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1 Table of Abbreviations

AD Autosomal dominant

ADO Autosomal Dominant Osteopetrosis
ALP Alkaline phosphatase activity

ALX1 ALX Homeobox 1

AR Autosomal recessive

ARO Autosomal Recessive Osteopetrosis
BLAST Basic Local Alignment Search Tool
BLAT BLAST-Like Alignment Tool

BM Bone marrow

BMD Bone mineral density

BMI Body mass index

BMP Bone Morphogenetic Protein

BMU Bone multicellular unit

BWA Burrows-Wheeler Aligner

CAIl Carbonic anhydrase 11

cDNA Complementary DNA

CFNS Craniofrontonasal Syndrome

CLCN7 Chloride Voltage-Gated Channel 7
CNCC Cranial neural crest cell

CTSK Cathepsin K

DNA Deoxyribonucleic acid

DOS Dysosteosclerosis

EFNBI1 Ephrin-B1

FGF Fibroblast growth factor

HSCT Hematopoietic stem cell transplantation
IKBKG Inhibitor of kappa light polypeptide gene enhancer in B cells, kinase gamma
IL-1 Interleukin-1

IL-6 Interleukin-6

LPIN2 Lipin 2

LRP5 Lipoprotein receptor-related protein 5
LRRK1 Leucine-Rich Repeat Kinase 1
M-CSF Macrophage colony-stimulating factor
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MRONIJ
MSC

NCC
NEMO
NGS

OB

OoC
OL-EDA-ID
OMIM

ONJ
OPG
OPPG
ORN
OSMD
OSMT1
PAX3
PBMC
PBS
PLEKHMI1
PTH
RANK
RANKL
RIPA
RNA
RT-PCR
RTA

SD

SHH
SLC29A3
SNX10
SOST
TCIRG1

Medication-related necrosis of the jaw
Mesenchymal stem cell

Neural crest cell

NF-kappa B Essential Modulator

Next-generation sequencing

Osteoblast

Osteoclast

Lymphedema-anhidrotic ectodermal dysplasia with immunodeficiency
Online Mendelian Inheritance in Man, online compendium of genes and ge-
netic disorders

Osteonecrosis of the jaws

Osteoprotegerin

Osteoporosis pseudoglioma syndrome
Osteoradionecrosis

Osteometaphyseal Dysplasia
Osteopetrosis-associated transmembrane protein 1
Paired box 3 protein

Peripheral blood mononucleated cell
Phosphate-buffered saline

Pleckstrin homology domain-containing family M member 1
Parathyroid hormone

Receptor activator of nuclear factor kappa-B
Receptor activator of nuclear factor kappa-B ligand
Radioimmunoprecipitation assay

Ribonucleic acid

Reverse transcription-polymerase chain reaction
Renal tubular acidosis

Standard deviation

Sonic Hedgehog

Solute Carrier Family 29 Member 3

Sorting-nexin 10

Sclerostin

T-Cell Immune Regulator 1



TGFB

TNF
TNFRSFI11A
TNFSF11
TRAP

vef

WES

WGS

WT

XL

Transforming growth factor beta

Tumor necrosis factor

Tumor necrosis factor Receptor Superfamily Member 11a
Tumor necrosis factor ligand superfamily member 11
Tartrate-resistant acid phosphatase

Variant call format

Whole exome sequencing

Whole-genome sequencing

wild-type

X-linked
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3 Abstract [English]

Objective: To evaluate factors regulating craniofacial morphologies and bone mass by investigat-
ing high bone mass disorders (eg. autosomal recessive osteopetrosis, dysosteosclerosis, cranio-
frontonasal syndrome, and osteosclerotic metaphyseal dysplasia) and their genetic defects on a

molecular level.

Methods: Next Generation Sequencing was performed on patient DNA, bioinformatic filtering
was used to decipher new disease-causing mutations in a group of patients. Sanger sequencing was
used to confirm the variants. Patient cells — osteoclasts, mesenchymal stem cells, and osteoblasts
— were grown in cell culture. Protein and RNA were extracted with Radioimmunoprecipitation
assay (RIPA) buffer and Trizol lysis respectively. Immunoblot assays, cDNA sequencing, and
reverse transcription-polymerase chain reaction (RT-PCR) were performed to analyze the effect
of the mutation on protein- and RNA levels. Osteoclasts were grown, stained for Tartrate-resistant
acid phosphatase (TRAP), and visualized by fluorescence microscopy. A resorption assay was

performed to illustrate the resorption behavior of mutated osteoclasts.

Results: Two novel mutations in the Solute Carrier Family 29 Member 3 (SLC2943) gene and
one new splice-site mutation in the T-Cell Immune Regulator 1 (TCIRG1) gene were found in
patients with moderate autosomal-recessive osteopetrosis. Four new mutations in the Ephrin-B1
(EFNBI) gene were depicted in an Indian cohort of non-consanguineous individuals with cranio-
frontonasal syndrome. In a patient suffering from osteopetrosis and severe osteonecrosis of the
jaws, we described the fourth mutation in the Leucine-Rich Repeat Kinase 1 (LRRK1) gene known
to date. LRRK1-mutated osteoclasts showed shallow resorption pits and ineffective bone resorp-

tion.

Conclusion: We could broaden the spectrum of high bone mass disorders as well as of the disease
entity of craniofrontonasal syndrome by the detection of new disease-causing mutations and the
description of the resulting molecular effects. In the future, this can facilitate diagnosis and reveal

new potential molecular targets for the therapy of osteoporosis.



4 Abstract [German]

Fragestellung: Analyse von genetischen Einfliissen auf Skelettentwicklung und -homdostase
durch Untersuchung der seltenen genetischen Erkrankungen kraniofrontonasale Dysplasie, auto-
somal-rezessive Osteopetrose, Dysosteosklerose und osteosklerotische metaphysire Dysplasie.
Darstellung der Auswirkungen der gefundenen genetischen Verdnderungen auf zelluldrer und mo-

lekularer Ebene.

Methoden: Patienten-DNA wurde mittels Next Generation Sequencing dechiffriert und bioinfor-
matische Filtermethoden wurden verwendet, um neue krankheitsbedingende Mutationen bei Pati-
enten mit den verschiedenen Erkrankungen mit erhohter Knochendichte zu detektieren. Mittels
Sanger Sequenzierung wurden die Varianten bestitigt. Patientenzellen — Osteoklasten, mesen-
chymale Stammzellen, und Osteoblasten — wurden in der Zellkultur geziichtet. Protein- und RNA-
Extraktionen wurden mit RIPA-Puffer bzw. Trizol durchgefiihrt. Durch funktionelle Analysen mit
Western Blots, cDNA-Sequenzierungen und RT-PCR wurden die Effekte der Mutationen auf Pro-
tein-, cDNA- und RNA-Ebene analysiert. Osteoklasten wurden aus perpipheren mononukledren
Zellen differenziert, mittels tartartresistenter saurer Phosphatase (TRAP)-Aktivitéit angefarbt und
durch Fluoreszenzmikroskopie visualisiert. Ein Resorptionsassay wurde durchgefiihrt, um das Re-

sorptionsverhalten von Osteoklasten darzustellen.

Ergebnisse: Zwei neue Mutationen in dem fiir den Nukleosidtransporter 3 kodierenden Solute
Carrier Family 29 Member 3 (SLC2943) Gen und eine neue splice-site Mutation in dem T-Zell-
Immunregulator 1 Gen (TCIRG1) wurden bei Patient*innen mit moderater autosomal-rezessiver
Osteopetrose gefunden. Bei vier nicht-konsanguinen indischen Patientinnen mit kraniofrontona-
saler Dysplasie konnten vier neue Mutationen Ephrin B1 Gen (EFNBI) bestitigt werden. In einem
unter Osteopetrose und schweren rezidivierenden Kiefernekrosen leidenden Patienten haben wir
die vierte weltweit beschriebene Mutation in dem Leucin-rich repeat kinase 1 (LRRK1) Gen nach-
gewiesen. LRRKI-mutierte Osteoklasten zeigten abgeschwichtes Resorptionsverhalten, flachere

Resorptionspits und eine ineffektive Knochenresorption.

Schlussfolgerung: Im Rahmen des Spektrums von Erkrankungen mit erhdhter Knochenmasse und
des Krankheitsbildes der kraniofrontonasalen Dysplasie konnten wir neue krankheitsbedingende
Mutationen finden und die Effekte auf molekularer Ebene darstellen. Zukiinftig kann dies die Di-
agnostik von seltenen Erkrankungen mit erhdhter Knochendichte erleichtern und langfristig neue

molekulare Ansatzpunkte fiir die Osteoporosetherapie aufzeigen.



5 Introduction

Bone is metabolically active tissue and a central part of the human body serving as protection for
vital organs, a site for hematopoiesis, and as a reservoir for minerals. It shapes the human body
and facial appearance, serves as a muscle insertion point for muscles, and thus enables locomotion
[1]. Its microarchitecture is subject to lifelong remodeling [2]. Bone cells — namely osteoclasts,
osteoblasts, and osteocytes — shape the plastic tissue of bone and orchestrate an equilibrium be-

tween bone formation and bone resorption.

The skeleton originates from different cell lineages and can be categorized into three different

types — the craniofacial, axial, and appendicular skeleton [3].

The craniofacial skeleton can be regarded as the most sophisticated part of the skeleton in terms
of the differentiation process and postnatal modification. When traced back in history, the cranio-
facial skeleton seems to have evolved before the axial and appendicular skeleton. The skull con-
sists of 22 different bones and 20 deciduous teeth, later replaced by 32 permanent teeth. It can be
subdivided into the neurocranium and the viscerocranium [4]. The bones of the neurocranium —
the frontal, parietal, temporal, sphenoid, occipital, and ethmoid bones — encompass and protect the
brain. The viscerocranium consists of bones (maxilla, mandible; nasal, lacrimal, palatine, zygo-
matic, and auditory bones) that shape the appearance of the face. During neurulation and the for-
mation of a neural tube, the neural crest forms as a transient structure. From the dorsal edges of
the neural tube, neural crest cells (NCCs) arise and migrate extensively and differentiate into a
variety of different cell types (i.e. neurons, glia, skin, smooth muscle, glands) [5]. Cranial neural
crest cells (CNCCs) are located at the cranial part of the neural tube and contribute to a large extent
to the formation of the craniofacial skeleton. They migrate to the pharyngeal arches and differen-
tiate into bone, cartilage, connective tissue, and neuroglia located at the anterior part of the skull
[4]. The migration is organized by modification of Hox-gene expression [6]. Not only NCCs but
also mesodermal cells contribute to the formation of the craniofacial skeleton. Bone and cartilage
of the posterior part of the skull are formed by prechordal mesodermal cells [7]. Signaling path-
ways crucial for cranial neural crest and cranial development include the Bone Morphogenetic
Protein (BMP), fibroblast growth factor (FGF) receptor gene family, Wnt/B-Catenin, and Sonic
Hedgehog (SHH) pathways [8-10]. When disturbed, various craniofacial syndromes result, e.g.

cleft lip and palate, craniosynostosis, and holoprosencephaly.



Craniofrontonasal Syndrome (CFNS) is a disorder of skeletal patterning with X-linked transmis-
sion caused by mutations in the Ephrin-B1 (EFNBI) gene [11]. The Ephrin-B1 protein is necessary
for neural crest cell migration, patterning of somites and rhombencephalon, growth as well as the
development of the nervous system and blood vessels. The involvement of the axial skeleton has

also been described, e.g. the pairing of ribs in ephrinB1 deficient mutatant mice [12-14].

The axial skeleton derives from the somites, the paraxial mesoderm located at the sides of the
neural tube, that forms the vertebrae and the dorsal part of the ribs. Crucial signaling pathways
include the SHH and the BMP inhibitor Noggin [3]. The appendicular skeleton derives from the
lateral plate mesodermal cells and forms the limbs by FGF-, SHH-, and WNT-signaling amongst
others [7]. Altered or disturbed Hedgehog signaling for instance can result in polydactyly [3].

Bone is a plastic and dynamic tissue capable of adapting its structure in response to mechanical
loading or diverse remodeling stimuli. It is mainly composed of hydroxyapatite, collagen I, oste-
onectin, fibronectin, and osteopontin [15]. Bone resorption and bone formation are regulated by

osteoblasts, osteoclasts, and osteocytes.

Osteoclasts are multinucleated cells of hematopoietic origin that resorb bone by the secretion of
proteases and collagenases. Osteoblasts are cells of mesenchymal origin capable of secreting an
unmineralized bone matrix that eventually makes bone (intramembranous bone formation). Mes-
enchymal cells can also differentiate into chondrocytes to form cartilage which can then be trans-
formed into bone (enchondral bone formation). Osteocytes, osteoblast-derived cells entrapped in
the bone matrix, sense mechanical strain and adapt bone formation accordingly, eg. by secreting
growth factors [16]. Osteoclasts differentiate when the receptor activator of nuclear factor kappa-
B ligand (RANKL) and the macrophage colony-stimulating factor (M-CSF) are released by oste-
oblasts or osteocytes. RANKL interacts with the receptor activator of nuclear factor kappa-B
(RANK) which results in the downstream activation of signaling molecules [17]. Osteoprotegerin
(OPG) released by osteoblast cells can bind to RANKL and inhibit further osteoclast differentia-
tion [18]. The process of bone remodeling is located in the bone multicellular units (BMUs) [19].
Osteoblasts and osteoclasts are known to communicate by cell-cell contact, diffusible paracrine
factors as well as cell-bone matrix interactions to ensure the physiologic bone homeostasis, eg.
RANKL, RANK, M-CSF (level is increased by the secretion of Interleukin-1 (IL-1) and Tumor
necrosis factor (TNF), antagonized by estrogen), OPG, Calcitonin, Parathyroid hormone (PTH),
1,25-Dihydroxyvitamin D3, and Transforming growth factor beta (TGFp) [3, 20].



When the equilibrium of bone homeostasis is distorted, there can either be a surplus or shortage

of bone mass, both of which cause bone to break more easily and bring about more adverse effects.

Table 1 Classification of clinical pictures described in this thesis and comparative presentation of

related clinical pictures modified from a publication by Stark et al. [21]

Classification Trans
& Type of Disease entity mission Gene Onset Severity
Malformation
Classic AR TCIRGI perinatal severe
Autosomal
Recessive Neurono- AR CLCN7, perinatal severe
Osteopetrosis pathic OSTM1
(ARO) )
AR th
RC,)FVAVI AR CAIl infancy moderate
IKBKG .
Disorder of X-linked Osteopetrosis XL (NEMO) infancy severe
Homeostasis
- CLCN7, .
Malformation Intermediate ) mild to
. AR PLEKHM]I, | childhood
of the axial Osteopetrosis TCIRGI moderate
skeleton
mild to
i t
1?)2::201;::)2222;;21) AD CLCN7 adulthood moderate,
P rarely severe
Hyperostosis AD LRP5 adulthood mild
t taph 1
]());s;‘l’:s‘iea j‘(’) Sy;;g) AR LRRKI | adulthood | moderate
Disorder of
Skeletal
Patterning moderate,
iofront 1
- ;:r:;l:_(;;::l(c();;s;) XL EFNBI perinatal rarely
Malformation y severe
of the craniofa-
cial skeleton

The rare genetic setting of a surplus in bone referred to as osteopetrosis is caused by changes in
osteoclast or osteoblast function. Deficient osteoclast differentiation or defective pathways which

— in a physiologic state — orchestrate bone formation can lead to deficient bone resorption. It can



clinically be distinguished between mild, moderate, and severe osteopetrosis and also be classified
by the manner of genetic inheritance, namely recessive, dominant, or X-linked transmission [22].
Genetic skeletal dysplasias are summarized in the “Nosology and classification of genetic skeletal
disorders: 2019 revision” [23]. Table 1, modified from a publication by Stark et al. [21], provides
an overview of the different disease entities discussed in the publications summarized in this thesis.
Table 2 provides a summary of the clinical and radiographic findings in the conditions discussed

in this work.

Autosomal recessive osteopetrosis (ARO) is a rare disease entity that can be divided into different

sub-forms.

A) In the osteoclast-rich forms of ARO, osteoclasts are present in an abundant manner but exhibit
reduced function and diminished bone resorption capacity due to an altered sealing zone [22].
I.  Classic ARO
II.  Neuronopathic ARO
III.  ARO with renal tubular acidosis (RTA)
IV. Intermediate ARO

B) The osteoclast-poor forms are suggested to contribute to less than 10% of ARO cases. Muta-
tions in TNFSF11 encoding for RANKL and TNFRSF11A4 encoding for RANK lead to inef-

fective differentiation of osteoclasts from hematopoietic stem cells [24, 25].

Infantile malignant autosomal recessive osteopetrosis Type 1 (ARO, Online Mendelian Inher-
itance in Man database (OMIM) #259700) caused by mutations in the T-cell immune regulator 1
(TCIRG1) gene is a severe disorder which often has an infantile malignant course leading to death
within the first decade of life [22]. Thickened bone can obliterate the bone marrow cavity, causing
pancytopenia, detrimental infections, and extramedullary hematopoiesis with splenomegaly and
hepatomegaly. Also, cranial nerve compression can result from an enhanced bone density and
reduced diameter of the osseous foramina. To date, allogeneic hematopoietic stem cell transplan-
tation (HSCT) is the only curative treatment method that comes with known risk factors such as
graft rejection, graft failure, or infections amongst others [26]. Mutations in the Chloride Voltage-
Gated Channel 7 gene (CLCN7) with a loss-of-function effect result in ARO Type 4 (OMIM
#611490) but mutations in CLCN7 can also lead to autosomal dominant or intermediate autosomal

recessive forms of osteopetrosis [27, 28].
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Neuronopathic ARO caused by mutations in the osteopetrosis-associated transmembrane protein
1 (OSMT1I) gene, also referred to as ARO Type 5 (OMIM #607649), is the most severe type of
ARO leading to a severely reduced life expectancy in affected individuals. Apart from an increased
bone mass, it involves neurologic manifestations such as cerebral atrophy, reduced myelinization,

hydrocephaly, microcephaly, seizures, blindness, and deafness [29].

ARO with renal tubular acidosis (OMIM #259730) is caused by homozygous or compound heter-
ozygous mutations in the carbonic anhydrase Il (CAZI) gene. It is a less severe form and involves
intracranial calcifications, fractures, short stature, cranial nerve compression, and developmental
delay [30, 31]. Intermediate ARO (OMIM # 259710) has been described in patients carrying ho-
mozygous or compound heterozygous mutations in CLCN7 [32], in the Pleckstrin homology do-
main-containing family M member 1 gene (PLEKHM]I) [33], and the Sorting-nexin 10 gene
(SNX10) [34, 35]. Recently, an intronic TCIGRI mutation has been identified in a case of inter-
mediate ARO [36].

Autosomal dominant osteopetrosis (ADO, OMIM #607634) is more common with a prevalence
of 1:20,000 births and has a milder course than ARO, though the clinical course is very variable
[37, 38]. It can be divided into two subtypes.

Autosomal dominant osteopetrosis Type I (ADO II), first described by Albers Schonberg in 1904
and also known as Albers-Schonberg disease, typically involves sclerosis of the spine, pelvis, and
skull base, as well as an increased fracture rate [39]. It is caused by mutations in the CLCN7 [28].
Physiologically, this chloride channel contributes to the acidification of resorption lacunae at the
ruffled border membrane of osteoclasts [40]. CLCN7 mutations with a loss-of-function effect re-
sult in a defective bone resorption and an increased bone mineral density. Extra-skeletal manifes-
tations involve visual impairment, osteomyelitis, bone marrow failure, and hepatosplenomegaly
[37]. Through a CLCN7 mouse model investigating the mutation CLCN7 p.G213R, it has recently
been suggested that extra-skeletal manifestations also involve perivascular fibrosis with an in-
creased macrophage count and lymphoid infiltrates. Lung, kidney, brain, and muscle tissue also

revealed alterations [41].

Lipoprotein receptor-related protein 5 gene (LRP5)-induced hyperostosis, in literature sometimes

referred to as Autosomal dominant osteopetrosis Type I (ADO I), typically involves generalized
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Table 2 Overview of disease entities and their corresponding clinical characteristics.

Disease entity

Skeletal
characteristics

Clinical Characteristics
Special Radiographic findings

Classic ARO

Neuronopathic ARO

ARO with RTA

X-linked Osteopetrosis

Intermediate
Osteopetrosis

Autosomal Dominant

elevated bone
density,

osteosclerosis,
pathologic fractures,

modeling defects

(predominantly of the
metaphyses),

osteomyelitis,

dental abnormalities

death within the first decade of life, pancytope-
nia,

infections,  extramedullary =~ hematopoiesis,
hepatosplenomegaly, cranial nerve compression,
hydrocephalus, hypocalcemia;

radiographic findings: the obliteration of the
bone marrow cavity and cranial foramina

in addition to classic ARO: neurodegenerative,
eg. retinal atrophy, blindness, hearing loss;
radiographic findings: microcephaly, cerebral

atrophy, craniosynostosis, Type I Chiari malfor-
mation

mental retardation, renal tubular acidosis, devel-
opmental delay, cranial nerve compression,
rarely bone marrow impairment;

radiographic findings: cerebral calcification

severe immunodeficiency
ectodermal dysplasia like features

anemia, extramedullary hematopoiesis
occasional optic nerve compression

moderate hematological failure, cranial nerve

lip, and palate

. compression;
Osteopetrosis (ADO) .
radiographic findings: sandwich vertebrae
Ost taphyseal . . .
D;s;(l):sl:a ZII()) S};S/Ie;) osteonecrosis of the jaws as a new rare trait [42]
Hyperostosis increased bone mass, pre- enlarged mandible
P dominantly of the skull &
hypertelorlsm,. diaphragmatic hernias,

Craniofrontonasal depressed nasal bridge _ _ _ .
Syndrome (CFNS) coronal synostosis, cleft radiographic findings: corpus callosum agenesis

or dysgenesis

12




increased thickness of cortical bone, predominantly at the skull vault. It is the only form of in-
creased bone mass with high mechanical stability. The condition is not associated with an in-
creased fracture risk [3]. LRP5 usually regulates osteoblast differentiation and mutations with a
gain-of-function effect in LRP5 induce an increase in bone mineral density. Patients are often
asymptomatic or have minor symptoms such as back pain. Also, an association with osteoarthritis
has been described [43, 44]. Loss of function of LRP5 has been shown to cause a diminished bone
mass and was linked to the autosomal recessive osteoporosis pseudoglioma syndrome (OPPG,
OMIM #259770) [45]. Although sometimes referred to as “benign osteopetrosis”, more than 50%
of ADO patients exhibit clinical symptoms.

X-linked recessive osteopetrosis and lymphedema-anhidrotic ectodermal dysplasia with immuno-
deficiency (OL-EDA-ID) caused by mutations in the Inhibitor of kappa light polypeptide gene
enhancer in B cells kinase gamma (IKBKG) gene involve osteopetrosis, lymphedema, and a pre-
disposition for severe, life-threatening infections due to suppression of NF-«xB activation [46, 47].
Dysosteosclerosis (DOS) is another sclerosing bone dysplasia with autosomal recessive inher-
itance characterized by osteosclerosis and platyspondyly, caused by mutations in SLC29A43,
TCIRGI, and TNFRSF11A. There is a great spectrum of disease severity and in some cases, a
reduced life expectancy has been observed [48]. Pycnodysostosis is a disease with an autosomal
recessive mode of inheritance due to homozygous or compound heterozygous C7SK mutations.
Cathepsin K is an acidic protease secreted by osteoclasts which cleave and hence degrade bone
matrix, predominantly composed of collagen type 1. In the setting of a CTSK mutation, osteoclasts
only insufficiently cleave collagen. This culminates in the phenotype of short stature, fragile

bones, skull deformity, and clavicle hypoplasia [49, 50].

Osteoporosis is defined as a condition of low bone mineral density (BMD), defined as a T-score
less than or equal to -2,5 standard deviation (SD), and disrupted bone microarchitecture leading to
mechanical instability and an increased fracture rate. It significantly increases mortality and mor-
bidity and represents a major healthcare problem and economic burden in today’s world. In the
EU, 22 million women and 5,5 million men suffer from osteoporosis [51]. With the demographic
change and the increase in longevity, the number of affected individuals is expected to increase
even more in the next years. According to Hernlund et al., the prevalence of osteoporosis is ex-
pected to rise from 28 million in 2010 to 34 million in 2025 [51]. The prevalence of osteoporotic
vertebral fractures worldwide ranges between 9 — 26%. In Europe, it is highest in Scandinavia

24%) and lowest in Eastern Europe (16%), whereas in the female North American population >50
p
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years, a prevalence of 24% is noted with the white complexion being 1.6 times more affected than

the black complexion. In Latin America, a lower prevalence of 11-19% is noted [52].

There are various causes of osteoporosis. General risk factors for osteoporosis include female sex,
advanced age, estrogen deficiency, pre-existing illness, and genetic defects amongst others. In
females, the disease entity can be subdivided into pre- and postmenopausal osteoporosis. Post-
menopausal osteoporosis is majorly caused by estrogen deficiency. Premenopausal osteoporosis
can be caused by hypo- and hypergonadotropic hypogonadism, gastrointestinal malabsorption,
renal disease, and other causes of calcium loss, eg. hypercalciuria, liver disease, hematologic dis-
orders, hyperthyroidism, hyperparathyroidism, Cushing’s syndrome, history of glucocorticoid
treatment or other drugs, e.g. immunosuppressants, anticonvulsive medications, and proton-pump
inhibitors, Vitamin D and calcium deficiency, alcohol abuse, and anorexia nervosa [53-56]. In
men, hypogonadism, gastrointestinal disease, and steroid treatment are the most common causes
of osteoporosis [57, 58]. Other lifestyle factors accounting for an increased risk for osteoporosis
are similar to those observed in women, e.g. Vitamin D deficiency, smoking, alcohol abuse, and
low Body mass index (BMI) amongst others. Men tend to be underscreened [59]. Drugs for the
treatment of osteoporosis either inhibit osteoclast activity or fuel osteoblast activity. Bisphospho-
nates have evolved to the standard treatment option tackling osteoporosis. Side effects include
medication-related necrosis of the jaw (MRONUJ) occurring in 0,1 % of cases in otherwise healthy
individuals and approximately 2,09% - 5,16% of cases in patients with different types of underly-
ing malignant diseases [60]. Existing treatment options for osteoporosis are unsatisfying and can

be further improved.

The final aim of this project is to acquire a more profound understanding of the molecular back-
ground of different types of osteopetrosis. This can potentially open new perspectives for the de-

velopment of osteoanabolic drugs to treat and prevent osteoporosis.
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6 Material and Methods

The here cited experiments have been conducted at the Institute of Human Genetics, Charité Uni-
versity Medicine Berlin, in the research group of Prof. Dr. rer. nat. Uwe Kornak. Most of the

materials and methods have already been described in the three papers summarized below [36, 61,

62].

6.1 Next-Generation Sequencing (NGS) — Gene Panel and Whole Exome Sequencing

Depending on the case, we decided on gene panel sequencing or whole-exome sequencing (WES).
Alexej Knaus assisted in teaching the methods of NGS and bioinformatic evaluation. He was also
involved in the evaluation of the NGS data set of the case later published in the Journal of Bone

and Mineral Research (JBMR).

6.1.1 Gene Panel Sequencing

Gene panels allow for the sequencing of a defined set of genes that are most commonly mutated
in the setting of a particular disease entity. A customized bone mass panel containing 70 genes
known or suggested to cause alterations in bone mineral density was run on DNA of patients dis-
cussed in the here cited publication “Sclerosing bone dysplasias with hallmarks of dysosteoscle-
rosis in four patients carrying mutations in SLC29A43 and TCIRGI* [36]. The coding regions of
the genes were enriched and then run on a high-throughput sequencer. To ensure a correct statistic
representation of variants, the percentage of target regions covered by a minimum of 20 reads was
noted. The patient NGS data were mapped to the reference genome (hg19) with Burrows-Wheeler

Aligner (BWA) to enable a comparison of the sequencing data to healthy controls.

6.1.2 Whole Exome Sequencing (WES)

In WES, the entirety of all exons, the exome, is sequenced. Compared to whole-genome sequenc-
ing (WGS), this is a more cost-efficient and timesaving way of sequencing DNA probes that can
deliver the data covering the majority of disease-causing mutations. The SureSelect targeted En-
richment system is a method to enrich the genomic DNA of interest by hybridization that is then
captured with magnetic beads and subsequently sequenced on an Illumina sequencer [63]. In a
here delineated publication, WES was performed on the DNA of Patients 3 and 4 and then mapped
to the reference genome (hg19) with BWA [36].

15



6.2 Bioinformatic Filtering of Variants and Evaluation of the pathogenic potential of Mu-

tations

Bioinformatic filtering via the GeneTalk platform was used to break down the abundance of vari-
ants of an NGS data set to a manageable amount, which was then further evaluated by Sanger
sequencing. A variant call format (vcf)-file was uploaded to the GeneTalk platform, filtered ac-
cording to measures of function (effect on protein level), linkage, quality (quality and coverage of
reads), and genotype frequency [64]. The pathogenic potential of individual candidate variants
was evaluated by MutationTaster [65]. Literature was reviewed to check for genes and the corre-

sponding protein function of feasible candidates.

6.3 Polymerase Chain Reaction

PCR primers were designed using Primer 3 Plus [66]. Primers were compared to a wild-type homo
sapiens reference with the Ensembl BLAST/BLAT search to check for specificity. DNA concen-
tration and purity were measured using the NanoDrop system (ThermoFisher Scientific). Approx-
imately 10ng of DNA was loaded onto a single well and DNA amplification was achieved with 5x
FIREPol Master Mix (Solis BioDyne).

6.4 Sanger-Sequencing

Before initiating NGS and as a method to validate mutations depicted by NGS, Sanger sequencing
was performed. Respective exons and exon-intron boundaries of genes of interest were amplified
using oligonucleotide primers and sequenced on an ABI3730x] DNA Analyzer (Applied Biosys-
tems). Sequencing data were evaluated using the Geneious platform (https://www.geneious.com).

In this way, the actual sequence of a certain gene was deciphered.

6.5 Cell culture
6.5.1 Mesenchymal Stem Cells

The differentiation of patient-derived mesenchymal stem cells (MSCs) and osteoblasts was per-
formed by the research group of Dr.-Ing. Sven Geissler at the Berlin Institute of Health (BIH)
Center for regenerative medicine, Berlin. Patient bone marrow (BM) was harvested during a
planned operation the patient underwent due to recurrent osteonecrosis of the jaws and served as
a source for the isolation of MSCs [42]. Density centrifugation was used to isolate MSCs from the
BM specimen. Cells were cultured in Dulbecco's modified Eagle's medium (DMEM Low Glucose;

Gibco, Grand Island, NY, USA) with 10% fetal calf serum (Biochrom, Berlin, Germany), 5 mM
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L-alanyl-I-glutamine (Gibco, Grand Island, NY, USA), 100 U/ml penicillin plus 100 pg/ml strep-
tomycin (Biochrom, Berlin, Germany). Successful differentiation into MSCs was investigated by
checking for cell phenotype and differentiation potential according to the protocol published by
the International Society for Cellular Therapy [67].

6.5.2 Osteoblasts

To isolate osteoblasts, pieces of cancellous bone were washed with Phosphate-buffered saline
(PBS) multiple times, manually dissected with a scalpel, and subsequently grown in a culture flask
in the above-mentioned medium used to differentiate MSCs (Dulbecco's modified Eagle's medium
(DMEM Low Glucose; Gibco, Grand Island, NY, USA) with 10% fetal calf serum (Biochrom,
Berlin, Germany), 5 mM L-alanyl-1-glutamine (Gibco, Grand Island, NY, USA), 100 U/ml peni-
cillin plus 100 pg/ml streptomycin (Biochrom, Berlin, Germany)). At an 80% confluency achieved
after 3-4 weeks, Alizarin staining and alkaline phosphatase activity (ALP) were conducted to

check for the osteogenic potential of the cells [68].

6.5.3 Osteoclast differentiation

The differentiation of patient-derived osteoclasts was performed under the supervision of Anna
Floriane Hennig and Uta R&ssler. Human osteoclasts were generated from peripheral blood mon-
onucleated cells (PBMCs). Heparinized blood samples (30ml) were collected from the index pa-
tient and a healthy control. Density gradient centrifugation was performed to isolate PBMCs, with
a bottom layer of Biocoll Separating Solution Ficoll (1,077g/ml; Biochrom) and a top layer of
Buffy Coat solution (1:2 dilution with PBS (brand)). PBMCs were seeded out at a density of 3x10°
cells per 24-well and grown in medium composed of DEMEM + 10%FCS + 1% Ultraglutamine,
1% Pen/Streptomycin + 15ng/ml rhM-CSF (R&D Systems #216-MCC), which was changed every
2-3 days. On day 3, thRANKL (PeproTech #310-01) was first added to the medium at a concen-

tration of 50ng/ml. Differentiation success was tracked daily by light microscopic evaluation.

6.6 Osteoclast staining

In-vitro differentiated osteoclasts (OCs) were stained to confirm successful osteoclast differentia-
tion by the analysis of their function and morphology. OCs were fixed with 4% paraformaldehyde
(PFA) at day 14, permeabilized with 0,1% Saponin, and stained for 15min at room temperature
for tartrate-resistant acid phosphatase (TRAP) activity. Overnight staining with fluorescent-la-
beled phalloidin was followed by staining with 4’,6-diamidino-2-phenylindole (DAPI) to visualize
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the nuclei. OCs were visualized using the Olympus BX60 fluorescence microscope (Olympus,

Waltham, MA, USA).

6.7 Osteoclast resorption pit assay

In-vitro osteoclast-mediated bone resorption was quantified by measuring the resorption capacity
of osteoclasts that had previously been seeded onto dentin chips or bone slices at a defined density.
Resorption events were marked by a 0,25% Toluidine blue stain and visualized by a Laser Scan-

ning Confocal Microscope LSM 700.

6.8 Immunoblot (Western Blot) -

The published immunoblot is a work of lab member and co-author Nina Stelzer. Human osteo-
clasts (hOCs), human osteoblasts (hOBs), human MSCs (hMSCs) cultured to a confluent state
were lysed using 100-200pl ice-cold RIPA buffer (150mM NaCl, 50mM Tris, SmM EDTA, 1%
Triton X-100, 0,25% Desoxycholate, 0,1% SDS). Protein concentration and quality were assessed
using the Pierce BCA-assay Kit (Thermo Fisher Scientific). Protein lysates were primed for im-
munoblotting by loading with a dye and denatured by heating the probes on a heat block to up to
70°C.

6.9 RNA

Trizol-based (Life Technology) RNA isolation of different cell lines (hMSCs, hOBs, hOCs) was
performed with the Direct-zol RNA kit (Zymo Research). RNA concentration and quality were

measured by the NanoDrop system (Thermo Fisher Science).

6.10 cDNA Sequencing

Reverse transcription was performed with the RevertAid First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific) to transcribe RNA into cDNA. Oligonucleotide primers were designed
with Primer 3 plus [66], the cDNA of interest was amplified using PCR, and the PCR product was
then sequenced on an ABI3730xl DNA Analyzer (Applied Biosystems).
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7 Results

In families and individuals with rare monogenic high bone mass disorders, hitherto undescribed

mutations in different genes were detected by NGS and their molecular effects were described.

5.1 Novel mutations identified in four patients with craniofrontonasal syndrome (CFNS)

In four unrelated, female patients from four Indian families, the clinical diagnosis of Craniofron-
tonasal Syndrome (CFNS) was made. As the clinical picture was characteristic if not pathogno-
monic for CFNS caused by mutations in EFNBI, only specific testing by Sanger sequencing was
performed. Through Sanger sequencing, four previously unknown EFNBI mutations were de-
tected. The newly found mutations EFNB1 c.186 188delCAT (p.lle63del), c.404 405in-
STACATTAC (p.Ser136Thrfs*26), ¢.196 197insC (p.Arg66Profs*9), and c.42 43delG
(p.-Alal5Argfs*31) accumulated in exons 1 and 2 [61]. All patients exhibited characteristic and

mainly facial features of CFNS. Three out of four mutations were predicted to alter splicing.

5.2 Analysis of five patients with osteopetrosis of intermediate severity and unusual manifes-

tations

In all osteopetrosis cases, the clinical picture prompted the testing strategy. Before genetic testing,
the clinical picture was analyzed in detail including the assessment of the past medical history, X-
ray images or CT scans, and laboratory results. First, mutations in CLCN7 were excluded as the

most likely candidate.

Four patients from three different families with osteosclerosis, platyspondyly, and long bone mod-
eling defects suggesting the diagnosis of intermediate autosomal recessive osteopetrosis (ARO) or
dysosteosclerosis (DOS) were found to carry mutations in SLC2943 and TCIRGI. The radiologic
phenotype encompassed sandwich vertebrae and osteosclerosis of long tubular bones (femur, hu-
merus, radius, and ulna), the phalanges, and ribs [36]. In two patients of Turkish descent, a high
bone mass gene panel was run and two homozygous mutations in SLC2943 were found —
c.302_303insCTACTTTGAGAGCTACCT (p.Asnl01delinsAsnTyrPheGluSerTyrLeu) in Patient
1, both parents carrying the mutation in a heterozygous state, and c.1172C>A (p.Pro391His) in
Patient 2. All mutations were confirmed by Sanger sequencing. WES was performed in two indi-
viduals from one Indian family. Two TCIRGI variants were detected, one frameshift variant,
c.1732 1733delCT (p.Ala796fs*34), and one splice site variant c.117+4A>C. Sanger sequencing

confirmed the compound heterozygous transmission of the two TCIRG 1 variants.
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Osteosclerotic metaphyseal dysplasia (OSMD) to some extent resembles subtypes of ARO (dysos-
teosclerosis, intermediate ARO) [42]. In a 34-year-old male of Bulgarian origin who presented
with sandwich vertebrae, platyspondyly, osteosclerosis of the tubular bones, pathologic fractures,
and anemia, we have linked the homozygous splice-site mutation ¢.261G>A in LRRK]I to the
OSMD-phenotype and his severe form of osteonecrosis of the jaws. Trio-based exome sequencing,
bioinformatic filtering, and Sanger sequencing detected the disease-causing mutation that is pre-
dicted to affect splicing. cDNA sequencing confirmed altered splicing as the entire exon 3 was
skipped, leading to a frameshift and premature stop codon (p.Ala34Profs*33). Further investiga-
tions depicted the molecular effects of this osteoclast-rich type of osteopetrosis. The histologic
analysis of an iliac crest biopsy revealed hypermineralized cartilage remnants, oversized multinu-
cleated osteoclasts with abnormal morphology, and insufficient bone resorption. Osteoclasts iso-
lated from whole peripheral blood via PBMCs and RANKL-induced differentiation grew at a
faster pace and into larger osteoclasts compared to a wild-type (WT) control. A resorption pit assay
showed an ineffective bone resorption behavior with more shallow resorption pits. An immuno-
blot on protein derived from patient osteoclasts, osteoblasts, and mesenchymal stem cells dis-
played a significantly reduced phosphorylation of L-Plastin at position Ser5, visualizing a loss of

function of the altered LRRK1 kinase protein [42].
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8 Discussion

8.1 Comparison of phenotypes characterized in this work

Craniofrontonasal Syndrome — a defect of skeletal patterning

Patients described in the publication “Four novel mutations in EFNBI in Indian patients with cra-
niofrontonasal syndrome (CFNS)” make up an individual cohort with pathognomonic facial fea-
tures and alterations of the appendicular skeleton, eg. syndactyly and brachydactyly [61]. In com-
parison to the patients and disease entities discussed in the other here delineated papers, CFNS is
a defect of skeletal patterning, not of bone homeostasis. Frontonasal dysplasia (FND, OMIM
#136760) is an autosomal-recessive syndrome resembling CNFS. It is caused by mutations in the
ALX Homeobox 1 (ALX1) gene and involves the clinical picture of hypertelorism, wide nasal
bridge, microphthalmia, cleft palate, and low-set ears [69]. Also assigned to the group of skeletal
patterning defects, it is a severe disease entity exhibiting similarities to the pathomechanism of
CNFS. Recently, ALX1 was shown to regulate the Paired box 3 transcription factor (PAX3), which
is a transcription factor that enables cranial neural crest development during craniofacial develop-

ment [70].

Osteosclerotic metaphyseal dysplasia — a defect of bone homeostasis

Osteosclerotic metaphyseal dysplasia (OSMD) and severe osteonecrosis of the jaws (ONJ) are
distinct features of the Bulgarian patient carrying an LRRK splice-site mutation described in the
publication “Adult Osteosclerotic Metaphyseal Dysplasia with Progressive Osteonecrosis of the
Jaws and Abnormal Bone Resorption Pattern Due to a LRRK1 Splice Site Mutation” [42]. OSMD
is a defect of bone homeostasis due to defective osteoclasts. Platyspondyly, sandwich vertebrae,

diaphyseal thickening, and metaphyseal modeling defects occur as a result.

The patient discussed in the above-mentioned publication also suffered from recurrent ONJ and is
the first patient reported to suffer from OSMD paired with severe, non medication-related ONJ. It
has been observed that in the setting of osteonecrosis, there is decreased bone turnover due to
inactivated osteoclasts. In medication-related necrosis of the jaw (MRONJ), giant multinucleated
and inactive osteoclasts (reduced number of TRAP-positive OCs) were depicted [71]. When as-
sessing a patient suffering from ONJ, the following differentials should be considered. MRONUJ as

the most prevalent cause is triggered by antiresorptive or antiangiogenic drugs such as bisphos-
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phonates and RANKL-inhibitors which are often prescribed in oncologic patients with bone me-
tastases or the setting of osteoporosis [72-74]. ONJ can also be triggered by intravenous drug
abuse. Especially the intake of krokodil, a semi-synthetic type of heroin used as a cheap heroin
substitute, has been reported to cause ONJ as an unwanted side effect [75]. Diffuse sclerosing
osteomyelitis (DSO) is a rare disease of unknown etiology that can also cause an ONJ resembling
phenotype [76]. Another differential is osteoradionecrosis (ORN) which is an unintended side ef-
fect of irradiation to the head and neck region used as a curative or adjuvant oncologic therapy for
head and neck cancer [77]. Genetic causes of ONJ are less common and should be considered after
excluding the above-mentioned risk factors for ONJ. Further evidence of a genetic cause can be
found by taking a family history, evaluating x-ray images, and performing genetic testing. Chronic
recurrent multifocal osteonecrosis (CRMO; OMIM #259680) is an autoinflammatory condition
characterized by sterile bone inflammation which in the majority of cases occurs sporadically and
often is recurrent [78]. There also is an autosomal recessive form known as Majeed syndrome,

which has been linked to mutations in the Lipin 2 (LPIN2) gene [79].

Osteopetrosis cases

All patients delineated in this work have a monogenetic disease affecting bone. They share similar

clinical features and show distinct findings.

Patients described in the publications “Sclerosing bone dysplasias with hallmarks of dysosteoscle-
rosis in four patients carrying mutations in SLC2943 and TCIRGI* and “Adult osteosclerotic
metaphyseal dysplasia with progressive osteonecrosis of the jaws and abnormal bone resorption
pattern due to a LRRK splice-site mutation” share the diagnosis of osteopetrosis with autosomal
recessive inheritance [36, 42]. Each patient involved in the above-mentioned publications can be
assigned to the osteopetrosis subtypes dysosteosclerosis, intermediated ARO, or OSMD. They
exhibit similar features and have differences that make each subgroup and each patient distinct.
Commonalities include a high bone mass detectable by X-ray images or CT scans. In comparison
to a healthy individual, an elevated cortical bone density and altered bone shape (sandwich verte-
brae, platyspondyly, slightly broadened femur, or severe Erlenmeyer flask deformity) were pre-
sent. The altered bone architecture and poor quality in terms of stability resulted in fractures rep-

resenting another key common trait.

Dysosteosclerois (DOS) and osteopetrosis can be challenging to discriminate and it is being dis-
cussed, whether listing the aforementioned disorders as distinct disease entities are reasonable due

to their great commonalities. The patient with DOS described in the above-mentioned publication
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carried a SLC29A43 mutation. Clinical features that can facilitate the diagnosis of DOS were plat-

yspondyly and a more pronounced tubular modeling defect.

Another commonality of the described genetic defects is the osteoclast function as all disease en-
tities are osteoclast-rich with reduced osteoclast function. The described compound-heterozygous
TCIRGI1 and homozygous LRRK] mutations are hypomorphic, exhibiting a reduced but not di-
minished gene function. Hence, not the picture of a complete loss of function effect is depicted
here. Due to the mode of inheritance (recessive in our cohort) and the absence of RTA or severe
neurologic manifestations, only differentials with autosomal recessive transmission were consid-

ered.

8.2 The road to the diagnosis

With a trained eye, fast visual diagnoses can be made in some genetic disease entities. CFNS for
instance involves certain cranial stigmata that are pathognomonic for the disease. In this setting,
targeted Sanger sequencing can be performed rather than more costly NGS. There are also cases
in which a genetic cause of a disease is suspected but the road to the final genetic diagnosis can
demand multiple efforts. The process until the disease-causing mutation in a patient or cohort is
deciphered can then be challenging — as it has been the case of the patient suffering from LRRKI-
induced OSMD [42]. This is due to genetic heterogeneity as different genetic defects can cause

similar forms of osteoclast impairment.

8.3 Splicing in genetic diseases

Amongst genetic experts, it is widely known that splicing is a key genetic element that is vulner-
able to impairment through mutations. The abundance of mutations affecting splicing and their
effects are most likely underestimated. Alternative splicing is susceptible for and known to play
an important role in the development of the human body and many disease entities, eg. in the
development of the cerebral cortex and hence in brain malformations, prostate cancer, and cardi-
ovascular disease amongst others [80-83]. In-vitro tools like the Human Splicing Finder describe
the probability that a mutation has an effect on splicing [84]. The tool can make predictions on the
severity of alternative splicing in certain cases, but only when a single request is inserted. So far,
no tool allows for general screening for splicing events. Additionally, deep intronic or deep exonic
variants and synonymous mutations that could affect splicing are not well annotated. Usually,
more than one tool needs to be used to be able to comment on the most probable splicing effect.

The lack of appropriate tools to reliably screen for implications on splicing can partially explain
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why splicing is underrated in research thus far. This can serve as an incentive to work on the
development of new in-vitro splicing tools that can predict the effects a mutation has on splicing.
More extensive screening for splicing could benefit genetic research and contribute to a more pro-
found understanding of the disease. New experiments could be conducted that deduce the putative

effects certain mutations have on a donor or acceptor site from a vcf-file.

8.4 Impact on future research

Future therapies for the effective treatment of osteoporosis are continuously sought after. In the

past 15-20 years, osteoporosis treatment has advanced significantly.

Containment of bone resorption on the one side was approached by bisphosphonates, estrogen, the
selective estrogen receptor modulator Raloxifene, the humanized RANKL inhibitor Denosumab,
and the selective Cathepsin K inhibitor Odanacatib [85, 86]. Osteoanabolic drugs on the contrary
are human Parathyroid hormone (hPTH), and human PTH-related protein (hPTHrP) analogs [87].
A dual effect of increased bone formation and decreased bone resorption concurred in the mono-

clonal antibody against sclerostin Romosozumab [88].

A positive example of the successful invention and implementation of a drug can be illustrated by
the sclerostin (SOST) gene, which was identified through investigating the very rare high bone
mass disorders Van Buchem disease and sclerosteosis [89]. Sclerostin is a glycoprotein most com-
monly expressed by osteocytes. Excess sclerostin had been proven to cause diminished bone
strength and bone degradation. Inactivation of sclerostin by mutations or anti-sclerostin antibodies
leads to an increase in bone formation and was successfully used as an anabolic treatment for
osteoporosis. Monoclonal antibodies to sclerostin were reported to prevent an increase in bone
formation [90]. Low levels of extra-skeletal or other undesired effects were observed [91]. In a
phase 3, multicenter, randomized, double-blind trial, the combination of Romosozumab treatment
and subsequent treatment with the bisphosphonate alendronate was shown to reduce the fracture

risk in postmenopausal osteoporosis compared to single treatment with alendronate [92].

The Cathepsin K inhibitor Odanacatib was long considered a promising candidate for an osteo-
clast-inhibiting therapy to tackle low BMD in osteoporosis. Cathepsin K is a cysteine protease
highly expressed in osteoclasts [93]. Within OCs, it resides along the OC-bone resorptive area, in

the endosomal/lysosomal system, and in cytoplasmic vesicles [94, 95]. Homozygous or compound
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heterozygous mutations in the cathepsin K (C7SK) gene were found in patients with pycnodysos-
tosis, which is a rare autosomal recessive lysosomal storage disorder (OMIM #265800) with ele-
vated bone mass [96]. A lack of functional enzyme resulted in impaired bone/ collagen I resorption
capacity and elevated BMD [97]. The Cathepsin K inhibitor Odanacatib disables matrix dissolu-
tion and decreases bone resorption. A multinational randomized, double-blind phase III study of
Odanacatib was conducted in postmenopausal women. Clinical trials and further development of
the drug were withdrawn due to an increased risk for cerebrovascular accidents in the verum group

[85, 98].

LRRKI has been discussed as a potential drug target for osteoanabolic treatment for osteoporosis.
A small molecule inhibiting LRRK 1 has been shown to effectively decrease osteoclast activity by
blocking the LRRK1 kinase domain and preventing ATP binding without affecting osteoclast for-
mation [99]. Although being a potential new drug target for osteoporosis, our study suggests that

ONJ needs to be considered as a potential side-effect of anti-LRRK1 treatment.

9 Conclusion

In the past years, research on autosomal recessive forms of osteopetrosis has experienced notable
progress. The reduced costs for NGS and the facilitated scientific exchange across the world have
enabled the detection of more disease-causing variants and further analysis of the molecular ef-

fects.

In summary, the here delineated studies have dealt with mutations causing different types of
osteopetrosis and bone disease. We have analyzed the mutation effects in a detailed manner. Four
new EFNBI mutations were described in CFNS patients. We reported on a rare case of intermedi-
ate autosomal recessive osteopetrosis due to a TCIRG/ variant and outlined undescribed SLC29A43
mutations in dysosteosclerosis patients. The LRRK I mutation we described is the fourth known
mutation in this gene that causes OSMD. LRRK has previously been considered as a potential
drug target for osteoporosis and our study raises concerns that the implementation of LRRKI1-
antibodies might cause ONJ as an undesired side effect. In sum, this work broadens the spectrum
of high bone mass disease pathology and sheds light on the potential risks and benefits of using

LRRKI as a target for osteoporosis treatment.
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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
113)1); sg]ss;e;)s;lyel;osm 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 TCIRG1 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
Ilumina 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 (hg19) 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
Illumina (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 ABI3730xl 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-
minent supraorbital ridges and a narrow face were present in Patient 2
and 3; abnormalities of the teeth (not further specified) were only ob-
served in Patient 2 (Table 1).

In the light of these clinical and radiological findings we speculated
that Patient 2 might have autosomal dominant osteopetrosis type 2,
whereas for the other patients the diagnoses intermediate autosomal
recessive osteopetrosis or dysosteosclerosis seemed more likely.

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

3.3. Mutation analysis

After exclusion of mutations in CLCN7 as the most likely candidate
gene for intermediate and autosomal dominant osteopetrosis, gene
panel or whole exome sequencing (WES) were carried out, respectively.

In Patient 1 the homozygous mutation SLC29A3 ¢.302_303insCTA
CTTTGAGAGCTACCT (p.Asnl01delinsAsnTyrPheGluSerTyrLeu) was
revealed by gene panel sequencing of the most common genes asso-
ciated with pathological bone mass changes and confirmed by Sanger
sequencing (Fig. 4A) [27]. The parents both carried the variant in a
heterozygous state. One of the index’ phenotypically unaffected sisters
was a heterozygous carrier. Gene panel sequencing also detected the
homozygous mutation SLC29A3 ¢.1172C > A (p.Pro391His) in exon 6
in Patient 2 (Fig. 4B). No segregation analysis was possible due to ab-
sence of DNA samples from further family members. Both SLC29A3
mutations have not been described before in literature. The insertion
found in Patient 1 was neither annotated in EXAC nor in the 1000
Genomes project and ranked disease causing by MutationTaster. The
missense mutation in Patient 2 was ranked disease-causing by Muta-
tionTaster, PolyPhen, and SIFT. The mutation occurred twice in EXAC
in a heterozygous state and has not been detected in the 1000 Genome
Project. In the ENT3/SLC29A3 topology model (Fig. 4C) the two mu-
tations lie in the loop between transmembrane helices 1 and 2 and in
transmembrane helix 9, respectively. A protein alignment shows com-
plete evolutionary conservation of p.Pro391 (Fig. 4D).

In WES data of Patient 3, the compound heterozygous mutations
TCIRGI ¢.117+4A >C and ¢.2380_2381delCT were identified.
Segregation analysis confirmed a paternal origin of the c.117+4A > C
change and a maternal origin for ¢.2380_2381delCT (Fig. 5 A). The
same compound heterozygous mutations were detected in Patient 4 by
Sanger Sequencing. In the unaffected sibling only the mutation
c.117+4A > C was present. Both TCIRGI mutations have not been
described before. However, the similar variant ¢.117+4A > T was
shown to lead to a use of an upstream cryptic splice donor site [1,21].
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).

Patient 2, 12y
SLC29A3 p.Pro391His

Patient 1, 11y 2m

SLC29A3 p.Asn101delins
but there is no clear evidence for calvarial thickening (B). Patient 2 shows a flat occiput and mild calvarial thickening (C,D). The skull base is mildly sclerotic. The most pronounced calvarial thickening is seen in Patient 3

Fig. 3. Cranial radiographs of Patient 1 (A, B) and Patient 2 (C, D), and Patient 3 (E) in occipito-frontal (B), anterior-posterior (D), and lateral (A, C, E) exposure. In Patient 1, osteosclerosis of the skull base is revealed (A),
(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.Arg386Gln 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-Arg386GIn (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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Web resources

Sea

The URLs for data presented herein are as follows:

Ensembl Genome Browser, http://www.emsembl.org

Exome Variant Server, NHLBI GO Exome Sequencing Project (ESP),
ttle, WA, http://evs.gs.washington.edu/EVS/

GeneTalk, http://www.gene-talk.de/

Mutation Taster, http://www.mutationtaster.org/

Online Mendelian Inheritance in Man (OMIM), http://www.ncbi.

nlm.nih.gov/omim

PolyPhen2, http://genetics.bwh.harvard.edu/pph2/

SIFT, http://sift.jevi.org/www/SIFT_enst_submit.html
Uniprot, www.uniprot.org

Human Spicing Finder, http://www.umd.be/HSF3/index.html
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Abstract

Craniofrontonasal syndrome (CFNS) (OMIM #304110) is a very rare, X-linked developmental disorder characterized by
facial stigmata, including hypertelorism, frontonasal dysplasia, craniosynostosis, bifid nasal tip, and digital abnormalities.
CFENS is caused by mutations in the Ephrin 1 gene (EFNBI) located at Xq13.1, which encodes the transmembrane protein
Ephrin B1. Interestingly, heterozygous females are more severely affected than hemizygous males. We report on four
individuals from four unrelated Indian families with mild-to-severe CFNS. All patients had variable degrees of hypertelorism
and nasal bridge depression, which did not correlate with changes in other tissues. Although patients 3 and 4 showed the
most severe facial dysmorphism and syndactyly, there were no structural CNS changes or developmental delay. In contrast,
patient 1 displayed agenesis of corpus callosum and developmental delay, although facial and finger abnormalities were
milder. Patients 1, 2, and 4 showed different degrees of clefting. DNA sequencing revealed four previously undescribed
heterozygous mutations in exons 1 and 2 of EFNB]. Patient 1 carried the second single amino acid deletion reported up to
date. The other three affected individuals harbored frameshift mutations, leading to premature termination codons. Our
findings broaden the spectrum of EFNBI mutations and illustrate the absence of an obvious correlation between mutation
type, severity, and expression of symptoms.

Introduction

Craniofrontonasal syndrome (CEFNS) (OMIM #304110)
has first been described in 1979 by Cohen [1]. It is an X-
linked disorder caused by mutations in the Ephrin B1 gene
(EFNBI), which is located on the short arm of the X
chromosome (Xpl13.1) [2]. The paucity of male CFNS
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patients has been described in the literature [3]. It is
known that heterozygous females are more severely
affected than hemizygous males [4-6]. In females, char-
acteristic abnormalities include severe hypertelorism,
depressed nasal bridge, and coronal synostosis. Occa-
sionally, cleft lip and palate, diaphragmatic hernias, and
corpus callosum agenesis or dysgenesis are present.
Hemizygous males show no or mild signs, such as
hypertelorism. Longitudinal ridging of the nails, syn- or
poly-dactyly, and wiry hair commonly occur in CFNS
[2, 5-7].
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EFNBI codes for Ephrin B1, which is a transmembrane
protein of 346 amino acids (ENST00000204961.4). Ephrin
B1 binds to Eph receptor kinases [8]. Eph/ephrin complexes
play crucial roles in neural development and plasticity, as
well as morphogenesis through formation of boundaries
[9, 10]. Twigg et al. [11] proved that the Efnb] expression is
particularly high in murine neural crest cells. While the
complete loss of Efnbl in mice is perinatally lethal, female
Efnb1™~ mutants exhibit dysmorphic features characteristic
of CNFS, which are absent in hemizygous males [12]. This
phenomenon might be explained by difficulties establishing
boundaries in the mosaic state arising from X inactivation
intermingling EFNBI-negative and EFNBI-positive cells
[13]. In hemizygous males, the function of EFNB1 might be
taken over by a related ephrin.

To date, a total of 116 mutations in EFNBI have been
described, the majority of which are missense mutations,
followed by the occurrence of small deletions and splice-
site mutations. Here, we report on four additional patients
from four different families who carry four novel EFNBI
mutations and demonstrate clinical variability in CFNS.

Materials and methods
Sanger sequencing

Written informed consent of the patients was acquired prior
to genetic testing. DNA was obtained from the whole-blood
samples. The five exons and exon—intron boundaries of
EFNBI (NM_004429) were amplified using oligonucleo-
tide primers. Primer pairs were 5'-AGAAGAGCGACAC
CGAAGC-3’ and 5'- AGACCTCCCCACATGCACT-3’
yielding a 379-bp product for exon 1, 5'- CCTGAGGCTG
ACCATCTTCT-3' and 5- GTTAAGCCCAGGGAGAG
AGC-3’ resulting in a 357-bp product for exon 2, 5'-TGGG
AGTTTCTGGGTAATGC-3" and 5-CTGTTCCAAAGGT
CAAACAGG-3' yielding a 223-bp product for exon 3, 5'-A
TGACTGAGGGCACCTATGC-3" and 5'-GGGCCTAAC
AAGGTGACAGA-3’ yielding a 250-bp product for exon 4,
and 5'-GCCTGAAATCTGCTGTGTGT-3' and 5'-AA
ATACAAAGGTGGGCACAG-3' yielding a 585-bp pro-
duct for exon 5. The PCR products were sequenced on an
ABI3730x]I DNA Analyzer (Applied Biosystems).

Mutation analysis

The sequencing data were compared with the EFNBI
cDNA reference sequence GenBank accession number
NM_004429 and analyzed using the software Geneious
[14]. Further in silico analysis of the mutations was per-
formed by the prediction tools MutationTaster [15] and
Human Splicing Finder [16].
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Ephrin ectodomain 3D model

The ectodomain structure of the closely related Ephrin B2
(liko) was uploaded to the CCP4 software [17, 18]. The
residues Ile63, Cys64, and Cys101 were projected as ball-
and-stick structures onto the ribbon-type protein model.

Results
Clinical presentation

The clinical findings of the four unrelated female patients
are summarized in Table 1 and the corresponding images
are shown in Figs. 1 and 2. All patients described in this
paper are the first children of Indian origin born to non-
consanguineous parents, who did not show any signs of
CENS.

Patient 1 was referred for dysmorphic evaluation and
developmental delay. Hypothyroidism was diagnosed in
the newborn period and treated with 25 pug thyroxine. On
examination at the age of 6 months, she presented with a
weight of 5.5kg (<3rd centile), length of 64cm (3rd
centile), and head circumference of 39.5 cm (<3rd cen-
tile). Head control was attained. She had a coarse face, a
hoarse voice, a small anterior fontanel, significant
hypertelorism, bilateral epicanthic folds, bilateral low-set
ears, macrostomia, a tongue tie, a thick upper midline
frenulum, a microform cleft upper lip, and a short neck.
She had an extremely flat nasal bridge, anteverted nares,
and a midline crease of the tip of the nose (Fig. 1a).
Brachydactyly and hyperelasticity of finger joints were
evident (Fig. 2a). The inspection of the feet revealed a
bilateral splintering of the big toes (Fig. 2b, ¢) and a
medially deviated third toe with bilateral undertoeing
(Fig. 2c). Magnetic resonance imaging (MRI) showed
agenesis of corpus callosum.

Patient 2 was born at term by normal delivery (birth
weight 3.85 kg (75—90th centile)) and started to crawl at
5 months of age. Clinical examination demonstrated a head
circumference of 39 cm (3rd centile), a small anterior fon-
tanel, a coarse face, hypertelorism, downslanting palpebral
fissures, brachycephaly, a small cleft of the upper lip, low-
set overfolded pinna, a high-arched palate, and a short neck
(Fig. 1b). No interdigital webbing or abnormalities of fin-
gers and toes were present. A brain MRI at the age of
5 months revealed a corpus callosum (callosal) dysgenesis.
She had a unicoronal synostosis (anterior plagiocephaly)
and underwent fronto-orbital advancement and hypertelor-
ism correction. At 2 V2 years of age, she had a weight of 10
kg (<3rd centile), height 85 cm (3rd centile), and head cir-
cumference of 44 cm (<3rd centile). She could walk without
support but had unclear speech.
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Table 1 Clinical features and genotype of four individuals with craniofrontonasal syndrome

Patient 1, female

Patient 2, female Patient 3, female Patient 4, female

5 months
No

Age at examination
Consanguinity

EFNBI mutation screening
DNA level

Protein level p-Ile63del
Exon (E); zygosity

Clinical manifestations (HPO terms)

Hypertelorism (HP:0000316) ++
Epicanthus (HP:0000286) Yes
Downslanting palpebral fissures (HP:0000494) +
Anteverted nares (HP:0000463) Yes
Depressed nasal bridge (HP:0005280) Yes
Midline nasal groove (HP:0004112) Yes
Abnormality of the pinna (HP:0000377) No
Low-set ears (HP:0000369) Yes
Coarse facial features (HP:0000280) Yes
Midface retrusion (HP:0011800) No
Micrognathia (HP:0000347) Yes
High palate (HP:0000218) No
Anterior open bite (HP:0200095) No
Cleft upper lip (HP:0000204) Yes
Bilateral cleft lip and palate (HP:0002744) No
Ankyloglossia (HP:0010296) No
Hoarse voice (HP:0001609) Yes
Short neck (HP:0000470) Yes
Small anterior fontanel (HP:0000237) Yes
Dysgenesis of corpus callosum (HP:0006996) No
Agenesis of corpus callosum (HP:0001274) Yes
Plagiocephaly (HP:0001357) Yes
Craniostenosis (HP:0001363) Yes
Global developmental delay (HP:0001263) Yes
Brachydactyly (HP:0001156) Yes
Broad thumb (HP:0011304) No
3,4 syndactyly (HP:0006097) No
Partial duplication of the distal phalanx of the fourth  No
finger (HP:0009981)

Longitudinal ridging of toe nails (HP:001807) Yes
Longitudinal ridging of finger nails (HP:001807) No
Shoulder girdle muscle atrophy (HP:0003724) No
Limited Shoulder movement (HP:0006467) No
Low-set nipples (HP:0002562) No

¢.186_188delCAT

E 2; heterozygous

2 years 6 months 4 years 6 months 16 years

No No No
¢.404_405insTACATTAC  ¢.196_197insC c.43_43delG
p-Ser136Thrfs*26 p-Arg66Profs*9 p-Alal5Argfs*31

E 2; heterozygous E 2; heterozygous E 1; heterozygous

++ +++ +++
No No No
+ ++ ++
Yes No No
Yes Yes Yes
Yes Yes Yes
Yes No No
Yes Yes Yes
Yes No No
No Yes No
Yes Yes Yes
Yes Yes Yes
No Yes Yes
Yes No Yes
No No No
No No No
No No No
Yes Yes Yes
Yes No No
Yes No No
No No No
Yes Yes No
Yes Yes Yes
No No No
No Yes No
No Yes No
No Yes Yes
No No Yes
Yes Yes Yes
No Yes Yes
No Yes Yes
No Yes Yes
No Yes Yes

Patient 3 had an unremarkable family history. She
showed normal development and intelligence. On exam-
ination at the age of 4 ¥2 years, her height was measured at
98 cm (3rd centile) and the head circumference at 48 cm
(<3rd centile). Examination of the face revealed plagioce-
phaly and severe hypertelorism, a broad nasal root and tip,

54

antimongoloid slant of the eyes, prognathism, and an
anterior open bite (Fig. 1c). Cranial imaging showed uni-
lateral left-sided coronal craniostenosis. She underwent
fronto-orbital advancement for correction of unilateral cor-
onal synostosis and facial bipartition for correction of
hypertelorism. The neck was short and showed webbing,
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Patient 1, 6m
EFNB1 p.lle63del

Patient 2, 5m

Fig. 1 Variable craniofacial features of four female CFNS patients. All
patients present with hypertelorism, depressed nasal bridge, and low-
set ears. Patient 1 (a) and patient 2 (b) present with anteverted nares,
patient 2 additionally with a high palate and a cleft upper lip. Patient 3

Fig. 2 Additional skeletal findings. Upper and lower extremities of
patient 1 (a—c) and patient 4 (d-h). Patient 1 presents with a bra-
chydactyly and a broad thumb, b bilateral undertoeing, and ¢ a
medially deviated third toe of the left foot. Patient 2 presents with
d complete III-IV syndactyly of the right hand (operated) with fused
nails at the fourth finger and e partial cutaneous III/IV syndactyly of

the chest was flattened, and the nipples were low placed.
The patient was unable to elevate the shoulders completely,
with prominent wasting of infraclavicular muscles. Dys-
morphic features of the hands included a complete III/IV
syndactyly of the left hand and a partial cutaneous syn-
dactyly of the fingers 2-5 on the right hand. Longitudinal
ridging of big toes and other toes was detected and sig-
nificantly more distinct on the left side.

Patient 4 presented with a broad nasal root and tip,
downslanting palpebral fissures, severe hypertelorism, and
anterior open bite with normal intelligence (Fig. 1d). She

SPRINGER NATURE
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Patient 3, 4y 6m Patient 3, 9y
EFNB1 p.Arg66Profs*9  EFNB1 p.Ala15Argfs*31

(c) and patient 4 (d) show downslanting palpebral fissures. Patient 3
additionally presents with midface retrusion, anterior open bite, and
short neck, patient 4 with cleft upper lip and orbital dystopia

TN o gmo <

the left hand. g Longitudinal ridging of the left big toe. f Radiographs
revealed an osseous duplication of the middle and distal phalanges of
the fourth finger of the left hand, h high ridging scapula with elongated
clavicles, and i lateral view of skull shows severe craniostenosis with
copper beaten appearance

had a webbed neck, dropping of shoulders, pectus excava-
tum, and low-lying and asymmetrical nipples. The inspec-
tion of the extremities revealed complete cutaneous -1V
syndactyly of the right hand, which was surgically treated
(Fig. 2d), partial cutaneous III/IV syndactyly of the left
hand (Fig. 2e), and longitudinal ridging of third fingers of
both hands. Longitudinal ridging of the big toes and other
toes was also evident and more distinct on the left side
(Fig. 2g). Radiographs revealed an osseous duplication of
middle and distal phalanges of the fourth finger of the right
hand (Fig. 2f). She had left postal axial polydactyly, which
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HUMAN 50 IjVIYPKIGDKLDIICPRAEAGRPY
Mutated 50 LIVIYPKIGDKLDI-CPRAEAGRPY
MOUSE 50 LVLYPKIGDKLDIICPRAEAGRPY
CHICK 46 LVIYPEIGDKLDIICPKAEPSKPY
XENLA 44 LVLYPEIGDRLDIICPKGDSSQPY
DANRE 47 LVLYPEIGDKLDIICPKGDMGRPY

kklgek ghkk ghkk Kk 3 gk

Fig. 3 Consequences of the p.Ile63del mutation. a Alignment of the p.
Ile63del mutation (red box) identified in patient 1 and the previously
found single amino acid deletion p.Val51del (blue box). The adjacent
Cys64 cysteine residue is marked in orange. Note the high evolu-
tionary conservation of the sequence harboring both mutations. b A
3D model of the EFNB1 ectodomain showing the secondary structure

as ribbon and side chains of the amino acids Ile63 and Cys64 as ball
and stick (green = carbon, red = oxygen, and blue = nitrogen). The
deleted Ile63 lies at the end of a p-sheet (gray arrow) and the adjacent
cysteine forms an essential disulfide bridge (yellow), which—by pre-
diciton—will get lost as a consequence of the deletion

NG

n.a. n.a.

1
/C\’\«fl/\mc

¢.196_197insC
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C N N G N
c.404_405insTACATTAC

Fig. 4 Pedigrees and segregation of mutations found in CFNS patients.
Sanger validation and segregation of the EFNBI mutations
c.186_188delCAT in patient 1 (a), c.404_405insTACATTAC

was excised, and left-sided cleft lip and palate, which was
surgically repaired during infancy. She had a large fossa
ovalis, an atrial septal defect which was corrected by device
closure at 9 V2 years of age. The patient also had a high-
ridging scapula with elongated clavicles (Fig. 2h) and
severe craniostenosis with copper-beaten appearance
(Fig. 2i). Bicoronal synostoses with brachycephaly were
evident and she underwent hypertelorism correction by
facial bipartition technique and maxillary distraction.

In all four cases, CFNS was the suspected diagnosis, but
for patient 2, the differential diagnosis of Teebi-type
hypertelorism (OMIM #145420) was also considered.

Mutation analysis

Since the clinical findings were suggestive of CENS, we
amplified EFNBI by PCR and analyzed the gene by Sanger
sequencing. This revealed four heterozygous mutations in
exons 1 and 2 of EFNBI in the index patients, which were
not listed in EXAC, gnomAD, or the 1000 genomes project.

® (<]
G G C G A G G C G A
WT P ! WT
c.42_43delG

(p.S136Tfs*26) patient 2 (b), ¢.196_197insC (p.Arg66Profs*9) in
patient 3 (c¢), and c.42_43delG (p.Alal5Argfs*31) in patient 4 (d)

Investigation of the available parent DNAs revealed wild-
type sequences. An overview of the Sanger sequencing and
segregation testing is shown in Fig. 4, and bioinformatic
pathogenicity predictions are summarized in Supplementary
Table 1.

The heterozygous mutation c.186_188delCAT (p.Ile63-
del) in exon 2 detected in patient 1 affects a highly con-
served amino acid in the extracellular ephrin domain next to
a cysteine residue forming a disulfide bridge (Fig. 3a, b).
The mutation was confirmed by Sanger sequencing, but
could not be detected in the index” mother (Fig. 4a). DNA
of the father was not available. The variant is ranked
pathogenic due to high amino acid conservation, but no

splice alterations are predicted (ACMG class: likely
pathogenic).
Patient 2 carries the mutation  EFNBI

¢.404_405insTACATTAC (p.Ser136Thrfs*26) (Fig. 4b). In
silico analysis by the Human Splicing Finder indicates a
possible alteration of splicing (ACMG class: pathogenic).
In patient 3, the mutation EFNBI c¢.196_197insC
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(p-Arg66Profs*9) was detected (Fig. 4c). No DNA from
other family members was available. According to in silico
analysis with the Human Splicing Finder, the original
exonic splicing enhancer site is altered or broken in the
setting of the mutation, most likely causing an alteration of
splicing (ACMG class: likely pathogenic). The mutation
c.42_43delG (p.Alal5Argfs*31) was found in patient 4
(Fig. 4d). Sequencing of the parents revealed a wild-type
sequence. The activation of an exonic cryptic donor splice
site is predicted by the Human Splicing Finder (ACMG
class: pathogenic).

Discussion

In this study, we describe four female individuals from four
different Indian families with characteristic stigmata of
CFENS. By a targeted screening approach through Sanger
sequencing, we found four novel disease-causing mutations
in the EFNBI gene, three of them are frameshift mutations
and one is a small deletion.

All mutations described were neither annotated in ExXAC
nor in the 1000 genomes project. The heterozygous muta-
tion EFNBI c.186_188delCAT (p.lle63del) in patient 1 is
located in the highly conserved extracellular ephrin domain,
which is crucial for receptor ligand recognition and complex
formation [19]. This mutation is the only one of our series,
for which no significant effect on splicing is predicted. The
only single amino acid deletion reported so far is
¢.151_153delGTG (p.Val51del) described by Twigg et al.
[3], which is in the vicinity of p.lle63del. The two female
carriers of this mutation exclusively revealed typical facial
features and coronal craniosynostosis. The phenotype of
patient 1 is considerably more severe, especially due to
corpus callosum agenesis and developmental delay. In how
far the latter might also be attributable to hypothyroidism is
currently unknown. The strong effect of the p.lle63del
mutation is surprising, since it deletes one of the two con-
secutive isoleucine residues. We hypothesize that due to this
deletion, the cysteine at position 64 loses its ability to form
a disulfide bridge with cysteine 101, which is a strong
stabilizer of the tertiary protein structure. The variant most
similar to c¢.404_405insTACATTAC (p.Ser136Thrfs*26)
found in patient 2 is ¢.296_297delTCinsGGTGCTCG (p.
Thr100Valfs*62) reported by Inoue et al. [20]. The affected
patient had hypertelorism, depressed nasal bridge, bifid
nasal tip, bicoronal synostosis, and bilateral cleft lip and
palate. No mutations similar to ¢.196_197insC (p.Arg66-
Profs*9) and c.42_43delG (p.Alal5Argfs*31) detected in
patients 3 and 4, respectively, have been reported to date.

Mutations with premature termination codons (PTCs) are
known to cause nonsense-mediated mRNA decay (NMD)
or lead to severely truncated, instable proteins. In some
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cases, an escape of NMD is possible. We predict that the
frameshift mutations described in patients 2, 3, and 4 lead to
alternative splicing and result in NMD, with an overall loss-
of-function effect. The mutations p.Val51del and p.lle63del
demonstrate how sensitive the Ephrin B1 protein is toward
alterations of such kind and support the prediction that even
if alternative splicing leads to in-frame products, the
resulting larger deletions will also have a loss-of-function
effect. Chacon-Camacho et al. [21] analyzed the truncating
mutation EFNB1 c¢.445_449delGAGGG in exon 3 at the
expression level and detected a severe decrease in the
expression level of EFNB1 mRNA, which confirmed
the degradation by NMD. Since no patient RNA was
available for our studies, we could not perform investiga-
tions on the RNA level.

The facial changes in patients 3 and 4 are more pro-
nounced than in patients 1 and 2. On the other hand,
patients 1 and 2 had corpus callosum anomalies. An
explanation for the phenotype variability could be the ran-
dom X inactivation in females, which has been described in
CFENS patients [22]. In heterozygous females, the X inac-
tivation causes a somatic mosaicism, in which cells with
defective EFNBI on their active X chromosome are func-
tionally EFNBI null mutants. In this mosaic pattern, a
higher share of mutated cells brings about a more severe
phenotype and can thus explain the range in CFNS severity.
Carrel and Willard [23] showed that the escape of X inac-
tivation could contribute to the interindividual phenotypic
differences of heterozygous females.

Some syndromes caused by mutations in different genes
have overlapping features with CFNS. Three types of
frontonasal dysplasia (FND) are caused by mutations in
different genes. Type 1 (FND1, OMIM #136760) is caused
by mutations in ALX3, Type 2 by mutations in ALX4
(FND2, OMIM #613451), and Type 3 by mutations in
ALX1 (FND3, OMIM #613456) [24]. Acrofacial dysostosis
(AFD1, OMIM #154400), also known as Nager syndrome,
is caused by mutations in SF3B4. In addition to craniofacial
features similar to CFNS, they have characteristic upper-
extremity deformities, but no lower-extremity involvement
[25]. Acromelic frontonasal dysostosis (OMIM #603671) is
another rare syndrome similar to CENS caused by hetero-
zygous mutations in ZSWIM6. It comprises craniofacial
malformations similar to CFNS (e.g., FND and corpus
callosum agenesis), as well as nonfacial traits, e.g., brain
and limb malformations (tibial hemimelia and preaxial
polydactyly) [26].

In conclusion, CFNS can be accounted as part of a
spectrum disorder of craniofacial and limb anomalies. Our
findings broaden the spectrum of EFNBI mutations and
demonstrate that there is no obvious genotype—phenotype
correlation, since the deletion of a single N-terminal amino
acid has the same effect as mutations leading to PTCs.
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ABSTRACT

Osteosclerotic metaphyseal dysplasia (OSMD) is a rare autosomal recessive sclerosing skeletal dysplasia. We report on a 34-year-old
patient with sandwich vertebrae, platyspondyly, osteosclerosis of the tubular bones, pathologic fractures, and anemia. In the third
decade, he developed osteonecrosis of the jaws, which was progressive in spite of repeated surgical treatment over a period of
11 years. An iliac crest bone biopsy revealed the presence of hypermineralized cartilage remnants, large multinucleated osteoclasts
with abnormal morphology, and inadequate bone resorption typical for osteoclast-rich osteopetrosis. After exclusion of mutations in
TCIRGT and CLCN7 we performed trio-based exome sequencing. The novel homozygous splice-site mutation c.261G>A in the gene
LRRKT was found and co-segregated with the phenotype in the family. cDNA sequencing showed nearly complete skipping of exon
3 leading to a frameshift (p.Ala34Profs*33). Osteoclasts differentiated from the patient’s peripheral blood monocytes were extremely
large. Instead of resorption pits these cells were only capable of superficial erosion. Phosphorylation of L-plastin at position Ser5 was
strongly reduced in patient-derived osteoclasts showing a loss of function of the mutated LRRK1 kinase protein. Our analysis indicates
a strong overlap of LRRK1-related OSMD with other forms of intermediate osteopetrosis, but an exceptional abnormality of osteoclast
resorption. Like in other osteoclast pathologies an increased risk for progressive osteonecrosis of the jaws should be considered in
OSMD, an intermediate form of osteopetrosis. © 2020 The Authors. Journal of Bone and Mineral Research published by American Soci-
ety for Bone and Mineral Research.
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Introduction

O steosclerotic metaphyseal dysplasia (OSMD; OMIM
#615198) is a rare sclerosing skeletal dysplasia first
described by Nishimura and Kozlowski in 1993.%V It is charac-
terized by osteosclerosis of the long bones (predominantly at
the metaphyses) and vertebrae, ribs, clavicles, and iliac crest.
Developmental delay, hypodontia, and seizures were also
reported to be part of the clinical picture.V It is a very
rare autosomal-recessive disease with a prevalence of
<1:1,000,000, caused by mutations in the leucine-rich repeat
kinase 1 (LRRK1) gene. To date, four families with five affected
individuals carrying biallelic LRRKT mutations have been
reported.®™ LRRK1 is a protein of the ROCO family composed
of four ankyrin repeat (ANK) domains, seven leucine-rich (LRR)
domains, a Ras of complex proteins (Roc) guanosine tripho-
sphatase (GTPase) domain, a C-terminal of Roc (COR) domain,
a serine/threonine kinase-domain, and WD40 domain.®® In
murine osteoclasts it was shown to play a role in bone resorp-
tion by regulating the formation of the sealing zone.”” Lrrk1
associates with C-terminal Src-kinase (Csk) and phosphorylates
the cellular Rous sarcoma oncogene c-Src as well as the actin
regulating proteins L-plastin and Cdc42.®?

Osteonecrosis of the jaw (ONJ) was described by Edwards and
colleagues in 2002 as a side effect of treatment with anti-
resorptive drugs such as intravenous bisphosphonates."® Risk
factors for medication-related osteonecrosis of the jaws (MVRONJ)
include diabetes, malignancies, oral surgical procedures, and
poor oral hygiene,""'? ONJ has also be observed in patients
with osteopetrosis.'>'¥

Here, we report on a patient with severe ONJ and clinical,
radiological, and histological signs of osteoclast-rich osteopetro-
sis caused by a LRRK1 splice site mutation. We compare this case
with other patients of LRRK1-related OSMD and describe the
effect of the loss of the LRRK1 kinase on the function of human
osteoclasts.

Patients and Methods

Biopsy studies

An iliac crest bone biopsy was obtained to further characterize
the detailed skeletal characteristics. The specimen was fixed in
3.7% formaldehyde, dehydrated, embedded in methyl methac-
rylate, and cut on a microTec rotation microtome (CVT 4060E;
microTec, Walldorf, Germany). Five-micrometer (5-pm) sections
were stained by toluidine blue, trichrome Masson-Goldner, and
von Kossa. Histomorphometric analysis was performed accord-
ing to the ASBMR standards"® and compared to reference
values.'®

Additionally, the bone mineralization density distribution
(BMDD) in the trabecular bone was analyzed by quantitative
backscattered electron imaging (gBEl; LEO 435 VP; LEO Elec-
tron Microscopy Ltd., Cambridge, UK) as described.!'”
Six images per specimen were taken (magnification x100)
and evaluated using a custom MATLAB-based program
(TheMathWorks, Inc., Natick, MA, USA). Histomorphometry
and BMDD values were furthermore compared to previously
published patients with CLCN7-related autosomal dominant
osteopetrosis type 11 as well as to reference values from
the literature."®

Next generation sequencing

Before next generation sequencing was initiated, mutations in
TCIRGT and CLCN7 were excluded by Sanger sequencing. For
the patient, the two siblings and his parents, libraries for trio-
based exome sequencing (WES) were prepared using NEBNext
DNA Library Prep Master Mix Set for lllumina (New England Bio-
Labs, Ipswich, MA, USA). Enrichment of the target regions was
done using the SureSelect Human Exome Kit V6 (Agilent Technol-
ogies, Santa Clara, CA, USA) and run on a HiSeq 2500 Sequencer
(lllumina, San Diego, CA, USA) with a 150-bp paired-end sequence
length. The sequences were aligned to the human genome
(GRCh37) with Burrows-Wheeler Alignment tool (BWA)" and
the variants were detected with the Genome Analysis Toolkit
(GATK), version 2.6 (https://gatk.broadinstitute.org/hc/en-us).??
The exome genotyping accuracy was estimated to be above
0.9999 based on the variant calls.?" Variants were detected with
SAMtools (http://www.htslib.org/), annotated with ANNOVAR
(http://annovar.openbioinformatics.org/en/latest/).*? All exons
with pathogenic variants in ClinVar (NIH, NCBI, Bethesda, MD,
USA; https://www.ncbi.nlm.nih.gov/clinvar/) were covered at a
minimum of 20 reads. Ninety-five percent (95%) of the remnant
exome target region was also covered by more than 20 reads.

Bioinformatic filtering of variants

The variants were analyzed by the Gene-Talk platform®® and the

pathogenic potential of individual candidate variants was evalu-
ated by MutationTaster (http://www.mutationtaster.org/).?* For
further analysis, we only analyzed homozygous variants that
were not represented by more than three individuals in the
1000 Genomes Project (https://www.internationalgenome.org/)
cohort, Genome Aggregation Database (gnomAd; https://
gnomad.broadinstitute.org/) or Exome Aggregation Consortium
(EXAC?) and which were not annotated as benign polymor-
phisms by MutationTaster.

PCR and Sanger sequencing

The respective exons and exon-intron boundaries of LRRK1
(NM_024652) were amplified using oligonucleotide primers
(sequences available upon request) and sequenced on an
ABI3730xI DNA Analyzer (Applied Biosystems, Foster City, CA, USA).

Culturing of patient mesenchymal stem cells and
osteoblasts

Primary human osteoblasts and mesenchymal stem cells (MSCs)
were received from the Core-Facility “Tissue Harvesting” of the
Berlin Institute of Health (BIH) Center for Regenerative Therapies
(BCRT). Written informed consent was given, and ethics approval
was obtained from the local ethics committee/institutional
review board (IRB) of the Charité University Hospital. Cells were
isolated from metaphyseal bone marrow (BM) or cancellous
bone biopsies, respectively, from patients undergoing hip
replacement at Charité University Hospital as described.?®%”
Briefly, MSCs were isolated by density gradient centrifugation
using Histopaque-1077 (Sigma-Aldrich, St. Louis, MO, USA) and
subsequent plastic adherence. Cells were cultured and
expanded in Dulbecco’s modified Eagle’s medium (DMEM Low
Glucose; Gibco, Grand Island, NY, USA) with 10% fetal calf serum
(Biochrom, Berlin, Germany), 5mM L-alanyl-I-glutamine (Gibco,
Grand Island, NY, USA), 100 U/mL penicillin plus 100 pg/mL
streptomycin (Biochrom, Berlin, Germany). MSC phenotype and
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in vitro differentiation potential was confirmed according the
minimal criteria for defining multipotent mesenchymal stem
cells of the International Society for Cellular Therapy.®® To iso-
late human osteoblasts, cancellous bone specimens from the
same patients were extensively washed in PBS and subsequently
cut into small pieces with a scalpel. The pieces were transferred
into a culture flask and expanded in the same medium used for
MSCs for 3 to 4 weeks until reaching approximately 80% con-
fluency. Osteogenic potential of the isolated cells were validated
using Alizarin staining and alkaline phosphatase (ALP) activity.?*

In vitro osteoclastogenesis

To generate human osteoclasts, peripheral blood was collected
and peripheral blood mononuclear cells (PBMCs) were isolated
by density gradient centrifugation and later differentiated into
active osteoclasts by growth factors. The experiment was done
with two independent 30-mL heparinized blood samples from
the patient and a healthy donor. The blood sample was split into
two parts and each half was diluted by PBS in a 1:2 solution
(15 mL peripheral blood + 15 mL PBS). In each 50-mL Falcon
tube, 15 mL Biocoll Separating Solution (1077 g/mL; Biochrom,
Berlin, Germany) were transferred as the bottom layer and care-
fully topped with 30 mL blood solution (1:2 dilution with PBS)
without mixing the layers. The tubes were centrifuged for 30 min
at 400g without break at room temperature (RT). The superna-
tant was removed and the interphase (PBMCs) was harvested
and collected in a new Falcon tube. A maximum of 10 mL PBMCs
were topped with 40 mL PBS and centrifuged for another 10 min
at 300g. The supernatant was removed and the PBMC pellet
resuspended in 5 mL PBS. The PBMC suspension of each Falcon
tube was pooled and filled up to 50 mL. The cell number was
determined and the PBMCs were seeded out at density of
3 x 10° cells per 24-well plate. The cells were resuspended in
medium composed of Alpha-MEM (Gibco, Grand Island, NY,
USA) + 10% FCS (Lonza, Basel, Switzerland) + 1% Ultraglutamine
(Gibco, Grand Island, NY, USA), 1% Penicillin/Streptomycin
(Gibco, Grand Island, NY, USA) + 15 ng/mL recombinant human
macrophage colony-stimulating factor (rhM-CSF) (R&D Systems,
Minneapolis, MN, USA; #216-MCC). The medium was changed
every 2 to 3 days. In a 24-well plate, 700 puL was removed and
replaced with fresh medium. At day 3, recombinant human
RANKL (rhRANKL) (PeproTech, Rocky Hill, NJ, USA; #310-01) was
first added to the medium at a concentration of 50 ng/mL. At
day 5, the first osteoclasts were detected. At day 14, osteoclast
staining was performed.

Osteoclast staining

In vitro differentiated osteoclasts were fixed at day 14 with 4%
paraformaldehyde (PFA) and permeabilized with 0.1% saponin.
Osteoclasts were stained for 15 min at RT for tartrate resistant
acid phosphatase (TRAP) activity using 0.1 mg/mL Napthol AS-
MX phosphate disodium salt (Sigma-Aldrich, Taufkirchen,
Germany) and 0.6 mg/mL Fast Red Violet LB Salt (Sigma-Aldrich,
Taufkirchen, Germany) in 40mM sodium acetate and 10mM
sodium tartrate. Actin in osteoclasts was stained overnight at
4°C with fluorescently-labeled phalloidin (Alexa Fluor 488; Life
Technologies, Inc, Grand Island, NY, USA; 1:400) and
4',6-diamidino-2-phenylindole (DAPI) (Life Technologies, Darm-
stadt, Germany) was used to stain nuclei (15 min RT, 1 pg/mL).
Fluorescence microscopy of stained osteoclasts was performed
with an Olympus BX60 microscope (Olympus, Waltham, MA,

USA). Two independent experiments were performed, each with
three coverslips.

Resorption assay

At day 6 of osteoclast differentiation, osteoclasts were lifted by
incubating the culture with StemPro Accutase (Thermo Fisher
Scientific, Waltham, MA, USA) for 10 min at 37°C and then
detached with a cell scraper. Osteoclasts were seeded in Alpha-
MEM with 10% FBS Superior, 1% Penicillin/Streptomycin, 1%
Ultraglutamine, 50 ng/mL rhM-CSF and rhRANKL at a density of
6.7 x 10%/dentine slice in 96-well plates and osteoclast culture
on dentine was continued for 5 days. Half of the culture medium
was replaced by fresh medium 2 days after osteoclast transfer. At
culture termination, the cells were removed from the dentine
slices and resorption events were visualized with 0.25% toluidine
blue (Sigma-Aldrich). Three independent experiments were per-
formed, each including three dentine slices. For 3D visualization
of resorption traces cleaned dentine discs were labeled by incu-
bation with 1% WGA-Texas Red (Life Technologies) in 1%
BSA/PBS and imaged using a LSM 700 confocal microscope
(Zeiss, Inc., Thornwood, NY, USA) as described.®?

RNA isolation

Trizol-based (Life Technologies) RNA isolation of human MSCs
(hMSCs), human osteoblasts (hOBs), and human osteoclasts
(hOCs) was performed with the Direct-zol RNA kit (Zymo
Research, Irvine, CA, USA). Two 25-cm? wells were lysed for each
cell identity. RNA concentration and quality was measured by
the NanoDrop system (Thermo Fisher Scientific).

cDNA sequencing

RNA was reverse transcribed into cDNA with the RevertAid First
Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Hennigsdorf,
Germany) and LRRK1 was sequenced with oligonucleotide primers
(sequences available upon request) and sequenced on an
ABI3730xI DNA Analyzer (Applied Biosystems, Dreieich, Germany).

Immunoblot analyses

Cultured osteoblasts and MSCs were lysed. Cell lysates (20 ug)
were transferred to a NuPAGE 3-8% Tris-Acetate protein gel
(Invitrogen, Carlsbad, CA, USA). The Phospho-Ser5-L-plastin anti-
body (Signalway Antibody, College Park, MD, USA; #12455), the
L-plastin Antibody (Abcam, Cambridge, MA, USA; #ab206322),
the p-Actin Antibody (13E5) (Cell Signaling Technology, Beverly,
MA, USA; #4970) and Cathepsin K antibodies (Abcam, Cambridge,
MA, USA ;#ab49893) were used for protein detection. Lysates from
two independent osteoclast cultures were analyzed. Although dif-
ferences in L-plastin phosphorylation are evident, no significance
levels were calculated because no blood sample for a third inde-
pendent experiment was obtained.

Ethics

This study has been approved by the local ethics committee
(EA2/010/19).
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Fig. 1. Craniofacial phenotype. (A-D) Panoramic X-ray of the jaws. (A) Status post teeth removal in left mandible and sclerosing bone transformation. (B)
After 4 years, loss of teeth in left upper jaw and mandible, pathologic fracture of the left mandible. (C) Spontaneous bone healing within two years, after
intermittent sequester removal. (D). Five years later, progressive bone necrosis and sequester formation of right mandible resulting in loss of all teeth in
lower mandible. (E) Initial presentation at 23 years of age with infraorbital fistulas due to necrotic maxillary bone. (F,G) Presentation at 34 years of age with
perimandibular and submandibular fistulas caused by multiple sequestra of the right mandible.

Results

Case report

The male patient from a Bulgarian family without known consan-
guinity first presented in hospital at the age of 23 years with cir-
cumscribed necrosis in the premolar region of the right
mandible and molar region of the left maxilla (Fig. 1A-D; Sup-
porting Information Fig. S1), causing infraorbital fistulas
(Fig. 1E). Two years prior to presentation, the molars in the left
mandible had been removed due to chronic inflammation and
pain. Otherwise, his childhood and adolescence were unevent-
ful. Also, the parents and his two siblings have no history of
any bone disease or fractures.

The patient’s clinical management was performed as follows:
the necrotic jaw bone was conservatively removed without jeop-
ardizing the integrity and stability of the mandible, as it is fre-
quently practiced in MRONJ. Despite this conservative
treatment regimen, an atraumatic fracture of the left mandible
occurred (Fig. 1B), which healed up within 2 years after inter-
mittent sequester removal (Fig. 1C). Osteosynthesis of the

mandibular fracture was deferred due to poor bone quality at
the fracture site and limited soft tissue coverage. Between ages
32 and 34 years, the patient developed disintegration and
sequester formation on the right side of his mandible. In the con-
text of conservative sequestrectomy, also the remnant teeth of
his mandible were removed (Fig. 1D). ONJ led to soft tissue infec-
tion and fistula formation, initially in the zygomatic prominence
(Fig. 1E) and years later in the submandibular region (Fig. 1F,G).
Surgical drainage and antibiotics enabled the local control of
the necrotic and infected bone.

Although the course of the osteonecrosis was not unusual for
MRONJ there was no history of any medication explaining the
pathology. Instead, the patient presented with additional skele-
tal findings. Kyphoscoliosis (Fig. 2A,/) and short stature were
noted and radiographs of the spine revealed osteosclerotic sand-
wich vertebrae with endplate deformities and mild flattening
(Fig. 2A-D). The diaphyseal cortical bone of the right femur
appeared thinned, whereas (Fig. 2E) the cortical bone of the left
femur was thickened (Fig. 2F). The differences in cortical thick-
ness could be due to unloading because there was a history of
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Fig. 2. Osteopetrotic changes in the axial and appendicular skeleton. (A) Scoliosis of cervical spine with irregular corticospongious appearance of the ribs.
(B) Kyphosis, sandwich appearance of vertebrae and platyspondyly. (C,D) Lumbar spine and sacroiliac joint revealing sclerotic sandwich vertebrae. (E)
Osteosynthetic material after right-sided pathologic femur shaft fracture. (F) Diaphyseal thickening and metaphyseal modeling defect of femur. (G) Osteo-
synthesis after pathologic pelvis fracture and (H) a modeling defect of proximal femur. (/) Full-body picture of patient’s back shows kyphoscoliosis and leg
asymmetry.

several pathologic fractures (Fig. 2E,F). At the age of 25 years, he
suffered from a right-sided proximal femur shaft fracture and a
pelvic fracture without adequate trauma (Fig. 2E), and sustained
another right-sided femur shaft fracture at the age of 31 years.
These fractures were surgically treated (Fig. 2E,G) and healing
was uneventful. The femurs showed modeling defects with
metaphyseal widening (Fig. 2H). The radiological picture was
compatible with the diagnoses of autosomal dominant osteope-
trosis type 2 (ADOII) or dysosteosclerosis. His intellectual devel-
opment is in the normal range. The phenotype is summarized
in Table 1 and compared to published patients with LRRKT muta-
tions for which sufficient clinical details were available.

Bone biopsy findings

The histological and histomorphometric analysis of the patient’s
transiliac bone biopsy was consistent with osteoclast-rich osteo-
petrosis (Fig. 3). The trabecular bone displayed an osteopetrosis-
like increase in trabecular bone mass (Fig. 3A). Furthermore, min-
eralized cartilage remnants were detected throughout the
biopsy (Fig. 3B). Although few eroded surfaces were seen, there
were several multinucleated osteoclasts with a flat shape as well
as no visible resorption lacunae both indicating impaired resorp-
tion activity (Fig. 3C). Bone histomorphometry indicated higher

microstructural indices (primarily higher trabecular thickness),
normal osteoid levels, and a higher osteoclast surface compared
to previously published age-matched reference values (Fig. 3D).

Backscattered electron microscopy revealed high matrix min-
eralization including the presence of hypermineralized cartilage
remnants (Fig. 4A,B), which are similarly found in ADOIl. BMDD
histograms showed an overall shift toward higher calcium con-
tent with a second peak attributable to hypermineralized carti-
lage remnants (Fig. 4C), while overall calcium distribution
values such as the mean calcium content (CaMean) and the het-
erogeneity of the calcium distribution (CaWidth) were compara-
ble to those found in ADOII (Fig. 4D,E).

Identification of a LRRKT splice site mutation leading to
skipping of exon 3

Sanger sequencing of the main osteopetrosis genes CLCN7 and
TCIRGT revealed no mutations. In the following, we performed
trio exome sequencing, which identified the homozygous vari-
ant c.261G>A in the gene LRRK1 in the patient. Segregation anal-
ysis proved the parental transmission; the parents and one
sibling carry the mutation in a heterozygous state (Fig. 5A). The
mutation is not listed in EXAC, gnomAD, or the 1000 Genomes
project. The sequence change does not introduce a novel amino
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Table 1. Clinical Presentation and LRRKT Mutations Found in OSMD

Characteristic This report lida and colleagues®® Guo and colleagues?
Gender Male Male Male Female
Age today 34 years 2 years 12-14 years 25 years
Ethnicity Bulgarian Moroccan Indian Indian
Consanguinity No Yes No No
Affected siblings No ? Yes Yes
Gene LRRK1 LRRK1 LRRK1
Mutation c.261G>A; p. €.5938_5944delGAGTGGT ¢.5917_5972insG; p.
(Ala34Profs*33) (prolonged protein +29 AA) (Glu1980Alafs*66)
Zygosity Homozygous Homozygous Homozygous
Clinical manifestations (HPO terms)
Pathologic fractures (HP:0002756) + + + +
Coxa vara (HP:0002812) + n.d. + n.d.
Short stature (HP:0004322) + + - -
Failure to thrive (HP:0001508) - + - -
Mild global developmental delay - + - -
(HP:0011342)
Anemia (HP:0001903) + nd. - nd.
Hepatomegaly (HP:0002240) n.d. - + n.d.
Facial dysmorphism + n.d. + -
Abnormality of the teeth (HP:0000164) + +, hypodontia +, crowding -
of teeth
Recurrent infections (HP:0002719) + n.d. - -
Radiographic findings
Sandwich appearance of vertebral bodies + + + +
(HP:0004618)
Flattened vertebrae (HP:0000926) + - — -
Erlenmeyer flask deformity of the femurs + n.d + n.d
(HP:0004975)
Dense metaphyseal bands (HP:0100959) + + + +
Thickened ribs (HP:0000900) + nd + nd
Osteosclerosis of the calvaria and base of n.d. - + nd

the skull (HP:0005746)

HPO = Human Phenotype Ontology; n.d. = not determined.

acid, but it affects the last nucleotide of exon 3. Accordingly,
Human Splicing Finder (http://www.umd.be/HSF/) predicted an
alteration of splicing due to an alteration of an exonic ESE site.®"

We therefore performed RT-PCR using mRNAs isolated from
MSCs, osteoblasts, and osteoclasts from the patient an from
healthy controls. Amplification of exons 2 to 6 resulted in a
band of 900 bp in controls, but a shortened band of approxi-
mately 800 bp in all cells from the patient (Fig. 5B). Sanger
sequencing of the shortened band revealed a skipping of exon
3 leading to deletion of 164 bases and a frameshift c.98_261del;
p.(Ala34Profs*33)(Fig. 5C).

Increased size of LRRK1-deficient osteoclasts and
superficial bone erosion

In order to better understand the consequences of the identified
LRRK1 mutation, we investigated osteoclasts differentiated from
circulating monocytes from the patient and a healthy control
individual. Osteoclasts carrying the mutation showed a faster dif-
ferentiation compared to wild-type osteoclasts resulting in giant
osteoclasts, which is in line with the findings in the bone biopsy
(Fig. 6A; Supporting Fig. 2). When the osteoclasts were seeded on
dentine discs, control cells were able to form high numbers of
resorption pits (Fig. 6A). In contrast, mutated osteoclasts formed
broad areas with only superficial bone erosion that can best be

visualized by confocal microscopy (Fig. 6A). This effect, some-
times called “pseudo-resorption,” occurs much more rarely in
healthy osteoclasts. This abnormal resorption behavior also
becomes obvious when comparing the much lower number
and area of resorption pits excavated by LRRK1-deficient cells
(Fig. 6B,C) with the total toluidine-stained area indicating any sur-
face roughness (Fig. 6D), which is comparable to control
osteoclasts.

Because it was reported that LRRK1 phosphorylates L-plastin,
we compared levels of total L-plastin levels to L-plastin with
Ser5 phosphorylation (Fig. 6E). We used this as a readout for
LRRK1 function, because the determination of LRRK1 protein
levels was impossible due to the lack of antibodies suitable for
immunoblotting. LRRKT mutated osteoclasts showed normal
levels of unphosphorylated L-plastin, but a strong reduction of
the phosphorylated form to around 20% (Fig. 6F). High cathepsin
K levels confirmed otherwise normal osteoclast differentiation.

Discussion

We describe the fourth known human LRRKT mutation in an
adult individual with OSMD. Besides pathologic long bone frac-
tures the patient suffered from a severe progressive ONJ starting
in the third decade and finally leading to loss of most teeth. We
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D Parameter

LRRK1 Ref.

BV/TV (%) 32.2 21.5+14.8
Tb.Th (um) 165.9 118.781.0
Tb.N (1/mm) 1.94 1.940.3
Tb.Sp (um) 349.3 428.9+101.9
OV/BV (%) 36 2.0£1.0
O.Th (um) 148 6.5£2.9
OS/BS (%) 19.4 16.246.7
N.Ob/B.Pm (1/mm) 1.98 1.1+1.0
Ob.S/BS (%) 2.8 1.3+1.0
N.Oc/B.Pm (1/mm) 0.57 0.1+0.2
0c.S/BS (%) 4.7 0.1+0.3

Fig. 3. Histological characterization of an iliac crest biopsy. (A) Von Kossa/van Gieson staining showing a general increase in trabecular bone mass (pri-
marily trabecular thickening) and no increased osteoid indices (white arrows). (B) Toluidine staining (overview) with cartilage remnants (asterisks). (C) Flat,
multinucleated osteoclast (white arrow) and no visible resorption lacuna (ie, eroded surface) indicative of defective bone resorption. (D) Bone histomor-

phometry pointing to increased bone mass, slightly elevated osteoid levels, and a markedly higher osteoclast surface per bone surface compared to pre-

viously published age-matched reference values.'®

confirmed a LRRK1 loss of function and found striking morpho-
logical changes in cultured osteoclasts as well as an altered
resorption behavior.

To date, four individuals from four different families have
been described to carry biallelic mutations in LRRKT leading to
osteosclerosis. As shown in Table 1, the OSMD patients described
so far closely resemble our patient.?>™ All presented with patho-
logic and recurrent fractures and osteosclerosis at multiple skel-
etal sites, predominantly at the metaphyses and vertebral
bodies. Different degrees of osteosclerosis of ribs and skull and
of Erlenmeyer flask deformity of the femurs were present. The
clinical presentation of OSMD is thus highly overlapping with
intermediate osteopetrosis due to CLCN7 mutations or TCIRG1
splice mutations, ADOII due to CLCN7 mutations, and dysosteo-
sclerosis due to CSF1R, SLC29A3, and TNFRSF11A mutations.®273¢)

It thus seems justified to subsume all these disorders under the
term osteopetrosis because they all share impaired osteoclast
function as the mechanistic basis.

Our patient is the only one who presented with progressive
ONJ with sequester formation causing local infections as fre-
quently seen in MRONJ. The resection of the right-sided mandi-
ble was considered but deferred on. In the setting of a slowly
progressing destruction of the mandible, no clear re-
section border could be determined. Commonly practiced
microvascular fibula graft reconstruction was deferred on due
to the high perceived risk and increased donor site morbidity
in a patient suffering from repeated pathologic fractures. Of

the different factors triggering ONJ the patient had poor oral
hygiene and a history of tooth extraction due to impacted teeth.
Dental crowding and persistent primary teeth have been
described in OSMD.® Another risk factor for ONJ is impaired
osteoclast function, which is often secondary to antiresorptive
treatment in MRONJ or to hereditary osteopetrosis in ONJ.(">'%
Given its rarity it is difficult to judge whether ONJ is more fre-
quent in OSMD than in other forms of osteopetrosis.

We report the first LRRKT mutation affecting splicing. The
mutation is placed at the last base pair of exon 3 and causes skip-
ping of the entire exon 3. Although the resulting frameshift is
predicted to lead to a premature stop codon we found no evi-
dence for a significant nonsense-mediated mRNA decay (NMD).
The other described mutations described are more C-terminal:
the homozygous frameshift deletion LRRKT ¢.5938_5944del-
GAGTGGT leading to a stop-loss and a protein prolonged by
29 amino acids in a 2-year-old Moroccan male, the homozygous
insertion LRRK1 ¢.5917_5972insG; p.(Glu1980Alafs*66) in Indian
siblings, and the p.Glu929* nonsense mutation found in an
Iranian patient.>™ The phenotypic similarities do not point
toward a milder effect of these C-terminal mutations that could
lead to a stable truncated protein. Because the large LRRK1 pro-
tein is difficult to detect by immunoblot no information is avail-
able on the exact consequences of these mutations. Therefore,
we opted for a functional readout to test for the function of the
protein. As shown by Si and colleagues® in murine osteoclasts,
our patient shows a reduction of L-plastin Ser5 phosphorylation

M 1328 HOWALDTETAL.

67

Journal of Bone and Mineral Research



n
)]

301 L5565 26.87

-
- o N

o

Frequency B.Ar. (%) (@)
o [$,]

CaWidth (wt%)

10 15 20 25 30 35 40
Ca Content (Wt%)

(=R}
I

LRRK1

CLCN7

LRRK1

CLCN7

Fig. 4. Backscattered electron imaging. (A) Biopsy overview indicating hypermineralized areas corresponding to cartilage remnants. (B) Confirmation of
highly mineralized bone areas at higher magnification. (C) BMDD histogram demonstrates overall high matrix mineralization, partly due to cartilage rem-
nants (second peak). (D,F) CaMean and CaWidth are overall higher compared to reference values"® and similar to CLCN7-related autosomal dominant
osteopetrosis type 1.9
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Fig. 5. Genetic analysis. (A) Segregation of the mutation LRRKT c.261G>A by Sanger sequencing. The index (I.1/P2) is affected and carries the mutation in
a homozygous state. The clinically unaffected parents carry the mutation in a heterozygous state. (B) RT-PCR of exons 2-6 of LRRKT in patient-derived oste-
oblasts, MSCs, and osteoclasts (P) compared to a healthy control (Ctrl) and a negative control (NC). The PCR product of the primer pairs (exon 2-6) yielded
a 957-bp product (WT). A smaller band of approximately 800 bp was detected in all cell lines carrying the LRRKT splice site mutation indicating abnormal
splicing. Sequencing of the lower band showed skipping of exon 3. (C) Schematic representation of the LRRK1 gene showing skipping of exon 3 leading to
a frameshift mutation c.98_261del; p.Ala34Profs*33. MSC = mesenchymal stem cell.

in LRRKT mutated osteoclasts by around 80% compared to a
healthy control.

lliac crest histology revealed a dense trabecular bone micro-
structure associated with multinucleated osteoclasts with signs
of inadequate bone resorption (ie. flat shape, few eroded sur-
faces). qBEl pointed to high matrix mineralization, which was
partly due to hypermineralized cartilage remnants. Taken
together, the micro-morphological pattern is compatible with
osteoclast-rich  osteopetrosis such as found in ADOIL."®

Interestingly, hypermineralized cartilage remnants indicative of
resorption defects were previously also found in gnathodiaphy-
seal dysplasia."® The high abundance of large osteoclasts clearly
distinguishes LRRK1-related osteopetrosis from the differential
diagnosis  dysosteosclerosis, which rather is osteoclast-
poor.(32'33'37’

Murine osteoclasts lacking Lrrk1 revealed a reduced resorp-
tion pit area, and pits were smaller and shallower compared to
knockout (KO) cultures, and only few osteoclasts formed a typical
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Fig. 6. Osteoclast differentiation and functional characterization. (A) Fluorescence imaging of osteoclasts, resorption pits stained by toluidine and WGA
lectin. Fluorescence images reveal increased size of patient-derived osteoclasts compared to cells from healthy control. Staining: DAPI (blue) for nuclei
detection, phalloidin (green), TRAP (red). Scale bar = 200 pm. Toluidine-stained dentine disc from resorption assay reveals almost complete absence of
resorption pits, but abundant superficial pseudo-resorption by mutant osteoclasts. Scale bar = 200 pm. WGA lectin-stained resorption pits imaged by con-
focal microscopy Z-stack. Control cells form deep resorption pits and some superficial erosions, while LRRK1-deficient cells mostly produce superficial ero-
sions. (B-D) Quantification of resorption assay. (B) Number of pits per dentine disc, (C) total pit area/dentine area, (D) total toluidine-stained area/dentine
area. (F) Immunoblot of osteoclast lysates from control (Ctrl) and patient (P). Reduced L-plastin Ser5 phosphorylation (green) in patient-derived osteo-
clasts, but comparable levels of unphosphorylated L-plastin (red). p-Actin was used as an endogenous control. Cathepsin K detection confirmed solid
upregulation in patient and control typical for otherwise normally differentiated osteoclasts. (F) Quantification of 5Ser-P L-plastin/L-plastin fold-change.
All osteoclast experiments were performed three times, representative images are shown. WGA = wheat germ agglutinin.

sealing zone.®*”) Although osteoclasts from our patient formed
broad toluidine-stained eroded areas instead of pits or trenches,
we think that this defect is also due to an abnormal sealing zone,
which may lead to a leaking of protons and proteases out of the
resorption lacuna. However, the increased size of LRRKT-mutated
osteoclasts cannot readily be explained by a cytoskeletal prob-
lem. This could be due to an enhanced migration facilitating
fusion of a polykaryon with mononuclear precursors.®® Interest-
ingly, also osteoclasts from Clcn7-deficient mice and a patient
with CLCN7-related autosomal recessive osteopetrosis have a
larger diameter for an unknown reason.3940)

Lrrk1™/~ mice were resistant to ovariectomy (OVX)-induced
bone loss at the spine, femur, and tibia and showed elevated
total bone mass density (BMD) at all three skeletal sites at
time of OVX.”) LRRK1 has hence been contemplated as a
potential target for osteoanabolic therapy.“" However, only
few cases of LRRKT mutations in patients are described to
date and only little is known about osteoclast pathology in
the LRRKT-mutated setting. A deeper understanding of the
effect LRRKT mutations in humans have on osteoclasts is inev-
itable in the process of considering LRRK1 as a feasible drug
target.

Conclusion

In conclusion, we describe the first patient with OSMD and ONJ
caused by a LRRK1 splice-site mutation. Although the micro-
morphological analyses conducted pointed to the presence of
osteoclast-rich osteopetrosis, our findings may lead to a better
understanding of OSMD, the advancement of osteopetrosis,
and potentially also osteoporosis treatment. When discussing
LRRK1 as a potential drug target for treating low BMD/osteo-
porosis the possibility of MRONJ as a side effect should be kept
in mind.
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