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Differentially expressed genes in autosomal dominant
osteopetrosis type II osteoclasts reveal known and novel
pathways for osteoclast biology
Amélie E Coudert1, Andrea Del Fattore2, Céline Baulard3, Robert Olaso3, Corinne Schiltz1, Corinne Collet1,4,
Anna Teti5 and Marie-Christine de Vernejoul1,6

Autosomal dominant osteopetrosis type II (ADO II) is a rare, heritable bone disorder characterized by a high bone mass
and insufficient osteoclast activity. Mutations in the CLCN7 gene have been reported to cause ADO II. To gain novel
insights into the pathways dysregulated in ADOII osteoclasts, we identified changes in gene expression in osteoclasts
from patients with a heterozygous mutation of CLCN7. To do this, we carried out a transcriptomic study comparing gene
expression in the osteoclasts of patients with ADO II and healthy donors. Our data show that, according to our selection
criteria, 182 genes were differentially expressed in osteoclasts from patients and controls. From the 18 displaying the
highest change in microarray, we confirmed differential expression for seven by qPCR. Although two of them have
previously been found to be expressed in osteoclasts (ITGB5 and SERPINE2), the other five (CES1 (carboxyl esterase 1),
UCHL1 (ubiquitin carboxy-terminal esterase L1, also known as ubiquitin thiolesterase), WARS (tryptophanyl-tRNA syn-
thetase), GBP4 (guanylate-binding protein 4), and PRF1) are not yet known to have a role in this cell type. At the protein
level, we confirmed elevated expression of ITGB5 and reduced expression of WARS, PRF1, and SERPINE2. Transfection of
ClC-7 harboring the G215R mutation into osteoclasts resulted in an increased ITGB5 and reduced PRF1 expression of
borderline significance. Finally, we observed that the ADO II patients presented a normal or increased serum level of bone
formation markers, demonstrating a coupling between dysfunctional osteoclasts and osteoblasts. Sphingosine kinase 1
mRNA was expressed at the same level in ADO II and control osteoclasts. In conclusion, these data suggest that in
addition to an acidification dysfunction caused by the CLCN7 mutation, a change in ITGB5, PRF1, WARS, and SERPINE2
expression could be part of the osteoclastic phenotype of ADO II.
Laboratory Investigation advance online publication, 16 December 2013; doi:10.1038/labinvest.2013.140
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Osteopetrosis is a rare and heritable bone disorder char-
acterized by a high bone mass caused by insufficient activity
of osteoclasts.1,2 Two main clinical forms of osteopetrosis have
been identified. Autosomal recessive osteopetrosis is often
lethal in early childhood if untreated. Homozygous mutations
in several genes have been identified as being responsible for
the development of recessive osteopetrosis: mutations of CAII
and TCIRG1 impair osteoclast acid secretion.1 Homozygous
mutation in either CLCN7 or OSTM1, which have closely
related functions, also induces osteopetrosis and the inability

of osteoclasts to resorb bone.3,4 It was recently shown that
mutations in either TNFSF11 or TNFRSF11A, which are
responsible for normal osteoclast differentiation, induce
osteoclast-poor osteopetrosis.5,6

Autosomal dominant osteopetrosis (ADO II), also known as
Albers–Schönberg disease or marble bones, is seen in adults
who present mainly bone-related symptoms.7 Recent studies
of a series of patients with this disease indicate that serious
clinical complications, such as fractures, delayed consolidation,
and osteomyelitis, are frequent.8,9 These patients can also
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present dental problems and osteoarthritis. In addition to
orthopedic complications, retinal degeneration and marrow
failure may be observed.8 Heterozygous mutations in the
CLCN7 gene have been identified as being responsible for the
ADO II.3,10 The severity of the disease is highly variable. This
variability could be related to the presence of a modifying
gene11 or to polymorphism in the CLCN7 gene.12,13 Asympto-
matic forms or healthy carriers are not exceptional.8,14 Patients
have an increased number of osteoclasts; however, these are
unable to form ruffled borders or to resorb bone efficiently.15

The CLCN7 gene encodes a chloride channel that is a
member of the voltage-gated chloride channels family,3,16

and has Cl� /Hþ exchanger properties.17 It resides mainly in
the ruffled border of osteoclasts and in the late endosomes
and lysosomes, where it resides with its b-subunit OSTM1.18

Mice deficient for the CLCN7 gene develop osteopetrosis in
which the osteoclasts lack the ruffled border and the
acidification ability and are unable to resorb bone.3 Lack of
ClC-7 in the brain and kidney induces accumulation of
lysosomal storage material.19

Around 50 heterozygous mutations of the CLCN7 gene
have been described to cause ADO II.8,10,13,20–22 The most
common mutation is p.G215R.23 ClC-7 is a homodimer, and
it has been assumed that the mutated protein has a
dominant-negative action.10,24 These heterozygous muta-
tions may act on osteoclast function via the mislocalization of
ClC-7, which is then unable to reach the ruffled membrane of
the osteoclast.23 A defect in the acid microcompartment has
sometimes,25 but not always,26,27 been observed. Finally,
protein instability could also be induced by these
mutations.24 Although several authors studied osteoclasts
raised in culture from peripheral blood mononuclear cells
(PBMCs) of ADO II patients, their results gave divergent data
about the osteoclast phenotype of these patients, although
decreased pit depth was always reported.25,27 Our objective
was to identify changes in gene expression present in
osteoclasts from patients with a heterozygous mutation of
CLCN7. We therefore tried a different approach to investigate
the osteoclasts of ADO II patients and conducted a
transcriptomic study comparing gene expression in patients
with ADO II and in healthy donors. Our aim was to get novel
insights into pathways dysregulated in osteoclasts that might
also be relevant for other forms of high bone mass disorders.

MATERIALS AND METHODS
Patients
Patients with ADO II who were over 18 years of age and who
were already part of our previous cohort9 were recruited for
this study. All patients were systematically genotyped for
CLCN7 mutations (NG_007567.1: RefSeqGene for exonic
number and NM_001114331.2 for c.DNA). The sequencing
analyses were performed with Life Technologies’ reagents
on an ABI 3130 sequencer using Sescape software version 4
(Life Technologies). Only 15 patients with a heterozygous
mutation in the CLCN7 gene were selected for this study. In

14 out of the 15 patients, we evaluated serum tartrate-
resistant acid phosphatase 5b (TRAP 5b) (IU/ml) by the IDS
Immunodiagnostic System. We also measured serum type 1
collagen C-terminal telopeptide (CTx) and serum total type I
procollagen N-terminal propeptide (P1NP) using an ECLIA/
Cobas e601 Roche diagnostics kit. Bone formation was
assessed in 14 patients by measuring bone alkaline phos-
phatase (BAP) using the Immunoenzymatique OSTASEs

BAP kit provided by IDS. Bone mineral density (BMD)
was measured at the femoral neck in eight patients using the
same Lunar DPX-L (Lunar, Madison, WI, USA) densito-
meter. Sex- and age-adjusted values (Z-score) were based on
a French reference population between 20 and 89 years of age
from several centers (provided by Lunar France).

We also recruited 31 unmatched healthy blood donors
aged 20–61 years as controls for the osteoclast cultures. All
research performed for this study was approved by the Ethics
Committee of the Hôpital Lariboisière in Paris, France, and
all individuals signed an informed consent document before
entering the study.

Osteoclast Cultures
PBMCs were isolated from citrated blood samples from all
the healthy donors and all the osteopetrotic patients by
density-gradient centrifugation in Ficoll (Eurobio, France),
washed in PBS (Life Technologies, France) and resuspended
in a-MEM (Life Technologies) containing 1% penicillin (Life
Technologies), 1% streptomycin (Life Technologies), 1%
L-glutamine (Life Technologies), and 10% heat-inactivated
FCS (Hyclone, Thermoscientific, France). They were seeded
at a density of 2� 106 cells per ml on one-well chambers/slides
(Lab-Tek, Dutscher, France) for RNA and protein extractions,
and on eight-well chamber/slides (Lab-Tek) for TRAP
staining and immunofluorescence. Cells were cultured in a
humid atmosphere with 5% CO2. After incubating overnight,
the cultures were supplemented with recombinant human
M-CSF (25 ng/ml; Preprotech, France) and recombinant human
RANK-L (30 ng/ml; Preprotech). The PBMCs were cultured
for 14 days, with the medium changed every 3–4 days.28

At the end of the culture, the cells were washed with PBS,
fixed with 4% paraformaldehyde (PFA) (Sigma-Aldrich,
France), and stained for TRAP activity. Their nuclei were
counterstained with methyl green. Multinucleated (number
of nuclei 43) TRAP-positive cells were considered to be
differentiated osteoclasts, and were counted under a Zeiss
microscope.

Isolation of Total RNA
For the quantitative real-time RT-PCR analysis, total RNA
was extracted from the cells of all the osteoclast cultures at
the end of the culture period using the RNeasy kit (Qiagen,
France), which excludes genomic DNA. At least 10 mg of RNA
was harvested from each cell culture sample using this
method. The total RNA yield (ng) was determined spectro-
photometrically using the NanoDrop ND-100 (Labtech,
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France). Total RNA profiles were recorded using a Bioana-
lyzer 2100 (Agilent). RNA integrity numbers were
determined, and the mean value found was 9.6±0.4 s.d. The
coefficient of variation (CV) was 4.4.

Probe Synthesis, Hybridization, and Detection
cRNA was synthesized, amplified, and purified using the
Illumina TotalPrep RNA Amplification Kit (Ambion, France)
following the manufacturer’s instructions from the RNA
extracted from all the osteoclast cultures. Briefly, 200 ng of
RNA was reverse transcribed. After second-strand synthesis,
the cDNA was transcribed in vitro and cRNA labeled with
biotin-16-UTP. Labeled probe hybridization to Illumina
BeadChips human WG-6v2 was carried out using Ilumina’s
BeadChip WG-6v2 protocol. These beadchips contain 48 701
unique 50-mer oligonucleotides in total, with hybridization
to each probe assessed at 30 different beads on average. In all,
22 403 probes (46%) are targeted at ReferenceSequence
(RefSeq)29 transcripts and the remaining 26 298 (54%) are
for other transcripts, generally less well characterized
(including predicted transcripts).

Beadchips were scanned on the Illumina beadArray 500GX
Reader using Illumina BeadScan image data acquisition
software (version 2.3.0.13). Illumina BeadStudio software
(version 1.5.0.34) was used for preliminary data analysis.
Several quality control procedures were used to assess the
quality metrics of each run. Total RNA control samples were
analyzed with each run. The Illumina BeadStudio software
was used to view the control summary reports, scatter plots
of the total RNA control results from different days, and
scatter plots of daily run samples. The scatter plots compared
control vs control or sample vs sample, and calculated a
correlation coefficient. Viewing the scatter plots determined
whether controls from different days varied in quality, which
would indicate a reduction in assay performance, and high-
lighted any samples that were of lower quality. The control
summary report was generated by BeadStudio software,

which evaluates the performance of the built-in controls of
the BeadChips across particular runs. This allows the user to
look for variation in signal intensity, hybridization signal,
background signal, and the background/noise ratio for all the
samples analyzed in that run. Data are expressed as log 2
ratios of fluorescence intensities of the experimental samples
and the common reference sample. The Illumina data were
then normalized using the ‘normalize quantiles’ function in
the BeadStudio Software.

Real-Time PCR
Real-time PCR assays were carried out following MIQE
guidelines.30 Briefly, total RNA was reverse transcribed using
Superscript III and oligo(dT) primers (Life Technologies)
according to the manufacturer’s instructions. Real-time
quantitative PCR was carried out using the SYBR-green
master mix (Applied BioSystems, France) in an Mx 3005 P
Thermocycler (Agilent). PCR conditions were 95 1C for
10 min followed by 40 cycles of 95 1C for 15 s and 60 1C for
1 min. At the end of the amplification reaction, melting-curve
analyses were performed to confirm the specificity and the
integrity of the PCR products by the presence of a single
peak. Gene-specific primers were designed inside or close to
the microarray sequence targeted, using Primer Express
software (PE Applied Biosystems). Primer sequences of all
the genes analyzed are shown in Table 1. The absence of
cross-contamination and primer dimers was checked on
genomic DNA and water. Standard curves were generated
from assays made with serial dilutions of reference cDNA to
calculate PCR efficiencies (100±15%, with r2

Z0.996). Cq
samples were transformed into quantity values using the
formula (1±Efficiency)�Cq. Only means of triplicates with a
CV of o10% were analyzed. Interplate variation was below
10%. Values were normalized to the geometric mean of the
two normalization factors (NF) found to be the most stable
in all the samples using the geNorm approach (out of eight
NF chosen on the basis of microarray data and tested by

Table 1 Primers used for Real Time PCR

Gene Forward primer Reverse primer Amplicon size Efficacity (%)

CES1 50-AAGACGGTGATAGGAGACCACG-30 50-AGCAAAGTTGGCCCAGAATTT-30 129 99

ITGB5 50-ATCCAGGGCCCGCTATGA-30 50-AGTGTGCGTGGAGATAGGCTTT-30 94 102

ITGB3 50-GCCCTGCTCATCTGGAAACTC 50-CCCGGTACGTGATATTGGTGA-30 151 99

WARS 50-TGGACGTGTCTTTCATGTACCTG-30 50-CATGGCTCCGCTGGTGTAAT-30 89 94

UCHL1 50-GAACTTGATGGACGAATGCCTT-30 50-GCTCGGTGAATTCTCTGCAGA-30 100 90

Serpine2 50-GCTGAAAGTTCTTGGCATTACTGAC-30 50-GCAAGATATGAGAAACATGGAGGTT 101 94

Perforin1 50-AACTTTGCAGCCCAGAAGACC 50-GGGAGTGTGTACCACATGGAAA-30 96 97

GBP4 50-AACAGGTTGAGTGGGACTATAAGCTAGT-30 50-GTGAGGGCTTTGTCTGACTGC-30 127 87

OSBP 50-TGGAAAAGGAATCCTTTACCGAA-30 50-AGCATTGAGAGTCAGAGCAAGCT-30 75 97

TBP 50-CCCGAAACGCCGAATATAATCC-30 50-GACTGTTCTTCACTCTTGGCTC-30 130 96
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qPCR).31 The two NFs used were oxysterol-binding protein
(OSBP) and TATA box-binding protein (TBP), which
displayed a pairwise variation V2/3¼ 0.077.

Western Blotting
Cell extracts were prepared using lysis buffer (NaCl 150 mM,
Tris-HCl 200 mM, Triton X-100 0.5%, deoxycholate 0.5%,
sodium orthovanadate 1 mM) containing protease inhibitors
(Roche Applied Science, France). Protein samples were diluted
in 2� Laemmli SDS loading buffer (Sigma Aldrich), and
heated at 95 1C for 5 min. A quantity of 15mg of proteins
(determined by using ADVIAr1650; Bayer Diagnostics, France)
was resolved on an 8% acrylamide gel, and then transferred
onto a polyvinylidene difluoride-Hybond-P membrane
(Hybond-P; GE Healthcare, France). Blots were saturated with
blocking buffer (Sigma Aldrich) and then probed with primary
antibodies against CES1 (carboxyl esterase 1) (1/500), ITGB5
(1/500), PRF1 (1/1000), SERPINE2 (1/200), WARS (trypto-
phanyl-tRNA synthetase) (1/500), GBP4 (guanylate-binding
protein 4) (1/500), UCHL1 (ubiquitin carboxy-terminal
esterase L1, also known as ubiquitin thiolesterase) (1/200) and
GAPDH (1/200) (all antibodies from Abcam, UK). After
incubating overnight at 4 1C, the membranes were washed two
times with TBS 0.1% Tween-20, and 0.5% blocking buffer.
They were then incubated for 1 h at room temperature with
horseradish peroxidase-conjugated secondary antibodies. Fol-
lowing incubation with the appropriate secondary antibodies
(from Santa Cruz) (used at a 1/10 000 dilution), the mem-
branes were washed and the signals were visualized with the
West pico ECL system (Thermoscientific, France) on a Fujifilm
Intelligent Dark Box LAS 3000 lite (version 2.2). The intensity
of the band was quantified using Image Gauge software (ver-
sion 4.2), and then expressed as a ratio of the protein band
intensity on the GADPH band intensity.

Immunocytofluorescence
At the end of the culture, the cells were washed in PBS 1� ,
and then fixed for 20 min at room temperature with PFA 4%.
The fixed cells were washed several times in PBS 1� , and
then incubated in PBS/3% BSA/0.001% Tween for 1 h at
room temperature. The primary monoclonal antibodies
(against ITGB3, ITGB5, CES 1, PERFORIN 1, SERPINE2,
WARS, GBP4, and UCHL1; all from Abcam; 1/100) were
incubated on cells overnight at 4 1C. The cells were then
washed several times in PBS 1� and incubated for 1 h at
room temperature with the Alexa488-conjugated secondary
antibodies (Molecular Probes, France and Jackson Immuno-
Research, UK). The cells were finally incubated with Texas
RedsX-phalloidin (Life Technologies) for 20 min and the
nuclei counterstained with DAPI. Slides were analyzed by
using a Zeiss Axioplan.

Human Osteoclast Transfection
Human osteoclasts were isolated from healthy donors and
then cultured as described previously. After reaching 80%

confluence, the cells were transfected according to the Amaxa
protocol and as described previously.32 Briefly, after cell
harvesting, 1� 106 cells were pelleted and resuspended in
human monocyte nucleofector solution (Lonza, Italy) to
which 2 mg of plasmid were added. The transfected vectors
were either empty or overexpressed the WT CLCN7 or the
G215R CLCN7 mutation. The solution was added to Amaxa
electrode cuvette and electroporated in an Amaxa
Nucleofector II using program Y-010. Immediately
afterwards, the cells were resuspended in the culture
medium containing MCSF and RANK-L, and cultured for
48 h in this osteoclast-differentiating medium. The cells were
then harvested and the total RNA extracted, then
retrotranscribed, and finally subjected to a qPCR for the
expression of CLCN7 and the candidate genes. The
transfection was considered to be efficient when the CLCN7
gene expression showed at least a twofold increase compared
with the empty vector transfection.

Statistical Analysis
Data are presented as means±2 s.e.m. Statistical comparison
were made using Student’s t-test or Mann–Whitney when
appropriate, with Po0.05 being considered significant.

RESULTS
The Patients Exhibit a Typical ADO II Phenotype
The ADO II group was composed of 15 patients, 6 men and 9
women, and the control group consisted of 31 healthy blood
donors, 18 men and 13 women. Eleven ADO II patients
belonged to 4 different families and the other 4 patients were
unrelated. The ages ranged from 18 to 84 years (mean age
49±10 years) in the ADO II patient group, and from 20 to 61
years old (mean age 38±5 years) in the healthy donor group.
The ADO II patients had a total of six different CLCN7
mutations, half of them localized in the C-terminal domain
of the protein (Figure 1a).33 The most frequent mutations
responsible for ADO II10,23 were also represented in our
patient group: five related patients had the p.G215R
mutation and three unrelated patients the p.R767W
mutation. All the patients had a higher than normal
(2–5 U/ml) serum TRAP level, with values ranging from 5.3
to 60.9 U/ml (mean value 33.9±9.3 U/ml) (Figure 1b). The
bone resorption marker serum CTx (normal range from 100
to 700 pg/ml) was within the normal range for all but two of
the osteopetrotic patients, with an overall mean of
445±261 pg/ml. The mean ratio of CTx/TRAP was 24±18
(pg/U) with a ratio ranging from 2 to 106. This ratio was
markedly decreased compared with the normal range
(50–140 pg/U) for all the patients but two. The serum BAP
level (normal range from 5 to 15 ng/ml) was elevated in 6 of
the 14 patients, ranging from 17 to 64 ng/ml. The other eight
patients presented a normal BAP level, ranging from 6.9 to
13.2 ng/ml. The overall mean value of the BAP level in the
ADO II patient group was 21.3±9.6 ng/ml, higher than the
normal range (Figure 1b). The serum BAP level was not

Genes expression in ADO II osteoclasts

AE Coudert et al

4 Laboratory Investigation | Volume 00 00 2013 | www.laboratoryinvestigation.org

http://www.laboratoryinvestigation.org


correlated with their serum TRAP level. Analysis of the P1NP
(normal range from 10 to 70 ng/ml) revealed a mean higher
than the range of the normal values at 89.5±50.0 ng/ml. This
level was elevated in six of the osteopetrotic patients.
According to the previously defined osteopetrotic score,34 the
patients presented a mild ADO II phenotype and the most
severe clinical case (score 2) had sustained more than 10
fractures, but none of the patients had visual impairment or
bone marrow failure. However, the femur neck Z-score
(when assessed) was increased as expected for osteopetrotic
patients (þ 7.3±3.4) (Figure 1b), and was not correlated to
any formation or resorption marker. All the patients had the
typical X-ray features of ADO II, with sandwich vertebrae
and bone in bone features (Figures 1c and d).

qPCR Validation of Transcriptome Analysis of Osteoclast
Cultures Reveal Seven Genes Differentially Expressed in
ADO II Patients and Healthy Donors
From each of the 15 ADO II patients and the 31 healthy
blood donors, PBMCs were purified and cultured for 14 days
with MCS-F and RANK-L in order to differentiate them in
osteoclasts. To assess the homogeneity of our cultures, a
TRAP staining was carried out and osteoclasts were counted.
We show that morphologically our cultures were comparable
(Figure 2a), and that the number of differentiated osteoclasts
after 14 days was not different in the cultures from the ADO
II patients and from the healthy donors (ADO II:

50.49±21.41 OC per mm2; healthy donors: 39.75±9.19 OC
per mm2; Figure 2b). We next analyzed the expression of the
OC marker genes by qPCR, and showed that there was no
difference between the OC cultures from the ADO II patients
and the healthy controls with regard to the expression of
TRAP, CTSK, or RANK (Figure 2c). We also showed that
although the CLCN7 gene is mutated in the ADO II patients,
the expression of this gene was not different in the two types
of osteoclast cultures (Figure 2d).

As our two types of osteoclast cultures were comparable,
RNAs were extracted and a transcriptomic analysis was car-
ried out to look for differences at the transcription level. The
stringency of our transcriptome analysis was a P-value o0.05
without any correction and 183 gene were differentially
expressed (Supplementary Table 1). We selected 18 candidate
genes showing the greatest difference in expression between
the osteopetrotic and the control osteoclasts (from a 13%
increase and from a 20% decrease of expression between
patients and healthy donor osteoclasts). Out of these 18
selected genes, we were able to confirm differential expression
of only seven of them by qPCR; these are shown in Figure 2e
(transcriptome and qPCR data). The qPCR differences were
as follows: ITGB5 (þ 53% in the osteopetrotic patient vs
healthy donor control; P¼ 0.005), CES1 (þ 323% osteope-
trotic patient vs healthy donor control; P¼ 0.003), PRF1
(� 32% osteopetrotic patient vs healthy donor control;
P¼ 0.044), SERPINE2 (� 53% osteopetrotic patient vs

Figure 1 Phenotype and CLCN7 mutations of autosomal dominant osteopetrosis type II (ADO II) patients. (a) Localization of the different CLCN7

mutations presented by the patients (adapted from Dutzler et al67). The patients presented six different CLCN7 mutations variously positioned on the

CLC7 protein, with three of them localized in the intracellular C-terminal region, and the others in the transmembrane region. The most common

mutation, p.G215R, was present in five of our osteopetrotic patients. (b) The levels for serum bone markers such as bone alkaline phosphatase (BAP),

tartrate-resistant acid phosphatase (TRAP), serum type 1 collagen C-terminal telopeptide (CTx), the CTx/TRAP ratio, and serum total type I procollagen

N-terminal propeptide (P1NP), and the femoral BMD Z-score of 14 out of 15 osteopetrotic patients are shown here. The gray zone corresponds to the

normal range. (c and d) Typical X-ray features of osteopetrotic patients. (c) Dense bands of sclerosis parallel to the vertebral endplates (‘sandwich

vertebrae’, arrowheads) and (d) concentric arcs of sclerosis within the iliac wings (‘bone within bone’).
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healthy donor control; P¼ 0.03), WARS (� 34% osteope-
trotic patient vs healthy donor control; P¼ 0.023), GBP4
(� 31% osteopetrotic patient vs healthy donor control;

P¼ 0.013), and UCHL1 (þ 68% osteopetrotic patient vs
healthy donor control; P¼ 0.031) (Figure 3g). Our results
validated these genes as candidate ADO II biological markers.

Figure 2 Quantitative polymerase chain reaction (qPCR) validation of the transcriptome analysis of osteoclast cultures reveals seven genes differentially

expressed in autosomal dominant osteopetrosis type II (ADO II) patients and healthy donors. (a) Tartrate-resistant acid phosphatase (TRAP) staining of

14-day cultures of osteoclasts from a healthy donor (left) and an osteopetrotic patient (right). No difference could be observed at the morphological

level. The pictures shown here are representative of the observations made on the osteoclast cultures from 15 osteopetrotic patients and 31 healthy

donors (scale bar: 50 mm). (b) The number of multinucleated and TRAP-positive osteoclasts was evaluated for all the control and osteopetrotic

osteoclast cultures. No significant difference was observed between the two types of cultures. (c) The expression levels of three osteoclastic

differentiation markers were evaluated by real-time quantitative polymerase chain reaction (RT-qPCR) from all the osteopetrotic and healthy donor

osteoclast cultures. No significant difference was observed between the two types of culture for the expression of TRAP, CTSK, or RANK. (d) CLCN7

expression (on the microarray) was not different in the osteopetrotic osteoclasts when compared with the healthy donor osteoclasts, even though the

osteopetrotic osteoclasts carried a CLCN7 mutation. (e) Significant differences in the expression of ITGB5, CES1, PRF1, SERPINE2, WARS, GBP4 and UCHL1

in osteoclasts from healthy donors and osteopetrotic patients obtained by microarray. (f) Significant differences in the expression of ITGB5, CES1, PRF1,

SERPINE2, WARS, GBP4 and UCHL1 in osteoclasts from healthy donors and osteopetrotic patients validated by qPCR. Healthy donors in white bars,

n¼ 31; osteopetrotic patients in black bars, n¼ 15. *Po0.05, **Po0.005, and ***Po0.001.
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ITGB3 mRNA expression was not significantly different in
either the microarray or qPCR data (þ 13% osteopetrotic
patient vs healthy donor control; P¼ 0.2509). We also ana-
lyzed the SPHK1 mRNA expression. Although its expression
was significantly higher in ADO II patients in the microarray
(þ 109% osteopetrotic patient vs healthy donor control;
P¼ 0.028), no significant difference was observed by qPCR
(þ 3% osteopetrotic patient vs healthy donor control;
P¼ 0.86). We also carried out a DAVID analysis of our
transcriptome results.35,36 This clustering analysis reveals
only an enrichment statistically significant for the organelle

lumen and the membrane-enclosed lumen clusters including
the same 33 genes (for details, see Supplementary Tables 2
and 3).

Changes at the Protein Level Between ADO II and
Healthy Donor Osteoclasts were Observed for Four
Markers: ITGB5, WARS, SERPINE2, and PRF1
To validate the changes in expression observed by qPCR,
we assessed the protein expression of these seven candidate
genes by western blotting of the proteins extracted from
osteopetrotic and healthy donor osteoclasts. We confirmed

Figure 3 Increase in integrin b5 and decreases in SERPINE2, Perforin 1, and WARS are validated at the protein level in osteoclasts from osteopetrotic

patients vs those from healthy donors. (a) Western blot of proteins extracted from two osteopetrotic patients (mutations G215R and R767W) and two

healthy donor osteoclast cultures showing greater expression of the ITGB5, no difference in CES1 expression, and lower expression of SERPINE2 in

osteopetrotic osteoclasts vs healthy donor osteoclasts. The expression is expressed as the ratio of the protein expression over GAPDH expression.

(b) Western blot of proteins extracted from two osteopetrotic patients and two healthy donor osteoclast cultures showing lower expression of WARS

and PRF1. The expression is expressed as the ratio of the protein expression over GAPDH expression. (c) Immunofluorescence was performed on all the

osteopetrotic and healthy donors osteoclasts. The immunostainings shown here are representative of those observed for all the osteoclast cultures

performed. It shows the cytoplasmic expression of ITGB3, ITGB5, SERPINE2, PRF1, and WARS (revealed by a secondary antibody coupled with Alexa488)

(first column) in human osteoclasts in comparison with the phalloidin localization (Texas Red) (second column), nuclei stained with

40 ,6-diamidino-2-phenylindole (DAPI) (third column), and a merge image (fourth column) (scale bar: 50 mm).
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the increased expression of ITGB5 (278%) and the
decreased expression of SERPINE2 (51%), WARS (68%), and
PRF1 (49%) in osteopetrotic osteoclasts compared with the
healthy donor osteoclasts (Figures 3a and b). No difference in
CES1 expression was observed. We were not able to detect
UCHL1 and GBP4 by western blotting. We then conducted
immunofluorescence on osteopetrotic and healthy donor
osteoclasts to investigate the presence of the proteins coded
by the candidate genes in human osteoclasts, and the possible
different intracellular localization of the proteins we had
detected by western blot. As a control, we stained the osteo-
clasts for ITGB3 and observed that, as expected, it colocalized
with phalloidin in both ADO II and healthy-donor osteo-
clasts. In contrast, ITGB5, WARS, SERPINE2, CES1, and
PRF1 were present in the cytoplasm of both ADO II
and healthy donor osteoclasts, but did not colocalize with
phalloidin (Figure 3c). Immunostainings did not allow us to
evidence any decrease in the protein expression or any change
of localization of the protein of interest between the ADO II
and healthy donor osteoclasts.

Gene Expression Modifications in the Transfection
Model
To validate the differential expression of our candidate genes in
osteoclasts induced by CLCN7 mutations, we decided to
transfect a mutated CLCN7 plasmid into primary osteoclasts
from healthy blood donors as described previously.32 We
carried out four successful transfections and compared gene
expression in the osteoclasts transfected with the mutated
CLCN7 plasmid to the ones transfected with the WT CLCN7
plasmid. We observed, as expected, that the CLCN7 expression
in osteoclasts transfected with WT CLCN7 vector was
increased in comparison with those transfected with the
empty vector (Figure 4a). We then analyzed the expression of
our four genes of interest. We were able to detect a trend
toward the increased expression of ITGB5 (Po0.08) and
decreased expression of PRF1 (Po0.06), and no significant
change in WARS and SERPINE2 in (Figure 4b). These results
confirmed the impact of the CLCN7 mutation on the trans-
cription regulation of the ITGB5 and PERF1.

DISCUSSION
In this study, we observed that several genes were differen-
tially expressed in osteoclasts raised in culture from PBMC
taken from ADO II patients and healthy blood donors.
Among these genes, we validated the ITGB5, WARS,
SERPINE2, and PERF1 in our different assays. We found that
change in expression of ITGB5 and PERF1 were indeed
observed not only at the gene and protein levels but was also
triggered in human osteoclasts by transfection of a mutated
CLCN7 plasmid.

Gene expression profiling is a powerful tool for investi-
gating the changes induced by mutation in human samples.
In osteoclasts, it has previously been used to investigate
changes occurring in Paget’s disease of bone.37,38 In our

study, osteoclast cultures were similar in patients and donors
in terms of cell number and differentiation, which enabled
us to compare gene expression in osteoclasts of both
provenances. We observed 183 genes differentially expressed
in ADO II osteoclasts. Of this group of genes, the 18 most
highly regulated candidates were further analyzed, which
comprised several genes not previously described in
osteoclasts. For only seven genes, differential expression was
confirmed qPCR. Among these were the ubiquitously
expressed genes GBP4 and UCHL1,39,40 and also the gene
CES1 previously reported to be expressed in macrophages.41

Although we were able to confirm that their RNA were
expressed in human osteoclasts, we were not able to confirm
any change at the protein expression level.

SERPIN are part of the plasminogen system involved in
matrix remodeling and thrombus formation. SERPINE2, also
known as protease nexin-1, PN-1, belongs to the serine
protease inhibitor superfamily.42 SERPINE2 is expressed in
a wide variety of tissues. It was identified as a potential
candidate susceptibility gene for the chronic obstructive
pulmonary disease.43 SERPINE2 strongly influences
fibrinolysis and thrombolysis44 SERPINE2 expression in
murine osteoclasts was first demonstrated by Yang et al.45

It has been suggested that it may be involved in the removal
of non-collagenous proteins that are present in the non-
mineralized bone matrix, but are not required for osteoclast
differentiation or for the resorption of the mineralized
matrix.46 SERPINE2 was markedly decreased in ADO II
osteoclasts, and we can speculate that it could be a compen-
satory mechanism for the decrease in the resorption function
of ADO II osteoclasts.

Perforin 1 is a 66 kDa pore-forming protein that poly-
merizes and forms a transmembrane, pore-like structure in
the plasma membrane lipid bilayers47,48 of target cells.49 This
channel is dependent on Ca2þ , and delivers granzymes into
the cytosol of target cells. This is the only currently known
granzyme delivery molecule.47,48 Perforin1 is expressed in
cytotoxic natural killer lymphocytes.50 Perforin1-deficient
mice are viable and have severe defect in natural killer
cell-mediated cytolysis.51 PRF1 gene defects are responsible
for familial hemophagocytic lymphohistiocytosis, a severe
condition with immune deregulation.52 No bone phenotype
has been reported for patients or mice deficient for PRF1.
Demonstration of PRF1 expression in osteoclasts raises the
question of whether its expression may not be restricted to
cytotoxic immune cells and its decreased expression in
osteopetrotic osteoclasts might deserve further study.

WARS expression was markedly decreased at both the gene
and protein levels in ADO II osteoclasts. WARS catalyzes the
aminoacylation of tRNA(Trp) with tryptophan to make it
available to the cell’s protein synthesis machinery.53 We had
observed previously that osteoclasts can synthesize serotonin
from tryptophan, and this triggers osteoclast differentiation
as they express tryptophan hydroxylase 1.54 It is therefore
possible that WARS is related to the osteoclast biology, but
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we could not confirm it in the transfection experiment.
WARS had not previously been observed in osteoclasts, and
its function in this cell is unknown. Interestingly, the short
form of WARS is inducible by interferon.55 Furthermore,
SERPINE2 and PRF1 are also indirectly or directly regulated
by interferon. Kasper et al56 performed genome-wide gene
expression profiling in the hippocampus of Clcn7� /� mice.
They observed in this tissue higher expression of several
interferon-inducible genes pointing to the same pathway as
in osteoclasts but in an opposite direction.

Among these candidate genes, ITGB5 was the most coherent
target as it was overexpressed at the RNA and protein level and
there was a trend toward increased levels after expression of
mutated CLCN7 in human osteoclasts. ITGBb5 is known to be
more highly expressed in immature osteoclasts than in fully
differentiated osteoclasts.57 Furthermore, aVb5 cannot replace
aVb3 in osteoclastogenesis when the latter is missing.58 Finally,
a lack of expression of integrin b5 in female mice induces
increased osteoclast function.59 In our ADO II osteoclasts,
as reported previously,27 osteoclast differentiation was
unchanged, at least when comparing the number of
multinucleated, TRAP-positive cells and the expression of
osteoclast-specific genes, such as CTSK, TRAP, and RANK. In
addition, a morphological change in the motile structure of
ADO II osteoclasts has been reported previously.27 Another

group has reported that osteoclast motility was modified in
ADO II patients with CLCN7 mutations.26 Finally, a single
osteopetrotic patient with an unknown mutation presented
changes in osteoclast integrins, including increased expression
of integrin b5.60 The cytoskeletal organization and mobility of
osteoclasts are both dependent on integrin b3 and its
downstream signaling pathway involving Rho GTPase and
vav3.61 We did not observe any change in integrin b3 in ADO
II osteoclasts, but it is possible that integrin b5 overexpression
could interfere with the b3 intracellular signaling. Convergent
morphological data point to a change in osteoclast motility in
ADO II and our finding of higher level of integrin b5 fits in
with these observations.

Lysosomal function in osteoclast is under the control of the
transcription factor TFEB that regulates lysosomal genes,
among which is CLCN7.62 However, the mechanisms by which
mutations in CLCN7 regulate ITGB5 expression remains to be
determined. CLCN7 mutations act intracellularly. A lack of
ClC-7 induces the accumulation of lysosomal storage
material,19 due to reduced Cl� accumulation in the lysoso-
mes.63 Some heterozygous mutations, such as the G215R
mutation that we transfected into human osteoclasts, can
induce retention of ClC-7 in the endoplasmic reticulum.23,24

Some of the mutations retain normal lysosomal targeting, but
they induce lower stability or reduce currents.24 Although the

Figure 4 Human osteoclast transfection. Human osteoclasts from healthy blood donors were transfected with an empty, a wild-type (WT) or a G215R-

mutated CLCN7 expression plasmid. (a) CLCN7 expression is significantly increased in the human osteoclasts transfected with the WT CLCN7 vector

(white bar) in comparison with those transfected with the empty vector (hatched bar). (b) The expression of ITGB5, WARS, SERPINE2, and PRF1 was

assessed by quantitative polymerase chain reaction (qPCR). No significant difference was observed for WARS and SERPINE2, but there was a trend for an

increased expression of ITGB5 and a decreased expression of PRF1. This figure shows the mean of four independent successful transfection

experiments, as assessed by the overexpression of CLCN7. Human osteoclasts transfected with the WT CLCN7 vector are represented by white bars;

human osteoclasts transfected with G215R CLCN7 vector by gray bars. P-value from student test is reported above the bars.
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mechanism of the disease may differ depending on the causal
mutation, they all impair lysosomal activity, which could
impact on the regulation of several genes and thus contribute
to impaired osteoclast function.

The objective of osteoporosis treatment is to reduce bone
resorption while maintaining or increasing bone formation.
It has been proposed that CLCN7 inhibition could be used
to treat osteoporosis.64 However, increased bone forma-
tion has never been demonstrated so far in ADO II.
Histomorphometry has evidenced normal bone-forming
surfaces in very few patients with ADO II.15 They display a
continuous increase in bone density over time,8 which is
compatible with the ongoing bone formation combined with
decreased bone resorption. Serum markers of bone formation
have not so far been reported in this disease. We observed
that none of our patients had reduced bone formation, as
could be expected in view of their decreased bone resorption.
Moreover, half of them had elevated levels of bone alkaline
phosphatases and P1NP. This fits in with the hypothesis that
osteoclasts present on bone surfaces can synthesize molecules
that directly stimulate bone formation.64,65

Recently sphingosine-1-phosphate (S1P), among other
factors secreted by osteoclasts, has been shown to stimulate
osteoblast differentiation.65 More recently, in mice deficient
for CTSK, SPHK1 increased expression triggers an higher
secretion of S1P by osteoclasts, which has been shown to be
responsible for increased bone formation.66 We therefore
wanted to evaluate sphingosine kinase 1 expression in
osteoclasts. It was expressed at the same level in patients
and healthy donor osteoclasts. As the number of osteoclasts
was higher in the patients, this is compatible with the
involvement of sphingosine kinase 1 in the sustained bone
formation of these patients.

In conclusion, we have shown that the expression of several
genes is modified in osteoclasts from patients with ADO II
(ITGB5, WARS, PRF1, and SERPINE2). We were able to
demonstrate that integrin b5 is overexpressed in the osteo-
clasts of these patients. Changes in osteoclast motility could
explain part of the osteoclast dysfunction of ADO II, and
could therefore provide a target for reducing the invalidating
clinical symptoms of patients. A knock-in model of ADO II
could be used in the future to test this hypothesis.

Supplementary Information accompanies the paper on the Laboratory

Investigation website (http://www.laboratoryinvestigation.org)
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