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Abstract. A 16-year-old male patient with type II
autosomal dominant benign osteopetrosis (ADO) was
genotyped and found to harbor a novel mutation in
exon 25 of the gene encoding for the osteoclast-specific
chloride channel, CLCN7, inherited from the father,
who was asymptomatic. The patient had normal bio-
chemical findings and acid-base balance, except for
increased serum levels of creatine kinase, lactic
dehydrogenase, and the bone formation markers bone
alkaline phosphatase isoenzyme, osteocalcin and N-
terminal type I collagen telopeptide/creatinine ratio.
Unusual generalized osteosclerosis was observed to-
gether with a canonical increase in vertebral and pelvis
bone mass. An affected first grade cousin presented with
normal biochemical findings and a milder osteosclerotic
pattern of the pelvis. At the cellular level, cultured os-
teoclasts from the patient showed increased motility,
with lamellipodia, membrane ruffling and motile pattern
of podosome distribution, all of which could have con-
tributed to functional impairment of bone resorption.
The present report documents a novel mutation of the
CLCN7 gene causing osteopetrosis in a radiologically
uncertain form of the diseases, with apparent incomplete
penetrance.
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Autosomal dominant osteopetrosis (ADO) is a rare
disease characterized by dense bones and a vast variety
of heterogeneous symptoms, including hematological
and neural defects with diverse severity [1]. It is generally
seen in adults, however, in children from affected fami-
lies it can be recognized in earlier stages. This disease has
been classified in two subclasses, type I and type II, each

characterized by specific patterns. The hallmark of type
I ADO is a generalized cortical and cancellous bone
volume increase, but normal fracture pattern and bio-
chemical properties [2]. Mutations of the LRP5 LDL
receptor were found to affect two families with this form
of ADO [3]. Type II ADO, also known as Albers-
Schönberg disease, is characterized primarily by verte-
bral endplate thickening (‘‘sandwich’’ or ‘‘rugger-jersey’’
vertebral appearance) which includes increased cortical
but normal cancellous bone volume, fragile bones with
multiple fractures and delayed healing [2, 4]. Type II
ADO is the most common form, with an estimated
prevalence of 5.5/100,000. Recently, it has been noted
that CLCN7 gene mutations underlie type II ADO [5].
This gene encodes for the type 7 chloride channel lo-
cated in the osteoclast-ruffled border membrane [6, 7]
where it compensates for active proton extrusion by
chloride release. Its mutations generate dominant neg-
ative proteins as it appears in type II ADO [5]. They may
also lead to protein loss of function responsible for an
extremely rare form of autosomal, recessive, infantile,
malignant osteopetrosis also characterized by primary
retinal degeneration [8]. Approximately 50% of patients
with autosomal recessive malignant osteopetrosis har-
bor mutations of the ATP6i gene, also denominated
TCIRG1, encoding for the osteoclast-specific a3 subunit
of the vacuolar H+-ATPase [9].

Due to the heterogeneity of symptoms, many forms
of osteopetrosis need to be specifically classified. Neural
failure is described in osteopetrosis, which includes
mental retardation, as well as visual and hearing im-
pairment due to nerve compression syndrome caused by
narrowing of nerve foramina [4]. Some forms of the
disease also include calcification of the brain and renal
tubular acidosis, as it has been described in the so-calledCorrespondence to: A. Teti; E-mail: teti@univaq.it
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‘‘marble brain syndrome’’ [1]. This form is due to mu-
tations of the CAII gene encoding for carbonic anhyd-
rase type II [10]. Tubular acidosis has recently been
described in a case of malignant osteopetrosis caused by
a double gene mutation, one in the ATP6i gene, and the
other in the ATPV1B1 gene encoding for the kidney-
specific B1 subunit of the vacuolar H+-ATPase [11].

Materials and Methods

Proband

This study was performed with the informed consent of the
individuals analyzed. The proband was a 16-year-old male
admitted to our care unit with lumbar spine and pelvis pain
associated with functional limitation. The patient was evalu-
ated radiologically, clinically and biochemically and was di-
agnosed as having an unclassifiable benign osteopetrosis.

Materials

Cell culture media, serum and reagents were from Gibco
(Uxbridge, U.K.). Sterile glass ware was from Falcon Becton
Dickinson (Meylan, France). The anti-avb3 antibody, LM609,
and the anti-Fc receptor (CD16) antibody were from Chem-
icon International Inc. (Tamecula, CA). DNA extraction kit
was from Stratagene (Amsterdam, The Netherlands). Reagents
for PCR were from Qiagen (Genenco, Florence, Italy). Su-
perscript II - reverse transcriptase was from Life-Technologies
(Milan, Italy). Dye Terminator cycle sequencing ready reac-
tion mix was from Perkin-Elmer Applied Biosystem (Foster
City, CA, USA). Recombinant human Macrophage Colony
Stimulating Factor (M-CSF) and recombinant human receptor
activator of NF-kB ligand (RANKL) were from Peprotech EC
Ltd. (London, UK). All other reagents were of the purest
grade from Sigma Chemical Co. (St. Louis, MO).

Mutation Analysis

Peripheral blood samples were collected from patients, family
members and informed healthy donors. DNA was extracted
from EDTA-blood samples using a DNA extraction kit.
The entire coding region of the type 7 chloride channel subunit
was amplified using intronic primers, as described by Kornak

et al. [8]. PCR reactions were carried out using the Qiagen
master mix kit, including 1· PCR buffer, 1· Q-solution, 200
lM dNTP, 0.5 lM primer pair and 2.5 units/reaction Taq
DNA polymerase. PCR products were purified with the
Qiagen PCR purification kit (cat. #28104) following standard
protocols recommended by the manufacturer. Purified PCR
(10 ng) was used for 100 bp of DNA cycle sequencing which
was performed using a Perkin-Elmer dye terminator cycle se-
quencing ready reaction mix, according to standard procedure.
Reactions were applied to a Perkin-Elmer ABI 377 DNA
sequencer. Sequences were aligned using the NCBI BLAST 2
program.

Osteoclast Preparation from Peripheral Blood Monocytes

Peripheral blood mononuclear cells were prepared from hu-
man blood diluted in Hanks balanced salt solution (1:1). Di-
luted blood was layered over Histopaque 1077 solution,
centrifuged at 400· g for 30 min, then washed twice with
Hanks solution and centrifuged at speed as above for 10 min.
Cells were resuspended in DMEM containing 4 mM L-gluta-
mine, 100 U/ml penicillin, 100 lg/ml streptomicin and 10%
FCS. Three · 106 cells/cm2 were plated on glass coverslips or
bone slices and incubated at 37� C in a humidified atmosphere
with 5% CO2. After 1 hour, cell cultures were rinsed to remove
nonadherent cells and maintained in medium as described
above in the presence of 25 ng/ml M-CSF, 30 ng/ml RANK-L
and 100 nM parathyroid hormone (PTH) for 21 days. Medium
and factors were replaced every 3–4 days.

Tartrate-resistant Acid Phosphatase (TRAP) Activity

Cells were fixed in 3% paraformaldehyde in 0.1 M cacodylate
buffer for 15 min, then extensively washed in the same buffer.
TRAP activity was detected histochemically using the Sigma-
Aldrich kit n. 386, according to the manufacturer’s instruction.

Fluorescence Microscopy

Cells plated on glass coverslips were fixed with 4% parafor-
maldehyde in PBS, at 4�C for 10 min, washed three times in
PBS, then permeabilized with 0.05% Triton X-100 in PBS at
4�C for 10 min and incubated in 1% BSA, at room temperature
for 15 min. Microfilaments were decorated by incubation with
5 lg/ml TRITC-conjugated phalloidin, at 37�C for 1 hour.
Samples were viewed with conventional light or epifluores-
cence microscopy in a Zeiss Axioplan microscope (Jena,
Germany).

Table 1. Altered biochemical markers

Marker Patient Normal values

Creatine kinase (CK), total 319 U/L (%) 25–235 U/L (%)
isoenzymes: BB 0 0

MB 4.74 0
MM 95.26 100

Lactic dehydrogenase (LDH), total 305.1 U/L (%) 100–193 U/L (%)
isoenzymes: LD1 16.80 22–37

LD2 37.56 30–46
LD3 22.64 14–29
LD4 11.20 4–11
LD5 11.80 2–11

Bone alkaline phosphatase isoenzyme 54.2 U/L 15.0–41.3 U/L
Osteocalcin 8.40 pg/ml 1.2–5.4 pg/ml
N-Terminal type I collagen telopeptide/creatinine ratio 325.2 nM/mM 13.2–77.4 nM/mM
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Results

Proband

Most biochemical findings and the acid-base balance
were within normal range. However, increased serum
levels of creatine kinase, lactic dehydrogenase, bone al-
kaline phosphatase isoenzyme and osteocalcin, as well
as increased N-terminal type I collagen telopeptide/
creatinine ratio (Table 1) were noted. The patient also
showed low levels for age of testosterone (2.84 ng/ml,
normal values: 2.8–9.0 ng/ml), luteinizing hormone (0.9
mIU/ml, normal values: 1.5–9.2 mIU/ml) and follicle-
stimulating hormone (0.88 mIU/ml, normal values: 1–14
mIU/ml).

Radiographic analysis (Fig. 1) and bone mineral
densitometry (not shown) demonstrated generalized
osteosclerosis and increase of vertebral and pelvis bone
mass, albeit with normal mineral content values. The
patient suffered from recurrent bronchitis and otitis, and
right ear deafness. A modest alteration of the acoustic
nerve foramina was, however, more marked on the left
side, which was not accompanied by size reduction.
Therefore, this appearance was not thought to be
pathological. Of note, cranial magnetic resonance
imaging revealed a 5 cm diameter arachnoid cyst located
at the level of the left temporal lobe with cortices com-
pression. Electroencephalogram demonstrated cortical
alteration, particularly in the left frontal-temporal area
(not shown).

Mutational Analysis

The patient was genotyped by direct DNA sequencing
and found to harbor a novel mutation in the gene en-
coding for the osteoclast-specific chloride channel,
CLCN7 [4] (Fig. 2). The mutation consisted of a
heterozygous C/A transition in exon 25, codon 788,
position 2401 of mRNA, predicted to lead to replace-
ment of alanine (GCC) with aspartic acid (GAC). This
genotype was not found in 50 control chromosomes.

Kindred Analysis

Family history was unremarkable. However, genotype
of the family was performed and revealed the same
heterozygous CLCN7 gene mutation in the father.
Mother and sister were unaffected (Fig. 2). The father
was asymptomatic, with clinical, biochemical (not
shown) and radiographic (Fig. 3) analyses within nor-
mal ranges. Moreover, the mutation was also found in a
first-grade cousin (Fig. 2) presenting with a mild diffuse
osteosclerosis of the pelvis (Fig. 3), but otherwise nor-
mal patterns. He probably inherited the mutation from
his asymptomatic mother, who was not available for
DNA sequencing.

Cell Study

At the cellular level, we noted that in our patient neu-
trophil counts and function, which could account for
recurrent infections, were unremarkable. In contrast,
relative to control subjects, cultured osteoclasts, gener-
ated from the peripheral blood monocytic fraction,
showed a more motile phenotype compared to control

Fig. 1. Radiographic analysis of the proband. (A) Humerus
with sclerosis bands (arrow), (B) frontal and (C) lateral view of
lumbar spine with ‘‘rugger-jersey’’ aspect (arrows), (D) hands’
phalange and (E) pelvis with ‘‘bone in bone’’ appearance
(arrows).

Fig. 2. Genetic analysis of CLCN7 in the available members of
the kindred. (A) Pedigree structure of the kindred. Arrow in-
dicates the proband a and & indicate normal phenotype in
members harboring the mutation. (B) Direct DNA sequencing
of the proband (Left) and his unaffected mother (Right). Ar-
row indicates the site of heterozygous mutation (G/A transi-
tion, exon 25, codon 788).
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osteoclasts, as demonstrated by the appearance of la-
mellipodia, membrane ruffling and motile pattern of
podosome distribution (Fig. 4).

Discussion

Symptoms in osteopetrosis are quite heterogeneous even
within the same class of the disease. ADO accounts for
the majority of cases, with a generally benign outcome
ranging from very mild, non-symptomatic, to severe
forms characterized by multiple pathological fractures.
In our patient, clinical classification of the disease was
unclear. The generalized osteosclerosis and normal
fracture pattern would have suggested type I ADO,
whereas altered biochemical properties, recurrent infec-
tions and increased vertebral and pelvis bone mass
would identify this form as type II ADO. Type II ADO
was confirmed by direct DNA sequencing of the CLCN7
gene, which was found to be mutated in all patients with
this form of osteopetrosis investigated so far [5].

The mutation of our patient is novel. Nine other
mutations are presently known, 7 of which lead to type II
ADO in 12 unrelated families (dominant negative effect),
and 2 to autosomal recessive malignant osteopetrosis
also characterized by primary retina degeneration (loss
of function effect) [5, 6]. Our mutation is located in exon
25, which encodes the C-terminal domain of the CLCN7
protein. Only one mutation was recognized to date in
exon 25. It was observed in two type II ADO unrelated
families, consisted in an AG deletion in position 2423 of

the mRNA, and was predicted to lead to frame-shift
resulting in a protein that would differ from wild-type
CLCN7 only in the last 10 amino acids [5]. Our mutation
is the second known to occur in exon 25, at position 2401
of mRNA, and is predicted to cause replacement of
alanine with aspartic acid. This change does not seem to
represent a gene polymorphism since it was not found in
alleles from normal subjects, and appears to lead to a
mild form of type II ADO, with some features also
shared by the type I subtype, especially diffuse osteo-
sclerosis and absence of pathological fractures. Pene-
trance in this family is thought to be incomplete as the
carrier father showed an apparently normal phenotype,
and the affected cousin showed a milder pattern of os-
teosclerosis and normal biochemical findings.

Interestingly, our proband showed increased markers
of bone formation (i.e., bone alkaline phosphatase iso-
enzyme, osteocalcin and N-terminal type I collagen
telopeptide/creatinine ratio). Whether or not enhance-
ment of osteoblast activity occurs in osteopetrosis is
controversial. In animal models of osteopetrosis, in-
creased bone formation has been described [12], and in
patients harboring mutations in the ATP6i gene en-
coding for the a3 subunit of the osteoclast V-ATPase
[16] we observed active osteoblasts in bone biopsies and
increased serum alkaline phosphatase activity [16]. The
latter marker is often enhanced in several forms of os-
teopetrosis [1], consequently, it is feasible that bone
formation can be affected in these individuals. Hence,
we recommend measuring bone formation markers in

Fig. 3. Radiographic analysis of relatives. (A) Pelvis and (B)
lateral view of lumbar spine of the father. (C) Pelvis and (D)
lateral view of lumbar spine of the first grade cousin. Note
diffuse sclerosis in (C) and normal pattern in (A), (B) and (D).

Fig. 4. Micrographs of osteoclasts generated from peripheral
blood monocytes. Peripheral blood mononuclear cells were
separated and osteoclasts differentiated as described in Meth-
ods. (A) and (B): tartrate-resistant acid phosphatase histo-
chemical detection. Original magnification 200·. (C) and (D):
Rodhamine-conjugated phalloidin decoration of microfila-
ments. Original magnification 400·. (A) and (C): osteoclasts
from a healthy donor; (B) and (D): osteoclasts from patient.
Note the motile phenotype in patient’s versus control’s oste-
oclasts. Arrowheads: osteoclasts; small arrow: lamellipodium;
large arrow: podosomes.
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osteopetrotic patients and analyzing osteoblast activity
by bone histomorphometry and functional and molec-
ular assays in vitro, to address whether or not this rep-
resents a hallmark of the disease or sporadically
characterizes some individuals.

Osteopetrosis is often associated with neural failure,
mostly due to nerve compression syndromes [1]. In our
patient, we did observe right ear deafness, and evidence
of compression of the auditory nerve was therefore in-
vestigated. However, changes in the auditory nerve
foramina appeared very modest, with no narrowing of
foramen size. We believe that this is not likely to account
for the acoustic impairment. Therefore, alternative
causes were considered and cranial magnetic resonance
imaging revealed the presence of a broad arachnoid cyst
located in the left temporal lobe, which caused com-
pression of the neural cortices. The primary acoustic
area is located in the temporal area, therefore this
finding could indeed explain the severe controlateral
acoustic loss observed in our patient, which appears to
be independent of the osteopetrosis pattern.

At the cellular level, our results suggested that re-
current infections were independent of altered neutro-
phil counts or function as both parameters were normal.
In contrast, osteoclasts appeared more motile relative to
cells from normal subjects. Motility is a requirement for
osteoclasts to approach the resorbing site and then move
aside at the end of the resorption phase. At the time of
resorption, mature osteoclasts arrest and acquire a un-
ique morphological conformation featuring membrane
polarization and the appearance of a peripheral adhe-
sion area characterized by intense actin ring formed by
countless podosomes [13–15]. In osteoclasts plated in
culture dishes, a disk-like shape and peripheral ring-like
distribution of podosomes are noted. Osteoclasts from
our patient were instead elongated and presented ex-
tensive podosome-containing lamellipodia. We believe
that this change could perturb their resorption ability,
albeit with a mild end result, as suggested by the benign
course of the disease in our proband. This is at variance
with the morphological features observed in osteoclasts
derived from osteopetrotic patients harboring mutations
of the ATP6i gene, where no morphological changes
were observed in bone biopsies and in cultured osteo-
clasts [16]. From our study it is not clear whether such a
motile phenotype is a direct consequence of the muta-
tion in the CLCN7 gene or whether it indirectly depends
on the reduced bone resorption ability of the osteoclasts.
Our findings in ATP6i-dependent osteopetrosis would
rule out the latter possibility given that in these patients
bone resorption is severely compromised. However, no
data are yet available to conclude that the CLCN7 gene
contributed to the morphological organization of the
resorbing osteoclasts.

In conclusion, we presented a family affected by type
II ADO showing a novel CLCN7 gene mutation and

unusual clinical manifestations. We believe that this
genotype-phenotype correlation may contribute to a
better understanding of the clinical features of this
class of genetically and phenotypically heterogeneous
diseases.
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