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Autosomal-recessive osteopetrosis is a severe genetic
disease caused by osteoclast failure. Approximately
50% of the patients harbor mutations of the ATPG6i
gene, encoding for the osteoclast-specific a3 subunit
of V-ATPase. We found inactivating ATP6i mutations
in four patients, and three of these were novel. Pa-
tients shared macrocephaly, growth retardation and
optic nerve alteration, osteosclerotic and endobone
patterns, and high alkaline phosphatase and parathy-
roid hormone levels. Bone biopsies revealed primary
spongiosa lined with active osteoblasts and high num-
bers of tartrate-resistant acid phosphatase (TRAP)-
positive, a3 subunit-negative, morphologically unre-
markable osteoclasts, some of which located in
shallow Howship lacunae. Scarce hematopoietic cells
and abundant fibrous tissue containing TRAP-positive
putative osteoclast precursors were noted. In vitro
osteoclasts were a3-negative, morphologically nor-
mal, with prominent clear zones and actin rings, and
TRAP activity more elevated than in control patients.
Podosomes, aVPB3 receptor, c-Src, and PYK2 were
unremarkable. Consistent with the finding in the
bone biopsies, these cells excavated pits faintly
stained with toluidine blue, indicating inefficient
bone resorption. Bone marrow transplantation was

successful in all patients, and posttransplant oste-
oclasts showed rescue of a3 subunit immunoreactiv-
ity. (Am J Pathol 2003, 162:57-68)

The osteoclast vacuolar-type translocating ATPase (V-
ATPase) is central to the mechanism of bone resorption.
It is located in the ruffled border membrane where it
releases protons underneath the resorbing lacuna, acid-
ifying this microenvironment and permitting solubilization
of the hydroxyapatite crystals.” This event requires con-
tinuous release of protons because of the high-buffering
capacity of phosphates, and 8 mol of H* are required to
solubilize 1 mol of hydroxyapatite.* Therefore, efficient
activity of the V-ATPase is mandatory for bone matrix
demineralization.

The V-ATPase shares similarity with the Fo-F, ATP-
synthase complex present in mitochondria, chloroplasts,
and bacteria.®> ® It consists of a V, transmembrane pro-
ton channel and a V, ATP hydrolytic domain. The struc-
ture of the V, complex is well defined. It is a 570-kd
peripheral protein composed of eight subunits (A to H),
with three copies of the A and B subunits and single
copies of the remaining subunits. The V, transmembrane
domain contains five subunits (a, d, ¢, ¢’, and ¢”), with six
copies of ¢ and ¢’, and single copies of the others. c, ¢’,
and ¢” subunits span the membrane and contribute to the
organization of the proton channel. The a subunit is found
in three isoforms, a1, a2, and a3, with the a3 being the
one that is osteoclast-specific.>°~'" Transcription of this
subunit increases in resorption-competent osteoclasts
and the protein is transferred to the ruffled border mem-
brane during the process of cell polarization.'®'3

The a subunit is a transmembrane glycoprotein pos-
sessing a large N-terminal hydrophilic domain and a
C-terminal hydrophobic domain, containing multiple pu-
tative transmembrane helices. It has several buried
charged residues that appear to be in a position to influ-
ence proton translocation. It also emerges to possess the
binding site for the V-ATPase inhibitor bafilomycin.'*'®
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Table 1. Clinical Findings

Patient 1 Patient 2 Patient 3 Patient 4
Age at diagnosis (months) 3 18 7 Birth
Death No No No No
Family history Unremarkable Unremarkable Unremarkable One brother affected
Symptoms Macrocephaly, Macrocephaly, hydrocephaly, =~ Macrocephaly, Macrocephaly, reduced vision,
hydrocephaly, growth growth retardation, pale dwarfism, severely ipotony, mild hepato-
retardation, pale optic optic nerve papillag, reduced vision, splenomegaly, mild ipoacusy
nerve papillae, fever, hepato-splenomegaly, hepato-splenomegaly,
rhinitis, mild hypotony dysmorphism, pale skin, nistagmo
muscle ipotony, and
ipotrophy
Surgery Anterior craniotomy for No No Optic channel decompression
decompression
Pre-BMT therapy Vitamin D5 135 ng/kg/day ~ No Prednisone 1mg/kg/day ~ No
Age at BMT (months) 6 21 9 2
Donor (bone marrow) Sister Unrelated Unrelated Brother
GVHD Yes Yes No No

Post-BMT follow-up

Marked improvement of

Growth retardation

Severely compromised

Vision left eye <1/50

osteosclerosis

vision (both eyes)

The osteoclast-specific a3 subunit of the V-ATPase is a
116-kd glycoprotein encoded by the ATP6i gene, also
known as TCIRG7."®'” Two transcripts arise from this
gene. The OC116 is the osteoclast-specific form and is
assembled from 20 exons. Another transcript, termed
TIRC7, is more widely expressed. It starts from exon 5,
has a translational start site located in exon 6, codon 217,
and spans the remaining 14 exons.'® ATP6i-deficient
mice, by homologous recombination, show severe osteo-
petrosis because of loss of osteoclast-mediated extracel-
lular acidification.’®'” Likewise, the ATP6i gene has been
found to posses recessive mutations in human osteope-
trosis, and recent reports confirmed that this occurs in a
large portion of the infantile malignant form of the dis-
ease.19—21

Human osteopetrosis is a severe heterogeneous ge-
netic disorder, characterized by dense bones prone to
fracture, severe hematological failure, and neural de-
fects. However, all these forms have a common cellular
defect, consisting in impaired osteoclast bone resorp-
tion.222% Various subtypes have been identified. The
ATP6j-dependent one is the most common and is thought
to account for ~50% of cases in autosomal-recessive
osteopetrosis,'?2" followed by those dependent on mu-
tations of the carbonic anhydrase type Il (50 cases de-
scribed to date)** and of the CIC7 chloride channel (2
cases of malignant and 12 families of type Il benign
osteopetrosis).?>?® In many patients, however, the un-
derlying genetic abnormality remains unclear.

Clinical manifestations of osteopetrosis are also highly
variable, likely mirroring the genotype heterogeneity.?>23
Correlation of symptoms with the genetic background is
still incomplete. For instance, the carbonic anhydrase
type Il mutation is responsible of a form also called “mar-
ble brain disease” because of cerebral calcifications.
Patients also suffer from tubular acidosis because the
carbonic anhydrase type Il is strongly expressed by renal
tubular cells.?*?* In the CIC7 mutation variant of the
malignant osteopetrosis, retinal degeneration indepen-
dent of optic nerve compression is likely to represent a

specific stigma of the disease.?® Interestingly, this gene
appears to also cause type Il benign autosomal dominant
osteopetrosis, a milder syndrome known as Albers-
Schénberg disease, in which the mutant CICN7 gene is
thought to act as a dominant-negative gene, as opposed
to the malignant form in which the loss-of-function muta-
tion does not affect heterozygous individuals.®®

Although ATP6i mutations account for most cases of
autosomal recessive osteopetrosis, there is limited in-
formation on the correlation between genotype and
phenotype, particularly at a cellular level. In view of
this, the present study was designed to provide in-
sights into the genetic, clinical, and cellular features in
this form of the disease.

Materials and Methods

Patients

Four patients affected by ATP6i-dependent autosomal
recessive infantile osteopetrosis were analyzed in this
study. A summary of clinical information is shown in Table
1. The study abides by the rules of our Internal Review
Board and the tenets of the Helsinki protocol.

Materials

Cell culture media, serum, and reagents were from Gibco
(Uxbridge, UK). Sterile glassware was from Falcon Bec-
ton Dickinson (Meylan, France). The anti-a, 85 antibody,
LM609, and the anti-Fc receptor (CD16) antibody were
from Chemicon International Inc. (Temecula, CA). The
anti pp60°~*"° polyclonal antibody and fluorescein isothio-
cyanate- or horseradish peroxidase-conjugated second-
ary antibodies were from Santa Cruz Biotechnology Inc.
(Heidelberg, Germany). Antisera raised against the C-
terminal peptide 811 to 829 (KFYSGTGYKLSPFTFAATD)
of the a3 subunit of the osteoclast V-ATPase was kindly
donated by Drs. J. P. Mattsson and D. Keeling (Astra-
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Genomic No. of Product

Primers Primer sequences position bases AT size Exons
116KDa-A Forward 5'-GTG CAC AGG TGC CCG TGG TT-3' 2221-2240 20 60°C 720 bp 2-3
116KDa-A Reverse 5'-CCC AGA CTC TTC CTT TCA GA-3’ 2940-2921 20
116KDa-B Forward 5'-CTG GTG GCC GAT GGA GTT TG-3' 3578-3597 20 60°C 620 bp 4-5
116KDa B Reverse 5'-AGT TCC GGG CCT GAA GGA GG-3' 4197-4178 20
116KDa C Forward 5'-GGC CAG TGT GCC CAA TTG CC-3' 4281-4300 20 60°C 729 bp 6-8
116KDa C Reverse 5'-ACC TCC TGC ACC CAC CTC CG-3' 5009-4990 20
116KDa D Forward 5'-CGG AGG TGG GTG CAG GAG GT-3' 4990-5009 20 65°C 486 bp 9
116KDa D Reverse 5'-AGG CAA AGC CCA GGT GCA GG-3' 5475-5456 20
116KDa E Forward 5'-AGG GCA GAG CAG GGC TGA TC-3' 5826-5845 20 60°C 374 bp 10
116KDa E Reverse 5'-TCA GGC TCA CAC CCT CCC AG-3' 6199-6180 20
116KDa-F Forward 5'-GGG TTC TTG ACT GCA GGC CA-3’ 8357-8376 20 60°C 676 bp 11-13
116KDa F Reverse 5'-TCA CCA CCC ACG GAC ACT CC-3’ 9032-9013 20
116KDa G1 Forward 5'-GCT GGC CCA TCT GCG CTC TG-3’ 9740-9759 20 65°C 717 bp 14
116KDa G1 Reverse 5'-TGA GCT CCG GCA GCG TCT CC-3' 10156-10137 20
116KDa G Forward 5'-AGA TTT GGA GCC TGG CTG CC-3’ 9903-9922 20 65°C 498 bp 15
116KDa G Reverse 5'-TCT TGC AGC TCC CAG TGG CC-3’ 10400-10381 20
116KDa H Forward 5'-AGG TGT GCA CAG CAG GGA CG-3' 10642-10661 20 60°C 549 bp 16-18
116KDa H Reverse 5'-AGA GAA GCA ACC CGC CCA GC-3' 11358-11339 20
116KDa | Forward 5'-GTG CAG GGA GGG CTT CAG GC-3' 11421-11440 20 65°C 417 bp 19-20

116KDa | Reverse

5’-CCC TGC CAC CTG CCT CAG CTA-3’

11969-11949 21

Zeneca, MoIndal, Sweden). The DNA extraction kit was
from Stratagene (Amsterdam, The Netherlands). Re-
agents for polymerase chain reaction (PCR) were from
Qiagen (Genenco, Florence, ltaly). The nitrocellulose fil-
ter membrane and the chemiluminescence detection kit
were from Amersham International plc (Chalfont Bucking-
hamshire, UK). Superscript ll-reverse transcriptase was
from Life Technologies (Milan, Italy). Mwol restriction en-
zyme was from New England Biolabs (Beverly, MA). Dye
Terminator cycle sequencing ready reaction mix was
from Perkin-Elmer Applied Biosystems (Foster City, CA).
All other reagents were of the purest grade from Sigma
Chemical Co. (St. Louis, MO).

Samples

Bone biopsies of the iliac crest were performed and
processed for paraffin embedding. Sections were rou-
tinely stained with hematoxylin and eosin. Alternatively,
sections were stained, as detailed below, to detect his-
tochemically the tartrate-resistant acid phosphatase
(TRAP) and immunocytochemically the a3 proton pump
subunit.

When bone marrow samples were obtained for clinical
purposes part of the material was used in this study.
Bone marrow aspirates were also obtained from patient’s
healthy relatives or unaffected age-matched controls. Pe-
ripheral blood samples were collected from patients and
healthy donors. These materials were used with the in-
formed consent of the patients or of their parents.

Mutation Analysis

DNA was extracted from ethylenediaminetetraacetic acid
blood samples using a DNA extraction kit. The entire
coding region of the 116-kd subunit was amplified using
intronic primers deduced from sequence (GenBank ac-
cession number, AF033033), by the National Bio-

sciences, Inc. OLIGO 4.1 Primer Analysis software. PCR
reactions were performed using the Qiagen master mix
kit, including 1X PCR buffer, 1X Q-solution, 200 umol/L
dNTP, 0.5 pwmol/L primer pair, and 2.5 U/reaction Tag-
DNA polymerase. Amplification conditions and primers
are described in Table 2. PCR products were purified
using the Qiagen PCR purification kit (catalog no. 28104)
following standard protocols recommended by the man-
ufacturer. Ten ng of purified PCR were used for 100 bp of
DNA cycle sequencing, which was performed using a
Perkin-Elmer dye terminator cycle-sequencing ready re-
action mix, using standard procedures. Reactions were
applied to a Perkin-Elmer ABI 377 DNA sequencer. Se-
quences were aligned using the National Center for Bio-
technology Information BLAST 2 program.

Reverse Transcriptase-PCR and Restriction
Fragment Length Polymorphism Analysis

RNA was extracted from ethylenediaminetetraacetic ac-
id-peripheral blood samples using a standard phenol-
chloroform method. For reverse transcriptase-PCR, 2 ug
of total RNA were reverse-transcribed using Superscript
Il reverse transcriptase and one-tenth of the reaction
product was used for PCR. This was performed in a final
volume of 100 ul and 0.5 umol/L of each primer (forward:
5'-GCT CGA TGG AGG AGG GAG TG-3'; reverse: 5'-
GTA AGC ATC GTG TGC TGG GC-3'). Samples were
then subjected to 2.5% agarose gel electrophoresis us-
ing 1X TAE running buffer (0.04 mol/L Tris-acetate, 0.001
mol/L ethylenediaminetetraacetic acid) to verify PCR
quality. For restriction fragment length polymorphism
analysis, PCR products were then purified by the Qiagen
PCR purification kit and digested with 1 U/ug of restric-
tion enzyme Mwol (restriction enzyme analysis, http://
darwin.bio.geneseo.edu/~yin/WebGene/RE.html), at 60°C
for 3 hours. Digestion was assessed by ethidium bro-
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mide-2.5% agarose gel electrophoresis and ultraviolet
transillumination.

Western Blot

Cells were washed twice with phosphate-buffered saline
(PBS) and lysed in a buffer containing 50 mmol/L Hepes
(pH 7.2), 150 mmol/L NaCl, 10% glycerol, 1% Triton
X-100, 1.5 mmol/L MgCl,, 5 mmol/L EGTA, 50 mmol/L
NaF, 100 wmol/L sodium vanadate, 10 wg/ml aprotinin,
10 pg/ml leupeptin, 1 mmol/L phenylmethylsulfony! fluo-
ride. Lysates were centrifuged at 14,000 rpm at 4°C for
10 minutes, and protein were measured by the Bradford
method. Eighty ug of protein in reducing sample buffer
was subjected to 10% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis. Proteins were then transferred
to nitrocellulose filter papers and incubated with primary
antibody diluted 1:1000 in TBST buffer (25 mmol/L Tris-
buffered saline, pH 7.4, 0.05% Tween), containing 1%
nonfat milk, at room temperature for 1 hour. Filters were
washed three times in TBST buffer and then incubated
with secondary antibody diluted 1:10,000 in TBST buffer
containing 1% nonfat milk, at room temperature for 1
hour. Bands were revealed by the enhanced chemilumi-
nescence detection Kit.

Osteoclast Preparation from Bone Marrow

The total bone marrow cell fraction was dispersed in
Iscove’s modified minimum essential medium supple-
mented with 20% fetal calf serum, 100 U/ml penicillin,
and 100 upg/ml streptomycin, and cultured in plastic
dishes at 37°C in a humidified atmosphere of 95% air and
5% CO.,. After 24 hours, nonadherent cells were removed
by aspiration and extensive washing.

Osteoclast Preparation from Peripheral Blood
Monocytes

Peripheral blood mononuclear cells were prepared from
human blood diluted in Hanks’ balanced salt solution
(1:1). Diluted blood was layered over Histopaque 1077
solution, centrifuged at 400 X g for 30 minutes, then
washed twice with Hanks’ solution and centrifuged at the
speed as above for 10 minutes. Cells were resuspended
in Dulbecco’s modified Eagle’s medium containing 4
mmol/L of L-glutamine, 100 U/ml of penicillin, 100 ug/ml
of streptomycin, and 10% fetal calf serum. Cells (3 X 10°
cells/cm?) were plated on glass coverslips or bone slices
and incubated at 37°C in a humidified atmosphere with
5% CO,. After 1 hour, cell cultures were rinsed to remove
nonadherent cells and were maintained in medium as
above in the presence of 25 ng/ml of recombinant human
macrophage colony stimulating factor, 30 ng/ml of re-
combinant human receptor activator of NF-«B ligand,
and 100 nmol/L of parathyroid hormone (PTH) for 21
days. Medium and factors were replaced every 3 to 4
days.

TRAP Activity

Cells were fixed in 3% paraformaldehyde in 0.1 mol/L of
cacodylate buffer for 15 minutes, then extensively
washed in the same buffer. TRAP activity was detected
histochemically in cells or in paraffin-embedded sections
of the bone biopsies, using the Sigma-Aldrich kit no. 386,
according to the manufacturer’s instruction.

Bone Resorption Assay

Cells were cultured in 24-plate multiwells containing 4 X
4-mm bovine bone slices, and fixed in 3% paraformalde-
hyde in PBS, then slices were cleaned free of cells by
sonication, stained with 1% toluidine blue, and observed
by conventional light microscopy.

Immunocytochemistry and Fluorescence
Microscopy

Cells plated on glass coverslips were fixed with 4% para-
formaldehyde in PBS at 4°C for 10 minutes, washed three
times in PBS, then, when required, permeabilized with
0.05% Triton X-100 in PBS at 4°C for 10 minutes and
incubated in 1% bovine serum albumin at room temper-
ature for 15 minutes. Samples were incubated at 37°C for
1 hour with a3, c-Src, avB3 integrin, and PYK2 antibod-
ies, then washed with PBS, followed by TRITC- or horse-
radish peroxidase-conjugated anti-mouse or anti-rabbit
secondary antibody at 37°C for 1 hour. Microfilaments
were decorated by incubation with 5 ug/ml of TRITC-
conjugated phalloidin at 37°C for 1 hour. Samples were
viewed with conventional light or epifluorescence in a
Zeiss Axioplan microscope (Jena, Germany).

Quantitative Analysis

Bone resorption was determined by pit enumeration. His-
tochemical TRAP staining intensity was determined by
densitometry and indicated as arbitrary units. Quantita-
tive data were expressed as mean * SEM. Statistics was
computed by the Student’s t-test and a P < 0.05 was
conventionally considered significant.

Results

Genotypes

Mutation analysis was performed sequencing all of the 20
coding exons and intron junctions after amplification from
genomic DNA, and ATP6i mutations were identified in
these patients (Figure 1). A summary of mutations is
shown in Table 3. Patient 1 was homozygous for a muta-
tion in exon 11 consisting of a single G nucleotide dele-
tion that predicted a frameshift and truncation of the
protein in the /Il transmembrane domain. Patient 2 was
homozygous for a C/A transversion in exon 13 that is
predicted to introduce a stop codon in the Ill/IV trans-
membrane domains. Patient 3 was a compound hetero-
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Figure 1. ATPG6i gene mutations. Electropherograms of the ATP6i gene in
healthy donors (left) and osteopetrotic patients (right). In patient 1, boxes
indicate the site of G deletion. In patients 2 to 4, arrows indicate the sites of
base transversion or transition. Note that patients 1, 2, and 4 are homozygous,
patient 3 is heterozygous.

zygote, carrying single point mutations affecting the ac-
ceptor splice site of intron 14 and the last nucleotide of
exon 18. The mutation in intron 14 (G/A transition) was
predicted to determine putative abnormal splicing in loop
IV/V, whereas mutation in exon 18 (C/T transition) could
give rise either to abnormal splicing or to protein trunca-
tion in the VIII transmembrane domain. In patient 4, there
was a homozygous splice donor site mutation in intron 18
that is predicted to determine abnormal splicing in the
VIII transmembrane domain (Figure 1, Table 3). To the

Table 3. ATPGi Gene Mutations
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best of our knowledge, the mutations found in patients 1
and 2, and that in exon 18 of patient 3 are novel and had
not been previously described.

For patient 1 we had access to RNA and proteins
extracted from peripheral blood mononuclear cells that
allowed reverse transcriptase-PCR/restriction fragment
length polymorphism and Western blot analysis, respec-
tively. For reverse transcriptase-PCR/restriction fragment
length polymorphism (Figure 2), Mwol restriction en-
zyme, cutting gcnnnnn/nngc sequences, was predicted
to digest amplified wild-type cDNA in nine fragments of
14 to 146 bp, spanning nucleotides 1073 to 1558 of
exons 10 to 12. In patient 1, the G deletion predicted in
cDNA position 1285 would determine the appearance of
an additional Mwol restriction cut site (Figure 2). There-
fore, 10 fragments of 14 to 109 bp were expected to be
formed in this patient. This resulted to be the case, as in
Figure 2 two fragments of 87 bp and 58 bp were ob-
served in the patient, but not in the control. In contrast,
the 146-bp fragment apparent in the control subject was
not observed in the patient.

We next performed Western blot analysis using an
antiserum recognizing the C-terminal peptide of the a3
subunit of the osteoclast V-ATPase. Figure 3 shows that
peripheral blood mononuclear cells harvested from a
control subject express high amounts of the TIRC7 pro-
tein, derived by alternative splicing of the ATP6i gene,
which is known to play a relevant role in lymphocyte
activation.® Long film exposure demonstrated also faint
expression in these cells of the 116-kd a3 subunit. In
contrast, proteins extracted from peripheral blood mono-
nuclear cells of patient 1 failed to immunoreact with this
antibody, confirming lacking of the protein C-terminal
sequence.

Clinical Follow-Up

Clinical follow-up was available for our patients (Table 1).
Symptoms were quite variable, however all patients
shared macrocephaly, growth retardation, and compro-
mised vision because of optic nerve compression syn-
drome. Three patients also showed hepatosplenomeg-
aly. Laboratory findings (Table 4) revealed severe
anemia and altered white cell counts in all patients,
whereas platelet counts were low only in one patient.

Location in Predicted
No. DNA Genomic mutation consequence Location in protein Allele
1 Exon 11 del G8521 G410fsX429 I/ll transmembrane Homozygous
domains
2 Exon 13 C8980A Y512X [1/IV transmembrane Homozygous
domains
3 Intron 14 G10106A splice acceptor Abnormal splicing IV/V loop Heterozygous
site position-1
Exon 18 C11278T last nucleotide of Abnormal splicing or VIII transmembrane
exon 18 Q746X 7?7 domain
4 Intron 18 G11279A splice donor site Putative abnormal VIII transmembrane Homozygous
position + 1 splicing domain
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Wild-type (484 bp)

Patient #1 (483 bp)

1073cagctcgatggagoagogagtoagtyccotggeteaccgea
teccectgecgggacatgccecccacactcatccgcaccaaccgctic
acgaccageticcaggqueatcotggategctacggeatyagecget
accaggagatcaaccccgctecctacaccatecatcaccttccccettee
tatttgctatgat dttcgaggat tgggecacaggetgcteatottcctet
tcgccctggccataatecttgcgoagaaccygaccygctatgaaane
cgcgcagaacgagatetggeagactiteticaggggecgetacctoe
tectoettatgggectottctecatetacaccggettcatetacaacgagt
qettcaatcgegecaccageatettccectcggactggaatatgecge
catggccaaccagtctgactygagtyatgcaticctggcccageaca
cyatgettacc1558

1073cagctcgatggaggagagagtoadgtaccatgactcaccgea
teceetgecgggacatgecccccacactcatccgeaccaaceyette
acggccagcttccagggeateotagatcactacggeotgggecoct

accaggaggtcaaccecgcetecctacaccatcatcaccttcccettce
totitgct ot gatott coggoatgtgogeccacygetycteatytteoctet
tcgecctgaccatgotecttgcggagaaccgaccyyctatgaaage

cgegcagaacgagatetggeagactticticaggggecgctacctge
tectgcttatgagectotictecatetacaccagceticatetacaacgaot
gettcagicgecgecaccageatettcccctcgggetygagtgtgcege

catggccaaccagtctggetggagtgatgeattcetggeccageaca
cgatgcttacc1557

Mwo! gcnnnnn/nngc:
397596 123 269 378 422 455 469

Mw ol gcnnnnn/nngc:
397596 123210 268 377 421 454 468

N
¥ N
\‘3*6 > 6\%
R & ¢
P P P
300bp —» | e
R— «— 146
- <“+— 109
. «— 87
«— 58
S0bp —» - z J«— 44-14

Figure 2. Restriction cuts sorted by Mwol enzyme. Analysis refers to patient 1. Top: Wild-type (left) and patient (right) sequences, spanning nucleotides 1073
to 1558/1557 of exons 10 to 12, and the positions of the gennnnn/nngc cuts by the Mwol restriction enzyme. Bottom: Control and patient fragments sorted by
Muwol cuts resolved by ethidium-bromide 2.5% agarose gel electrophoresis and ultraviolet transillumination. Underlined, physiological cut sites by the Mwol
enzyme; bold, additional cut-site in patient; g (bold and italics), G deleted in patient.

Interestingly, all patients shared mild to severe hypocal-
cemia, and elevated serum alkaline phosphatase activity
and PTH levels. When available, total creatinine kinase
enzyme was unremarkable. Radiographs showed a gen-
eralized increase in bone density, sclerosis of the basis of
the skull with increased density of the orbits (Figure 4A).
Proximal metaphyses of femurs and tibias were irregu-
larly shaped (Figure 4B) and, together with forearms,
showed diffused osteosclerosis and absence of medul-
lary cavities (Figure 4, B and C). Femurs, tibias, forearms,
phalanges, (Figure 4; B to D) and iliac crests (not shown)
showed endobone appearance.

All patients underwent bone marrow transplantation
(BMT) (Table 1). Nine months post-BMT (which was re-
ceived at the age of 6 months), patient 1 shows a mild

osteosclerotic pattern. Patient 2 was transplanted 1 year
ago at the age of 22 months. She still shows growth
retardation and post-BMT hypercalcemia.?® Patient 3
was transplanted 2.5 years ago at the age of 9 months.
This patient had severe optic nerve failure, which was not
rescued by BMT. Because of positive family history, pa-
tient 4 was investigated at birth and received an early
diagnosis. Pre-BMT evoked visual potential analysis had
revealed bilateral severely compromised optic nerve
function. This patient was transplanted 5 years ago at the
age of 2 months and underwent surgery for optic channel
decompression. Now he is healthy, with normal growth
rate. The right eye completely rescued its function,
whereas the left eye still presents remarkable reduced
vision (<1/50).
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Figure 3. Western blot analysis of a3 and TIRC7 proteins. Proteins were
extracted from peripheral blood mononuclear cells of control and patient 1,
as described in Materials and Methods, and resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. Immunoblotting was performed
using an antiserum against the C-terminal peptide of the a3 V-ATPase sub-
unit, also recognizing the TIRC7 splice variant of the A7P6i gene (middle).
Long-term film exposition allowed detection in these cells also of the mod-
estly expressed a3 protein (top). Bottom: The constitutive protein actin used
as an internal control.

Bone Biopsies

A clear-cut osteosclerotic pattern was obvious in sections
of iliac crest biopsies of all patients (Figure 5). Bone
trabeculae were massive and irregular in shape. In some
of them inner cores of unresorbed mineralized cartilage
(endochondral trabeculae) (Figure 5, B and H) were no-
ticed. Several osteoclasts noted for their large size,
multinuclearity (average, four to seven nuclei per cell;
Figure 5), and positivity to TRAP activity (Figure 6) were
associated with the trabecular profiles. These osteoclasts
showed apparent normal polarization and contact with
bone (Figure 5). Some of them laid in shallow Howship
lacunae, indicating that some resorption of bone could
take place (Figure 5H). Some trabeculae were layered by
active matrix-forming osteoblasts (not shown). Hemato-
poietic tissue was scarce against a remarkable back-
ground of diffuse fibrosis (Figure 5).

Sections were also immunoreacted with anti-a3 anti-
body recognizing the C-terminus epitope of the protein.
For comparison, samples from ATP6i-independent osteo-
petrosis were immunostained as control, where immuno-
reactivity with the a3 antiserum was noticed. In contrast,
reaction with this antibody was negligible in the bone
biopsies of the ATP6i-dependent patients (Figure 7).
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Figure 4. X-ray analysis. Radiographs of patient 1. A: Sclerosis of the base of
the skull (arrow). Obliterated cavities and irregularly shaped extremities
(arrows) in femurs and tibias (B) and in left forearm (C). Endobone
appearance (arrow) in left hand phalanges (D). Similar patterns were noted
in patients 2 to 4.

In Vitro Osteoclast Phenotype

Growth of bone marrow cells from patient 1 resulted in the
immediate appearance of a population of giant cells,
phenotypically indistinguishable from multinucleated os-
teoclasts. These cells attached to the culture dish in a few
hours and showed a highly motile phenotype underlined
by the appearance of well-developed lamellipodia in their
paramarginal area (Figure 8A). Similar to what was ob-
served in the iliac crest biopsy, giant cells had an aver-
age number of nuclei ranging from four to seven, with
prominent nucleoli. Nuclei were located in the cell center
together with organelles and vacuoles of variable size. As

Table 4. Laboratory Findings
Patient 1 Patient 2 Patient 3 Patient 4
Hgb (g/dl) 8.9 9.4 7.8 10.1
WBC (x10%/) 8.17 7.7 1.9 25.1
PLT (x10%) 138 205 122 41
Alkaline phoshatase (n.v. 100-300 mU/ml) 2730 612 1990 2600
Calcaemia (n.v. 8.6-10.8 mg/dl) 7.0 8.7 8.4 8.2
PTH (n.v. 10-65 pg/ml) 265 695 (PTH-COOH) 611 n.d.
180 (total PTH)
CK (n.v. 30-170U/L) 90 80 n.d. n.d.

Hgb, haemoglobin; WBC, white blood cells; PLT, platelets; n.v., normal values; n.d., nondetected.
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Figure 5. Iliac crest bone biopsies. H&E routine staining of paraffin sections
of an age-matched control (A, E) and of patients 1 (B, F), 3 (C, G), and 4
(D, H). Of note, irregular and massive primary trabeculae (b) surrounded
by abnormal fibrous tissue (f), and layered by several osteoclasts (large
arrows) are apparent in patients. In contrast, mature trabeculae (b)
surrounded by normal hematopoietic bone marrow (bm) and no oste-
oclasts are observed in the control subject. Small arrows, Howship
lacunae; arrowheads, unresorbed cartilage. Original magnifications: X10
(A-D); X40 (E-H).

expected, no giant cells were readily apparent in the
cultures of the healthy sister of this patient and of control
donors (not shown). Long-term cultures resulted in the
overgrowth of a stromal-like cell population, both in the
patient and in the normal controls. However, histochem-
ical staining revealed the presence of TRAP-positive gi-
ant cells only in the patient (Figure 8B), whereas, as
already described,?” in the cultures of controls no TRAP-
positive cells or only TRAP-positive putative mononuclear
osteoclast precursors were observed (not shown). De-

Figure 6. TRAP staining. Iliac crest bone biopsy paraffin section of patient 1
histochemically stained for the osteoclast-specific marker TRAP. Massive
trabeculae (b) are layered by a prominent number of TRAP-positive oste-
oclasts (arrows) and surrounded by fibrous tissue (f). Original magnifica-
tion, X40.

Figure 7.Immunohistochemical detection of the a3 V-ATPase subunit in
bone biopsies. A: The bone biopsy of a patient affected by A7P6i-indepen-
dent osteopetrosis was used as positive control for reaction to the anti-a3
antiserum. The arrow shows a group of osteoclasts labeled with brownish
color because of positive reaction to the antiserum revealed by a horseradish-
conjugated secondary antibody. B: Bone biopsy of patient 3 showing a3-
negative osteoclasts (arrows) counterstained with hematoxylin. Original
magnifications, X40.

spite the large numbers of osteoclasts in the bone mar-
row culture of the patient, only small pits could be de-
tected (Figure 8C), thus indicating a failure in the
resorbing function of the giant cells.

Similar to controls, giant cells obtained from peripheral
blood monocytes of patients 1 and 2 were numerous.
Morphologically, no obvious differences were noted be-
tween normal and osteopetrotic osteoclasts (Figure 9, A
and B). In both cultures, giant cells appeared disk-
shaped, with a clear zone-like paramarginal area, nuclei
and organelles were unremarkable. A strong TRAP activ-
ity was apparent in the giant cells from the patient (Figure
9, B and C). Enzyme distribution in perinuclear vesicles
was identical to control cells, however stain intensity was
twofold higher in diseased relative to normal osteoclasts
(Figure 9; A to C) (quantitative analysis, arbitrary units =
SEM: control, 10.8 = 0.57; patient, 20.1 = 1.13; n = 5;
P < 0.001). Interestingly, osteoclasts harvested from pa-
tient 1 after BMT that were supposed to derive from the
donor showed TRAP staining apparently lower than in
pre-BMT osteoclasts (Figure 9, C and D). Notably, al-
though control osteoclasts immunostained with the anti-
sera raised against the C-terminal peptide of the a3 sub-
unit of the osteoclast V-ATPase the osteoclasts from the
patient were immunonegative. Osteoclasts harvested
from patient 1 after BMT showed rescue of the immuno-
reactivity (not shown).

The osteoclasts obtained from the patient were capa-
ble of resorbing bone. However, although the pits formed
by control osteoclasts appeared well shaped with regular
margins and intensely stained with toluidine blue (Figure
9E), those excavated by osteopetrotic osteoclasts ap-
peared very pale indicating that little organic matrix was
exposed (Figure 9F). However, the number of pits was
similar in the control and in the patient (number/section:
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Figure 8. In vitro bone marrow osteoclasts. Bone marrow was harvested
from patient 1 and cultured in vitro by standard procedure (see Materials and
Methods). A: Phase-contrast micrograph of a 1-day cultured osteoclast show-
ing motile morphology and prominent lamellipodia (arrow). B: TRAP his-
tochemical staining of 1-week culture showing several large, TRAP-positive,
osteoclasts (arrows) against a background of TRAP-negative stromal cells.
C: Bone section showing a small pit (arrow) excavated by an osteopetrotic
osteoclast. Original magnifications: X63 (A); X25 (B and C).

control, 24.6 = 1.94; patient, 22.8 = 0.88; n = 3; n.s.).
Together with the observation in the bone biopsies, these
findings indicate that in ATP6/-dependent osteopetrosis,
osteoclast bone resorption is severely compromised but
not completely absent.

Consistent with the normal polarization of osteoclasts
observed in the iliac crest biopsies, osteoclasts har-
vested from the peripheral blood monocytes of the pa-
tients did not show remarkable alteration of cytoskeletal
arrangement and podosome distribution. Fluorescent
phalloidin staining revealed normal actin rings with typi-
cal punctate patterns as also observed in control cells
(Figure 10, A and B). Membrane distribution of the vitro-
nectin VB3 integrin receptor was unremarkable (Figure
10, C and D). Thus, at variance with previous observa-
tions by us and others,?”?® and similar to what observed
by Flanagan and colleagues®® in patients affected by
malignant osteopetrosis of unknown genetic origin, no
obvious alteration of the adhesion and polarization pat-
terns is observed in our ATP6i-dependent patients. Con-
sistently, in the osteopetrotic osteoclasts PYK2 and c-Src
appeared normally distributed at the paramarginal area
overlapping the actin ring (Figure 10, E and F) where
these tyrosine kinases are supposed to contribute to

Figure 9. In vitro peripheral blood osteoclasts. Osteoclasts were generated
in vitro from controls and patient 1 as described in Materials and Methods. A:
Control culture showing several TRAP-positive osteoclasts. B: Patient’s cul-
ture showing similar number of osteoclasts with a strongly positive TRAP
reaction. C: Patient’s culture at higher magnification showing strong TRAP
positivity. Dz Patient’s post-BMT osteoclasts showing less pronounced TRAP
activity relative to the pre-BMT osteoclasts depicted in C. E: Pits (arrow)
excavated by control osteoclasts showing regular morphology and intense
toluidine-blue staining. F: Pits (arrow) excavated by the patient’s osteoclasts
showing irregular edges and pale staining relative to control pits. Original
magnifications: X25 (A and B); X40 (C-F).

Figure 10. Cytoskeletal and adhesion properties of peripheral blood oste-
oclasts. Osteoclasts were generated in vitro from controls and patient 1 and
processed for fluorescence microscopy as described in Materials and Meth-
ods. Actin rings (rhodamine-conjugated phalloidin staining) in control (A)
and patient’s (B) osteoclasts. aVB3 receptor in control (C) and patient’s (D)
osteoclasts. ¢-Src (E) and PYK2 (F) in patient’s osteoclasts. No differences
were noted between control and osteopetrotic controls. Original magnifica-
tions, X40.
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integrin-mediated osteoclast adhesion and outside-in
signaling.

Discussion

To the best of our knowledge, this is the first phenotypic
characterization of human osteopetrosis dependent on
ATP6i gene mutations in which both clinical and cellular
aspects have been analyzed.

Previous reports have indicated that ATP6i mutations
account for most cases of autosomal-recessive osteope-
trosis'®~2" and in our studies, this gene was mutated in all
four patients. In three cases, the ATP6/ gene mutations
discovered were novel (exon 9, DelG8521; exon 13,
C8980A; exon 18, C11278T). Interestingly, in all cases
investigated so far, 20% of the alleles were found to carry
a G10106A transition in intron 14 leading to abnormal
splicing, suggesting that this could be a candidate hot
spot for mutations.?’

In this study all patients showed high alkaline phos-
phatase and PTH serum levels. These two biochemical
findings are inconsistently present in osteopetrosis and
reports can be contradictory.?22°2" The elevated alka-
line phosphatase activity could depend on altered osteo-
blast function.®® This biochemical marker is higher in
children than in adults, reflecting elevated bone formation
for skeletal growth.®® Its further increase in infants with
osteopetrosis does not have a definitive explanation yet.
Osteopetrosis is regarded as an osteoclast disease.
However, some extent of osteosclerosis, namely in-
creased osteoblast activity and bone formation, has been
claimed to occur in this disease,**3% and in our iliac crest
biopsies, active osteoblasts are seen in patients. This
event is not easily explainable if the osteoclast-osteoblast
coupling is taken in account. However, it must be con-
sidered that during skeletal development, osteoclast and
osteoblast activities are often uncoupled, as it occurs, for
instance, during periosteal bone formation associated to
endosteal bone resorption to increase diaphyseal collar
size accompanied by enlargement of medullary cavity.3®

Most forms of the disease in humans display increased
numbers of osteoclasts. In our patients, this was a con-
stant and obvious feature in bone biopsies, and others
have reported similar findings.”38 In the past, insensi-
tivity of osteoclasts and osteoblasts to the effects of PTH
was thought to be a cause of osteopetrosis.**~*? In the
light of recent data,*® we speculate that the increased
PTH levels are a result of the disease, because of the
hypocalcemia that presumably depends on ineffective
bone resorption. The increased osteoclast formation and
bone formation that was observed could simply be a
reflection of the elevated PTH levels, which also could
contribute, in three of our patients, to maintain serum
calcium values close to the normal ranges by its action on
other organs (ie, the kidney).

Osteoclast morphology in our patients seems to be
normal. Lack of ruffled border is claimed to be a common
feature of osteopetrotic osteoclasts. Unfortunately, we
could not address this issue in our study because of the
lack of electron microscope samples of bone biopsies.

Nevertheless, relative to another case of osteopetrosis
investigated in our laboratory,?” where the ruffled borders
of the osteoclasts were lacking and the adhesion prop-
erties altered, the osteoclasts of our ATP6i-positive pa-
tients showed no obvious morphological alterations by
routine histology. Holliday and colleagues'? and Lee and
colleagues™ have demonstrated that the mouse oste-
oclast V-ATPase interacts with microfilaments during
bone resorption and proposed that proton transport by
this pump is associated with reorganization of the actin
cytoskeleton during osteoclast activation. However, this
interaction seems to depend on the B subunits of the
V-ATPase, therefore it is not surprising that no cytoskel-
etal rearrangements or abnormal polarization is observed
in the osteoclasts of our patients.

Interestingly, bone biopsies showed intensely TRAP-
positive osteoclasts placed in altered resorption lacunae,
which we believe to represent the result of impaired, but
still remarkable, bone resorption. This result was con-
firmed in our in vitro assay, in which toluidine blue staining
demonstrated similar pit numbers, although little organic
matrix was exposed in the pits excavated by the oste-
oclasts of our patient. We believe that it would be remark-
able to investigate the molecular mechanisms that could
complement a3 activity, ie, other a subunits, or other
proton extrusion devices, such as the Na*/H™ anti-port. It
is interesting to note that redundant activities are often
observed in bone cells, and double-knockout experi-
ments are sometime required to disclose effective func-
tions of given genes.** We believe that such a knowledge
in a3-deficient osteoclasts could be helpful for future
pharmacological management of the disease.

Interestingly, TRAP-activity was found to be elevated in
patients’ osteoclasts. Unfortunately, this marker has not
been evaluated in the sera of these patients, therefore we
cannot address the issue of whether a correlation exists
between the cellular and the clinical findings. Notably,
TRAP-activity was less pronounced in post-BMT oste-
oclasts harvested from the monocytic fraction of periph-
eral blood of patients. We believe that these are donor
osteoclasts because of the fact that these osteoclasts are
now positive to the a3 subunit of the V-ATPase. Clinical
follow-up of this patient shows so far a marked ameliora-
tion of skeletal, hematological, and biochemical symp-
toms, thus confirming our hypothesis.

One of the means whereby we tested integrity of the
ATP6i gene in one patient was the analysis of the TIRC7
protein in lymphocytes.®4%4€ This is a novel ATP6i gene
product consisting of an ~75-kd transmembrane protein
expressed in the early stages of T-cell activation, which
does not share structural or sequence homology with any
of the known T-cell accessory molecules.’™ TIRC7 ex-
pression increases during acute rejection of cardiac al-
lografts,*>*¢ however its molecular and cellular roles are
at present still unclear. Despite this, detection of TIRC7
expression could be used as a valid tool for a rapid
diagnosis of ATP6i-dependent osteopetrosis, at least in
those cases in which the genetic mutation leads to loss of
the a3/TIRC7 C-terminus (the majority so far). In addition,
antibodies against TIRC7 inhibit in vitro proliferation and
Thi-type cytokine production by activated human T



cells,*” thus representing an additional tool to investigate
alteration of this gene in osteopetrotic patients. Further
insights into the TIRC7 protein structure and function are
however necessary to fully understand its role in lympho-
cytes and in other cell types.

In conclusion, we described genetic, clinical, and cel-

lular findings in four individuals affected by ATP6i-depen-
dent autosomal-recessive infantile osteopetrosis. We be-
lieve that this genotype/phenotype correlation will help
future developments of successful management, includ-
ing cell and gene therapy.
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