiSeq1500 sequencer. On average 92-99% of the target region
were covered by at least 20 reads. The resulting reads were mapped to
the reference genome (hgl9) with Burrows-Wheeler Aligner (BWA).
PCR duplicates were removed using Picard and GATK [25] was used to
perform realignment around indels and base score recalibrations. Var-
iants were detected by Gene-Talk platform [16,35]. Variant analysis
was restricted to all genes known at the time of analysis to cause high
bone mass disorder. The pathogenic potential of individual candidate
variants was evaluated by MutationTaster [31].
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For Patients 3 and 4, libraries for whole exome sequencing (WES)
were prepared using NEBNext DNA Library Prep Master Mix Set for
[lumina (New England Biolabs). Enrichment of the target regions was
done using the SureSelect Human Exome Kit V4 (Agilent Technologies)
and run on a HiSeq 1500 Sequencer (Illumina). The average sequencing
depth was above 40 X and more than 90% of the exome target region
was covered by more than 10 reads. Variants were detected with GATK
toolkit version 2.6 and the exome genotyping accuracy was estimated
to be above 0.9999 based on the variant calls. Variants were detected
with SAMtools, annotated with ANNOVAR and finally analysed using
the Gene-Talk platform [16]. The pathogenic potential of individual
candidate variants was evaluated by MutationTaster [31].

2.2. Sanger sequencing

All 25 exons of the gene CLCN7 were sequenced by the Sanger
method as described before [19]. To validate the variants acquired by
bioinformatic filtering of the gene-panel or WES sequencing data, the
respective exons and exon-intron boundaries of SLC29A3
(NM_001174098) and TCIRG1 (NM_006019) were amplified using oli-
gonucleotide primers (sequences available upon request) and se-
quenced on an ABI3730x] DNA Analyzer (Applied Biosystems). In this
way, the gene regions of the mutations and adjacent regions were de-
picted and mutations verified, both in the index and family members
whenever respective DNA was available.

3. Results

3.1. Clinical presentation of four individuals with sclerosing bone
phenotypes

Four patients from three different families presented with osteo-
sclerosis and long bone modeling defects suggesting the diagnosis in-
termediate autosomal recessive osteopetrosis or dysosteosclerosis
(Table 1).

Patients 1 and 2 were of Turkish origin. Patient 1 was a 22-year-old
female and the third child born to first-degree cousins. She had two
healthy sisters and was the only one affected in the family. Patient 2
was a 11-year-old girl born to first-degree cousins. Her two elder sisters
and parents had no phenotype suggestive for osteopetrosis. Patient 3
and 4 were siblings of Indian origin born to non-consanguineous par-
ents. Patient 3 was a 15-year-old boy and his clinically affected 10-year-
old sister is referred to as Patient 4. A brother and the parents had an
unremarkable phenotype. Patient 1 had short stature (147 cm) and her
arm span of 158 cm indicated truncal shortness. However, also the fa-
ther (160 cm) and one healthy sibling (149 cm) were below the 3rd
centile. Patient 2 was at the 3rd centile for height since early childhood.
Patient 3 and 4 had clear short stature below the 3rd centile.

A mild global developmental delay and gross motor delay was de-
scribed for Patients 2 and 3 and failure to thrive was noted in Patients 3
and 4. Skin signs like hypertrichosis or hyperpigmentation as well as
macrocephaly, hydrocephaly, or optic nerve compression were absent
in all patients. Neither observed were anemia, pancytopenia, hepatos-
plenomegaly, and recurrent infections.

3.2. Radiological phenotype

Since the radiological phenotype of the siblings Patient 3 and 4 is
nearly identical only data for Patient 3 is shown while the existing X-
rays for Patient 4 can be found in Supplementary Fig. 1. All four pa-
tients had similarly pronounced sandwich vertebrae (Fig. 1). However,
platyspondyly was most pronounced in Patient 1 (Fig. 1A) and sig-
nificantly weaker in Patients 2 to 4 (Fig. 1C, E). Moreover, only Patient
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Patient 1, 18y 5m (A), 11y 2m (B)
SLC29A3 p.Asn101delins

Patient 2, 12y
SLC29A3 p.Pro391His

Patient 3, 8y 6m
TCIRG1 [c117+4 A>C;p.Ala796fs*34]

Fig. 1. Radiographs of spine and lower extremities. Patient 1 (A, B) presents with diffuse osteosclerosis, reduced translucency in the long bones and pathologic
fractures (osteosynthesis material present). The shape of the femur is altered, it appears to be shortened and broadened. The vertebral endplates are dense and the
vertebrae flattened. Patient 2 (C, D) reveals sclerosis of the proximal femur, the pelvis and vertebrae, which are mildly flattened. Patient 3 (E, F) presents with
bilateral sclerosis of long bones in lower limbs, a modeling defect, Erlenmeyer flask shaped deformity of the tibia, metaphyseal flaring of tibia and femur, and

flattened sandwich vertebrae.

1 showed an irregular concave vertebral shape and a bone-within-bone
appearance. Thickened ribs were present in all four patients (Fig. 1A, C,
E).

Sclerosis of the long bones was strikingly discordant among the four
patients. Patient 1 showed patchy metaphyseal osteosclerosis of the
femur, humerus, radius, and ulna (Figs. 1B, 2A). The phalanges showed
doubled osteosclerotic bands that resulted in a bone-within-bone ap-
pearance (Fig. 2B). In Patient 2 narrow sclerotic bands below the
growth plate of the proximal and distal femur and the proximal

Patient 1, 11y 2m
SLC29A3 p.Asn101delins

Patient 2, 12y
SLC29A3 p.Pro391His

humerus were evident (Figs. 1D, 2C). The phalanges appeared opaque
with only very faint metaphyseal sclerotic bands (Fig. 2D). Patients 3
and 4 presented with a rather uniform osteosclerosis of the femora,
tibiae and fibulae (Fig. 1F), and prominent sclerotic bands in the me-
taphyses of metacarpals and phalanges (Fig. 2F). All patients displayed
coxa vara (Fig. 1B, D, F). Fractures were reported in Patients 1 and 4. In
Patient 1 the supracondylar region of the right femur was fractured at
the age of two years. In the following she had in total seven fractures of
both femurs, which were surgically treated three times, at the age of

|

Patient 3, 8y 6m
TCIRG1 [c117+4 A>C;p.Ala796fs*34]

Fig. 2. Upper limb radiographs of Patient 1, 2 and 3. (A) Patient 1 presents with sclerotic foci of the humerus in the proximal two thirds and increased corticalis in the
distal third of the humerus. The humerus appears slightly broadened and shortened. (B) Radii and ulnae reveal distinct osteosclerosis and a cloudy appearance.
Osteosclerotic bands are predominantly present at the growth plates (C) Patient 2 presents with cortical thickening of the humeri and (D) diffuse sclerosis of the
digiti, predominantly visible at methaphyseal regions. (E) In Patient 3, the proximal humerus reveals sclerosis and an abnormal curvature. (F) Strong sclerotic bands
are present at distal radius and ulna, at the distal end of the metacarpals and the proximal ends of the phalanges.
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eight, 12 and 13 years, respectively, with open reduction and internal
fixation with plates and screws (Fig. 1B). Patient 4 experienced a
fracture of the clavicle at the age of two years.

Long bone modeling defects were most prominent in Patients 3 and
4, who showed extreme metaphyseal flaring leading to Erlenmeyer
shaped femora and broadening of the metaphyses of the upper limb
bones and abnormal curvature of the humerus (Fig. 1F; Fig. 2E). In
Patient 1 femoral shape appeared also altered with overall shortening
and broadening in the presence of fractures which complicate the
evaluation (Fig. 1B). A mild broadening and shortening was also evi-
dent in the humerus in absence of fractures (Fig. 2A). In Patient 2 no
modeling defects were visible (Figs. 1D; 2C, D).

Sclerosis of the skull base was noted in all patients (Fig. 3A-E)
(Supp. Fig. 1). Calvarial thickening was evident in Patients 2-4. Pro-

Patient 3, 10y 4m
TCIRG1
[c117+4 A>C;p.Ala796fs*34]

According to in silico analysis with Human Splicing Finder both variants
should have similar effects [8]. The deletion ¢.2380_2381delCT is
predicted to cause a frameshift mutation (p.Ala796fs*34) potentially
altering the C-terminus of the protein. The estimated location of the
frameshift and splice site mutations are highlighted in the topology
model of the a3 subunit of the V-ATPase according to Leng et al. [23]
(Fig. 5B).
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(E), but sclerosis of the skull base is also rather mild.
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4. Discussion

In this study, we describe two homozygous mutations in SLC29A3
and two compound heterozygous mutations in TCIRGI in four in-
dividuals with sandwich vertebrae and different degrees of platy-
spondyly, sclerosis and modeling defects of long bones compatible with
the diagnosis mild or intermediate ARO or DOS.

As shown in Table 1 the two patients with osteosclerotic phenotypes
and SLC29A3 mutations previously published by Whyte et al. and
Campeau et al. resemble our Patients 1 and 2, although there are some
differences [4,36]. The two patients we describe did not have a history
of recurrent infections and no skin changes and Patient 2 neither pre-
sented with clear metaphyseal widening, nor with pathologic fractures.
The absence of any significant skin findings, lymphadenopathy, or he-
patosplenomegaly clearly separate Patients 1 and 2 from the histiocy-
tosis-lymphadenopathy plus spectrum [26]. Only in a part of the re-
ported DOS patients, and only in one of the two DOS patients with
SLC29A3 mutations, macular skin changes were found [4,36]. There-
fore, our findings cast doubt on the relevance of this clinical feature for
the diagnosis of DOS.

Except for Patient 1 with mild concave deformation of vertebrae,
the vertebral shape of our patients is more regular and platyspondyly
milder than in many described DOS patients [6,13,14,22,34]. The
massive metaphyseal flaring present in Patient 3 and 4 is clearly dif-
ferent from the one found in Patients 1 and 2 and reminds of Pyle's
disease (OMIM #265900), as already stated in the original description
of DOS by Spranger et al. [34]. In contrast to the rather translucent
metaphyses in Pyle's disease the flared metaphyses in Patients 3 and 4
are homogenously opaque. However, the intensity and distribution of
bone sclerosis in DOS is high heterogeneous. It can strikingly change
over time and metaphyses that were first opaque can become translu-
cent after growth has stopped [14]. The DOS patient with the most
similar massive metaphyseal flaring is case 1 reported by Elcioglu et al.
[9]. The DOS patient depicted by Houston et al. and Lemire et al. dis-
played not only distal, but also proximal flaring of the femur leading to
a widened femoral neck, which is also seen in Patients 1 and 3 [14,22].
The patient with a homozygous TCIRG1 splice site mutation ¢.1941 +5
G > A after exon 15 described by Sobacchi et al. seems very similar to
our Patient 3 and 4, although no platyspondyly is explicitly mentioned
[32].

Summarizing the findings in 17 patients diagnosed with DOS,
Lemire et al. stressed that although the bone changes are not as severe
as in infantile malignant osteopetrosis the clinical course also is ag-
gressive and frequently leads to blindness, mental retardation, and even
premature death, although bone marrow failure has never been noticed
[22]. Two of our patients had evidence for a mild developmental delay,
but in none of them vision was affected, which is also true for the two
published DOS cases with SLC29A3 mutations [4,36]. Recently, a pa-
tient with sandwich vertebrae, flattening and uneven shape of ver-
tebrae, fractures, and severe long bone modeling defects was described
to harbor a homozygous TNFRSF11A splice site mutation at position
+3 [13]. Taken together, defining DOS and separating it from the os-
teopetroses remains a challenge. SLC29A3 mutations are not specific for
DOS, but also cause histiocytosis-lymphadenopathy plus syndrome. Our
Patient 2 indicates that sclerosing bone disorders caused by SLC29A3
mutation do not always fulfill all criteria for DOS. Since also splice site
mutations in TNFRSF11A and TCIRGI can cause flattened sandwich
vertebrae and metaphyseal flaring SLC29A3 mutations are no specific
criterion for DOS. Although this suggests that mild mutations in ARO
genes in general may cause this phenotype, it is worth noting that for
unknown reasons in patients with biallelic CLCN7 mutations and non-
lethal ARO phenotype no platyspondyly has ever been observed
[5,7,18]. The clinical features best distinguishing DOS from inter-
mediate ARO is platyspondyly and a more pronounced tubular mod-
eling defect. Since osteopetroses show a strong clinical variability and
the therapeutic approach in severe cases is the same, probably no
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disadvantage would arise if DOS was lumped together with osteope-
trosis.

The equilibrative nucleoside transporter 3 (ENT3) encoded by
SLC29A3 resides in lysosomes and mitochondria where it transports
nucleosides and nucleotides when pH is acidic [2,29]. The mutation
p.Asn101delinsAsnTyrPheGluSerTyrLeu found in Patient 1 is a novelty
since no insertions in the coding region of SLC29A3 have been de-
scribed to date. It resides in the luminal loop between transmembrane
domains 1 and 2, which plays a role in pH activation of ENT3 [29].
Given that the variant p.Met116Arg within this same loop is retained in
the ER, it seems likely that this elongated mutant protein shares the
same fate [17]. The mutation c.1172C > A (p.Pro391His) found in
Patient 2 is nearest to the mutation p.Arg386GIn described in a subject
with DOS [4]. Both missense mutations reside in transmembrane helix 9
of ENT3. The exchange of the completely conserved proline residue can
be predicted to have severe functional consequences leading to lyso-
somal accumulation of nucleosides and nucleotides perturbing osteo-
clast differentiation or function. Our findings underline the great clin-
ical heterogeneity of disorders caused by mutations in SLC29A3 and the
lack of a clear genotype-phenotype correlation. In fact, the mutation
p-Arg386Gln (highlighted by * in Fig. 4C) was found in a homozygous
state in a patient with histiocytosis-lymphadenopathy plus syndrome
[10] and in a heterozygous state in a patient with DOS in combination
with a second heterozygous missense mutation [36]. The germline
knockout of Slc29a3 in mice causes a histiocytosis phenotype [15].
Thus, it can be speculated that mutations leading to DOS do not entail a
complete loss of ENT3 function. More mutations and functional in-
vestigations are needed to get a clearer picture.

TCIRG1 encodes the a3 subunit that anchors the V-ATPase complex
to the ruffled membrane of osteoclasts that shares many properties with
the lysosomal membrane [33]. It is surprising that the previously
published homozygous mutation ¢.117+4A > T causes classical in-
fantile malignant ARO, whereas c.117 +4A > C in combination with
p-Ala796fs*34 entails intermediate ARO [21]. One explanation is in-
creased residual expression of the wildtype transcript from the allele
with the splice site alteration. Another explanation could be that
p.Ala796fs*34 leads to a stable C-terminally altered protein with re-
tained function. The most similar mutation is p.Glu791fs*27 described
by Frattini et al. in a patient with classical ARO [11].

In summary, we add another two cases to the small group of patients
with sandwich vertebrae and platyspondyly due to SLC29A3 mutations.
However, our findings also indicate that not all these patients fulfill the
criteria for DOS. On the other hand, intermediate ARO due to TCIRG1
splice site mutations can present with signs of dysosteosclerosis. This
underlines the close phenotypic overlap of all osteosclerotic disorders
caused by dysfunctional osteoclasts independent of the underlying ge-
netic defect.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bone.2018.12.002.
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