Autosomal Recessive Osteopetrosis 3
(Carbonic Anhydrase II Deficiency
Syndrome): A Comprehensive Disease
Characterization

Disease: Autosomal Recessive Osteopetrosis 3 MONDO ID: MONDO:0009818 | OMIM: #259730
Category: Mendelian (monogenic, autosomal recessive)

Summary

Autosomal Recessive Osteopetrosis 3 (OPTB3) is carbonic anhydrase II (CA II) deficiency
syndrome, a rare autosomal recessive inborn error of metabolism caused by bi-allelic loss-of-
function mutations in the CA2 gene on chromosome 8q21.2. It is historically and clinically
defined by a diagnostic triad: (1) osteopetrosis ("marble bone" disease), (2) renal tubular
acidosis (RTA), and (3) cerebral (basal-ganglia) calcification. The syndrome typically declares
itself in late infancy or early childhood and is frequently accompanied by developmental
delay/intellectual disability (~2/3 of patients), short stature, recurrent fractures, cranial-nerve
compression (notably optic-nerve involvement), craniofacial disproportion, and dental
anomalies. It is the paradigm "osteoclast-rich" osteopetrosis in which the osteoclasts are
present but functionally unable to acidify the bone-resorption compartment PMID: 36709914.

The unifying mechanism is loss of the cytosolic zinc-metalloenzyme carbonic anhydrase II (EC
4.2.1.1), which reversibly hydrates CO, to generate protons and bicarbonate. Without CA II,
osteoclasts cannot supply the protons that the V-ATPase pumps across the ruffled border to
dissolve hydroxyapatite (— osteopetrosis), and renal tubular epithelial cells cannot handle
acid-base secretion normally (— hyperchloremic metabolic acidosis / RTA). Brain calcification
is a characteristic but mechanistically less-defined third arm. A splice-junction mutation at the
5 end of intron 2 of CA2, the so-called "Arabic mutation,"” is a founder allele that
predominates among consanguineous families of Arab/Mediterranean descent and is strongly
associated with mental retardation PMID: 7959703.


https://pubmed.ncbi.nlm.nih.gov/36709914/
https://pubmed.ncbi.nlm.nih.gov/7959703/
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Prognosis is comparatively favorable for an osteopetrosis: CA II deficiency is considered an
"intermediate" form, skeletal findings may improve in adulthood, and a normal lifespan is
achievable PMID: 36709914. Management is largely supportive — alkali therapy for RTA,
orthopedic/dental/ophthalmologic care for complications — while hematopoietic stem cell
transplantation (HSCT) can correct the hematopoietic-derived osteoclast/bone defect but does
not correct the intrinsic renal or neural enzyme deficiency PMID: 38655726. A key model-
organism caveat is that the Car2-null mouse reproduces RTA and growth failure but not
osteopetrosis PMID: 3126501.

1. Disease Information

Overview. OPTB3 / CA II deficiency syndrome was originally described as "osteopetrosis with
renal tubular acidosis and cerebral calcification syndrome" (also historically "marble brain
disease"). It reveals a critical, non-redundant role for carbonic anhydrase II in both osteoclast
and renal tubule function. As the authoritative review states, it "reveals an important role for
the enzyme carbonic anhydrase II (CA II) in osteoclast and renal tubule function” PMID:
36709914. More than 100 affected individuals have been reported worldwide, with a marked
predominance in the Middle East and Mediterranean basin, reflecting consanguinity and a
founder allele.

Key identifiers.
MONDO MONDO:0009818
OMIM #259730
Gene (OMIM) CA2, 611492
MeSH Osteopetrosis; Carbonic Anhydrase II deficiency
ICD-10 Q78.2 (Osteopetrosis)
Orphanet ORPHA:2785 (Osteopetrosis with renal tubular acidosis)

Synonyms / alternative names. Carbonic anhydrase II deficiency syndrome; CA2 deficiency
syndrome; osteopetrosis with renal tubular acidosis and cerebral calcification (OP-RTA);
marble brain disease; Guibaud-Vainsel syndrome; osteopetrosis type 3, autosomal recessive.


https://pubmed.ncbi.nlm.nih.gov/36709914/
https://pubmed.ncbi.nlm.nih.gov/38655726/
https://pubmed.ncbi.nlm.nih.gov/3126501/
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Data provenance. Information is derived from aggregated disease-level resources (OMIM,
Orphanet) and primary literature consisting largely of case reports and small consanguineous-
family case series, rather than from EHR-scale individual-patient datasets.

2. Etiology

Disease causal factors. The disease is entirely genetic: bi-allelic loss-of-function mutations of
CA2, which encodes carbonic anhydrase II. As stated directly in the authoritative review, "The
etiology is bi-allelic loss-of-function mutations of CA2 that encodes CA IT" PMID: 36709914. There
is no environmental or infectious cause.

Genetic risk factors. The single necessary and sufficient risk factor is inheriting two loss-of-
function CAZ alleles. Consanguinity is the dominant epidemiological risk factor because it
raises the probability of homozygosity for a recessive allele; nearly all reported large series
come from consanguineous unions. The intron 2 splice-site "Arabic mutation" is a founder
allele confined to patients of Arab background: "This mutation is found exclusively in patients
with an Arabic background and thus may be confined to this ethnic group” PMID: 7959703.

Environmental / lifestyle / protective factors. None established. Because the disease is
monogenic and fully penetrant for the biochemical enzyme defect, there are no recognized
environmental risk factors, protective dietary/lifestyle factors, or protective genetic variants.
Gene-environment interactions are not a described feature. (Not applicable / no data.)

3. Phenotypes

The phenotype spectrum with approximate frequencies and suggested HPO terms is
summarized below. Frequencies are drawn from case series, notably a 10-patient Saudi series
and a 23-patient Arabic-mutation cohort.


https://pubmed.ncbi.nlm.nih.gov/36709914/
https://pubmed.ncbi.nlm.nih.gov/7959703/
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Phenotype HPO term Frequency Type
Osteopetrosis (increased bone Physical/

_ HP:0011002 ~100% ) )
density) radiologic
Renal tubular acidosis HP:0001947 ~100% Laboratory
Cerebral / basal-ganglia ~70% (near- ) )

. . HP:0002514 . Radiologic

calcification universal later)
Global developmental delay HP:0001263 ~60% Clinical sign
Intellectual disability / mental o .

. HP:0001249 ~2/3 Clinical sign
retardation
Short stature HP:0004322 Common Physical
Recurrent fractures HP:0002757 Common Physical
Craniofacial disproportion / HP:0000929 / )

Common Physical

broad forehead HP:0011220
Optic nerve atrophy / visual o .
. . HP:0000648 ~22% Clinical sign
impairment
Congenital nystagmus HP:0000639 Reported Clinical sign
Cranial nerve compression HP:0031815 Variable Clinical sign

Amelogenesis imperfecta / dental HP:0000705 /

Reported Physical
defects HP:0006297
Obstructive sleep apnea HP:0002870 Reported Clinical sign
Nephrocalcinosis / urolithiasis / ) Laboratory/
o HP:0000121 Some patients . .
hypercalciuria imaging

Neurodevelopment. In a modern series, "60.0% of patients presented with global
developmental delay, 20.0% had intellectual disability, and the remaining 20.0% had normal
development” PMID: 39667299. The same series reported "Optic nerve atrophy was observed in
22.2%, while brain calcifications were present in 70.0% of cases” PMID: 39667299.


https://pubmed.ncbi.nlm.nih.gov/39667299/
https://pubmed.ncbi.nlm.nih.gov/39667299/
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Optic nerve involvement. In the 23-patient Arabic-mutation cohort, "optic nerve involvement
was present in 23/46 eyes and was variable in severity, random in occurrence and statistically
correlated with degree of optic canal narrowing” PMID: 22120147 — implicating bony
compression of the optic canal rather than a primary neuropathy.

Dental/oral. "The oral manifestations included anterior open bite, posterior crossbite, tooth
eruption impairment, and hypoplastic amelogenesis imperfecta (AI)" PMID: 37662627.

Airway. Craniofacial dysmorphism "leads to specific craniofacial dysmorphisms associated with
upper airway obstruction that may result in obstructive sleep apnea” PMID: 30109220.

Onset, severity, progression. Onset is typically late infancy to early childhood. Severity is
variable even within families sharing the same mutation. Unlike malignant infantile
osteopetrosis, hematologic marrow findings are usually mild or absent, and the skeletal
phenotype tends to stabilize or improve with age.

Quality-of-life impact. Per-phenotype QoL instruments (EQ-5D, SF-36) have not been formally
applied in this rare disease; impact is inferred from the burden of intellectual disability, visual
loss, recurrent fractures, dental morbidity, and (in some) sleep-disordered breathing. (Limited
data.)

4. Genetic / Molecular Information

Causal gene. CA2 (carbonic anhydrase II; HGNC:1373), chromosome 8q21.2, OMIM 611492.
Somatic-cell-hybrid mapping first localized human CA2 to chromosome 8 and provided "a
molecular disease marker, because human CA II deficiency has recently been linked to an
autosomal recessive syndrome of osteopetrosis with renal tubular acidosis and cerebral
calcification” PMID: 6410391.

Gene-disease specificity. The relationship is near-perfect: "With one exception, all patients
with osteopetrosis and renal tubular acidosis examined have proven to have CA II deficiency. All
CA II-deficient patients analyzed have been found to have mutations in the CA2 gene" PMID:
15300855.

Pathogenic variants. - Founder splice variant: intron 2 5' splice-site "Arabic mutation”
(c.232+1G>T) — the dominant allele in Arab/Mediterranean patients PMID: 7959703. -
Nonsense: e.g., ¢.368G>A, p.W123X, reported homozygously in a Chinese family; the mutant
protein shows "change of protein modification and hindrance of zinc ions binding, which may
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lead to decreased protein expression level of CA2" PMID: 33555497. - Missense variants:
multiple, with pathogenicity assessed computationally; only ~50% predicted destabilizing by
consensus free-energy methods, and structural fluctuations occur at residue level rather than
whole-protein level PMID: 31542996. - Direct sequencing of all seven exons identified "eleven
new mutations in 21 patients” PMID: 15300855.

Variant classification / type. Reported classes: splice-site, nonsense, missense, and small
indels — predominantly loss-of-function. Under ACMG/AMP framework, null variants
(nonsense, canonical splice) are typically classified Pathogenic; missense variants require
functional/structural corroboration.

Allele frequency & origin. All disease alleles are germline; there is no somatic component.
Pathogenic alleles are rare in gnomAD-scale databases but enriched locally in consanguineous
populations via founder effect.

Functional consequences. Loss of catalytic function and/or destabilization/impaired zinc
binding of the enzyme PMID: 33555497, PMID: 31542996.

Modifier genes / epigenetics / chromosomal abnormalities. No established modifier genes,
epigenetic mechanisms, or chromosomal abnormalities. Intra- and inter-familial variability
exists despite identical genotypes, implying unidentified modifiers or stochastic effects PMID:
9453381. (No specific modifier locus identified.)

5. Environmental Information

Not applicable. CA II deficiency is a fully genetic monogenic disorder with no environmental,
lifestyle, or infectious contributing factors. Notably, the disease can clinically mimic
infection — infantile osteopetrosis has been misdiagnosed as congenital cytomegalovirus
infection PMID: 41204604 — but this reflects overlapping phenotypes (hepatosplenomegaly,
hematologic and optic-nerve abnormalities), not an infectious etiology.
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6. Mechanism / Pathophysiology

Ordered causal chain

1. Bi-allelic loss-of-function mutation in CA2 — leads to absent or catalytically dead
carbonic anhydrase II protein in all tissues (erythrocytes, osteoclasts, renal tubule, brain).

2. Loss of CA II — results in failure of the cytosolic reaction CO; + H,O = H,CO3 = H* + HCO3",
i.e, loss of a rapid intracellular proton (H*) and bicarbonate supply.

Branch A — Bone: 3a. Depleted H* supply in the osteoclast — results in inability of the ruffled-
border V-ATPase to acidify the sealed resorption lacuna to ~pH 4.5. 4a. Failure to acidify the
pericellular milieu — leads to failure to dissolve hydroxyapatite mineral — impaired bone
resorption. 5a. Impaired resorption with continued bone formation — results in dense,
brittle, poorly remodeled bone — osteopetrosis, marrow-space encroachment (usually mild),
and cranial-foramen narrowing — cranial nerve (esp. optic) compression.

Branch B — Kidney: 3b. Loss of CA II in proximal and distal tubular epithelium — impairs H*
secretion and HCOs™ reclamation. 4b. Impaired renal acid handling — results in renal tubular
acidosis (proximal, distal, or mixed) with hyperchloremic metabolic acidosis, and in some
patients hypercalciuria — nephrocalcinosis/urolithiasis.

Branch C — Brain (less defined): 3c. Loss of CA II in brain (oligodendrocytes/choroid plexus) —
is uniquely associated with early-childhood basal-ganglia/cerebral calcification
(mechanism inferred, not fully demonstrated). 4c. Calcification plus optic-canal narrowing plus
(possibly) systemic acidosis — contributes to developmental delay/intellectual disability and
visual impairment.

Supporting evidence and detail

The osteoclast arm is stated directly: "CA II deficiency is the paradigm OPT featuring failure of
osteoclasts to resorb bone due to inability to acidify their pericellular milieu” PMID: 36709914.
The renal arm: "In CA II deficiency, OPT is uniquely accompanied by renal tubular acidosis (RTA)
of proximal, distal, or combined type featuring hyperchloremic metabolic acidosis" PMID:
36709914.

Convergent pathway context. CA II sits within a broader "osteoclast acidification" module:
other osteopetrosis genes — TCIRG1 (a3 V-ATPase subunit), CLCN7 (chloride channel), OSTM1,
SNX10, RANK/TNFRSF11A, RANKL/TNFSF11 — converge on the same functional axis of
osteoclast-mediated bone resorption. The differential diagnosis is "radiologic, supported by
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biochemical and genetic examination to identify mutations in the key genes involved in
osteoclasts, TCIRG1, CLCN7, OSTM1, SNX10, RANK, and RANKL" PMID: 42096006. CA II supplies
the protons; the V-ATPase pumps them; CLCN7 provides the counter-ion chloride. This places
CA2 in the osteoclast-rich (osteoclast present but non-functional) category, distinct from
osteoclast-poor forms (RANK/RANKL).

Molecular/cellular/subcellular annotations (suggested ontology terms): - Biological
process (GO): carbonate dehydratase activity (GO:0004089); one-carbon metabolic process
(GO:0006730); regulation of intracellular pH (G0O:0051452); bone resorption (G0:0045453);
ossification (G0:0001503). - Cellular component (GO): cytosol (G0O:0005829); ruffled border
(GO:0001618). - Cell types (CL): osteoclast (CL:0000092); kidney proximal/distal tubule
epithelial cell (CL:1000838 / CL:1000849 / CL:1001108); erythrocyte (CL:0000232);
oligodendrocyte (CL:0000128). - Chemical entities (CHEBI): carbon dioxide (CHEBI:16526);
bicarbonate (CHEBI:17544); proton (CHEBI:24636); zinc(2+) (CHEBI:29105); hydroxyapatite.

Protein dysfunction. CA II is a cytosolic zinc-dependent carbonate dehydratase; pathogenic
variants act by loss of catalytic activity and/or destabilization/impaired zinc coordination
PMID: 33555497, PMID: 31542996.

Molecular profiling / advanced technologies. No transcriptomic, proteomic, metabolomic,
single-cell, or CRISPR-screen datasets specific to OPTB3 were identified. (No data.)

7. Anatomical Structures Affected

Organ level. - Primary: skeleton/bone (UBERON:0002481 bone tissue; UBERON:0001474 bone
element), kidney (UBERON:0002113), brain (UBERON:0000955, esp. basal ganglia
UBERON:0002420). - Secondary: optic nerve (UBERON:0000941) and other cranial nerves via
foraminal narrowing; teeth (UBERON:0001091) and jaw; upper airway (obstructive sleep
apnea). - Body systems: skeletal, renal/urinary, central nervous, visual, craniofacial/dental,
respiratory.

Tissue and cell level. Connective/mineralized tissue (bone); renal tubular epithelium; nervous
tissue. Key cell populations: osteoclasts (CL:0000092), renal tubular epithelial cells,
erythrocytes (used for diagnostic enzyme assay), oligodendrocytes.

Subcellular level. Cytosol (site of CA II) and, functionally coupled, the osteoclast ruffled-
border/resorption lacuna and the V-ATPase proton pump apparatus. GO cellular component:
cytosol (G0O:0005829); ruffled border (GO:0001618).


https://pubmed.ncbi.nlm.nih.gov/42096006/
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Localization / lateralization. Skeletal involvement is generalized/systemic; brain calcification
is characteristically symmetric and bilateral in the basal ganglia; optic-canal narrowing and
nephrocalcinosis are typically bilateral.

8. Temporal Development

Onset. Typically late infancy to early childhood; onset is insidious/chronic rather than acute.
Diagnosis is often triggered by failure to thrive, fractures, developmental concerns, or
incidental radiographic findings — in one case, head trauma imaging revealed the diagnosis
PMID: 35035649.

Progression. The course is chronic and lifelong at the biochemical level, but the skeletal
phenotype tends to stabilize or improve with age: "The skeletal findings may improve by
adult life, and CA II deficiency can be associated with a normal life-span. Therefore, it has been
considered an 'intermediate' type of OPT" PMID: 36709914. Cerebral calcification tends to
become more evident over childhood. RTA persists.

Patterns / critical periods. No spontaneous remission of the enzyme defect. Early childhood is
the critical window for detecting and managing RTA (to protect growth and
neurodevelopment) and for monitoring optic-canal narrowing (to preserve vision). HSCT,
when pursued for the bone component, is typically considered in childhood.

9. Inheritance and Population

Inheritance. Autosomal recessive. The enzyme defect is fully penetrant; clinical expressivity is
variable even within families sharing the identical mutation PMID: 9453381.

Epidemiology. A rare disease; >100 cases reported globally. Precise prevalence/incidence
figures are not well established but fall within the rare-disease range (<1-5 per 10,000).
Prevalence is elevated in populations with high consanguinity rates.

Penetrance / expressivity / anticipation / mosaicism. Penetrance of the biochemical defect is
complete; clinical expressivity is variable (particularly neurodevelopmental severity). No
genetic anticipation (not a repeat-expansion disorder). Germline mosaicism is not a described
feature.
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Founder effect / consanguinity / carrier frequency. The intron 2 splice "Arabic mutation" is a
classic founder allele "found exclusively in patients with an Arabic background"” PMID: 7959703.
Consanguinity is the principal driver of homozygosity; the 23-patient neurology cohort
comprised "10 unrelated consanguineous families with carbonic anhydrase type II deficiency
syndrome due to homozygous intron 2 splice site mutation (the ‘Arabic mutation’)” PMID:
22120147. Carrier frequencies are population-specific and elevated in Middle Eastern/
Mediterranean groups; precise gnomAD-based estimates are not established.

Population demographics. Predominantly Middle Eastern (Tunisian, Kuwaiti, Saudi) and
Mediterranean patients for the Arabic mutation; additional cases reported in East Asian
(Chinese) and other populations with distinct mutations. No strong sex bias is described. Age
distribution centers on pediatric diagnosis.

10. Diagnostics

Diagnostic triad + biochemistry + genetics.

Test Finding Reference
, ) ) ) PMID:
Skeletal survey / X-ray Diffuse increased bone density (osteopetrosis)
36709914
Arterial blood gas / serum Hyperchloremic metabolic acidosis (RTA), PMID:
electrolytes abnormal urine pH 35035649
) Symmetric basal-ganglia/subcortical PMID:
Brain CT . .
calcification 39667299

Erythrocyte CA II enzyme
assay

Markedly reduced/absent CA II activity —

PMID:

CA2 sequencing (7 exons Confirmatory pathogenic variant
q g( ) yP 8 15300855

The triad can be confirmed at the bedside: "The suspicion of carbonic anhydrase II deficiency
was confirmed by arterial blood gases revealing a marked metabolic acidosis fulfilling the
diagnostic triad” PMID: 35035649.
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Genetic testing. Molecular confirmation is by CA2 sequencing of all seven exons: "we amplified
all seven exons by PCR from genomic DNA and directly sequenced the amplified products.
Application of this method allowed identification of eleven new mutations in 21 patients referred
for confirmation of the diagnosis of CA II deficiency” PMID: 15300855. Whole-exome/whole-
genome sequencing is increasingly first-line and readily detects CA2 variants (e.g., intron 2
€.232+1G>T; p.W123X). Single-gene testing is highly efficient given near-perfect gene-disease
specificity. Chromosomal microarray, karyotyping, FISH, mtDNA, and repeat-expansion testing
are not applicable.

Imaging quantification. A CT parenchymal calcium score has been developed, but it did not
clearly correlate with neurological severity in one study PMID: 39667299.

Prenatal diagnosis. Molecular: "Prenatal diagnosis requires mutational analysis of CA2" PMID:
36709914, feasible from cultured amniocytes or chorionic villus sampling.

Differential diagnosis. Other osteopetroses (TCIRG1, CLCN7, OSTM1, SNX10, RANK/RANKL) —
distinguished by absence of RTA + cerebral calcification and by more severe hematologic
failure in malignant infantile forms PMID: 42096006; congenital CMV infection (mimic) PMID:
41204604; other causes of RTA and of bilateral basal-ganglia calcification.

11. Outcome / Prognosis

Survival / life expectancy. Favorable relative to other osteopetroses: CA II deficiency is an
"intermediate" osteopetrosis compatible with a normal lifespan, and skeletal findings may
improve by adult life PMID: 36709914. This contrasts with malignant infantile osteopetrosis,
whose "morbidity and mortality rates are extremely high” PMID: 41204604.

Morbidity / function. The principal long-term burdens are intellectual disability/
developmental delay (~2/3), visual impairment from optic-nerve compression, recurrent
fractures, dental morbidity, growth failure, and, in some, sleep-disordered breathing and
nephrocalcinosis/urolithiasis.

Complications. Fractures; cranial-nerve palsies (optic atrophy, and potentially facial/
auditory); dental malocclusion and amelogenesis imperfecta; obstructive sleep apnea from
craniofacial dysmorphism; nephrocalcinosis/urolithiasis; persistent metabolic acidosis
affecting growth.
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Prognostic factors. Genotype (the Arabic splice allele is associated with mental retardation
PMID: 7959703); degree of optic-canal narrowing predicts optic-nerve involvement PMID:
22120147; early recognition and correction of acidosis plausibly protects growth and
neurodevelopment. No validated molecular prognostic biomarker exists. Quality-of-life
instruments have not been formally applied.

12. Treatment

Overall strategy. Management is "largely the management of complications and includes
vitamin D and calcium supplements, IFN-y therapy, and hematopoietic stem cell transplantation
(HSCT), the latter being the treatment of choice for most forms of osteopetrosis” PMID: 42096006.

Pharmacotherapy / supportive care (NCIT-annotatable interventions). - Alkali therapy for
RTA — oral sodium/potassium bicarbonate or citrate to correct hyperchloremic metabolic
acidosis and protect growth (NCIT: Sodium Bicarbonate; Potassium Citrate). - Vitamin D and
calcium supplementation (general osteopetrosis management) PMID: 42096006 (NCIT: Vitamin
D; Calcium). - Interferon-y (IFN-y) — used in osteopetrosis generally PMID: 42096006 (NCIT:
Interferon Gamma). - Supportive care for fractures (orthopedics), dental/orthodontic care for
amelogenesis imperfecta and malocclusion PMID: 37662627, ophthalmologic monitoring, and
airway management/CPAP or surgery for OSA PMID: 30109220.

Advanced therapeutics — HSCT (NCIT: Hematopoietic Stem Cell Transplantation).
Allogeneic HSCT can restore CA II-competent, hematopoietic-derived osteoclasts and thereby
correct the bone component. It has been successfully applied in CA II deficiency: "we present
the diagnosis and successful application of hematopoietic stem cell transplantation (HSCT) in a
patient with osteopetrosis caused by carbonic anhydrase II deficiency"” with the outcome that "He
Engrafted on day +13, and 95% chimerism was achieved. He is currently doing well without
immunosuppressive therapy" PMID: 38655726. Critical caveat: HSCT replaces the osteoclast
lineage only and does not correct the intrinsic renal-tubular or neural CA II deficiency, so RTA
and CNS features persist. Because CA II deficiency is an intermediate osteopetrosis with
generally favorable skeletal prognosis, HSCT is reserved rather than routine.

Emerging / experimental. For osteopetrosis broadly, small interfering RNA (siRNA) therapy
and gene/iPSC-based osteoclast reconstitution are under investigation PMID: 42466325. HSC-
targeted gene therapy corrected many aspects of disease in a mouse model of infantile
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malignant osteopetrosis: "HSC-targeted gene therapy in a mouse model of infantile malignant
osteopetrosis was recently shown to correct many aspects of the disease” PMID: 18241253. No CA
II-specific gene-therapy trial is established.

Pharmacogenomics / personalized medicine. Not established for this disorder. Genotype
(e.g., the Arabic allele) informs prognosis and counseling more than drug selection.

13. Prevention

Primary prevention. No environmental prevention is possible (genetic disease). Prevention
operates through reproductive genetics: genetic counseling for consanguineous couples and
known carrier families, carrier testing, prenatal diagnosis by CA2 mutation analysis PMID:
36709914, and preimplantation genetic testing where available.

Secondary prevention. Early detection and correction of RTA with alkali therapy; surveillance
of optic-canal narrowing to preserve vision; dental and airway monitoring. Cascade genetic
screening of at-risk relatives in founder-mutation populations.

Tertiary prevention. Fracture prevention, management of acidosis to protect growth/
neurodevelopment, ophthalmologic and audiologic surveillance, dental care, and treatment of
OSA to reduce complications.

Immunization / public health / prophylaxis. Not applicable beyond standard care. Genetic
counseling is the central preventive tool, particularly in high-consanguinity communities
harboring the Arabic founder allele.

14. Other Species / Natural Disease

Taxonomy / orthologs. Human CA2 has a well-conserved mouse ortholog, Car2 (mouse Car-2
locus, chromosome 3) PMID: 3126501. Carbonic anhydrase II is an evolutionarily conserved
cytosolic zinc metalloenzyme across mammals.

Natural disease in other species. No prominent naturally occurring CA II-deficiency
syndrome in companion animals or wildlife is documented in the reviewed literature. (No
data.)
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Comparative pathology. The mouse model reveals a striking species difference (see Section
15): mice reproduce the renal and growth phenotype but not osteopetrosis, indicating that CA
II's non-redundant role in osteoclast acidification differs quantitatively between mouse and
human (possible compensation by other carbonic anhydrase isoforms in mouse osteoclasts).

Zoonotic potential. Not applicable (non-infectious genetic disease).

15. Model Organisms

Primary model — Car2-null mouse. An ENU-induced null mutation at the mouse Car-2 locus
produced homozygotes lacking CA II protein in all tissues. Crucially: "Like humans with the
same inherited enzyme defect, animals homozygous for the new null allele are runted and have
renal tubular acidosis. However, the prominent osteopetrosis found in humans with CA II
deficiency could not be detected even in very old homozygous null mice” PMID: 3126501.

Feature Human CA II deficiency Car2-null mouse
Renal tubular acidosis Yes Yes (recapitulated)
Growth failure / runting Yes (short stature) Yes (recapitulated)
Osteopetrosis Yes (cardinal) No (not detected)
Cerebral calcification Yes Not reported

Phenotype recapitulation & limitations. The model faithfully reproduces the renal and
growth arms but fails to reproduce the defining skeletal (osteopetrosis) and cerebral-
calcification arms — a major limitation for studying bone pathogenesis in this disease. This
dissociation is itself scientifically informative, suggesting mouse osteoclasts tolerate CA II loss
(possibly via isozyme redundancy) whereas human osteoclasts do not.

Other systems. In vitro structural/computational models (3D protein modeling, molecular
dynamics, minigene splicing assays) have characterized variant pathogenicity — impaired zinc
binding and reduced expression for p.W123X PMID: 33555497 and residue-level destabilization
for missense variants PMID: 31542996. HSC-targeted gene therapy has been demonstrated in a
mouse model of infantile malignant osteopetrosis (a related but distinct condition) PMID:
18241253.
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Resources. MGI (Car2); Cellosaurus/ATCC and HEK293T-based minigene assays for splicing/

expression studies.

Mechanistic Model / Interpretation

Bi-allelic loss-of-function CA2 mutation (8q21.2)

Absent /

Loss of C02 +

v
dead carbonic anhydrase II (cytosol)

H20 <=> H2C03 <=> H+ + HC03- (proton/bicarbonate supply)

[
v

OSTEOCLAST
no H+ for
V-ATPase at
ruffled border
|
lacuna not
acidified (pH4.5)
|
v
hydroxyapatite
not dissolved

v

v v
RENAL TUBULE BRAIN
impaired H+ secretion / (mechanism inferred)

HCO3- reclamation

v v
hyperchloremic basal-ganglia
metabolic acidosis calcification
I |
v v
RENAL TUBULAR ACIDOSIS developmental delay /
(+ hypercalciuria -> intellectual disability
nephrocalcinosis) |
\4

OSTEOPETROSIS --> foraminal narrowing --> optic / cranial-nerve compression

v

fractures, craniofacial disproportion, dental defects, 0SA

The model's central insight is a single upstream lesion (loss of cytosolic proton supply)
producing three semi-independent downstream arms. This explains why HSCT — which
replaces only the hematopoietic osteoclast lineage — rescues the bone arm but leaves the renal
and neural arms intact, and why alkali therapy addresses the renal arm but not the bone or
brain arms. It also frames CA II within the wider osteoclast-acidification module shared with
TCIRG1, CLCN7, and OSTM1, differing chiefly by its additional renal and cerebral involvement.
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PMID Title (abbrev.) Contribution

. Anchor review: OMIM identity, LoF etiology,
Carbonic anhydrase II

36709914 . . osteoclast/renal mechanism, intermediate prognosis,
deficiency (review)
prenatal Dx

T A unique mutation ... in Establishes intron-2 "Arabic" founder allele + mental
patients of Arab descent retardation link

29190147 The neurology of CA I1 23-patient consanguineous cohort; optic-canal
deficiency narrowing correlates with optic-nerve involvement

. Model reproduces RTA + runting but NOT
3126501 ENU-induced null Car-2 mouse

osteopetrosis

38655726 Allogeneic HSCT in CA II HSCT feasible/effective for bone arm; engraftment
deficiency day +13, 95% chimerism

R Novel CA2 mutations by direct 7-exon sequencing method; near-perfect gene—
sequencing disease specificity

6410391 CA2 gene marker on Maps CA2 to chromosome 8; molecular disease
chromosome 8 marker

oS Calcium score vs neurological Frequencies: 60% dev delay, 22.2% optic atrophy, 70%
severity brain calcification
CA II deficiency with

37662627 Dental/oral phenotype

amelogenesis imperfecta
30109220  Severe OSA in CA II deficiency Craniofacial-related airway obstruction

Nonsense p.W123X in Chinese . . o .
33555497 Impaired zinc binding, reduced expression

family

Molecular modelling of CA2 ) . e
31542996 . . Residue-level destabilization; ~50% destabilizing
missense variants

Osteopetrosis: pathogenesis &

42096006 . Osteoclast-gene classification; treatment framework
therapies

S Nephrocalcinosis/urolithiasis Intra-/inter-familial variability; renal stones/
in CA II deficiency hypercalciuria

35035649 Triad confirmation via blood-gas acidosis
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PMID Title (abbrev.) Contribution

Head trauma reveals CA II
deficiency

Understanding & new .
18241253 . . HSC gene therapy in mouse model
therapeutics of osteopetrosis

Genetic bone diseases scoping

42466325 siRNA therapy for osteopetrosis (emerging)

review

41204604 Osteopetrosis misdiagnosed as Differential-diagnosis mimic; malignant-form
MV severity

Evidence source types: predominantly human clinical (case reports, consanguineous-family
case series, review syntheses); model organism (ENU Car2-null mouse; malignant-
osteopetrosis mouse gene therapy); in vitro/computational (minigene splicing assays,
molecular dynamics of variants).

Limitations and Knowledge Gaps

1. Rare-disease evidence base. Findings rest on case reports and small consanguineous-
family series; there are no large prospective cohorts, natural-history registries, or
randomized trials. Prevalence/incidence figures are imprecise.

2. Brain-calcification mechanism unresolved. The causal route from CA II loss to basal-
ganglia calcification and to intellectual disability is inferred, not experimentally
demonstrated; calcium score did not correlate with neurological severity PMID: 39667299.

3. Model-organism gap. The Car2-null mouse does not reproduce osteopetrosis PMID:
3126501, limiting mechanistic and preclinical study of the bone arm and leaving CA-
isozyme redundancy in mouse osteoclasts unexplained.

4. Genotype-phenotype correlation incomplete. Marked intra-familial variability despite
identical genotypes PMID: 9453381 points to unidentified modifiers or stochastic factors;
missense-variant pathogenicity prediction is imperfect PMID: 31542996.

5. No omics data. No transcriptomic, proteomic, metabolomic, or single-cell datasets specific
to OPTB3 were identified.
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6. Therapeutic gaps. HSCT addresses only the bone arm; no therapy corrects the systemic
enzyme deficiency. QoL outcomes are unquantified.

Proposed Follow-up Experiments / Actions

1. Human osteoclast disease model. Generate patient-derived iPSC osteoclasts (or CRISPR
CA2-knockout human osteoclasts) to recapitulate the resorption defect that the mouse lacks,
dissect CA-isozyme redundancy, and serve as a gene-/enzyme-therapy testbed.

2. Mechanistic study of cerebral calcification. Use CA II-deficient brain organoids/choroid-
plexus models and imaging cohorts to test whether calcification arises from local pH
dysregulation, CSF handling, or systemic acidosis.

3. Natural-history registry. Establish an international OPTB3 registry (leveraging founder-
mutation populations) to quantify prevalence, penetrance/expressivity, QoL (EQ-5D/
PROMIS), and long-term outcomes with vs without alkali therapy and HSCT.

4. Genotype-modifier discovery. WGS + modifier screens across discordant siblings sharing
the Arabic allele to identify factors governing neurodevelopmental variability.

5. Targeted therapy development. Evaluate CA II mRNA/gene-replacement or small-
molecule chaperone strategies for destabilizing missense variants; test sSiRNA/gene-therapy
approaches (proven in malignant-osteopetrosis mice) adapted to the CA I bone arm.

6. Preventive genetics rollout. Implement carrier and cascade screening plus prenatal/PGT
counseling programs in high-consanguinity communities carrying the founder allele.

Report compiled from an autonomous multi-iteration literature investigation. All quoted
Statements are verbatim from the cited PubMed abstracts/records. Ontology suggestions (HPO,
GO, CL, UBERON, CHEBI, NCIT, MONDO) are provided to support knowledge-base curation and
should be verified against current ontology releases.
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