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Abstract
Purpose of Review The term osteopetrosis refers to a group of rare skeletal diseases sharing the hallmark of a generalized increase
in bone density owing to a defect in bone resorption. Osteopetrosis is clinically and genetically heterogeneous, and a precise
molecular classification is relevant for prognosis and treatment. Here, we review recent data on the pathogenesis of this disorder.
Recent Findings Novel mutations in known genes as well as defects in new genes have been recently reported, further expanding
the spectrum of molecular defects leading to osteopetrosis.
Summary Exploitation of next-generation sequencing tools is ever spreading, facilitating differential diagnosis. Some complex
phenotypes in which osteopetrosis is accompanied by additional clinical features have received a molecular classification, also
involving new genes. Moreover, novel types of mutations have been recognized, which for their nature or genomic location are at
high risk being neglected. Yet, the causative mutation is unknown in some patients, indicating that the genetics of osteopetrosis
still deserves intense research efforts.
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Introduction

The term osteopetrosis describes a group of inherited skeletal
rare disorders characterized by a marked increase in bone
density owing to defective bone resorption by the osteoclasts,
the cells specifically devoted to this function in the bone tissue
[1••]. Three forms of osteopetrosis can be distinguished based
on the pattern of inheritance: autosomal recessive (ARO), au-
tosomal dominant (ADO), and X-linked.

ARO has an incidence of 1:250,000 births, but in specific
geographic regions (i.e., Costa Rica, the Middle East, the
Chuvash Republic of Russia, the Västerbotten county in
Sweden) is more frequent because of a founder effect, geo-
graphic isolation, or high degree of parental consanguinity.

ARO is also called malignant infantile, because it is diagnosed
soon after birth and is often lethal in untreated patients [1••].

ADO has an incidence of 1:20,000 births, is also called
adult since clinical manifestation typically occurs in adoles-
cence or adulthood, and is generally considered benign since
life expectancy is usually normal. However, this form displays
highly variable severity, ranging from asymptomatic cases to
severely affected individuals, where the disease is evident al-
ready in childhood [2].

Finally, X-linked osteopetrosis is an extremely rare form,
with only very few unrelated patients reported thus far in
literature [3–7].

Carbonic anhydrase II (CAII) deficiency was the first form
of osteopetrosis with a recognizedmolecular pathogenesis [8].
The initial evidence came from the biochemical evaluation of
the enzymatic activity in patients; afterwards, direct sequenc-
ing of the CAII gene allowed identifying the exact mutations
[9]. Since 2000, the genetic bases of osteopetrosis have largely
been elucidated, thus providing a genetic classification for
about 90% of patients, while few cases still lack a precise
diagnosis [1••]. In “pure” ARO, biallelic mutations in one of
seven different genes lead to the disease: five of these disease
genes (TCIRG1, CLCN7, OSTM1, SNX10, and PLEKHM1)
encode proteins involved in the acidification of the resorption
lacunae and/or in vesicular transport. Loss-of-function
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mutations in these genes lead to osteoclast-rich osteopetrosis,
in which osteoclasts are abundant but not functional. On the
other hand, mutations in TNFSF11 (RANKL) and its receptor
TNFRSF11A (RANK) are associated with osteoclast-poor
ARO, in which osteoclastogenesis is blocked [10].

In ADO, the types I and II differ for key clinical features
(namely, the main sites of increased bone density and the
susceptibility to fragility fractures) and for the genetic defect,
which is located in the LRP5 and CLCN7 genes, respectively
[11]. However, since ADO I derives from enhanced osteoblast
activity due to reduced LRP5 affinity for the extracellular
antagonists SOST and DKK1 and consequent increased Wnt
canonical signaling, it would be more properly classified as a
form of high bone mass. For this reason, recent literature re-
garding mutations in the LRP5 gene will not be addressed in
this work.

Finally, X-linked osteopetrosis is ascribed to hypomorphic
mutations in the NEMO (NF-κB essential modulator) gene
[3–7].

Here, we will review the most recent genetic findings that
expand the spectrum of molecular defects leading to
osteopetrosis. We will briefly describe the novel mutations
identified in the abovementioned genes, with a specific focus
on new types of mutations, which in some cases challenge
commonly adopted criteria of variant selection during genetic
investigation, and we will present new genes associated with
osteopetrosis in single or few patients. The molecules and
signaling pathways mentioned in the text as having a role in
the pathogenesis of osteopetrosis are schematically depicted in
Fig. 1 and summarized in Table 1.

Mutations in Known Genes

TCIRG1

The TCIRG1 (T cell immune regulator 1) gene encodes the a3
subunit of the V0 domain of the ATP-dependent vacuolar

Fig. 1 Simplified representation of molecules involved in osteoclast
differentiation and activation and playing a role in the pathogenesis of
osteopetrosis. The well-known disease genes are in bold in black color,

while the newly identified disease genes mentioned in this review are in
bold in orange color
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proton pump V-ATPase [12]. It is mostly expressed in osteo-
clasts and in gastric parietal cells: in bone, the activity of the
V-ATPase is required to achieve the low pH needed for the
dissolution of the inorganic matrix and the degradation of the
organic matrix by acid proteases; in the stomach, it determines
the low pH required for dietary Ca2+ absorption. Overall, this
explains the defect in bone mineralization and the co-
occurrence of osteopetrosis and rickets (i.e., osteopetrorickets)
deriving from TCIRG1 mutations [1••].

In addition to its proton-pump activity, the V0 complex
is involved in vesicle trafficking; in fact, it interacts with
microtubules and actin cytoskeleton, probably by means
of the a3 subunit itself, and this is crucial for ruffled
border formation [1••].

Mutations in TCIRG1 account for about 50% of ARO
cases and are distributed along the entire gene, causing defects
in the proton-pumping function of the V-ATPase and in vesi-
cle trafficking/fusion in osteoclasts.

More than 120 different mutations have been described
thus far in the TCIRG1 gene, comprising missense mutations,
stop mutations, small insertions/deletions, large genomic de-
letions, and splicing defects, which demonstrates the high ge-
netic heterogeneity of the TCIRG1-deficient ARO cohort

[13–15]. This fact has been further underlined by recent re-
ports of single patients or small groups of patients carrying
novel TCIRG1 mutations [16••, 17, 18, 19••, 20]. On this
topic, our group recently published particularly interesting
data: in the first report, we described four different single
nucleotide changes in intron 15 located about 150 nucleotides
away from the closest canonical splicing site, thus named deep
intronic mutations [16••]. These mutations impaired the splic-
ing process because of the activation of a cryptic splicing site;
at the same time, the correct splicing was not completely ab-
rogated, thus likely explaining themilder phenotype displayed
in the homozygous state. Overall, these data highlighted the
need to carefully evaluate the possible effects of intronic
changes in known disease genes.

In the second work, we described a synonymous mutation
in TCIRG1 exon 12 which formed an internal acceptor splice
site in exon 12 causing splicing aberration, frame shift, and
premature termination, as demonstrated by in silico analysis
and the minigene technology [19••]. We found a similar defect
in a CLCN7-dependent ARO patient (see below). These re-
sults were in line with recent literature dealing with other
human diseases claiming the nonneutral effect of synonymous
changes in different genes.

Table 1 Genes involved in the pathogenesis of human osteopetrosis and related osteosclerotic disorders

Gene Affected osteoclast function(s) Frequency Type of osteopetrosis Therapy

TCIRG1 Acid secretion
Vesicular trafficking

50%b oc-rich HSCT

CLCN7 Lysosomal trafficking Acidification 17.5%b (AR)
80% (AD)

oc-rich HSCT for AR casesc;
symptomatic treatment for AD cases

SNX10 Endolysosomal trafficking/fusion 4.5%b oc-rich HSCT

OSTM1 Lysosomal trafficking Acidification 5%b oc-rich None at present

PLEKHM1 Endolysosomal trafficking/fusion 2 ptsb (AR)
2 pts (AD)

oc-rich Symptomatic treatment

CAII Acidification <1:106 oc-rich HSCTc

FERMT3 Adhesion and spreading 10 pts oc-rich HSCT

RANKL oc differentiation 2%b oc-poor None at present

RANK oc differentiation 4.5%b oc-poor HSCT

SLC29A3 Endolysosomal function 3 pts oc-poor tbd

TRAF6 Adhesion and resorptiona 2 pts oc-poor tbd

LRRK1 Sealing zone and ruffled border assemblya 1 pt oc-rich tbd

MITF Gene expression controla 2 pts oc-rich tbd

NEMO oc differentiation/activation 6 pts oc-rich HSCT

RELA oc differentiation 1 pt oc-rich tbd

CSF1R oc differentiation 2 pts oc-poora tbd

C16ORF57 tbd 2 pts oc-rich Symptomatic treatment

CTSK Bone matrix degradation 1–1.7:106 oc-rich Symptomatic treatment

oc osteoclast, tbd to be defined, pt(s) patient(s), HSCT hematopoietic stem cell transplantation
a Data derived from studies in animal models
b These percentages refer to the genetic data in our cohort of about 420 ARO patients
c HSCT is appropriate only if progressive neurodegeneration is absent
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CLCN7

The CLCN7 (chloride voltage-gated channel 7) gene encodes
a ubiquitously expressed slowly voltage-gated 2Cl−/1H+

antiporter channel located on the membrane of late endosomes
and lysosomes [21]. It mediates the exchange of chloride ions
against protons, thus cooperating with the V-ATPase in the
acidification of the resorption lacuna and of lysosomal vesi-
cles. CLCN7 functions as a dimer: each monomer contains an
ion translocation pathway with conserved gating glutamate
residues, and conformational rearrangements outside the ion
pathway lead to simultaneous gating of the two pores [22••].

Recessive mutations in theCLCN7 gene are responsible for
about 17% of ARO cases, while dominant ones are responsi-
ble for most ADO II cases [2, 11, 23].

In the last few years, a number of novel CLCN7 mutations
have been reported in patients of different geographic origin
(i.e., Chinese, Taiwanese, Japanese, Ecuadorian, Italian-
Moroccan) and associated with all the different forms of
CLCN7-dependent osteopetrosis: recessive, dominant, and in-
termediate [24–32]. The majority of these novel mutations
caused amino acid changes and was found in single patients
or families. Actually, this might introduce some uncertainty in
their interpretation, so the optimization of an easy and reliable
assay to test the functional effect of CLCN7 mutations on the
protein function is urgently needed, in order to definitely dis-
tinguish between rare polymorphisms and mutations, to draw
genotype-phenotype correlations and phenotype prediction on
the basis of genotype information. Furthermore, as above
mentioned, a synonymous variant in CLCN7 exon 12 was
reported too, and demonstrated to cause a partial splicing ab-
erration with in-frame skipping of exon 12 [19••]. This finding
prompted the hypothesis that some synonymous, not clearly
pathogenic changes might modulate the phenotype of CLCN7
mutations. To verify this, the analysis of clinical and genetic
data on large cohorts of CLCN7-dependent osteopetrotic in-
dividuals could be considered.

SNX10

The SNX10 (sorting nexin 10) gene encodes a protein belong-
ing to the SNX family of cytoplasmic and membrane-bound
proteins characterized by the presence of a phosphoinositide-
binding domain, called PX domain [33]. In general, SNX
proteins take part in protein sorting and membrane trafficking
by establishing protein-protein and protein-lipid interactions.
In particular, SNX10 interacts with the V-ATPase and regu-
lates its subcellular trafficking; accordingly, SNX10-deficient
ARO results from altered V-ATPase trafficking to the ruffled
border and consequent defective osteoclast function. Very re-
cently, SNX10 has also been suggested to play a role in traf-
ficking and secretion of matrix metalloprotease 9 for degrada-
tion of the extracellular matrix [34].

Mutations in the SNX10 gene (NM_001199835.1) account
for about 5% of ARO cases, comprising also the so-called
Västerbottenian osteopetrosis, from the name of the Swedish
County with a high incidence of the disease [35, 36, 37••, 38].
In particular, the SNX10 c.212+1G>T variant, causing activa-
tion of a cryptic splice site in intron 4 and aberrant splicing,
has been confirmed as the shared mutation in this cohort of
patients, with an impressive carrier frequency (1:93) in the
general Vasterbottenian population [37••]. Interestingly, gene-
alogical studies and haplotype analysis traced its origin back
to a common ancestor in the early nineteenth century. At the
cellular level, despite previous contradictory findings on the
presence or absence of osteoclasts in SNX10-deficient ARO,
Stattin and colleagues clearly demonstrated no defect in oste-
oclast differentiation from the patients’ PBMCs but impaired
ruffled border formation [34, 37••]. On the other hand, wheth-
er in humans SNX10 inactivation leads to osteopetrorickets as
reported in the mouse model remains an open question as only
few patients display this peculiar phenotype [37••]. Very re-
cently, induced pluripotent stem cells (iPSc) have been
reprogrammed from the skin fibroblasts of a patient carrying
the c.212+1G>T mutation. These iPSc will be a useful tool to
help unraveling the unsolved aspects of SNX10-dependent
osteopetrosis [39].

OSTM1

The OSTM1 (osteopetrosis-associated transmembrane protein
1) gene encodes a type I transmembrane protein localized
mainly on endosomes and lysosomes. It has a highly glyco-
sylated N-terminus which stabilizes CLCN7 and protects it
from lysosomal degradation, and is important for CLCN7
2Cl−/1H+ exchange [21, 40]. The transmembrane domain is
involved in ion exchange and CLCN7-dependent trafficking
to the lysosomes. OSTM1 has been proposed to act also as an
E3 ubiquitin ligase for the heterotrimeric G-protein Gαi3 and
to potentiate WNT canonical signaling by modulating β-ca-
tenin/Lef1 interaction [41, 42].

Additional cytosolic OSTM1 binding partners have recent-
ly been identified, suggesting that OSTM1 might serve as an
adaptor molecule within a cytosolic scaffolding multiprotein
complex [43].

Mutations in theOSTM1 gene (NM_014028.3) account for
about 5% of ARO cases and invariably cause an extremely
severe phenotype with rapidly progressing primary neurode-
generation [44, 45]. Almost all the identified mutations in this
gene are truncating defects. In this respect, a secreted form of
truncated OSTM1 has been shown to inhibit in vitro osteoclast
formation through downregulation of the BLIMP1-NFATc1
axis, thus providing a putative additional pathogenetic mech-
anism for OSTM1-deficient ARO [46•]. Moreover, through
an ad hoc designed quantitative PCR strategy, two different
homozygousmicrodeletions, respectively, spanning ~ 110 and
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~ 10 kb and affecting the N-terminal portion of the OSTM1
gene, have been reported in two unrelated families of Arabic
and Indian descent, comprising five severely sick patients
[47]. Sequence analysis of the relevant genomic region iden-
tified AluSx-mediated recombination and nonrecurrent rear-
rangement followed by nonhomologous end joining, as re-
spective underlying molecular mechanism.

Very recently, a patient has been described displaying
osteopetrosis, early onset neurodegeneration and iron accu-
mulation in specific brain regions, which is a very unusual
finding [48]. Whole exome sequencing revealed the presence
of the novel c.783+5G>T mutation in the OSTM1 gene, caus-
ing skipping of exon 4, and of the frameshift variant c.446dup
at the homozygous state in the MANEAL gene. This latter
encodes the mannosidase endo-alpha-like protein, which
probably localizes at the Golgi and is potentially involved in
glycoprotein metabolism; indeed, mannose tetrasaccharide
molecules were found increased in the patient’s urine and
cerebrospinal fluid. How this might relate to brain iron accu-
mulation is not clear. Overall, the contribution of the mutation
in the MANEAL gene to the phenotype driven by the OSTM1
requires further investigations.

PLEKHM1

The PLEKHM1 (pleckstrin homology domain-containing
family M -with RUN domain-member 1) gene encodes a cy-
tosolic protein implicated in endosomal trafficking pathways
through the interaction with the small GTPases RAB7 and
ARL8 [49, 50]. In addition, PLEKHM1 participates in the
fusion of autophagosomes and lysosomes, required for clear-
ance of diverse protein aggregates [51]. Accordingly, disrup-
tion of specific PLEKHM1 domains or loss of PLEKHM1
impairs vesicle distribution, secretion, and ruffled border for-
mation, thus undermining osteoclast resorptive function [52].

PLEKHM1 is a large protein containing different func-
tional domains: a RUN domain, where the mutation
(NM_014798.2:c.296+1G>A) originally identified in two
ARO siblings was located [53]; two pleckstrin homology
(PH) domains separated from one another by an LC3-
interacting region (LIR); a Rubicon homology (RH) do-
main and a C1 zinc finger, at the C terminus. Two differ-
ent putatively dominant mutations in the PLEKHM1 gene
have been reported in two unrelated patients: the
c.2140C>T:p.Arg714Cys, not clearly associated with
osteopetrosis, found in the second PH domain [54]; and
the recently reported c.3051_3052delCA located in the
RH domain and predicted to eliminate the zinc finger-
like motif [55]. The RH domain is required for
PLEKHM1 interaction with RAB7; accordingly, overex-
pression studies in HEK293T cells showed reduced inter-
action of the mutant protein with RAB7, resulting in ab-
normal intracellular localization and increased levels of

autophagy. This recent work importantly contributed to
the understanding of PLEKHM1 function in bone cell
biology, even though some aspects, such as the relation-
ship with autophagy, remain controversial and deserve
further investigation.

CAII

The CAII gene codes the cytoplasmic enzyme that catalyzes
the formation of H2CO3 using CO2 and H2O; then, H2CO3

dissociates into HCO3
− and H+ ions. The generated H+ are

extruded by the V-ATPase, while the HCO3
− is taken up by

a Cl−/HCO3
− anion exchanger located in the basolateral mem-

brane, which prevents cytoplasmic alkalinization and provides
the Cl− ions required by the CLCN7/OSTM1 2Cl−/H+

antiporter [8, 56].
Besides in bone, the CAII gene is highly expressed in the

kidney and brain, in fact patients with CAII deficit present
osteopetrosis, renal tubular acidosis (RTA) and cerebral calci-
fications, and this triad per se makes the diagnosis [1••, 8, 9].
Interestingly, proximal RTA has recently been described also
in anADO II patient carrying the common p.Gly215Arg ADO
II mutation and no additional mutation in genes associated
with RTA; in this specific context, the exact pathogenetic
mechanism is not clear yet [29].

Since the standardization of the conditions for genetic test-
ing, about 30 different mutations have been identified in the
CAII gene: missense, stop and splice site mutations (among
these latter, the NM_000067.2:c.232+1G>A is the called
Arabic mutation, since it is very common in patients of
Arabic descent). The majority of patients are of Arab origin;
however, also Caucasian, Hispanics, African-Americans,
Asians, and more recently Chinese Han patients have been
reported [57–60].

FERMT3

The FERMT3 (fermitin family member 3) gene encodes
kindlin-3, a member of the kindlin family that comprises three
different focal adhesion proteins involved in integrin activa-
tion. This is a process required for cell adhesion, spreading
and migration, extracellular matrix organization, cell survival,
proliferation, and differentiation [61]. Kindlin-3 is an intracel-
lular protein linked to the actin cytoskeleton. It interacts with
multiple integrin classes and mediates their adhesive function
and inside-out signaling, which in bone is essential for osteo-
clast resorptive activity. Accordingly, kindlin-3 deficiency
causes a severe morphological alteration of osteoclasts and
impairs their ability to adhere to bone surfaces [62].
Interestingly, mutations in the FERMT3 gene are responsible
for the rare autosomal recessive disease called leukocyte ad-
hesion deficiency (LAD-III); few LAD-III patients also suffer
from severe osteopetrosis (10 out of 23 published cases) [63,
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64]. The mutations are mostly highly disruptive: truncating
mutations, splicing defects, frame shifts; only two missense
mutations have been reported. Unfortunately, since the num-
ber of cases published in literature is very limited, at present is
not possible to draw genotype/phenotype correlations.

RANKL

The RANKL (receptor activator of nuclear kappa B ligand)
gene codes for the essential osteoclastogenic cytokine that
through binding to its receptor RANK determines the activa-
tion of the downstream signaling cascade driving osteoclast
differentiation and activation [65]. An additional receptor for
the RANKL molecule has been recently recognized, the
leucine-rich repeat-containing G-protein coupled receptor 4
(LGR4), which upon ligand binding activates the GSK3 path-
way, thus suppressing the expression of NFATc1 during oste-
oclastogenesis [66••]. Moreover, a new unexpected function
of RANKL in the bone tissue has been unveiled, which is an
important role in the osteogenic differentiation of mesenchy-
mal stem cells probably through an autocrine loop [67•].

Overall, these data raise great interest on RANKL-deficient
ARO, which constitutes a rare form of osteopetrosis account-
ing for about 2% of cases [10, 68, 69•]. Further investigations
are needed to fully understand the elicited molecular mecha-
nisms and their relevance in bone pathophysiology.

To the best of our knowledge, no additional patients and
mutations besides the original ones have recently been
published.

RANK

As mentioned above, the RANK (receptor activator of nu-
clear kappa B) gene codes for the functional receptor for
RANKL. Binding to the ligand induces the receptor
trimerization and recruitment of different adaptor mole-
cules and activation of several signaling pathways such
as c-Jun N-terminal kinase (JNK)/activator protein-1
(AP-1), nuclear factor kappa B (NF-kB) and nuclear fac-
tor of activated T cell c1 (NFATc1), Src and p38/MITF,
Src and ERK, resulting in osteoclast differentiation, acti-
vation and survival [65].

Mutations in the RANK gene are responsible for about 5%
of ARO cases [10, 70, 71•]. At variance with RANKL-
deficient ARO, in which the bone defect is not corrected by
hematopoietic stem cell transplantation (HSCT), RANK-
deficient ARO is cured by HSCT, as further demonstrated
by recent reports [72–75]. These works reported also novel
mutations (NM_003839:c.376T>C:p.Cys126Arg and
c.1063C>T:p.Gln355* in [72], and c.689_751del
:p.Thr230Glyfs5* and c.414T>G:p.Cys126Gly in [75]).

SLC29A3

Dysosteosclerosis is a rare distinctive form of osteopetrosis
presenting in infancy with typical skeletal features (expanded
ends of the tubular bones and platyspondyly) and various skin
lesions [76]. The clinical course and the prognosis seem to be
rather benign. Scanty data are available in literature on the
genetics of Dysosteosclerosis. The affected gene is the
SLC29A3 (Solute carrier family 29 member 3), encoding a
lysosomal nucleoside transporter highly expressed in cells of
the myeloid lineage. The reported mutations (NM_018344:c.
607T>C:p.Ser203Pro and c.1157G>A:p.Arg386Gln in pa-
tient 1, and c.1346C>G:p.Thr449Arg in patient 2 at the ho-
mozygous state, in [76]; c.303_320dup:p.102_107dup at the
homozygous state in [77]) would impact on osteoclast func-
tion and differentiation, as suggested by reduced osteoclast
numbers after in vitro differentiation from the patients’
PBMCs and in bone biopsy specimens from the patients
[76]. Mutations in SLC29A3 are also associated with
histiocytosis–lymphadenopathy plus syndrome, a group of
conditions with little or no skeletal involvement. Thus, further
investigations would be required to better elucidate its role in
bone, and more in general in physiopathology.

CTSK

Pycnodysostosis is a rare autosomal recessive skeletal dyspla-
sia (estimated prevalence 1:1.7 million individuals) included
in the differential diagnosis of osteopetrosis because of the
presence of increased bone density in long bones. Other clin-
ical features typical of pycnodysostosis are short stature, var-
iably responsive to growth hormone treatment; open fontanels
and cranial sutures, fractures, obtuse mandibular angle, and
acroosteolysis of the distal phalanges [78]. The affected gene
is the CTSK, coding for cathepsin K, a cysteine peptidase of
the papain superfamily exploited by osteoclasts for bone ma-
trix degradation and endowed with the unique capacity to
cleave collagen molecules at multiple sites [79].
Furthermore, cathepsin K has been recently shown to cleave
and activate matrix metalloproteinase 9 in vitro, which would
suggest the presence of a protease-signaling network likely
relevant in a variety of physiopathological conditions [80].
More recently, cathepsin K has been shown to contribute to
the regulation of bone modeling by degrading periostin, a
matricellular protein of the cortical compartment essential
for the periosteal bone formation mediated by the Wnt-β ca-
tenin pathway [81].

About 60 different mutations have been reported in litera-
ture so far, in patients of different geographic origin [78,
82–89]. Missense variants are the most frequent mutations;
frameshifts, nonsense mutations, and splicing defects have
been identified, too. Mutations mainly occur in the mature
CTSK protein, where exons 5 and 6 appear to be hot spots.
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In addition, about 6% of mutations map in the preregion and
25% in the proregion, which are short N-terminal domains
required for proper protein localization and protein folding
and intracellular trafficking, respectively; the proregion is also
needed to maintain the enzyme in an inactive state and is
cleaved off at low pH. Nevertheless, genotype-phenotype cor-
relations, possibly explaining also atypical presentations [84,
85, 89], have not been specifically investigated.

Genes Involved in Newly Recognized
Syndromic Forms of Osteopetrosis

TRAF6

Among different adaptor molecules recruited by RANKL/
RANK binding, TRAF6 (TNF receptor-associated factor 6)
appears to be the most important. TRAF6 acts also down-
stream T and B cell receptor, leading to NF-kB activation
[65]. Several years ago, TRAF6 gene inactivation in mouse
was demonstrated to cause severe osteopetrosis, and very re-
cently, similar evidence has been obtained in humans [90,
91•]. In fact, a 2064 Kb homozygous genomic deletion on
chromosome 11 encompassing the 5′ region of TRAF6,
RAG1, and RAG2 genes (the RAG proteins are essential for
recombination of B and T cell receptors, and for the survival
and differentiation of these cells) has been identified in two
affected siblings displaying osteopetrosis and severe com-
bined immunodeficiency (SCID) through chromosomal mi-
croarray analysis [91•]. The exact boundaries of the deletion
have not been defined; for what pertains to TRAF6, this geno-
mic deletion encompasses the region upstream of exon 1 and
part of the noncoding sequences of exon 1. These regions are
very likely regulatory, in fact at the protein level their deletion
completely abolished TRAF6 production. The resulting phe-
notype was peculiar, since osteopetrosis was not generalized,
but prominent in the pelvis and legs; since both affected sib-
lings died at a very young age due to the severe immunolog-
ical defect and no additional similar cases are known at pres-
ent, foreseeing the evolution of the skeletal disease in this
specific genetic background is difficult.

LRRK1

Osteosclerotic metaphyseal dysplasia is a form of
osteopetrosis mainly affecting the metaphyses of long bones,
the vertebral endplates, costal ends, and margins of flat bones,
while the skull appears normal [92•]. Only five patients have
been described; in one of them, the homozygous deletion of
seven nucleotides in the last exon of the LRRK1 (leucine-rich
repeat kinase 1) gene has recently been identified
(NM_024652:c.5938_5944delGAGTGGT:p.Glu1980Alaf-
s*66) and predicted to cause frameshift and premature

termination, with loss of the seventh tryptophan-aspartic acid
(WD) 40 domain. The WD40 domain, as well as other func-
tional domains in the LRRK1 protein, mediates protein-
protein interaction [93]. In particular, LRRK1 has been pro-
posed to interact with components of the c-Src signaling path-
way to achieve cytoskeletal rearrangement and ruffled border
and podosome assembly. Accordingly, murine Lrrk1-deficient
osteoclasts are flat and large, as they fail to properly reorga-
nize the cytoskeleton and resorb bone. Overall, LRRK1 has
raised great interest in bone biology and future work will
precisely define its physiopathological role.

MITF

The microphthalmia-associated transcription factor (MITF) is
a basic helix-loop-helix zipper transcription factor, which
forms homo/heterodimers regulating gene expression in dif-
ferent tissues, so a range of phenotypes can be reasonably
expected when it is mutated. In bone, MITF has been pro-
posed to act along the RANKL/RANK signaling pathway
downstream NFATc1 in order to amplify NFATc1-dependent
osteoclastogenic signals [94]. Indeed, Mitfmi/mi mice are
osteopetrotic due to a defect in the early stages of osteoclas-
togenesis [95].

Compound heterozygous mutations in theMITF gene have
very recently been found in two unrelated patients displaying
COMMAD syndrome, featuring coloboma, osteopetrosis,
microphtalmia, macrocephaly, albinism, and deafness [96•].
The ident i f ied mutat ions (NM_198159.2:c .952_
954delAGA:p.Arg318del and c.921G>C:p.Lys307Asn in
p roband I ; c .952A>G:p .Arg318Gly and c .938-
1G>A:p.Leu312fs* in proband II) did not alter MITF dimer-
ization, but rather its nuclear migration and DNA binding
properties. This finding expands the spectrum of phenotypes
driven by MITF; in fact, at variance with recessive mutations,
dominant ones are associated with Waardenburg syndrome
type 2A and Tietz syndrome, which share the hallmark of
deafness and pigmentation deficits. Overall, these data con-
firm the essential role of MITF in developmental processes,
and in cell differentiation and survival.

NF-kB Signaling

NF-kB signaling involves a number of molecules (mainly
kinases and transcription factors), which exert a crucial role
in regulating gene expression in many organs and physiopath-
ological conditions. In bone, this is demonstrated by the fact
that hypomorphic mutations in the NEMO gene, which en-
codes a component of the IkB kinase complex required for
inhibition of IkB-α and subsequent nuclear translocation of
the released p65/p50 heterodimer, are responsible for X-
linked osteopetrosis with ectodermal dysplasia and immuno-
deficiency [3–7]. These mutations are mainly located in the
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zinc finger domain of the protein and lead to osteopetrosis
through alteration of the RANKL/RANK signaling pathway.

More recently, p65 (Rela) itself has been linked to a high
bone mass phenotype [97•]. In fact, in a newborn suddenly
died of unknown causes, the pathological increase in bone
density found at postmortem analysis and attributed to in-
creased osteoblast function, was associated to a de novo mis-
sense mutation in the RELA gene (NM_021975.3:c.1534_
1535delinsAG:p.Asp512Ser). This mutation was demonstrat-
ed to impair NF-kB signaling in the patient’s fibroblasts, rais-
ing the hypothesis of possible alterations in diverse vital
functions.

CSF1R

Together with RANKL, M-CSF is an essential osteoclastogenic
molecule, as well demonstrated by the osteoclast-poor
osteopetrosis in mice lacking this cytokine (the op/op mouse
model). Mice deficient for the M-CSF receptor (CSF1R) display
a similar osteopetrotic phenotype; in addition, both models have
defects in innate immunity, fertility, and neurologic function [98].
Interestingly, dominant mutations in the CSF1R gene cause an
adult form of encephalomyopathy, while very recently, a reces-
sive mutation in this gene was suspected to be responsible for a
lethal, complex phenotype in two affected siblings presenting
with generalized osteopetrosis and severe brain malformation
[99•]. Briefly, exome sequencing in the consanguineous parents
of the deceased children identified a heterozygous truncating
mutation (NM_001288705.1:c.1620C>T:p.Tyr540*) in the
CSF1R gene predicted to give rise to a protein lacking the intra-
cellular domain, which is required for ligand-dependent dimer-
ization and autophosphorylation. In the absence of a DNA sam-
ple from the patients, homozygosity for the CSF1R mutation
could not be demonstrated in the affected individuals; therefore,
these findings were not conclusive. However, on their basis it
would be interesting to analyze the gene in other patients with a
similar phenotype, in order to try to identify additional mutations
as a confirmation.

C16orf57

Several years ago, an Italian patient was described
displaying osteopetrosis in association with poikyloderma
and neutropenia (PN) [100] . PN is an inheri ted
genodermatosis characterized by early onset poikiloderma,
nail dystrophy, palmo-plantar hyperkeratosis, and persis-
tent neutropenia leading to recurrent infections.
Sometimes skeletal defects, such as osteopenia, craniofa-
cial dysmorphisms, fractures, postnatal delay in skeletal
maturation and growth, are present; thus, the case reported
by Migliaccio et al. was really atypical. PN is due to mu-
tations in the C16orf57 gene, coding for a phosphodiester-
ase responsible for modification and stabilization of the U6

small nuclear RNA (USB1), which is an essential element
of the splicesome machinery [101]. More recently, the pa-
tient with osteopetrosis and PN was found to bear a homo-
z yg ou s s t o p mu t a t i o n i n t h e C16o r f 5 7 g e n e
(ENSG00000103005:c.232C>T:p.Arg78*), predicted to
severely damage the correct folding of the putative trun-
cated protein [102•]. The elicited pathogenetic mechanism
could be incomplete/aberrant splicing of specific classes of
genes, as suggested with specific respect to neutropenia
[103, 104]; however, further investigations targeted to
skeletal cells are required to verify this hypothesis.

Current Therapies

At present, the only established cure for ARO is hemato-
poietic stem cell transplantation (HSCT): in fact, osteo-
clasts are cells of hematopoietic origin; thus, HSCT al-
lows restoration of bone resorption by donor-derived
cells. Here, we will not enter into details of this kind of
approach, e.g., conditioning strategies, source of HSCs,
type of donor, timing, and other undoubtedly important
aspects, as they have been extensively reviewed by world
experts in recent works (see for example [7, 72, 73,
105–108]). We will just briefly underline some concepts:
first, molecular studies importantly contribute to define
whether HSCT is appropriate. In fact, patients bearing
mutations in the RANKL or OSTM1 gene are not candi-
date to this procedure: in the former group, the defect is
not cell-autonomous, therefore cannot be corrected by
HSCT; in the latter, severe neurological deficits are invari-
ably present and preclude the patients any possibility of
survival. For these patients, there is no approved cure at
present.

Besides this, the severity of the clinical picture directs the
treatment decision: mild forms, such as those associated with
PLEKHM1, SLC29A3 or CTSK, or with CLCN7 dominant
mutations, do not warrant all the risky and invasive proce-
dures related to HSCT. In these cases, only symptomatic treat-
ments to relieve the complications of the disease (such as
fractures, dental defects, otorhinolaryngological problems)
are applied. On the other hand, in CLCN7-deficient ARO, a
careful neurological assessment is recommended in order to
evaluate the suitability of HSCT: the ascertainment of progres-
sive neurodegeneration should discourage transplantation.
Unfortunately, at present, in this subgroup, there are no spe-
cific genotype-phenotype correlations able to identify patients
eligible to HSCT on the basis of the pure molecular data.

Finally, in the newly identified forms of the disease, there is
not sufficient knowledge and/or expertise to define specific
treatment advice in addition to the general considerations
above mentioned.
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Conclusions

Recent reports confirm the genetic heterogeneity of
osteopetrosis, which constitutes a challenge for molecular di-
agnosis. In fact, more than ten genes have been involved in the
pathogenesis of osteopetrosis, also comprising large genes. In
the most frequently affected, a high number of different mu-
tations have been identified: some of them are reported in
many patients of different origin, others in single cases, and
still novel ones are identified. For these reasons, next-
generation sequencing (NGS), including both whole exome
sequencing (WES) and gene-targeted panels, has entered the
clinic as a tool for routine diagnostic procedures [109] This
has the clear advantage to greatly expedite the analysis, thus
potentially getting to a precise molecular diagnosis, relevant
for prognosis and treatment, in a shorter time as compared to
classical Sanger sequencing of candidate genes. In addition,
WES has identified in single patients with peculiar phenotypes
mutations in new genes already known to play a role in bone
homeostasis: TRAF6, LRRK1, MITF, CSF1R, and RELA; ge-
netic data in a single patient point to a possible, as yet unde-
fined role of C16orf57 in bone. In some cases, the underlying
pathogenetic mechanism still has to be better elucidated, even
though data in literature already provide sufficient rationale to
suspect a detrimental effect of the identified mutation. On the
other hand, two classes of mutations, namely deep intronic
and synonymous changes, have come on stage highlighting
a possible limitation of WES. As a matter of fact, even though
many noncoding regions are actually targeted by WES, stan-
dard workflow for variant selection usually consider only
intronic changes close to canonical splice sites; in particular,
variants at the end of reads tend to be neglected. So, if a
mutation is located in these regions, it can be missed. In fact,
we clearly demonstrated in two unrelated families the patho-
genic effect of the deep intronic single-nucleotide changes
found in the TCIRG1 gene initially disregarded by WES
[16••]. Similarly, synonymous changes are commonly filtered
out in a standard workflow forWES; actually, they are usually
ignored also when identified by classic Sanger sequencing,
based on the assumption that they are silent changes. As dem-
onstrated by our group and by others in the framework of
diverse diseases, this assumption is absolutely wrong in some
cases [19••].

In conclusion, huge advances have been made in the elu-
cidation of the genetic bases of osteopetrosis. Nonetheless,
about 10% of cases lack a molecular classification; in these
patients, new, unexpected genes could be affected or known
genes could harbor elusive defects. In order to fill the gap,we
will need to find strategies integrating the technological
power of NGS technologies and a better capacity to interpret
genomic variations, allowing fishing out what is clinically
relevant among the tens of thousands of variants in each sin-
gle exome [110].
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