Autosomal Recessive Osteopetrosis 1
(ARO1 / TCIRG1-Related Malignant
Infantile Osteopetrosis): A
Comprehensive Disease Characteristics
Report

Disease: Autosomal Recessive Osteopetrosis 1 (ARO1) Identifiers: OMIM 259700
MONDO:0009815 - Orphanet ORPHA:667 (osteopetrosis, malignant infantile) - MeSH D010022
(Osteopetrosis) - ICD-10 Q78.2 - ICD-11 LD24.K0O Category: Mendelian, autosomal recessive
Causal gene: TCIRG1 (HGNC:11647; chr11q13.2; also Atp6i, OC116, ATP6V0A3)

Summary

Autosomal Recessive Osteopetrosis 1 (ARO1) is the classic malignant infantile osteopetrosis
caused by biallelic loss-of-function variants in TCIRG1, the gene encoding the a3 subunit of
the vacuolar H*-ATPase (V-ATPase) proton pump. The a3 subunit is essential for acidification
of the osteoclast resorption lacuna. When it is lost, osteoclasts differentiate and are present in
normal or increased numbers but cannot dissolve bone mineral—hence the pathological
hallmark of an "osteoclast-rich" osteopetrosis with abundant, non-functional osteoclasts on
marrow biopsy. TCIRG1 mutations account for roughly 50% of malignant infantile
osteopetrosis cases, making it the single most common cause of the disease.

The consequence of failed osteoclastic bone resorption is a cascade of clinical problems: dense
but mechanically fragile bones (pathological fractures), progressive obliteration of marrow
cavities producing bone marrow failure with pancytopenia and extramedullary
hematopoiesis (hepatosplenomegaly), narrowing of cranial nerve foramina causing
blindness and deafness, hypocalcemia with tetanic seizures, and, because the high
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resorption-lacuna pH also impairs dietary calcium mobilization, a co-occurring
"osteopetrorickets." The disease presents in the neonatal period or early infancy (incidence
~1 in 250,000 births) and, untreated, is frequently fatal within the first decade of life.

The only curative therapy is allogeneic hematopoietic stem cell transplantation (HSCT),
since the osteoclast defect is of hematopoietic origin; early HLA-matched transplant yields
roughly 80% overall survival, but it does not reverse established neurologic damage—
underscoring the urgency of early molecular diagnosis. Adjunctive medical measures
(recombinant human interferon gamma-1b, calcitriol, calcium/vitamin D) provide bridging
or supportive benefit but are not curative. Tcirgl/Atp6i-deficient mouse models faithfully
recapitulate the disease and have enabled ex-vivo lentiviral gene therapy proof-of-concept,
an emerging alternative for patients lacking a suitable donor.

Section 1 — Disease Information

Overview. ARO1 is a genetically determined skeletal dysplasia in which defective osteoclast-
mediated bone resorption leads to a generalized increase in bone density with paradoxical
bone fragility. It is the most severe ("malignant") form of osteopetrosis, typically manifesting at
birth or in early infancy. The information in this report is derived predominantly from
aggregated disease-level resources (OMIM, Orphanet, GeneReviews-style syntheses) and
from individual patient case reports/case series, rather than from large EHR-based cohorts;
the rarity of the disease means most quantitative data come from single-center pediatric
cohorts and multi-family molecular studies.

Key identifiers.
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Resource Identifier

OMIM 259700 (osteopetrosis, autosomal recessive 1, OPTB1)
Gene OMIM 604592 (TCIRG1)

MONDO MONDO:0009815

Orphanet ORPHA:667 (malignant infantile osteopetrosis)
MeSH D010022 (Osteopetrosis)

ICD-10 Q78.2

ICD-11 LD24.K0

HGNC (gene) HGNC:11647 (TCIRG1)

Synonyms / alternative names. Malignant infantile osteopetrosis (MIOP); infantile malignant
osteopetrosis (IMO/IMOP); osteopetrosis autosomal recessive 1 (OPTB1); "marble bone disease”
(a historical umbrella term); Albers-Schonberg disease is a related but distinct autosomal
dominant form and should not be conflated with ARO1. TCIRG1 gene synonyms include Atp6i,
ATP6V0A3, OC116, and TIRC?7.

Section 2 — Etiology

Primary cause. ARO1 is a monogenic disorder caused by biallelic (homozygous or
compound heterozygous) loss-of-function mutations in TCIRG1. There is no environmental,
infectious, or lifestyle cause; the etiology is entirely genetic. TCIRG1 encodes the a3 subunit of
the V-ATPase; loss of function abolishes acidification of the osteoclast resorption lacuna,
producing the osteoclast-rich phenotype (Finding F001).

"TCIRG1 encodes the a3 subunit, an essential isoform of the vacuolar ATPase proton pump
involved in acidification of the osteoclast resorption lacuna and in secretory lysosome
trafficking. TCIRG1 defects lead to inefficient bone resorption by nonfunctional osteoclasts

seen in abundance on bone marrow biopsy, delineating this ARO as 'osteoclast-rich'." —
PMID: 35981697
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Genetic risk factors. The causal variants are the biallelic TCIRG1 mutations themselves. The
dominant risk factor at the population level is consanguinity: most reported index families
are first-cousin consanguineous with homozygous "private" variants (Finding F010). No
common susceptibility loci or modifier genes have been definitively established for ARO1;
disease severity is largely determined by the residual function of the specific alleles (e.g.,
hypomorphic splice variants give milder disease).

Environmental / lifestyle / infectious risk factors. None apply. ARO1 is not caused or
triggered by toxins, radiation, diet, occupation, or pathogens. (Notably, congenital CMV
infection can mimic the presentation—see Diagnostics—but is not causal.)

Protective factors. No environmental or dietary protective factors are known. The only
"protective” genetic circumstance is possession of a hypomorphic (partially functional)
allele, which attenuates severity (e.g., the intron 18 ¢.2236+6T>G splice variant associated with
a mild adult phenotype; Finding F006).

Gene-environment interactions. Not applicable in a causal sense. The one clinically relevant
interaction is dietary calcium x osteoclast dysfunction: because bone-derived calcium
cannot be mobilized and high lacunar pH impairs dietary calcium uptake, nutritional calcium
status modulates the hypocalcemia/rickets phenotype (osteopetrorickets, Finding F003).

Section 3 — Phenotypes

The phenotype is a multisystem consequence of failed osteoclast function. Quantitative
frequencies below come primarily from a single-center pediatric osteopetrosis cohort (n=17;
Finding FO08) and from case series.



Phenotype

HPO term
(suggested)

Frequency
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Severity/
course

Generalized
osteosclerosis /
increased bone
density

Short stature

Ophthalmologic
abnormalities (optic
atrophy, nystagmus,
visual impairment)

Hearing loss

Hepatosplenomegaly
(extramedullary
hematopoiesis)

Pancytopenia / bone
marrow failure
(anemia,
thrombocytopenia)

Hypocalcemia (+
tetanic seizures)

Pathological

fractures

Osteopetrorickets
(metaphyseal
rickets)

Macrocephaly /
frontal bossing

Hydrocephalus

Radiographic/
physical

Physical

Clinical sign

Clinical sign

Clinical sign

Lab
abnormality

Lab
abnormality

Physical

Radiographic/
lab

Physical

Clinical sign

HP:0011002

(Osteopetrosis)

HP:0004322

HP:0000648
(Optic
atrophy),
HP:0000639
(Nystagmus)

HP:0000365

HP:0001433

HP:0001876,
HP:0001903,
HP:0001873

HP:0002901

HP:0002690

HP:0002748
(Rickets)

HP:0000256,
HP:0002007

HP:0000238

~100% (defining)

13/17 (76.4%)

10/17 (58.8%)

7/17 (41.1%)

7/17 (41.1%)

Common

Common

Common

Frequent (all ARO
in one cohort had

metaphyseal

osteopetrorickets)

Recurrent

Occasional

Congenital/
neonatal

Infancy/
childhood

Infancy

Infancy/
childhood

Infancy

Neonatal/
infancy

Neonatal

Infancy/

childhood

Infancy

Infancy

Infancy

Progressive

Progressive

Progressive,
often
irreversible

Progressive

Progressive

Progressive,
life-
threatening

Episodic/
progressive

Recurrent

Progressive



Frequency
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Severity/

course

HPO term
Phenotype

(suggested)
Dental anomalies / . HP:0000684,

. Physical

delayed eruption HP:0000682
Recurrent infections Clinical HP:0002719
Developmental Behavioral/

HP:0001263
delay neuro
Hypotonia HP:0001252

P .. / Neuro sign /

spasticity HP:0001257
Seizures Neuro sign HP:0001250

in 7 patients (41.1%)." — PMID: 42661684

PMID: 19232111

Recurrent

Recurrent

Recurrent

Recurrent

Occasional (incl.
hypocalcemic
tetany)

Childhood

Infancy

Infancy

Infancy

Neonatal/
infancy

Episodic

"The median age at diagnosis was 14 months (range, 15 days-130 months), and short
stature was observed in 13 of 17 patients (76.4%). Ophthalmologic abnormalities were
present in 10 patients (58.8%), hearing loss in 7 patients (41.1%), and hepatosplenomegaly

"Classic ARO is characterised by fractures, short stature, compressive neuropathies,
hypocalcaemia with attendant tetanic seizures, and life-threatening pancytopaenia." —

Quality of life. ARO1 imposes severe QoL impact: visual and hearing impairment compromise

sensory development; recurrent fractures and short stature limit mobility; marrow failure

requires transfusion support and confers infection/bleeding risk; and the disease is life-
limiting without HSCT. Disease-specific QoL instrument data (EQ-5D/SF-36/PROMIS) are not
available for this ultra-rare pediatric condition; QoL is inferred from the clinical severity and

treatment burden.
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Section 4 — Genetic / Molecular Information

Causal gene. TCIRG1 (HGNC:11647; gene OMIM 604592), located at chr11q13.2, encodes the a3
subunit of the V-ATPase VO domain—the membrane-embedded proton-translocating sector.
The a3 isoform is highly expressed in osteoclasts and is essential for pumping protons into the
resorption lacuna and for secretory lysosome trafficking (Finding F001).

Variant spectrum. Pathogenic TCIRG1 variants are predominantly loss-of-function: nonsense/
stop-gain, frameshift indels, and canonical splice-site variants, with a minority of missense
alleles (Finding F006). Representative variants:

Variant (cDNA / protein)

Homozygous; absent from gnomAD; ACMG
€.1897C>T (p.GIln633Ter) Nonsense

"pathogenic"
c.676G>T (p.E226™) Nonsense Compound het
€.909C>A (p.Y303*) Nonsense Known pathogenic
€.2008C>T (p.R670%) Nonsense Known pathogenic
.624delC (p.P208PfsX1) Frameshift  Pakistani consanguineous family
c.1191del (p.P398Sfs*5) Frameshift =~ Compound het

€.1370del (p.T457Tfs*71); c.66delC; .
Frameshift = Reported

c.692delA
€.1554+2T>C; ¢.2236+6T>G; Soli €.2236+6T>G (intron 18) is hypomorphic —
ice
€.1020+1_1020+5dup g mild phenotype
) ER retention/misprocessing of a3 — LOF via
p-R444L Missense

mistrafficking

Classification & allele frequency. Most variants are private to individual consanguineous
families, absent from gnomAD, and classified pathogenic/likely pathogenic per ACMG/AMP
criteria.
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"Whole-exome sequencing identified a novel homozygous pathogenic variant in T-cell
immune regulator 1 (TCIRG1) (NM_006019.4:c.1897C>T; p.GIn633Ter). The variant is
absent from the gnomAD database and was classified as pathogenic according to the ...
ACMG/AMP criteria." — PMID: 42529563

Functional consequence. The mechanism is loss of function. Truncating/frameshift/splice
variants abolish a3 protein or produce nonfunctional protein; the R444L missense causes ER
retention and misprocessing of the glycoprotein, preventing its lysosomal/membrane
localization:

"the mutant glycoprotein localized to the ER instead of lysosomes and its oligosaccharide
moiety was misprocessed” — PMID: 22685294

A rare hypomorphic splice variant demonstrates genotype—-phenotype correlation—partial
function — mild disease:

"He was homozygous for ¢.2236+6T>G in intron 18; this mutation influenced the splicing
process." — PMID: 28816234

Modifier genes / epigenetics / chromosomal abnormalities. No established modifier genes,
disease-specific epigenetic changes, or recurrent chromosomal abnormalities. ARO1 is a single-
gene disorder; large structural changes are not a typical mechanism (variants are point
mutations/small indels detectable by SNP-array homozygosity mapping and sequencing).

Section 5 — Environmental Information

Not applicable as a cause. ARO1 has no environmental, lifestyle, or infectious etiology. The
only clinically relevant environmental modifier is dietary calcium/vitamin D status, which
interacts with the impaired calcium mobilization to influence hypocalcemia and rickets
severity. Congenital CMV infection is an important differential/mimic (not a cause) because it
can reproduce the cytopenia and hepatosplenomegaly (Finding F007).


https://pubmed.ncbi.nlm.nih.gov/42529563/
https://pubmed.ncbi.nlm.nih.gov/22685294/
https://pubmed.ncbi.nlm.nih.gov/28816234/
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Section 6 — Mechanism / Pathophysiology

Ordered causal chain

1. Biallelic loss-of-function mutation in TCIRG1 leads to absent or nonfunctional a3 subunit
of the osteoclast V-ATPase. (demonstrated)

2. Loss of a3 results in failure to assemble a functional proton pump at the osteoclast ruffled
border. (demonstrated in vitro/model)

3. This leads to failure to acidify the resorption lacuna (the sealed extracellular
compartment between osteoclast and bone). (demonstrated — Atp6i knockout loses
extracellular but not intracellular lysosomal acidification)

4. Failure of acidification results in inability to dissolve hydroxyapatite bone mineral and to
activate acid-dependent collagenolytic enzymes — osteoclasts are abundant but non-
resorptive ("osteoclast-rich" osteopetrosis). (demonstrated)

5. Non-resorption leads to accumulation of dense, disorganized bone and obliteration of
the medullary cavity. (demonstrated)

Branch A - Skeletal: Dense but poorly remodeled bone results in mechanical fragility —
pathological fractures, short stature, macrocephaly, and dental anomalies. (demonstrated)

Branch B - Hematologic: Medullary obliteration leads to bone marrow failure -
pancytopenia and compensatory extramedullary hematopoiesis — hepatosplenomegaly.
(demonstrated)

Branch C - Neurologic: Failure to widen skull foramina with growth results in cranial nerve
compression — optic atrophy/blindness, deafness, and, when CSF outflow is obstructed,
hydrocephalus. (demonstrated)

Branch D - Mineral metabolism: Inability to mobilize skeletal calcium plus high lacunar pH
impairing dietary calcium wuptake leads to hypocalcemia - secondary
hyperparathyroidism - poor osteoid mineralization ("osteopetrorickets") and
hypocalcemic tetanic seizures. (demonstrated) 6. The combined skeletal, hematologic,
neurologic, and metabolic failure results in the malignant infantile clinical syndrome,
frequently fatal in the first decade if untreated. (demonstrated)

Detail by category

* Molecular pathway / biochemical defect: Failure of V-ATPase-mediated H* transport
(proton pumping) at the ruffled-border plasma membrane. GO: proton transmembrane
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transport (GO:1902600), vacuolar proton-transporting V-type ATPase complex (GO:0016471),
extracellular acidification. The pump is specifically required for extracellular acidification

—Atp6i-null cells retain intracellular lysosomal proton-pump activity and mice keep normal
systemic acid-base balance, unlike carbonic anhydrase II deficiency (Finding F005).

"targeted disruption of Atp6i in mice results in severe osteopetrosis. Atp6i-/- osteoclast-like
cells (OCLs) lose the function of extracellular acidification, but retain intracellular
lysosomal proton pump activity." — PMID: 10581033

* Cellular process: Osteoclast (CL:0000092) bone resorption (GO:0045453) is abolished;
osteoclast differentiation is intact (RANK/RANKL signaling normal), distinguishing this from
osteoclast-poor ARO (RANK/RANKL defects).

* Protein dysfunction: Loss of function through truncation, or (for R444L missense) ER
retention and misprocessing (protein mistrafficking).

» Metabolic changes: Systemic hypocalcemia, elevated PTH, disordered calcium/phosphate
balance - rickets. Systemic acid-base balance is preserved (contrast CA2 deficiency).

 Immune involvement: Osteoclasts share the granulocyte-macrophage lineage with
phagocytes; defective leukocyte superoxide production is documented and is corrected by
interferon gamma-1b (relevant to therapy).

* Tissue damage: Mechanical bone fragility, marrow fibrosis, compressive neuropathy:.

* Subcellular compartments: Ruffled-border plasma membrane, secretory lysosomes
(GO:0005765 lysosomal membrane; GO:0005886 plasma membrane; GO:0016471 V-ATPase
complex).

Cell types (CL): osteoclast (CL:0000092). Biological processes (GO): bone resorption
(GO:0045453), proton transmembrane transport (GO:1902600), ossification/bone remodeling.
Chemical entities (CHEBI): proton/hydron (CHEBI:15378), calcium(2+) (CHEBI:29108),
hydroxyapatite.

Section 7 — Anatomical Structures Affected

* Primary organ/system: Skeletal system / bone (UBERON:0002481 bone tissue;
UBERON:0001474 bone element). Generalized involvement, bilateral and symmetric.

* Secondary organ involvement:

10
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* Bone marrow (UBERON:0002371) —» marrow failure.

* Liver (UBERON:0002107) and spleen (UBERON:0002106) — extramedullary hematopoiesis,
hepatosplenomegaly.

* Cranial nerves — optic nerve (UBERON:0000941), vestibulocochlear nerve — compression —
blindness/deafness.

* Brain / ventricular system — hydrocephalus.
* Teeth (UBERON:0001091) — dental anomalies.
» Hematopoietic/immune system — cytopenias, recurrent infection.

» Tissue/cell level: Bone (connective tissue); target cell is the osteoclast (CL:0000092).
Osteoblasts are not primarily defective.

* Subcellular level: V-ATPase complex at ruffled-border plasma membrane and secretory
lysosomes.

* Lateralization: Bilateral, symmetric, generalized (a systemic skeletal dysplasia).

Section 8 — Temporal Development

* Onset: Congenital / neonatal to early infancy. Median age at diagnosis in one cohort was 14
months (range 15 days-130 months), though signs often begin earlier (Finding F008). Onset
pattern is chronic/progressive from birth.

* Progression: Progressive without treatment. Characteristic radiographic features
(Erlenmeyer flask deformity, bone-in-bone appearance) develop toward the end of early
childhood, while metaphyseal osteopetrorickets is present in infancy (Finding F007).

* Course: Progressive, non-remitting. Disease duration is lifelong; untreated malignant
infantile disease is frequently fatal in the first decade (Finding F009).

* Critical intervention window: HSCT is most effective before irreversible neurologic
(cranial-nerve) damage—this defines the therapeutic time window. Remission is
treatment-induced (via HSCT); spontaneous remission does not occur.

"typical skeletal features such as Erlenmeyer flask deformity and bone-in-bone
appearance that developed toward the end of early childhood" — PMID: 37704070

11
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Section 9 — Inheritance and Population

* Inheritance: Autosomal recessive; 25% recurrence risk for carrier couples. High
penetrance; the classic malignant form has consistently early, severe expression, while rare
hypomorphic alleles give milder disease (variable expressivity by genotype) (Finding F010).

» Epidemiology: ARO overall incidence ~1 in 250,000 births (Finding F002). TCIRG1 accounts
for ~50% of malignant infantile cases, so TCIRG1-ARO1 incidence is on the order of ~1 in
500,000 births. Prevalence is low given high early mortality without treatment.

* Penetrance / expressivity: Complete penetrance for biallelic LOF; expressivity varies with
residual allele function.

* Genetic anticipation / mosaicism: Not applicable (not a repeat-expansion disorder;
germline mosaicism not a described feature).

» Consanguinity & founder effects: Consanguinity is a major driver; many index families
are first-cousin consanguineous with homozygous private variants identifiable by SNP-
array homozygosity mapping (e.g., ~4 Mb chri1 region harboring TCIRG1). Population-
specific recurrent alleles exist in some communities.

"DNA samples from five family members were subjected to genome-wide SNP array
genotyping and homozygosity mapping which identified ~4 Mb region on chr11 harboring
the TCIRG1 gene." — PMID: 29237407

* Demographics: No strong sex predilection (autosomal). Higher observed burden in
populations with high consanguinity rates (Middle East, North Africa, South Asia). Age
distribution: overwhelmingly infants/young children.

Section 10 — Diagnostics

Imaging (first-line). Skeletal radiographs show generalized osteosclerosis, obliteration of
medullary cavities, Erlenmeyer flask (metaphyseal) deformity, and "bone-in-bone"
appearance (Finding F007).

12
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"Skeletal radiographs demonstrated diffuse osteosclerosis, obliteration of medullary
cavities, and characteristic Erlenmeyer flask deformities, strongly suggestive of MIOP." —
PMID: 42529563

Laboratory. Anemia, thrombocytopenia/bicytopenia (marrow failure); hypocalcemia with
elevated PTH; poor osteoid mineralization (osteopetrorickets). Systemic acid-base balance is
normal (helps distinguish CA2 deficiency). Bone marrow biopsy shows abundant osteoclasts
("osteoclast-rich").

Genetic testing (confirmatory). Targeted single-gene or gene-panel analysis and whole-
exome sequencing (WES) covering the osteopetrosis genes—TCIRG1, CLCN7, OSTM1, SNX10,
TNFRSF11A, TNFSF11, PLEKHM1, CA2—are the confirmatory standard. Homozygosity mapping
via SNP array is useful in consanguineous families. WGS may be used when panel/WES is
negative; note that a molecular diagnosis is not always obtained, yet the clinical/radiographic
picture can suffice to proceed to HSCT.

Differential diagnosis. Other osteopetrosis subtypes (CLCN7, OSTM1, RANK/RANKL, SNX10,
FERMT3); CA2 deficiency (osteopetrosis with renal tubular acidosis and cerebral calcification
—absent in TCIRG1 ARO, whose acid-base balance is normal); pycnodysostosis (CTSK); and
congenital CMV infection, which mimics the cytopenia/hepatosplenomegaly (Finding F007).

"It may have similar clinical manifestations with congenital cytomegalovirus infection." —
PMID: 41204604

Screening. Carrier and cascade testing of relatives once the familial variants are known;
prenatal molecular diagnosis and preimplantation genetic testing are available for at-risk
families.

Section 11 — Outcome / Prognosis

* Untreated: Malignant infantile osteopetrosis is frequently fatal during the first decade of
life due to marrow failure, hemorrhage, infection, and neurologic complications (Finding
F009).
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"The disease is frequently fatal during the first decade of life." — PMID: 7753137

» With early HSCT: Overall and disease-free survival of ~80% in an HLA-matched cohort
(Finding F004). Prognosis is markedly worse when advanced neurologic involvement is
already present, because HSCT does not reverse established cranial-nerve damage.

"Some genetic subtypes may be potentially curable with hematopoietic stem cell
transplantation, but the results are overall poor in patients with advanced neurologic
involvement or adverse genetic mutations." — PMID: 40625472

» Morbidity: Irreversible blindness/deafness, growth failure, fracture-related disability, and
transplant-related complications drive long-term morbidity.

* Prognostic factors: Age at HSCT, presence/absence of neurologic damage at transplant,
donor HLA match, and genotype (hypomorphic alleles = milder disease).

Section 12 — Treatment

Curative — allogeneic HSCT (NCIT: Hematopoietic Cell Transplantation, C15431). Because
the osteoclast defect is hematopoietic in origin, HSCT can replace defective osteoclast
precursors with functional donor-derived cells and is the only curative option (Finding F004).

"The defective osteoclast differentiation or function is of hemopoietic origin, thus making
Hematopoietic stem cell transplantation (HSCT) the only curative treatment option for this
condition." — PMID: 42162874

"OS and DFS for the study were 80%." — PMID: 42162874

HSCT complications observed in a 10-patient cohort: cyclosporine-induced hypertension
(100%), neutropenic fever (90%), mucositis (60%), veno-occlusive disease (30%), acute GVHD
(30%), and post-HSCT hypercalcemia/rebound hypercalcemia (20%). Myeloablative
conditioning (fludarabine/busulfan) was used.
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Adjunctive / medical (not curative). - Recombinant human interferon gamma-1b (NCIT:
Interferon Gamma-1b, C1032) — 1.5 pg/kg SC three times weekly. In a 14-patient trial, 6 months
of therapy decreased trabecular-bone area, increased marrow space, raised mean hemoglobin
from 7.5+2.9 to 10.5+0.3 g/dL (P=0.05), and increased leukocyte superoxide generation
(P<0.001), sustained to 18 months. It acts by enhancing osteoclastic bone resorption and
correcting defective leukocyte superoxide production (Finding F009).

"After 6 months of therapy, all 14 patients had decreases in trabecular-bone area
(determined by histomorphometric analysis of bone-biopsy specimens) and increases in
bone marrow space" — PMID: 7753137

"IFNy-1b has been demonstrated to increase osteoclastic bone resorption and leucocytic
function." — PMID: 18031077

* Calcitriol (NCIT: Calcitriol, C328) and PTH can stimulate residual osteoclast activity;
calcium and vitamin D supplementation correct hypocalcemia/osteopetrorickets.
Supportive measures include transfusions, infection prophylaxis, seizure control, and
management of hydrocephalus (ventriculoperitoneal shunt).

Emerging — gene therapy. HSC-targeted ex-vivo lentiviral gene therapy corrects
osteopetrosis in Tcirgl/oc/oc mouse models (Finding F005), offering an autologous alternative
for patients without a suitable donor (see below).

"lentiviral vector GT can revert the osteopetrotic bone phenotype, allowing long-term
survival and reducing extramedullary haematopoiesis" — PMID: 39314524

Personalized medicine. Genotype guides prognosis (hypomorphic vs null alleles) and family
counseling; adjunctive medical therapy is used to bridge to transplant and to manage calcium
metabolism peri-transplant.

Section 13 — Prevention

* Primary prevention: None exists (the disease is neither environmental nor infectious).
Prevention is reproductive/genetic.
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* Genetic counseling & carrier/cascade testing: Essential for at-risk and consanguineous
families; 25% recurrence risk per pregnancy for carrier couples.

* Prenatal & preimplantation diagnosis: Once the familial biallelic variants are known,
prenatal molecular testing and PGT are available.

* Secondary prevention: Early molecular diagnosis is the key measure—it enables HSCT
before irreversible neurologic damage, the single most important determinant of outcome
(Finding F010).

* Tertiary prevention: Management of complications (transfusion, infection prophylaxis,
ophthalmologic/audiologic monitoring, hydrocephalus surveillance, calcium/vitamin D
management).

Section 14 — Other Species / Natural Disease

* Mouse (NCBI Taxon 10090): The ortholog is Tcirgl / Atp6i (NCBI Gene 27060). Two key
models: the targeted Atp6i knockout and the spontaneous oc/oc mouse, both Tcirgl-
deficient (Finding F005).

* Natural disease / veterinary relevance: Osteopetrosis occurs naturally in several species
(cattle, mice); TCIRG1-orthologous forms are documented in animal genetics resources
(OMIA). Comparative pathology shows conserved osteoclast dysfunction.

* Evolutionary conservation: The V-ATPase a3 subunit and its role in osteoclast
extracellular acidification are conserved across mammals, which is why murine models
faithfully recapitulate the human disease.

* Transmission: Not applicable (non-infectious, non-zoonotic).

16
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Section 15 — Model Organisms

Genetic

Recapitulation

basis

Severe osteopetrosis; loss of

Atp6i osteoclast extracellular Established the
(Tcirgl) Mammalian, Targeted acidification with retained acidification-
knockout in vivo null intracellular lysosomal specific

mouse pump activity; normal mechanism

systemic acid-base

Mammalian, . ) . o
Tcirgl Severe infantile-type Preclinical gene-
oc/oc mouse spontaneous . . .
deficiency osteopetrosis therapy testing
mutant
Osteoclast-
. Cellular
like cell i . Loss of extracellular .
In vitro Atp6i—/— . . mechanism
cultures acidification ] .
dissection
(OCLs)

"targeted disruption of Atp6i in mice results in severe osteopetrosis. Atp6i-/- osteoclast-like
cells (OCLs) lose the function of extracellular acidification, but retain intracellular
lysosomal proton pump activity." — PMID: 10581033

Applications: mechanism of osteoclast acidification; HSC-targeted neonatal lentiviral gene
therapy proof-of-concept, which reverted the osteopetrotic phenotype, allowed long-term
survival, and reduced extramedullary hematopoiesis (Finding F005). Limitations: murine
skull/cranial-nerve foramen anatomy and lifespan differ from humans, limiting modeling of
cranial-nerve compression and long-term neurologic outcomes. Resources: MGI, IMSR.
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Mechanistic Model / Interpretation

TCIRG1l biallelic LOF mutation
| (absent/nonfunctional V-ATPase a3 subunit)
v
No proton pump at osteoclast ruffled border
|
v
Failure to acidify resorption lacuna — (extracellular only; lysosomes spared)
|
v
Osteoclasts present but CANNOT resorb bone ("osteoclast-rich" ARO)

> SKELETAL: dense fragile bone - fractures, short stature, macrocephaly, dental defe«

— HEMATOLOGIC: medullary obliteration - pancytopenia
| + extramedullary hematopoiesis - hepatosplenomegaly

— NEUROLOGIC: unwidened foramina - optic/auditory nerve compression
| - blindness, deafness; = hydrocephalus

L— MINERAL: no Ca mobilization + high lacunar pH impairs dietary Ca uptake
- hypocalcemia -» tPTH - poor mineralization ("osteopetrorickets")
- tetanic seizures

v
Malignant infantile syndrome - death in first decade if untreated

v
HSCT (donor osteoclast precursors) = CURE (~80% 0S) IF before neurologic damage
Gene therapy (ex-vivo lentiviral, autologous HSC) = emerging alternative

The unifying theme is that a single biochemical lesion—failure of extracellular proton
pumping by osteoclasts—produces the entire multisystem phenotype. All downstream
branches (skeletal, hematologic, neurologic, metabolic) are second-order consequences of one
primary defect, which is why a hematopoietic replacement strategy (HSCT) that restores
functional osteoclast precursors is curative for the disease's mechanism—yet cannot undo
damage (blindness, deafness) already inflicted before treatment. This dictates the clinical
imperative: diagnose and transplant early.
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PMID Title (abbrev.) Role
Osteoclast-rich osteopetrosis Defines gene product, acidification function,
35981697  due to defects in the TCIRG1 osteoclast-rich pathology, osteopetrorickets, cranial-
gene nerve/marrow features

Novel p.P208PfsX1 mutation in TCIRG1 = ~50% of MIOP; homozygosity mapping in

29237407 . .
V-ATPase a3 consanguineous family

19232111 Osteopetrosis (review) Incidence 1/250,000; core clinical features

Osteopetrosis with . )
25673572 . . Rickets mechanism (Ca/P balance)
superimposed rickets

. Nonsense variant, gnomAD absence, ACMG;
42529563  Homozygous TCIRG1 stop-gain . . .
radiographic hallmarks; consanguinity

34545712 Five Chinese ARO patients Biallelic nonsense/frameshift spectrum

Novel TCIRG1 mutations, ) ) . .
28816234 ) ) Hypomorphic splice variant — mild phenotype
malignant & mild

22685294  R444L ER retention Missense LOF via mistrafficking
10581033  Atpé6i-deficient mice Knockout phenotype; acidification-specific defect
39314524  Gene therapy in neonate model Lentiviral GT reverts phenotype

o . ) HSCT is only cure; 80% OS/DFS; complication
42162874  HSCT in infantile osteopetrosis

profile

ORI MIOP with neuro/hematologic Poor HSCT outcomes with advanced neuro
complications involvement

37704070  Turkish osteopetrosis spectrum Radiographic feature timing

41204604  Misdiagnosed as CMV CMV differential/mimic
Osteopetrorickets & Ca o ) )

42661684 . Quantitative phenotype frequencies, median dx age
homeostasis cohort

7753137 IFN-y long-term treatment Untreated prognosis; IFN-y-1b trial efficacy
Pathogenesis & rationale for .

18031077 IFN-y mechanism

IFN-y-1b
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Evidence source types: human clinical (case reports/series, cohort studies, IFN-y trial), model
organism (Atp6i/oc mice, gene therapy), and in vitro (OCL acidification assays, R444L
trafficking).

Limitations and Knowledge Gaps

1. Small, heterogeneous cohorts. Quantitative phenotype frequencies (Section 3) derive
from a single 17-patient center that included multiple genetic subtypes, not TCIRG1-only
patients; TCIRG1-specific frequencies may differ.

2. No formal QoL data. Standardized QoL instrument data (EQ-5D/SF-36/PROMIS) are
unavailable for this ultra-rare pediatric disease.

3. Genotype-phenotype resolution is incomplete. Beyond the null-vs-hypomorphic
dichotomy, fine correlations between specific TCIRG1 variants and organ-specific severity
are not established.

4. HSCT survival figures come from limited cohorts. The ~80% OS reflects small, HLA-
matched cohorts; outcomes vary substantially with donor type, conditioning, and
neurologic status at transplant.

5. Gene therapy is preclinical. Lentiviral correction is demonstrated in mice only; no human
ARO1 gene-therapy outcomes are yet available.

6. Precise prevalence unknown. Only incidence estimates exist; true prevalence is uncertain
given high early mortality and underdiagnosis in low-resource settings.

Proposed Follow-up Experiments / Actions

1. TCIRG1-restricted natural-history cohort. Aggregate multi-center, genetically-confirmed
TCIRG1 patients to derive organ-specific phenotype frequencies, age-of-onset distributions,
and validated genotype-phenotype correlations.

2. Neurologic-outcome timing study. Correlate age/neurologic status at HSCT with long-term
visual/auditory recovery to define the precise "window of opportunity" quantitatively.

3. First-in-human gene therapy trial design. Translate the ex-vivo lentiviral HSC approach
to a phase I/II trial for TCIRG1-ARO1 patients lacking matched donors, with engraftment,
osteoclast-function, and safety endpoints.
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4. Newborn/expanded carrier screening evaluation. Assess cost-effectiveness of TCIRG1
inclusion in carrier panels for high-consanguinity populations to enable pre-symptomatic
diagnosis and earlier HSCT.

5. Adjunctive-therapy RCT. Formally test interferon gamma-1b (+ calcitriol) as a bridge-to-
transplant in TCIRG1-ARO1 with bone-resorption and hematologic endpoints, since existing
evidence is from small/older trials and ADO2 models.

6. Biomarker development. Validate circulating markers of osteoclast function (e.g.,
resorption markers, superoxide indices) to monitor disease activity and treatment response
peri-HSCT.

Report compiled from 10 confirmed findings across 5 investigation iterations and 28 reviewed
papers. Evidence prioritizes primary literature with verified abstract quotations.

Generated by OpenScientist — Scientific Hypothesis Agent for Novel Discovery
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