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Abstract

Background: Osteopetrosis is characterized by increased bone density and bone
marrow cavity stenosis due to a decrease in the number of osteoclasts or the dys-
function of their differentiation and absorption properties usually caused by bial-
lelic variants of the TCIRGI and CLCN7 genes.

Methods: In this study, we describe five Chinese children who presented with
anemia, thrombocytopenia, hepatosplenomegaly, repeated infections, and in-
creased bone density. Whole-exome sequencing identified five compound het-
erozygous variants of the CLCN7 and TCIRG1 genes in these patients.

Results: Patient 1 had a novel variant ¢.1555C>T (p.L519F) and a previously
reported pathogenic variant ¢.2299C>T (p.R767W) in CLCN7. Patient 2 har-
bored a novel missense variant (c.1025T>C; p.L342P) and a novel splicing variant
(c.286-9G>A) in CLCN?7. Patients 3A and 3B from one family displayed the same
compound heterozygous TCIRGI1 variant, including a novel frameshift variant
(c.1370del; p.T457Tfs*71) and a novel splicing variant (c.1554+2T>C). In Patient
4, two novel variants were identified in the TCIRGI gene: c.676G>T; p.E226*
and c.1191del; p.P398Sfs*5. Patient 5 harbored two known pathogenic variants,
€.909C>A (p.Y303*) and ¢.2008C>T (p.R670*), in TCIRG1. Analysis of the prod-
ucts obtained from the reverse transcription-polymerase chain reaction revealed
that the ¢.286-9G>A variant in CLCN7 of patient 2 leads to intron 3 retention,
resulting in the formation of a premature termination codon (p.E95V{s*8). These
five patients were eventually diagnosed with autosomal recessive osteopetrosis,
and the three children with TCIRGI variants received hematopoietic stem cell
transplantation.

Conclusions: Our results expand the spectrum of variation of genes related to
osteopetrosis and deepen the understanding of the relationship between the gen-
otype and clinical characteristics of osteopetrosis.
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1 | INTRODUCTION

Osteopetrosis is a genetic heterogeneous rare disease
characterized by abnormal bone metabolism. Its patho-
genesis stems from the dysfunction of differentiation and/
or absorption of osteoclasts, which results in skeletal dys-
plasia, such as increased bone density, brittleness, and
medullary cavity stenosis (Ajmal et al., 2017; Deng et al.,
2016; Pangrazio et al., 2014; Shamriz et al., 2017). Three
major clinical forms of osteopetrosis have been described,
namely autosomal recessive osteopetrosis (ARO) (OMIM
#259700), intermediate autosomal osteopetrosis (IAO)
(OMIM #259710), and autosomal dominant osteopetrosis
(ADO) (OMIM #166600), which differ in hereditary char-
acteristics, age of onset and clinical presentation (Besbas
et al., 2009; Sobacchi et al., 2013; Zeng et al., 2016). ARO,
known as infantile malignant osteopetrosis, is the most
fatal type of osteopetrosis (Bonapace et al., 2014). Patients
with ARO often develop symptoms in infancy or child-
hood, and in addition to abnormalities in the skeletal sys-
tem, they often present with pathological changes in other
systems, such as hepatosplenomegaly, pancytopenia, hy-
drocephalus, optic atrophy, repeated infections, and others
(Kuroyanagi et al., 2014; Stark et al., 2013). ADO is more
likely to be benign, and it is usually reported in adoles-
cents or adults (Moore et al., 2017). The clinical symptoms
of ADO may include fracture due to minor trauma, osteo-
myelitis, and hematological and neural defects of varying
severity, but no systemic symptoms have been described
(Moore et al., 2017). Although patients with ADO dis-
play increased bone density, their life expectancy is usu-
ally normal even without any treatment (Sobacchi et al.,
2013). The clinical manifestations and severity of IAO are
between those of ARO and ADO.

ARO is a genetically and clinically heterogeneous dis-
order with an incidence of 1/250 000 in the general pop-
ulation (Bliznetz et al., 2009). Two subtypes of ARO have
been described, including the osteoclast-rich-dysfunction
ARO caused by variants of TCIRGI (OMIM 604592),
CLCN7 (OMIM 602727), OSTM1 (OMIM 607649), SNX10
(OMIM 614780), and PLEKHM1 (OMIM 611466), and
the osteoclast-poor ARO caused by variants of TNFSF11
(OMIM 602642) and TNFRSFI1IA (OMIM 603499)
(Anderson et al., 2015). Of these, biallelic variants of
TCIRG1 (~50%), CLCN7 (13-16%), and OSTMI (2-6%)
account for most patients with ARO (Pangrazio, Frattini,
et al., 2012). The TCIRG1 gene, located on human chro-
mosome 11q13.2, contains 22 exons, which encode the
a3 subunit of V-ATPase composed of 830 amino acids.
V-ATPase is a proton pump, and its main function is to
pump hydrogen ions into the secretory lysosome. When
hydrogen ions are pumped out of the osteoclast, they acid-
ity the cortical environment between the osteoclast and

bone tissue, promoting bone reabsorption and regulating
bone formation and development (Pangrazio, Caldana,
et al., 2012). In 1999, it has been shown that osteoclast
V-ATPase of the oc/oc Tcirgl-deficient mice exhibited se-
rious defects, and it was initially confirmed proposed that
the TCIRGI mutation may be one of the main causes of
osteoclast dysfunction in humans (Li et al., 1999). The
CLCN7 gene, located on human chromosome 16p13.3,
contains 25 exons, which encode chloride channel pro-
tein 7 (CIC-7) of 803 amino acids. CLCN7 is a member
of the voltage-gated chloride channel protein family that
mediates the exchange of chloride ions against protons,
maintaining the acidic environment for bone resorption
(Sobacchi et al., 2013). CLCN7 plays a synergistic role
when hydrogen ions are transported outside of the cell by
TCIRG1 (Yu et al., 2014).

Hematopoietic stem cell transplantation (HSCT) is
currently the only effective therapy for osteopetrosis, but
its efficacy depends on the patient's genotype (Anderson
et al., 2015). It has been reported that individuals with
OSTM1 gene abnormality and some CLCN7 gene muta-
tions accompanied by neurodegeneration do not show
improvement after HSCT (Sobacchi et al., 2013). Further,
HSCT does not affect the course of osteopetrosis in indi-
viduals with mutations in the TNFSF11 gene, which en-
codes osteoclast differentiation and activation factor, and
does not reverse renal tubular acidosis and kidney injury
caused by CAII gene mutations (Herebian et al., 2017;
Sobacchi et al., 2013). Therefore, identification of the
causative variants in each case of osteopetrosis is pivotal
for the decision whether HSCT can be performed.

In this study, we performed whole-exome sequencing
of five children with suspected osteopetrosis. We detected
seven novel variants in two genes, TCIRG1 and CLCN?7,
and analyzed the pathogenicity of these variants.

2 | MATERIALS AND METHODS

2.1 | Ethical compliance

Patients in this study were recruited from the Shanghai
Children's Medical Center (SCMC). Informed consent
was obtained from parents of all patients. The Ethics
Committee of the SCMC approved this study (approval
#SCMCIRB-K2016013).

2.2 | Study subjects

All five patients were born to non-consanguineous healthy
parents. Patient 1 was a four-year and seven-month-old
boy, who was transferred to the hematology clinic of the
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SCMC due to osteomyelitis and strabismus. The initial
laboratory findings revealed mild anemia (hemoglobin:
97 g/L), granulocytosis (5.9 x 10°/L), monocytopenia
(0.8 x 10°/L), and elevated reticulocytes (4.6%). The white
blood cell (WBC) count and platelet count were normal.
Imaging examination showed a significant increase in
bone density, and the vertebral endplate showed a typical
“sandwich vertebrae” appearance (Figure 1a).

Patient 2 was a one-year and ten-month-old girl, with
a height of 83 cm (—0.4 SD) and a weight of 11.2 kg (—0.1
SD). She was presented to the infectious disease clinic at
our hospital with a cold and a cough. The patient was nor-
mally delivered at full term with a birth weight of 3 300 g.
When she was half a month old, she was found to have
pancytopenia, strabismus, nystagmus, and hypotonia,
and displayed no significant improvement after treatment
with nutritional neuropharmaceuticals. The motor devel-
opment milestones of this patient were severely delayed;
she could not raise her head, could not sit and stand up
without support, and could not talk. The laboratory find-
ings showed mild anemia (hemoglobin, 97 g/L), elevated

-_——
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reticulocytes (4.2%), and elevated lactate dehydrogenase
(1 562 U/L). The WBC, monocyte and platelet counts,
IgG, serum calcium, and alkaline phosphatase levels were
normal. Palpation of the abdomen showed hepatospleno-
megaly. We observed that her bone density increased, part
of the medullary cavity disappeared, and the vertebral
endplate thickened, resulting in the “sandwich vertebrae”
appearance, according to the chest X-ray examination
(Figure 1b).

Patient 3A was the first daughter of the family. She was
delivered at full term with a birth weight of 3900 g. She
had thrombocytopenia (65 x 10°/L) at the age of 20 days,
and improved after 2 months of oral prednisone treat-
ment. At 13 months of age, her height was 66 cm (>—3.0
SD), her weight was 7.7 kg (—1.9 SD), and she was again
taken to the hematology clinic for thrombocytopenia. Her
motor development milestones were normal. Clinical
laboratory investigations revealed moderate anemia
(hemoglobin, 64 g/L), leukocytosis (38.7x10%/L), throm-
bocytopenia (20x10%/L), mononucleosis (5.1 x 10°/L), ele-
vated reticulocytes (7.5%), elevated lactate dehydrogenase

FIGURE 1 Patient X-rays. Patient 1 (a) A significant increase in bone density was observed, and the vertebral endplate showed the
typical “sandwich vertebrae” appearance. Patient 2 (b) The results showed that bone density increased, part of the medullary cavity

disappeared, the vertebral endplate thickened, and the “sandwich vertebrae” appearance was observed. Patient 3A (c) A significant increase
in bone density was evident. Patient 3B (d) Diffusely increased bone density was confirmed, and the long bones with obliterated marrow
cavity showed the typical “bone in bone” appearance. Patient 4 (e) A diffuse increase in bone density was observed, and the marrow cavity
of the long bones disappeared, showing the “bone in bone” appearance. Patient 5 (f) A generalized increase in bone density was evident, the
marrow cavity of the long bones disappeared, and the vertebral endplate appeared thickened, having the “sandwich vertebrae” appearance



40f13 . ) N
Wl LEy_Molecular Genetics & Genomic Medicine

LIANG ET AL.

Open Access,

(2 924 U/L), increased alkaline phosphatase (785 IU/L),
and normal serum calcium levels. Abdominal palpation
showed hepatosplenomegaly. Chest radiography showed
a significant increase in bone density (Figure 1c). She
was diagnosed with juvenile-myelomonocytic-leukemia
(JMML), did not receive any medical care, and died soon
after. Patient 3B was an 8-month-old girl, 65 cm tall (—1.9
SD) with normal weight (7.9 kg, —0.6 SD). She presented
with thrombocytopenia (70 x 10°/L) and bleeding in the
limbs and abdominal skin. She was the second baby of the
family and 2 years younger than Patient 3A, with a normal
birth weight of 3700 g. When she was 2 months old, her
limbs and abdominal skin displayed repeated occurrences
of bleeding, and she was found to have thrombocytope-
nia and hepatosplenomegaly. Her development mile-
stones were normal. Admission laboratory examinations
revealed moderate anemia (hemoglobin, 64 g/L), leuko-
cytosis (21.75 x 10°/L), thrombocytopenia (55 x 10°/L),
mononucleosis (1.62 x 10°/L), elevated reticulocytes
(6.9%), elevated lactate dehydrogenase (1088 U/L), and in-
creased alkaline phosphatase (500 IU/L), whereas serum
calcium levels were normal. Abdominal palpation showed
no improvement in hepatosplenomegaly. X-ray examina-
tion revealed diffusely increased bone density, and the
long bones with obliterated marrow cavities showed the
typical “bone in bone” appearance at the time of admis-
sion (Figure 1d).

Patient 4, a 13-month-old boy with a height of 67 cm
(>—3.0 SD) and a weight of 8.8 kg (—1.2 SD), was sent
to the hematology clinic due to persistent high fever and
hepatosplenomegaly. When he was 3 months old, he pre-
sented with moderate anemia (hemoglobin: 75 g/L) and
thrombocytopenia (33 x 10°/L). He presented with stra-
bismus and nystagmus at the age of 7 months and hepa-
tosplenomegaly at the age of 8 months. His development
milestones were delayed, and he needed support to sit.
Laboratory results indicated moderate anemia (hemoglo-
bin: 88 g/L), leukocytosis (16.48 X 10°/L), mononucleosis
(2.01 x 10°/L), elevated reticulocytes (10.3%), elevated lac-
tate dehydrogenase (2 219 U/L), increased alkaline phos-
phatase (610 IU/L), and decreased serum calcium levels
(1.63 mmol/L), with a normal platelet count. Abdominal
palpation showed no improvement in the hepatospleno-
megaly symptoms. X-rays showed a diffuse increase in
bone density, and the marrow cavity of the long bones dis-
appeared with the “bone in bone” appearance (Figure 1e).

Patient 5, a 1-year-old boy (height: 71 cm, —2.0 SD;
weight: 8 kg, —2.0 SD), was referred to the hematology
clinic for persistent high fever. He was the first child of
the family and was born at term via normal delivery with
a birth weight of 3 150 g. He presented with a recurrent
upper respiratory tract infection after birth, and was
found to display growth retardation at a local hospital at

the age of 2 months. His motor development milestones
were delayed, and he could sit by himself, but could not
stand up without support. The laboratory results showed
moderate anemia (hemoglobin: 77 g/L), leukocytosis
(19.87 x 10°/L), thrombocytopenia (59 x 10°/L), mono-
nucleosis (2.1 x 10°/L), elevated reticulocytes (4.0%), a
compromised immune system (IgG: 1.55g/L), elevated
lactate dehydrogenase (2377 U/L), increased alkaline
phosphatase (616 IU/L), and normal serum calcium lev-
els. Palpation of the abdomen revealed hepatosplenomeg-
aly. X-ray examination revealed a generalized increase in
bone density, the marrow cavity of the long bones disap-
peared, and the vertebral endplate was thickened with the
“sandwich vertebrae” appearance (Figure 1f). He received
treatment only against the infections.

Clinical and laboratory data of the five patients are pre-
sented in Table 1.

2.3 | DNA sample preparation

Genomic DNA was extracted from peripheral blood sam-
ples obtained from patients and parents using a QIAamp
DNA Blood Mini Kit (Qiagen, Hilden, Germany) accord-
ing to the manufacturer's instructions. The DNA sample
was quantified using a Qubit dsDNA BR Assay Kit (Life
Technologies).

2.4 | Whole-exome sequencing and
data analysis

Approximately 3 ug of genomic DNA from each sample
was processed through shearing to 150-200 bp pieces
using a Covaris M220 Focused-ultrasonicator (Covaris).
An adaptor-ligated library was constructed using a Paired-
end Sequencing Library prep Kit (Agilent Technologies).
The design of the capture library was performed and en-
riched using an Agilent SureSelect XT Human All Exon
V6 Kit (Agilent Technologies). Clusters were then gen-
erated using isothermal bridge amplification with an
IlIUmina cBot station, and the products were sequenced
on an Illumina HiSeq2500 System (Illumina).

Base calling and sequence read quality assessments
were evaluated using Illumina Sequence Control Software
v4.0.4 with real-time analysis (Illumina, Inc.). Sequencing
reads were aligned to the reference human genome
(GRCh37.3, SNP135) using NextGENe (SoftGenetics
LLC). All single-nucleotide variants and insertion-
deletions were saved in a VCF format file and uploaded
to the Ingenuity@ Variant Analysis platform (Ingenuity
System, Redwood City, CA, USA) for bioinformatics anal-
ysis and interpretation.
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2.5 | Sanger sequencing

Sanger sequencing was performed to confirm the results
identified in the patients using whole-exome sequenc-
ing. The primers (Table S1) for CLCN7 (NM_001287.6)
and TCIRG1 (NM_006019.4) were designed by UCSC
ExonPrimer online software (http://genome.ucsc.edu/
index.html). The target sequences were amplified using
polymerase chain reaction (PCR) and examined by elec-
trophoresis in a 1% agarose gel. The products were puri-
fied using a QIAquik Gel Extraction Kit (Qiagen), and
the sequencing was performed on an ABI Prism 3730XL
Genetic Analyzer (Applied Biosystems; Thermo Fisher).
The sequence data obtained were analyzed with Mutation
Surveyorg software, version 4.0.4 (SoftGenetics).

2.6 | Reverse transcription-polymerase
chain reaction (RT-PCR)

To determine the splicing of the CLCN7 c.286-9G>A
variant, total RNA from peripheral blood samples of
the patient and parents was extracted using a total RNA
mini kit (TianGen). Then, cDNA was obtained using a
reverse transcription system kit (Qiagen). The follow-
ing primers were used for PCR amplification of a 290-
bp fragment of the wild-type cDNA: forward primer
5'-GAGTCGGACATATGAGCAGC-3’ located in exon 2
and reverse primer 5-CCAGGTTTTCCACCACGATG-3’
located in exon 5. The products were examined using elec-
trophoresisina1%agarose geland cloned into thepMD19-T
vector (Takara Biotechnology (Dalian) Co, Ltd.), thereafter
40 clones were selected and sequenced. GAPDH was used
as control to assess RNA quality, and a 99-bp region of the
GAPDH gene was amplified using PCR with the following
primers: forward, 5-GGACCTGACCTGCCGTCTAG-3’
and reverse, 5-TAGCCCAGGATGCCCTTGAG-3'.

2.7 | Pathogenicity predictions of the
validated variants

The potential pathogenicity of the validated missense
variant was predicted using PolyPhen-2 (http://genet
ics.bwh.harvard.edu/pph2/), PROVEAN (http://prove
an.jevi.org/protein_batch_submit.php?species=human),
MutationAssessor (http://mutationassessor.org/r3/), and
Mutation taster (http://www.mutationtaster.org/ChrPos.
html). The UCSC genome browser (http://genome.ucsc.
edu/) was used to roughly analyze the conservation of the
mutated amino acid.

3 | RESULTS
3.1 | Identification of TCIRGI and
CLCN7 variants

Whole-exome sequencing was used to screen for the causal
variants in the five patients. The candidate variants were
initially filtered after excluding benign variants predicted
by SIFT (http://sift.Jevi.org/) and PolyPhen-2 software,
low-confidence variants, and high-frequency variants
with an allele frequency >1% in the gnomAD database.
Clinical symptoms of anemia, hepatosplenomegaly, and
increased bone density were used as the filtering indicator
to analyze the above-screened candidate variants. Finally,
variants in TCIRGI and CLCN7 were found that most
likely caused the above-described manifestations in the
patients studied.

Compound heterozygous variants were identified in
the CLCN7 gene (NM_001287.6) in Patient 1. One variant,
¢.1555C>T, inherited from the father, was a novel mis-
sense variantin exon 17 thatleads to an amino acid conver-
sion (p.L519F). Another variant, c.2299C>T (p.R767W),
which was inherited from the mother, has been reported
previously (Figure 2a,b) (Deng et al., 2016; Zhang et al.,
2009). Patient 2 exhibited compound heterozygous vari-
ants ¢.286-9G>A and c.1025T>C in CLCN7. The novel
splicing variant c.286-9G>A was inherited from the fa-
ther, and the novel missense variant c.1025T>C in exon
12, which leads to an amino acid conversion (p.L342P),
was inherited from the mother (Figure 2a,c). Compound
heterozygous variants c.1370del and ¢.1554+2T>C in the
TCIRGI gene (NM_006019.4) were identified in Patient
3B. The novel variant ¢.1370del, inherited from the father,
leads to a premature stop codon (p.T457Tfs*71). The novel
splicing variant c.1554+2T>C, inherited from the mother,
is located in intron 13 (Figure 2a,d). The same compound
heterozygous variants were detected in the cryopreserved
blood sample of Patient 3A. Patient 4 harbored a com-
pound heterozygous variant in TCIRG1, including one
novel nonsense variant ¢.676G>T (p.E226*) in exon 5 and
a novel deletion of a single base (c.1191del) in exon 11,
which results in the formation of a premature stop codon
(p-P398Sfs*5). The c.676G>T (p.E226*) variant was in-
herited from the father and the c.1191del (p.P398Sfs*5)
variant was inherited from the mother (Figure 2a,e).
Compound heterozygous variants, c.909C>A (p.Y303*)
and ¢.2008C>T (p.R670%), were identified in TCIRG1 in
Patient 5. Both variants have been reported previously
(Yu et al., 2014). Further, the father carried the c.909C>A
(p-Y303*) variant, and the mother carried the c.2008C>T
(p.R670%) variant (Figure 2a,f).
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FIGURE 2 Family pedigrees and genetic sequencing findings. (a) The pedigrees of all patients. (b—f) Variants in the CLCN7 and
TCIRGI genes identified by WES were verified using Sanger sequencing. (b) We identified compound heterozygous variants ¢.1555C>T
(p.L519F) and ¢.2299C>T (p.R767W) in the CLCN7 gene in Patient 1. (c) Patient 2 displayed compound heterozygous variants c.286-
9G>A and ¢.1025T>C in the CLCN7 gene. (d) Compound heterozygous variants c¢.1370del and ¢.1554+2T>C were identified in the
TCIRGI gene in Patients 3A and 3B. (e) Patient 4 harbored a compound heterozygous variant in the TCIRG1 gene (c.676G>T; p.E226* in
exon 5 and c.1191del in exon 11). (f) Compound heterozygous variants ¢.909C>A (p.Y303*) and ¢.2008C>T (p.R670*) were identified in the
TCIRGI gene in Patient 5. All patients inherited the variants from their parents, respectively

3.2 | Pathogenicity predictions of the
¢.1025T>C (p.L342P) and ¢.1555C>T
(p.L519F) variants in the CLCN7 gene

The CLCN7 p.L342P and p.L519F variants, observed in
Patients 2 and 1, respectively, occur in the voltage-gated
chloride channel domain, which is highly conserved in
multiple species (Figure 3a). In addition, the leucines at
positions 342 and 519 in the CLCN7 protein are highly
conserved (Figure 3b,c). We next evaluated the patho-
genicity of the c.1025T>C (p.L342P) and c¢.1555C>T
(p.L519F) variants using four types of prediction software.
The prediction results for ¢.1025T>C (p.L342P) are listed
in Table 2. The PolyPhen-2 score was 1, indicating that
this variant was possibly damaging. The PROVEAN score
was —11.48, showing that this variant was deleterious.
The Mutation Assessor score was 3.13, which implied that
this variant exerted a medium effect on the function of the
CLCNY7 protein. The MutationTaster score was 1, indicat-
ing that this variant was disease-causing.

The prediction results for ¢.1555C>T (p.L519F) are
also displayed in Table 2. The PolyPhen-2 score was 1,
which indicated that this variant was probably damaging.

The PROVEAN score was —11.59, suggesting that this
variant was deleterious. The Mutation Assessor score
was 2.36, which showed that this variant exerted a me-
dium effect on the function of the CLCN7 protein. The
MutationTaster score was 1, indicating that this variant
was disease-causing. These findings indicate that both
variants in the CLCN7 gene were pathogenic.

3.3 | Transcriptional analysis of the
CLCNY7 ¢c.286-9G>A variant

In order to determine whether the ¢.286-9G>A variant af-
fects CLCN7 mRNA splicing, total RNA from the patient
and her parents was extracted to detect cDNA sequence
alterations between exons 2 and 5. Gel electrophoresis dis-
played two bands of different sizes. The smaller product
(lower band), approximately 290 bp, was assumed to be
the wild-type CLCN7, which was present in the patient's
mother (Figure 3d). The larger product (upper band)
was observed in the patient and her father who carried
the ¢.286-9G>A variant (Figure 3d). TA clone analysis of
the RT-PCR products revealed that the wide-type product
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FIGURE 3

In silico and in vitro analysis of the three novel variants in the CLCN7 gene. (a) The p.L342P and p.L519F variants are

located in the voltage-gated chloride channel domain of the CLCN7 protein, which is a pfam domain. (b and c) A cross-species alignment of
amino acid sequences showed that p.L342P and p.L519F variants occurred in a highly conserved region. (d) Electrophoresis of the RT-PCR
products from the cDNA samples obtained from patient 2 and her father showed two CLCN7 fragments of different sizes, whereas samples
obtained from the patient's mother showed only one band. (e and f) Clone sequencing of RT-PCR products revealed that the ¢.286-9G>A
variant leads to the retention of intron 3 and formation of a premature stop codon (p.E95V{s*8), compared to the wild-type sequence

TABLE 2 Pathogenicity predictions of ¢.1025T>C (p.L342P) and ¢.1555C>T (p.L519F) in CLCN7 gene

¢.1025T>C, p.L342P ¢.1555C>T, p.L519F
Prediction software Score Prediction Score Prediction
PolyPhen-2 1 Possibly damaging 1 Probably damaging
PROVEAN —11.48 Deleterious —11.59 Deleterious
Mutation Assessor 3.13 Medium (functional impact) 2.36 Medium (functional impact)
MutationTaster 1 Disease causing 1 Disease causing

displayed a normal splicing sequence (Figure 3e), whereas
the ¢.286-9G>A variant generated a new “AG” splice re-
ceptor in intron 3, which led to aberrant splicing that
retained intron 3 (Figure 3f). Further sequence analysis
showed that this aberrant splicing resulted in the forma-
tion of a premature stop codon (p.E95V{s*8).

3.4 | Treatment and follow-up

Five patients in this study were eventually diagnosed
with ARO based on the genotype along with the clinical

and laboratory data. Patients 1 and 2 were diagnosed
with the CLCN7-dependent ARO, whereas patients 3B, 4,
and 5 were diagnosed with the TCIRGI-dependent ARO.
Considering the poor prognosis of transplantation for the
patients with CLCN7-dependent ARO and neurodegener-
ation (Herebian et al., 2017; Shamriz et al., 2017), patient 1
and patient 2, with optic nerve symptoms, were withdrawn
from the treatment. The three children with TCIRG1I vari-
ants received allogeneic HSCT, and a re-examination in
1 year after the transplantation showed good recovery.
The results of blood count, ALP level, and immunoglobu-
lin levels returned to normal. The liver and spleen were
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not palpable under the ribs. X-ray examination of Patient
51in 1 and 2 years after transplantation showed that bone
density decreased significantly (Figure Sla,b).

4 | DISCUSSION

In this study, we reported five osteopetrosis patients and
identified two compound heterozygous variants in the
CLCN?7 gene and three compound heterozygous variants
in the TCIRGI gene. Among the variants, c.286-9G>A,
c.1025T>C (p.L342P), and c.1555C>T (p.L519F) in
CLCN7, and c.676G>T (p.E226*), c.1191del (p.P398Sfs*5),
c.1370del (p.T457Tfs*71), and c.1554+2T>C in TCIRGI
were novel. The splicing variant c.286-9G>A led to the re-
tention of intron 3 in CLCN7, which resulted in the forma-
tion of a premature stop codon (p.E95Vfs*8). Two novel
missense CLCN7 variants, ¢.1025T>C (p.L342P) and
¢.1555C>T (p.L519F), occurred in the voltage-gated chlo-
ride channel domain, at the positions highly conserved
in multiple species. Consistently, both variants were
predicted to be deleterious by multiple in silico tools, in-
dicating impaired function of the CLCN7 protein. In addi-
tion, sequence analysis showed that c.676G>T (p.E226%),
c.1191del (p.P398Sfs*5), and c.1370del (p.T457Tfs*71) var-
iants resulted in the loss of the partial peptide chain at the
C-terminal domain of TCIRGI, leading to defects in the
V-ATPase proton-pumping and vesicle trafficking functions
in osteoclasts (Sobacchi et al., 2013). The ¢.1554+2T>C
variant occurred in the splice donor site of intron 13, which
was predicted to interfere with the splicing of exon 13 with
exon 14 of TCIRGI. According to the guidelines issued by
the American College of Medical Genetics and Genomics
(Richards et al., 2015), all the variants were classified as
pathogenic or likely pathogenic (Table S2).

The chloride channel family proteins are homodimers
consisting of two homologous subunits, and each subunit
has four CI™ binding sites, eighteen intramembrane o he-
lices, and two cystathionine beta synthase domains (Sui
et al., 2013). The proteins of this family play an important
role in both organelles and the plasma membrane, regu-
lating ion homeostasis, cell volume, trans-epithelial trans-
port, and electrical excitability (Faundez & Hartzell, 2004).
As a member of this family, CLCN7 is a C1"/H* antiporter
that mediates Cl~ conductance in osteoclast lysosomes,
ensuring acidification necessary for bone degradation and
resorption (Deng et al., 2016). Disruption of CLCN7 ex-
pression causes severe lysosomal storage disease, which in
addition to osteopetrosis, leads to neurodegeneration, in-
cluding retinal atrophy (Kasper et al., 2005). This suggests
that neurological abnormalities in patients with CLCN7-
dependent ARO may be caused by the dysregulation of
lysosomal storage, in addition to the secondary effects
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caused by cranial stenosis compressing blood vessels and
nerves that pass through it. To date, more than 100 vari-
ants of CLCN7 have been included in the HGMD database
(http://www.hgmd.cf.ac.uk/). Of them, several hotspots
were described in patients of different ethnic origins, in-
cluding ¢.296A>G (p.Y99C), c.643G>A (p.G215R), and
€.2299C>T (p.R767W) (Letizia et al., 2004; Waguespack
et al., 2003). The ¢.2299C>T (p.R767W) variant was first
reported in Chinese ARO patient. Comparing the clini-
cal characteristics of patients with ADO-II that harbor
the same R767W variant in CLCN7 gene, we found that
the patients presented with varying disease severity, and
some family members harboring the same heterozygous
variant were normal, without any obvious clinical and ra-
diographic abnormalities (Deng et al., 2016; Letizia et al.,
2004; Li et al., 2019; Waguespack et al., 2003, 2007; Wang
et al., 2012; Zhang et al., 2009; Zheng et al., 2016). It is still
difficult to establish a robust correlation between the gen-
otype and osteopetrosis phenotype in patients with CLCN7
variants (Wang et al., 2012; Zheng et al., 2016). Patient 2
with compound heterozygous variants c.286-9G>A and
¢.1025T>C in CLCN7 displayed a classic ARO pheno-
type. However, Zeng et al. (2016) reported a patient with
a similar compound heterozygous variant, c.285+1G>A,
and c.896C>T (p.A299V) in CLCN7 that presented with
distinct manifestations. That patient showed typical ARO
phenotype at 7 months of age, but the clinical manifesta-
tions did not change significantly over the next 4 years,
showing extremely slow disease progression (Zeng et al.,
2016). Authors speculated that this difference was due to
the patient's general genetic background, suggesting that
certain “compensatory” or “modifier” mechanisms in the
acidification system “buffered” the disease progression. It
has been reported that the variable phenotype in patients
with CLCN7 gene variants may be explained by the ac-
tivity of the modifier genes (Rivas et al., 2015). Although
several studies have suggested the presence of modifier
genes affecting the course of CLCN7-dependent osteop-
etrosis, the mechanism through which CLCN7 gene de-
fects cause osteopetrosis is extremely complicated, and
the relationship between the genotype and phenotype is
still unclear. Further studies involving a larger cohort of
patients with osteopetrosis and healthy individuals who
carry CLCN7 gene mutations will be useful in providing
information to determine this mechanism.

The main function of the V-ATPase proton pump is
to maintain an acidic microenvironment between osteo-
clasts and bone tissue to promote bone resorption (Ajmal
etal., 2017). The V-ATPase proton pump is a multi-subunit
membrane complex with two main domains: the trans-
membrane proton translocation domain VO promotes
extracellular acidification of organelles and the cytosolic
hydrolytic domain V1 mediates ATP hydrolysis (Anderson
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et al., 2015). Defects in different subunits of the V-ATPase
protein complex are thought to be responsible for osteo-
petrosis (Stark et al., 2013). Variants of TCIRGI, which
encodes the a3 subunitof the V-ATPase complex, are report-
edly most frequently associated with ARO. So far, nearly
100 variants of TCIRG1 have been found in patients with
ARO (HGMD database). Several variants (c.807+5G>A,
¢.1213G>A, ¢.2005C>T, c.1674-1G>A, and others) have
been reported at higher frequencies in well-defined Costa
Rican, Chuvashian, and Belgian populations, owing to
the founder effect, long reproductive isolation, and ge-
netic drift (Bliznetz et al., 2009; Pangrazio, Caldana, et al.,
2012; Sobacchi et al., 2001; Susani et al., 2004). Clinical
data show that patients with ARO and TCIRGI variants
generally present with a homogeneous phenotype that in-
cludes prominent bone defects, secondary hematological
and neurological impairment, rare major immunological
deficits, and they respond well to HSCT (Mazzolari et al.,
2009; Pangrazio, Caldana, et al., 2012; Villa et al., 2009).
Three patients with ARO and TCIRG1 variants in this
study showed this typical malignant phenotype. A small
subset of patients with specific molecular defects displayed
a different phenotype. Sobacchi et al. (2014) and Zhang
et al. (2017) reported mild forms of TCIRGI1-dependent
ARO in several patients. A common feature in these pa-
tients was that a single-nucleotide change in the middle of
an intron led to an incomplete splicing, which retained a
small amount of normal TCIRG1 protein (Palagano et al.,
2015; Sobacchi et al., 2014; Zhang et al., 2017). Sobacchi
et al. (2014) demonstrated that even a limited amount of
normal TCIRG1 protein was sufficient to dampen the clin-
ical outcomes. This finding may provide a new treatment
direction, in addition to HSCT, for osteopetrosis patients
with TCIRG1 variants.

To the best of our knowledge, the positive effects of
HSCT on intrinsic osteoclast abnormalities, abnormal
bone metabolism, and extramedullary hematopoiesis
are more pronounced in patients with ARO that harbor
TCIRGI variants (Kuroyanagi et al., 2014). However,
many complications have been reported in patients with
ARO after HSCT (Kuroyanagi et al., 2014). In this study,
three patients received Allo-HSCT treatment, and al-
though their bone density was reduced and bone marrow
hematopoiesis recovered, the effects required a longer
follow-up period to draw definitive conclusions. The lat-
est research shows that the resorptive function of human
ARO osteoclasts can be restored in vitro by lentiviral
vector-mediated expression of TCIRG1 in CD34" cells of
patients with ARO and TCIRG1 variants, followed by the
differentiation into mature osteoclasts (Moscatelli et al.,
2021; Thudium et al., 2016). Capo et al. (2021) demon-
strated that the small molecule pyrimidoindole derivative

UM171 stimulated the expansion of hematopoietic stem
and progenitor cells in vitro and enhanced lentiviral
transduction efficiency without affecting their long-term
repopulating potential and ability to generate functional
osteoclasts. Autologous corrected stem cells transplanta-
tion represents a potentially safe and promising therapeu-
tic alternative for patients with ARO, as it does not require
suitable allogeneic donors and can restore the function
of osteoclasts without some transplant-related complica-
tions, such as graft-versus-host disease (Moscatelli et al.,
2021; Xian et al., 2020).

The clinical features and laboratory findings in pa-
tients with ARO and those with JMML may be similar.
Patients with ARO and JMML may present with anemia,
leukocytosis, monocytosis, thrombocytopenia, granulocy-
topenia, and hepatosplenomegaly (Hoyoux et al., 2014).
This may be the reason why Patient 3A was misdiagnosed
with JMML. Although both diseases can be treated with
HSCT, the indications and preparative regimens for HSCT
differ (Strauss et al., 2015). Therefore, careful differential
diagnosis is essential between ARO and JMML. Elevation
of ALP, hypoglobulinemia, and increased bone density are
not described in patients with IMML (Hoyoux et al., 2014;
Strauss et al., 2015). Imaging examination showed that in-
creased bone density is an effective diagnostic method for
distinguishing between these two diseases. Using high-
throughput sequencing technology to find specific genetic
molecular markers enabling precise molecular diagnosis
is the most powerful and accurate way to distinguish these
two diseases.

In summary, five Chinese children suspected to have
osteopetrosis were studied and eventually diagnosed
with ARO based on clinical manifestations, biochemi-
cal examination, radiological changes, and genetic de-
fects. Seven novel variants, c.286-9G>A, c.1025T>C
(p.L342P), and ¢.1555C>T (p.L519F) in CLCN7 as well as
c.676G>T (p.E226%), c.1191del (p.P398Sfs*5), c.1370del
(p.T457Tfs*71), and c.1554+2T>C in TCIRG1 were identi-
fied in these patients. This report not only expands the vari-
ation spectrum of the TCRIG1 and CLCN7 genes, but also
deepens our understanding of the relationship between
genotype and clinical characteristics of osteopetrosis.
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