Cytotechnology (2008) 58:57-62
DOI 10.1007/s10616-008-9165-9

SPECIAL ISSUE STEM CELLS

Prognostic potential of precise molecular diagnosis
of Autosomal Recessive Osteopetrosis with respect
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Abstract Hematopoietic stem cell transplantation
(HSCT) is often the only practical approach to fatal
genetic defects. One of the first pathologies which
HSCT was applied to was Autosomal Recessive
Osteopetrosis (ARO), a rare genetic bone disease in
which a deficit in bone resorption by osteoclasts leads
to increased bone density and secondary defects. The
disease is often lethal early in life unless treated with
HSCT. In utero transplantation (IUT) of the oc/oc
mouse, reproducing the clinical features of a subset
of ARO, has demonstrated that the quality of life
and the survival of transplanted animals are greatly
improved, suggesting that a similar protocol could be
applied to humans. However, recently the dissection
of the molecular bases of the disease has shown that
ARO is genetically heterogeneous and has revealed
the presence of subsets of patients which do not
benefit from HSCT. This observation highlights the
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importance of molecular diagnosing ARO to identify
and establish the proper therapies for a better
prognosis. In particular, on the basis of experimental
results in murine models, efforts should be under-
taken to develop approaches such as IUT and new
pharmacological strategies.
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Introduction

Bone is a dynamic tissue in which osteoblasts
synthesize bone matrix and osteoclasts resorb bone,
in order to assure normal skeletal development
(growth and remodelling), and the maintenance of its
integrity throughout life. Therefore, bone density is
dependent on the balance between the activities of
these two cell types, which display their antagonistic
functions under the regulation of osteotropic and
calciotropic hormones (Hadjidakis and Androulakis
2006). The disruption of this balance in pathologic
conditions leads to phenotypes characterised by either
a reduction or an increase in bone mass. In this regard,
the osteopetroses are a group of inherited bone
diseases in which failure in osteoclast resorptive
activity causes a generalized increase in bone mass.
Human osteopetrosis is clinically and genetically
heterogeneous and at least four different forms can
be distinguished on the basis of severity and age of
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onset. In particular, Autosomal Recessive Osteope-
trosis (ARO), also called infantile malignant, presents
early in life with extreme sclerosis of the skeleton,
reduction of bone marrow spaces leading to anemia
and hepatosplenomegaly due to secondary hemato-
poiesis, cranial nerves compression and severe growth
failure. The disease is often lethal within the first
decade of life because of secondary infections. Two
forms can be distinguished on the basis of the presence
or absence of osteoclasts in bone, as demonstrated by
bone biopsy: the osteoclast-rich form, in which
osteoclasts are present in a normal to high number,
but cannot resorb bone; and the recently identified
osteoclast-poor form, in which osteoclasts are absent
because of a defect in the osteoclastogenic process.

Five genes have been involved in the pathogenesis
of human ARO, so far: TCIRG1 (Frattini et al. 2000),
CICN7 (Kornak et al. 2001), OSTM 1 (Chalhoub et al.
2003), PLEKHM1 (Van Wesenbeeck et al. 2007),
leading to an osteoclast-rich phenotype; and RANKL
(Sobacchi et al. 2007), the only gene recognised to
date as responsible for the osteoclast-poor phenotype.
Moreover it is likely that the involvement of other
genes still has to be demonstrated, as suggested by
the fact that in a good percentage of cases no
mutations in the known genes have been found.

So far, the only available treatment for ARO is
hematopoietic stem cells transplantation (HSCT), an
approach performed since the early 1980s (Coccia
et al. 1980) and based on the fact that osteoclasts derive
from precursors of the monocytic/macrophage lineage.
However, the better understanding of the genetic
defects leading to ARO has highlighted the need for
new therapeutic approaches to this disease, including
both cellular and pharmacological strategies.

In the present work, we will comment on the
experience of our group, which has collected a large
cohort of about 230 ARO patients in the last years,
classified on the basis of the specific genetic defect.
We will highlight the correlations between genotype
and outcome of HSCT; finally we will address the
issue of developing new therapies in order to get to a
better prognosis of the disease.

Treating human ARO: the osteoclast-rich forms

In 1980 Coccia and colleagues reported on the first
bone marrow transplantation on a five-month-old girl
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affected with ARO, which received the transplant
from her HLA-identical elder brother after prepara-
tion with cyclophosphamide and total body
irradiation (Coccia et al. 1980). After the transplant,
engraftment was documented by chromosomal anal-
ysis; the evaluation of several parameters, such as
recovery of the haematological defect, normalization
of serum levels of calcium and alkaline phosphatase,
X-ray imaging of the bone tissue and evaluation of
bone biopsy specimens, allowed the authors to
determine the presence of new, actively resorbing
osteoclasts, of donor origin, in the bone of the treated
girl, and to conclude that allogeneic bone marrow
transplantation could be considered the treatment of
choice for this fatal disease. This has been widely
accepted for more then 20 years and confirmed by a
series of papers evaluating the experience, in this
field, of single centers (Gerritsen et al. 1994; Schulz
et al. 2002; Tsuji et al. 2005; Corbacioglu et al.
2006; Jaing et al. 2006; Tolar et al. 2006; and others).
The largest study published so far is by Driessen and
colleagues, which performed a retrospective analysis
of 122 children who had received an HSCT between
1980 and 2001 (Driessen et al. 2003). The data
collected showed that in general HSCT had to be
considered the first choice treatment for ARO, the
best results being obtained with patients receiving a
genotypic HLA-matched HSCT and thus gaining
survival probabilities much higher than patients
receiving other kinds of graft (73% versus a proba-
bility not higher than 43%, in the case of phenotypic
HLA-identical or one HLA-antigen mismatched
related donor, or even lower). A second conclusion
of the authors was that the best results, in terms of
rescue of secondary defects such as the visual
impairment, could be obtained when the age of the
transplanted patient was younger.

However, in the last 8 years the understanding of
the molecular bases of ARO has greatly improved: 5
genes have been identified as responsible for the
disease (TCIRGI, CICN7, OSTMI, PLEKHMI,
RANKL) and important genotype-phenotype correla-
tions have been established, while the search for new
genes involved in its pathogenesis continues in the
subgroup of patients without known genetic defect.

In our cohort of 230 individuals affected by ARO,
careful analysis of genetic and clinical data has
allowed us to clearly show the link between the
specific gene affected in a given patient and the
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Fig. 1 Distribution, among the known genes, of the mutations
found in our cohort of 230 ARO patients

outcome of classical therapies (namely, HSCT). In
the 50% of cases (Fig. 1), the disease is due to
mutations in TCIRGI (Frattini et al. 2000; Kornak
et al. 2000; Sobacchi et al. 2001; Michigami et al.
2002; Scimeca etal. 2003; Susani et al. 2004;
Souraty et al. 2007) which encodes for the osteo-
clast-specific a3 subunit of the proton pump
responsible for the acidification of the resorption
lacuna leading to bone resorption. Patients bearing
mutations in this gene display a classical, homoge-
neous osteopetrotic phenotype and respond well to
HSCT, when a suitable donor is available.

Patients with defects in CICN7 gene, which
encodes for a chloride channel essential for osteoclast
function, represent the 15% of cases and are charac-
terized by a spectrum of phenotypes ranging from
severe to mild form (Kornak et al. 2001; Cleiren
et al. 2001; Frattini et al. 2003; Campos-Xavier et al.
2005). The severe forms also present with neurolog-
ical symptoms, such as retinal degeneration and
cerebral atrophy, suggested to be primary and not
secondary to the bone defect, as it occurs in the
TCIRG1-dependent forms. The opportunity of HSCT
in these patients has to be carefully evaluated and
exhaustive CNS examination is suggested, consider-
ing that, even in case of engraftment, the neurological
deficits are not rescued.

The subset of patients (5% in our cohort) display-
ing mutations in OSTM1 gene, encoding for a protein
involved in late endosomal-lysosomal trafficking,
functionally and physically linked to CICN7 (Lange
et al. 2006; Meadows et al. 2007), is characterized by
even more serious neurological defects (neurodegen-
eration, optic atrophy, microcephaly, cortical
atrophy; in one case, bilateral atrial subependymal

heterotopias) (Chalhoub et al. 2003; Quarello et al.
2004; Ramirez et al. 2004; Pangrazio et al. 2006;
Castellano Chiodo et al. 2007; Maranda et al. 2008).
These findings strongly discourage HSCT, because,
even if the transplant engrafted, the patient would
die due to the severe CNS defects; indeed, in our
series no OSTMI-dependent patients have been
transplanted.

Regarding PLEKHM1, whose gene product has
been suggested to take part into osteoclastic vesicular
traffic, only one case has been reported, displaying an
intermediate phenotype, not requiring HSCT (Van
Wesenbeeck et al. 2007).

Treating human ARQ: the osteoclast-poor form

Recently a peculiar subset of human ARO has been
identified as characterized by the absence of osteo-
clasts in the bone biopsy specimens of the patients
(Flanagan et al. 2002; Nicholls et al. 2005); therefore
it has been named osteoclast-poor, in contrast with
the osteoclast-rich, in which a normal to high number
of nonfunctional osteoclasts is present. In the osteo-
clast-poor subset a defect in the osteoclastogenic
process has been suggested and indeed last year our
group reported the identification of mutations in
RANKL gene in 6 ARO patients (Sobacchi et al.
2007) and, more recently, in two more patients
(unpublished data). RANKL protein, expressed on
the plasma membrane of stromal cells and osteo-
blasts, has been demonstrated, both in vivo and
in vitro, to be essential for osteoclast differentiation
from their precursors (Lacey et al. 1998; Kong et al.
1999; Kim et al. 2000); in fact, when tested in an
in vitro differentiation assay, in the presence of the
wild-type, recombinant cytokine, PBMCs from
RANKL-dependent patients can properly differenti-
ate into mature, functional osteoclasts (Sobacchi
et al. 2007). Interestingly 4 out of 8§ RANKL-
dependent patients failed to rescue the bone defect
after HSCT engraftment; however, this result is not
unexpected, since in this subset of ARO the affected
protein comes from cells (the osteoblasts) of mesen-
chymal, and not haematopoietic origin. Therefore, in
this case the specific genetic defect makes HSCT an
approach completely inappropriate to cure the disease
and highlights the need for new therapeutical
approaches.
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Very recently our group could identify another
subset of osteoclast-poor ARO associated with
hypogammaglobulinemia, bearing mutations not in
RANKL gene, but in the gene encoding its cognate
receptor RANK (Guerrini et al. 2008). This finding is
important because it confirms that also osteoclast-
poor ARO is genetically heterogeneous, and it has
therapeutical implications. In fact, in our group of 8
RANK-dependent patients, out of 4 which received
HSCT, 2 could rescue the bone defect, while the
remaining died due to complications related to the
therapeutic intervention itself; these data show that,
as expected, this new subset of human ARO can
be successfully treated with HSCT, resembling
TCIRG1-dependent individuals.

Conclusions and perspectives

Recent advances in the molecular diagnosis of human
ARO have clearly shown its relevance with respect to
clinical management of the patients and prognosis of
the disease. They have suggested that HSCT should
be offered to patients only after a precise genetic
investigation, being the possibilities to rescue the
disease strictly related to the specific genetic defect
found in each subject. However, in the subgroup of
patients which could potentially benefit from HSCT,
this should be performed as soon as possible, in order
to avoid the establishment of irreversible secondary
defects, such as blindness and deafness. Studies in a
murine model of osteopetrosis, the oc/oc mouse,
bearing a defect in fcirgl gene, demonstrated that
in utero transplantation of HSC can rescue the
phenotype in the treated mice (Frattini et al. 2005)
and it has also the advantage that recipients don’t
need to be ablated and immunosuppressed; moreover,
in all pups born after in utero treatment, graft-versus-
host disease was not observed, which, when it occurs
in man, is often a cause of death. Therefore the same
approach should be taken into consideration also in
man, when a prenatal diagnosis of osteopetrosis can
be drawn, in order to gain the maximum benefits from
HSCT, as it is already done in some genetic,
immunological diseases (Weinberg et al. 2001).

On a clinical point of view, the identification of the
subset of RANKL-dependent ARO patients repre-
sents a challenge: while these affected individuals do
not respond to HSCT, they could take advantage from
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mesenchymal stem cell transplantation (MSCT). The
potentialities of this kind of approach are currently
under consideration in several fields, as demonstrated
by the growing list of publications on this topic
(Corsten and Shah 2008; Granero-Molto et al. 2008;
Liu et al. 2008; Meyerrose et al. 2008; Xu and Liu
2008; and others). The rationale in the application of
MSCT to RANKL-dependent ARO is that in this way
the patient would receive the specific precursor cells
able to differentiate into normal osteoblasts, produc-
ing in situ the cytokine RANKL, which is defective
in the recipient, and thus allowing the differentiation
of osteoclast precursors into normal, functional
cells. Besides the possibility of exploiting cellular
approaches other than HSCT, the identification of
RANKL-dependent ARO paves the way also to
pharmacological approaches, as, at least in theory,
these patients could benefit from the administration
of recombinant RANKL. For this purpose studies in
animal models are required and, if they produce
positive results supporting the feasibility of this
approach also in man, a major effort will be needed in
order to make biotechnological firms meet the world
of “orphan” diseases.
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