CNGA1-Related Retinopathy (Retinitis
Pigmentosa 49): A Comprehensive
Disease Characterization

Disease: CNGA1-Related Retinopathy / Retinitis Pigmentosa 49 (RP49) MONDO 1ID:
MONDO:0800405 - Gene: CNGA1 (HGNC:2000) - Locus: 4p12 - OMIM phenotype: #613756 -
OMIM gene: 123825 Category: Mendelian, autosomal recessive, non-syndromic inherited
retinal degeneration Evidence base: Literature review (PubMed, 43 papers), gnomAD
constraint data, cryo-EM structural studies, human cohorts, and mouse/dog/iPSC models. No
primary patient data file was provided; all content derives from aggregated disease-level
resources and primary literature.

Summary

CNGA1-Related Retinopathy is a non-syndromic, autosomal recessive rod—cone dystrophy (a
form of retinitis pigmentosa, RP) caused by biallelic loss-of-function variants in CNGA1, the
gene encoding the pore-forming a-subunit of the rod cyclic nucleotide-gated (CNG) channel.
The native rod channel is a heterotetramer of three CNGA1 and one CNGB1 subunits that
opens in response to cytoplasmic cGMP, carrying the depolarizing Na*/Ca?* "dark current" that
underlies rod phototransduction. When CNGA1 function is lost, the channel cannot assemble
or open, the dark current is abolished, and rods degenerate — followed by secondary cone loss
and retinal pigment epithelium (RPE) atrophy. CNGA1 accounts for an estimated 2-8% of
autosomal recessive RP, making it one of the more common arRP genes, particularly in East
Asian (Japanese, Chinese) populations.

Clinically, the disease follows a stereotyped natural history: childhood-onset night blindness
(the universal first symptom, present in ~88% of patients by childhood), preserved central
visual acuity until roughly age 30, then a slow progressive decline (~0.029 logMAR/year) with
constriction of the visual field to tunnel vision (=10°) by a median age of ~39 years, and legal
blindness in about one-third of patients by age 72. The disease is bilateral, highly symmetric,
non-syndromic, and non-lethal — morbidity is entirely visual. Diagnosis rests on full-field
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electroretinography (showing extinguished/markedly reduced rod responses), spectral-domain
OCT (ellipsoid-zone width), fundus autofluorescence (hyperautofluorescent ring), and
molecular genetic testing.

There is currently no approved disease-specific therapy; management is supportive (low-
vision rehabilitation, treatment of cataract and cystoid macular edema, genetic counseling).
However, the field is moving rapidly toward disease-modifying treatment: AAV-mediated
CNGA1 gene augmentation restored vision and preserved photoreceptors in a Cngal-knockout
mouse, and a phase I/Il human gene therapy trial (NCT06291935) is ongoing. The relatively
long window of preserved photoreceptors (central acuity intact for ~3 decades) makes CNGA1-
RP an attractive gene-therapy target, and the regulatory precedent of voretigene neparvovec
(Luxturna) for RPE65-associated IRD establishes subretinal AAV gene therapy as a viable
modality. This report synthesizes 14 confirmed findings across 43 reviewed papers, organized
by the 15 requested disease-characteristic sections, with ontology term suggestions and PMID-
anchored evidence throughout.

Key Findings

Finding 1 — Molecular identity: loss of the rod CNG channel a-subunit

CNGA1-RP is an autosomal recessive rod—cone retinitis pigmentosa caused by loss of the rod
CNG channel a-subunit. CNGA1 and CNGB1 encode the a and B subunits, respectively, of the
rod cyclic nucleotide-gated channel, a cGMP-gated cation channel located in the plasma
membrane of the rod outer segment. The native rod channel is a heterotetramer with 3:1
CNGA1:CNGB1 stoichiometry. Biallelic mutations in either gene produce a progressive rod—
cone retinopathy, and CNGA1 mutations account for ~2-8% of autosomal recessive RP, for
which there is currently no approved treatment.

"The genes CNGA1l and CNGB1 encode the alpha and beta subunits of the rod CNG
channel, a ligand-gated cation channel whose activity is controlled by cyclic guanosine
monophosphate (cGMP). Autosomal inherited mutations in either of the genes lead to a
progressive rod-cone retinopathy known as retinitis pigmentosa (RP)." — PMID: 37054604

"Mutations in cyclic nucleotide-gated channel alpha 1 (CNGA1) account for 2-8% of
autosomal recessive RP with no available treatment." — PMID: 40897815
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"the native rod CNG functions as a heterotetramer consisting of three A1 and one B1
subunits" — PMID: 34699778

Finding 2 — Natural history: childhood night blindness, stable acuity until
~30, then progressive decline

A large Chinese cohort (n=58 patients, 52 families) defined the natural history. Night blindness
was the universal initial symptom, with onset in childhood in 88% of patients. Best-corrected
visual acuity (BCVA) remained stable at ~0.09 logMAR until a mean age of 30.7 years, after
which it declined at 0.029 logMAR per year; by age 72, 32% of patients had become blind
(BCVA > 1.30 logMAR). Visual-field impairment began in childhood and progressed to tunnel
vision (=10°) at a median age of 39.4 years. Disease showed high interocular symmetry. A
separate multicenter cohort reported 57 patients (mean age 42 + 16 years).

"Night blindness was the wuniversal initial symptom, with most patients (88%)
experiencing onset during childhood. BCVA remained stable (0.09 logMAR) until age of
30.7 years, followed by a progressive decline at 0.029 logMAR per year; by age of 72 years,
32% of patients had developed blindness (BCVA > 1.30 logMAR). VF impairment began in
childhood and progressed to tunnel vision (VF < 10°) at a median age of 39.4 years." —
PMID: 41448483

This natural-history curve defines the optimal intervention window: a multi-decade period of
preserved central photoreceptors during which gene augmentation could rescue function

before irreversible cell death.

Age (yr) Clinical status

Childhood Night blindness onset (88%); visual-field impairment begins
~10-30 Central BCVA stable (~0.09 logMAR)

~31+ Progressive BCVA decline (~0.029 logMAR/yr)

~39 (median) Tunnel vision (VF < 10°)

72 32% legally blind
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Finding 3 — Pathomechanism: oxidative stress, microglial activation,
autophagy/apoptosis

In a CRISPR Cngal-knockout mouse, loss of the channel produced progressive retinal thinning
and a functional deficit — the typical RP phenotype. TUNEL and immunofluorescence
confirmed progressive degeneration of rods and cones, accompanied in parallel by
microglial activation and oxidative-stress damage. RNA-sequencing showed
downregulation of synaptic transmission and phototransduction genes as early as postnatal
day 9 — before measurable cell death — and downregulation of the PI3K-AKT-mTOR
pathway indicating upregulated autophagy, with chaperone-mediated autophagy coinciding
temporally with photoreceptor death.

"We observed progressive retinal thinning and a concomitant functional deficit in vivo as
typical phenotypes for RP. Immunofluorescence and TUNEL staining showed progressive
degeneration in rods and cones. Moreover, microglial activation and oxidative stress
damage occurred in parallel. RNA-sequencing analysis of the retinae suggested down-
regulated synaptic transmission and phototransduction as early as 9 days postnatal" —
PMID: 34418172

"the down-regulated PI3K-AKT-mTOR pathway indicated upregulation of autophagic
process, and chaperone-mediated autophagy was further shown to coincide with the time
course of photoreceptor death" — PMID: 34418172

Finding 4 — Gene augmentation therapy rescues vision; active clinical trial

AAV-mediated Cngal gene augmentation in Cngal-deficient mice restored retinal function and
vision-guided behavior and preserved photoreceptors — the first demonstration of vision
restoration in a CNGA1-RP animal model. A phase I/Il gene augmentation trial
(NCT06291935) is ongoing in patients. Cross-channel support comes from the paralogous
CNGB1 model: AAV CNGB1a gene therapy in CNGB17/~ mice restored CNGA1 levels, channel
assembly, rod responses, and vision-guided behavior.

"this work demonstrates for the first time that a gene augmentation approach can restore
vision and preserves photoreceptors in an animal model of CNGA1-RP" — PMID: 40897815

"a phase I/II gene augmentation trial (NCT06291935) is currently ongoing highlighting the
necessity to differentiate benign from pathogenic variants" — PMID: 42192302
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"the treatment not only led to expression of full-length CNGB1a, but also restored normal
levels of the previously degraded CNGA1 subunit of the rod CNG channel" — PMID:
22802073

Finding 5 — Genetics: CNGA1 at 4p12 (RP49); diverse loss-of-function variants

CNGA1 maps to chromosome 4p12 (the RP49 locus; original linkage lod 2.90 in a Pakistani
family). The variant spectrum is dominated by loss-of-function alleles: frameshift (e.g.,
c.265delC p.L89Ffs*4; c.626_627delTA p.Ser209fs*26), nonsense, splice-site, and missense (e.g.,
c.1621G>A p.R420Q; p.G509R) variants. In Japanese arRP, CNGA1 was mutated in 5.1% (5/99) of
patients — one of the most frequent arRP genes in that population. A systematic functional
study identified 86 missense CNGA1 variants, 65.1% initially classified as VUS, which were
resolved by an aequorin-based functional assay to refine ACMG/AMP classification. Missense
variants affecting the cyclic nucleotide-binding domain (CNBD) are pathogenic in both human
patients and an ENU-mutagenesis mouse.

"Screening of an additional 69 arRP/spRP patients for the CNGA1 gene mutation revealed
one patient with a homozygous mutation. This is the first identification of CNGA1
mutations in arRP Japanese patients. The frequency of CNGA1 gene mutation was 5.1%
(5/99 patients). CNGA1 mutations are one of the most frequent arRP-causing mutations in
Japanese patients." — PMID: 25268133

"autosomal recessive retinitis pigmentosa in this Pakistani family showed linkage to an
11.7 cM region of chromosome 4p12 between D4S405 and D4S1592 with a maximum lod
score of 2.90" — PMID: 15570217

"Data mining revealed 86 missense CNGA1 variants - including three novel - most of them
lacking functional data; 65.1% of the variants were initially classified as VUS." — PMID:
42192302

"we identified a missense variation in CNGA1 affecting the cyclic nucleotide binding
domain (CNBD) and characterized a mouse model developed with mutated CNBD" —
PMID: 36115851
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Finding 6 — Epidemiology and genetic constraint

Inherited retinal degenerations (IRDs) have a global prevalence of ~1 in 2,000 to 1 in 4,000; RP
is the most frequent IRD. CNGA1 causes 1-8% of arRP (1% in an Italian cohort; 5.1% in
Japanese; 2-8% overall). gnomAD constraint metrics (GRCh38, ENSG00000198515,
chr4:47,935,977-48,016,681) show pLI = 3.7x107'%, observed/expected LoF = 0.76 (90% CI
0.61-0.96), and missense Z = 1.08 — i.e.,, CNGA1 tolerates heterozygous loss-of-function,
exactly as expected for a recessive disease gene (carriers are unaffected; disease requires
biallelic loss). Recessive IRDs cluster strongly with consanguinity (~70% of Pakistani IRD cases
consanguineous; 88.8% homozygous variants).

"Inherited retinal degenerations (IRDs) are a group of rare genetic conditions affecting
retina of the eye that range in prevalence from 1 in 2000 to 1 in 4000 people globally" —
PMID: 38317096

"In around 70% cases, parents of the index patient were consanguineously married, and
approximately 88.81% of the detected variants were found in a homozygous state. Overall,
more than 95% of the IRDs cases were recessively inherited.”" — PMID: 38317096

"Pathogenic variants in CNGA1 and CNGB1 genes, respectively, accounting for 1% and 4%
of cases" — PMID: 38705136

Finding 7 — Diagnosis: ERG, OCT, fundus autofluorescence, and molecular
testing

In the Italian CNGA1/CNGB1 cohort (n=29; 11 CNGA1), diagnosis combined best-corrected
visual acuity, ellipsoid-zone (EZ) width on OCT, fundus photographs, and short-wavelength
fundus autofluorescence (SW-AF); the CNGA1 group had a larger mean EZ width than the
CNGB1 group. Natural-history cohorts deployed ultra-widefield imaging, SD-OCT, full-field ERG
(ISCEV standards), full-field stimulus threshold (FST), multiluminance mobility testing (MLMT),
and static perimetry; FAF typically shows a hyperautofluorescent ring. The
electrophysiological hallmark is rod-predominant dysfunction (extinguished or markedly
reduced rod ERG responses) with later cone involvement.

"best-corrected visual acuity (BCVA), ellipsoid zone (EZ) width, fundus photographs, and
short-wavelength fundus autofluorescence (SW-AF) images" — PMID: 38705136
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"ultra-widefield retinal imaging, spectral-domain OCT, full-field electroretinography, full-
field stimulus threshold (FST), multiluminance mobility testing (MLMT), and static
perimetry" — PMID: 42440411

Finding 8 — Model organisms

CNGA1-RP is well supported by model systems: (1) a CRISPR Cngal-knockout mouse
recapitulating progressive rod-cone degeneration, retinal thinning, and functional deficit
(PMID: 34418172), used for AAV gene-augmentation rescue (PMID: 40897815); (2) an ENU-
derived CNBD-mutant mouse (PMID: 36115851); and (3) patient-derived iPSC lines SJTUGHi002-
A (c.265delC frameshift) and BTHBIOi001-A (c.1621G>A p.R420Q) for in vitro modeling (PMID:
38340451, PMID: 40795580). Paralog models for the same rod channel — CNGB1-deficient
mouse and dog — show early rod-function loss then slow rod loss with secondary cone decline,
mirroring human disease, with robust AAV rescue in the dog.

"we developed a mouse model of CNGA1 knock-out using CRISPR/Cas9 technology. We
observed progressive retinal thinning and a concomitant functional deficit in vivo as
typical phenotypes for RP" — PMID: 34418172

"CNGB1-deficient RP patients and mouse and dog models had a similar phenotype
characterized by early loss of rod function and slow rod photoreceptor loss with a
secondary decline in cone function... gene augmentation using adeno-associated virus
vectors robustly sustained the rescue of rod function and preserved retinal structure in
the dog model" — PMID: 29202463

"we established the human induced pluripotent stem cell line (iPSC) SJTUGHi002-A,
generated from peripheral blood mononuclear cells of a 36-year-old male RP patient, who
carried a homozygous frameshift variant in CNGA1 gene (c.265delC; p.L89Ffs*4)" — PMID:
38340451

Finding 9 — Protein-level mechanism: the cGMP-gated pore and the dark
current

Cryo-EM structures of human rod CNGA1l (homotetramer) and the native CNGA1/CNGB1
heterotetramer resolve the ligand-gating mechanism. cGMP binds the C-terminal cyclic-
nucleotide-binding domain (CNBD) and opens a central hydrophobic gate located in the middle
of the membrane; the selectivity filter (residue E365) coordinates Ca** and governs non-
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selective cation (Na*/Ca®*) permeation. In the native 3:1 channel, CNGB1 residue R994 provides
an additional pore gate absent from homomeric CNGA channels. In darkness, high cGMP
keeps the channel open, sustaining the depolarizing dark current; loss-of-function CNGA1
variants prevent channel assembly/opening and abolish this current. The channel is further
regulated by Ca?*/calmodulin and inhibited by PIP2 binding at an allosteric site between the
voltage-sensing, pore, and C-linker domains.

"we reveal the structural mechanism of ligand gating in human rod CNGA1 channel by
determining its cryo-EM structures in both the apo closed and cGMP-bound open states.
Distinct from most other members of voltage-gated tetrameric cation channels, CNGA1
forms a central channel gate in the middle of the membrane, occluding the central cavity"
— PMID: 33651975

"The arginine residue R994 of CNGB1 reaches into the ionic pathway and blocks the pore,
thus introducing an additional gate, which is different from the central hydrophobic gate
known from homomeric CNGA channels" — PMID: 34969975

"PIP2 binds at the interface between voltage-sensing, pore, and C-linker domains,
stabilizing closed states and sterically preventing channel opening” — PMID: 42830318

Finding 10 — Phenotype spectrum and HPO mapping

The core phenotype is a progressive rod—cone dystrophy. Key features and suggested HPO
terms:
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Phenotype HPO term Characteristics / frequency
. . ) Universal first symptom; childhood
Night blindness (nyctalopia) HP:0000662 ]
onset in ~88%
Constriction of peripheral visual field Progresses to =10° by median age ~39
. HP:0001133
(tunnel vision) yr

Reduced/undetectable rod ERG, then

Abnormal electroretinogram HP:0000512 cone decline

Rod-cone dystrophy HP:0000510  Defining disease category

Bone spicule-like pigmentary changes HP:0007737  Classic pigmentary retinopathy
Attenuated retinal vessels HP:0007843  Common RP fundus sign

Optic disc pallor (waxy) HP:0000543  Late finding

Reduced visual acuity HP:0000572  Relative central preservation until ~30s
Abnormal visual electrophysiology HP:0000504 —

Posterior subcapsular cataract HP:0007787  Common RP complication

Cystoid macular edema HP:0011505  Common RP complication

Disease is highly symmetric between eyes.

"Night blindness was the wuniversal initial symptom, with most patients (88%)
experiencing onset during childhood." — PMID: 41448483

"Autosomal inherited mutations in either of the genes lead to a progressive rod-cone
retinopathy known as retinitis pigmentosa (RP)." — PMID: 37054604

Finding 11 — Anatomy affected

The rod CNG channel is expressed in the plasma membrane of the rod outer segment. CNGA1
loss primarily injures rod photoreceptors (CL:0000604) with secondary cone photoreceptor
(CL:0000573) degeneration and retinal pigment epithelial atrophy. The disease is confined to
the eye (non-syndromic), bilateral, and largely symmetric. Microglial activation occurs in the
degenerating retina. Suggested UBERON terms: retina (UBERON:0000966), photoreceptor outer
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segment (UBERON:0001787), retinal pigment epithelium (UBERON:0001782). Suggested GO
cellular-component terms: plasma membrane (G0O:0005886), photoreceptor outer segment
(G0O:0001750), cyclic nucleotide-gated ion channel complex.

"The rod CNG channel is expressed in the plasma membrane of the outer segment and
functions as a molecular switch" — PMID: 37054604

"characterized by photoreceptor cell death and retinal pigment epithelial atrophy" —
PMID: 38340451

Finding 12 — Prognosis and management

CNGA1-RP is non-syndromic and non-lethal (normal life expectancy); morbidity is visual
disability. Central acuity is stable until ~age 30, then declines ~0.029 logMAR/yr, with 32% blind
by age 72 and tunnel vision by median age ~39 (PMID: 41448483). There is no FDA-approved
disease-specific pharmacotherapy; management is supportive: low-vision rehabilitation,
treatment of complications (cystoid macular edema, cataract), UV protection, and (for some RP
genotypes) consideration of nutritional therapy. Disease-modifying therapy is on the horizon:
AAV gene augmentation restored vision in Cngal-KO mice (PMID: 40897815) and a phase I/I
trial is ongoing (NCT06291935). The approval of voretigene neparvovec (Luxturna) for RPE65-
IRD establishes the subretinal AAV gene-therapy paradigm.

"a gene augmentation approach can restore vision and preserves photoreceptors in an
animal model of CNGA1-RP" — PMID: 40897815

"Nutritional approaches to treatment have proved successful in the case of the common
forms of retinitis pigmentosa (supplementation with vitamin A)" — PMID: 11064860

"Voretigene neparvovec is the first approved gene therapy for inherited retinal disease" —
PMID: 42425207

Finding 13 — Prevention and etiology

The etiology is purely monogenic (biallelic CNGA1 loss-of-function); no infectious, toxic, or
lifestyle cause is known, and no environmental risk or protective factor has been established.
Primary prevention is not possible for an inherited monogenic disease; prevention operates
through reproductive genetic counseling, carrier screening (especially in consanguineous
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families where recessive IRDs cluster), cascade testing of relatives, and preimplantation/
prenatal genetic testing. Secondary prevention = early molecular diagnosis to enable
monitoring and timely gene-therapy trial enrollment within the preserved-photoreceptor
window. Functional variant assays (aequorin-based) help resolve VUS to inform counseling
and trial eligibility.

"In around 70% cases, parents of the index patient were consanguineously married" —
PMID: 38317096

"disease relevance remains elusive, impeding molecular genetic diagnostics, patients’ and
family genetic counseling, and identification of patients eligible for clinical trials" —
PMID: 42192302

Finding 14 — Differential diagnosis and genotype-phenotype correlation

CNGA1-RP must be distinguished from other causes of pigmentary rod-cone degeneration:
CNGB1-RP (same channel, p-subunit), other arRP genes (PDE6A/B, RHO, USH2A, EYS, SAG,
TULP1, RPGR), congenital stationary night blindness (stationary, not progressive),
choroideremia, and syndromic RP (Usher, Bardet-Biedl). In a head-to-head Italian cohort (11
CNGA1 vs 18 CNGB1), BCVA was comparable between genes and between predicted "low"- and
"high"-impact variant groups, but the CNGA1 group had a larger mean ellipsoid-zone (EZ)
width than CNGB1 — indicating only a modest genotype-phenotype correlation and a
potential differentiating biomarker. Dual/second IRD genotypes can co-occur and confound
(e.g., ABCA4+CNGA1 "Stargardt's pigmentosa"; co-occurring SNCAIP/CNGA1 variants in a
Parkinson's-plus-RP patient).

"BCVA was comparable between CNGA1 and CNGB1 groups, as well as between low and
high groups. CNGA1 group had a larger mean EZ width compared to C[NGB1]" — PMID:
38705136

"Biallelic mutations were found in ABCA4 and CNGA1 genes. Although not common,
different IRDs may be present in a same patient at the same time." — PMID: 37748682
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Section-by-Section Report

1. Disease Information

CNGA1-Related Retinopathy is a non-syndromic, autosomal recessive retinitis pigmentosa
(progressive rod-cone dystrophy) in which rod photoreceptors degenerate first, followed by
cones and RPE, producing night blindness, progressive visual-field loss, and eventual central-
vision decline.

* Identifiers: MONDO:0800405; OMIM phenotype #613756 (Retinitis pigmentosa 49, RP49);
OMIM gene CNGA1 123825; HGNC:2000; locus 4p12. ICD-11 maps to retinitis pigmentosa
(9B70-family); ICD-10 H35.52 (pigmentary retinal dystrophy). MeSH: Retinitis Pigmentosa
(D012174). Orphanet: within the RP group (ORPHA:791).

* Synonyms: Retinitis pigmentosa 49; RP49; CNGA1-related RP; CNGA1l-associated retinitis
pigmentosa; rod CNG channel a-subunit retinopathy.

* Information source: Aggregated, disease-level resources and published patient cohorts
(Chinese n=58, Italian n=29, Japanese n=99, multicenter n=57), not EHR-level individual
data.

2. Etiology

* Causal factor: Genetic — biallelic loss-of-function variants in CNGA1 (Findings 1, 5). No
environmental, infectious, or mechanical cause.

* Genetic risk factors: The only established risk factor is possession of two pathogenic
CNGA1 alleles. No susceptibility loci or validated modifier genes are documented.
Consanguinity markedly increases risk of biallelic (usually homozygous) genotypes
(Findings 6, 13).

* Environmental/lifestyle risk factors: None established (Finding 13).

* Protective factors: None genetically or environmentally established; carriers
(heterozygotes) are unaffected, consistent with LoF tolerance (Finding 6).

* Gene-environment interactions: None documented. CHEBI-relevant small molecules in
the pathway include cGMP (CHEBI:16356), Ca®>* (CHEBI:29108), Na* (CHEBI:29101), PIP2
(CHEBI:83416).
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3. Phenotypes

See the Finding 10 table for the HPO-mapped phenotype list, onset, and frequencies. Quality-
of-life impact: night blindness impairs navigation in dim environments from childhood;
progressive peripheral-field loss causes mobility difficulty, loss of driving ability, and eventual
legal blindness in a subset — a substantial progressive disability, though central reading vision
is preserved for roughly three decades. No disease-specific EQ-5D/SF-36 data were identified;
impact is inferred from the natural-history trajectory (Finding 2).

4. Genetic/Molecular Information
» Causal gene: CNGA1 (4p12; OMIM 123825; HGNC:2000). Encodes the a-subunit of the rod
CNG channel (Findings 1, 5).

* Variant types: Predominantly loss-of-function — frameshift (c.265delC p.L89Ffs*4;
€.626_627delTA p.Ser209fs*26), nonsense, splice-site, and missense (c.1621G>A p.R420Q;
p-G509R; CNBD missense). 86 missense variants catalogued, 65.1% initially VUS (Finding 5).

* ACMG classification: Many variants remain VUS pending functional data; aequorin-based
assays reclassify them (Findings 5, 13).

* Allele frequency / constraint: gnomAD pLI = 3.7x107*%, o/e LoF = 0.76, missense Z = 1.08 —
LoF-tolerant, consistent with recessive mechanism (Finding 6).

* Origin: Germline (Findings 1, 5). No somatic involvement.
* Functional consequence: Loss of function — channel fails to assemble/open (Finding 9).

* Modifier genes / epigenetics / chromosomal abnormalities: None established for CNGA1-
RP.

5. Environmental Information

Not applicable. No environmental factors, lifestyle factors, or infectious agents are implicated
in this monogenic disease (Finding 13).

6. Mechanism / Pathophysiology

Ordered causal chain (initiating lesion - clinical manifestation):

1. Biallelic loss-of-function CNGA1 variants — absence of functional CNGA1 a-subunit
protein (demonstrated; Findings 1, 5).
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. Loss of CNGA1 — failure to assemble the 3:1 CNGA1/CNGB1 rod CNG channel in the
outer-segment plasma membrane (inferred from stoichiometry and paralog data; Findings
1, 8,9).

. No functional channel — the cGMP-gated Na*/Ca?* dark current is abolished
(demonstrated structurally/functionally; Finding 9).

. Loss of dark current — phototransduction failure and chronically hyperpolarized rods
- night blindness (demonstrated clinically/electrophysiologically; Findings 2, 7, 10).

. In parallel, dysregulated Ca?*/cGMP homeostasis and early downregulation of synaptic-
transmission and phototransduction gene programs (from P9, before cell death) — cellular
stress (demonstrated in KO mouse RNA-seq; Finding 3).

. Cellular stress — oxidative-stress damage and microglial activation (branch:
neuroinflammation) + PI3K-AKT-mTOR downregulation — increased autophagy /
chaperone-mediated autophagy — these converge on rod apoptosis (demonstrated;
Finding 3).

. Progressive rod death — secondary cone degeneration and RPE atrophy (demonstrated;
Findings 3, 11) — visual-field constriction, tunnel vision, central-acuity decline, legal
blindness in a subset (demonstrated clinically; Finding 2).
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CNGA1l biallelic LoF
|
v
No CNGAl a-subunit protein
|
v
Rod CNG channel (3 Al : 1 Bl) fails to assemble
|
v
cGMP-gated Na+/Ca2+ "dark current" abolished
|
} » Phototransduction failure - NIGHT BLINDNESS
v
Ca2+/cGMP dysregulation + early transcriptional changes (P9)

|
— Oxidative stress ———

I Microglial activation —

L— PI3K-AKT-mTOR: - autophagy -
|
v
ROD APOPTOSIS
|
v
Secondary CONE degeneration + RPE atrophy
|
v
Visual-field constriction - tunnel vision - central vision loss

* Molecular pathways: cGMP phototransduction cascade; PI3K-AKT-mTOR (downregulated
— autophagy).

* Cellular processes (GO): visual perception / phototransduction (G0O:0007601, GO:0007602);
apoptotic process (GO:0006915); autophagy (GO:0006914); chaperone-mediated autophagy
(GO:0061684); microglial cell activation (GO:0001774); response to oxidative stress
(GO:0006979).

* Protein dysfunction: Loss-of-function; failure of channel assembly/gating (Finding 9).
* Ion channel defect: Abolition of the cGMP-gated cation (Na*/Ca?*) current (Finding 9).

* Cell types (CL): rod photoreceptor (CL:0000604) upstream; cone photoreceptor
(CL:0000573) and RPE downstream; microglial cell (CL:0000129).
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7. Anatomical Structures Affected
* Organ: eye / retina (UBERON:0000966); non-syndromic — no extra-ocular organ
involvement.

* Tissue/cell: neural retina photoreceptor layer; rod photoreceptors (primary, CL:0000604),
cone photoreceptors (secondary, CL:0000573), RPE (secondary).

* Subcellular (GO CC): photoreceptor outer segment (GO:0001750); plasma membrane
(GO:0005886); cyclic nucleotide-gated channel complex.

* Localization/lateralization: Bilateral, highly symmetric (Findings 2, 11).

8. Temporal Development
* Onset: Childhood (night blindness in ~88% by childhood); congenital predisposition with
early functional onset (Finding 2).

* Course: Chronic, slowly progressive, lifelong. Central acuity stable until ~30, then ~0.029
logMAR/yr decline; tunnel vision by median ~39; 32% blind by 72 (Finding 2).

* Critical period: The multi-decade window of preserved central photoreceptors is the
therapeutic opportunity window for gene augmentation (Findings 2, 4).

9. Inheritance and Population
* Inheritance: Autosomal recessive; complete biallelic penetrance expected; variable
expressivity (modest; Finding 14). No anticipation (not a repeat-expansion disorder).
» Epidemiology: IRD prevalence ~1/2,000-1/4,000; CNGA1 = 1-8% of arRP (Findings 1, 6).

* Carrier frequency / constraint: LoF-tolerant gene; heterozygous carriers unaffected
(Finding 6).

» Consanguinity / founder effects: Consanguinity strongly enriches recessive IRD, including
CNGA1-RP (~70% consanguineous, 88.8% homozygous in Pakistani IRD cohort) (Finding 6).
Enriched in East Asian (Japanese 5.1%) populations (Finding 5).

* Sex ratio: No sex predilection (autosomal). Age distribution: affected lifelong from
childhood onset.

10. Diagnostics

* Electrophysiology: Full-field ERG (ISCEV) — extinguished/markedly reduced scotopic rod
responses, later cone decline (Findings 7, 10).
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* Imaging: SD-OCT (ellipsoid-zone width, photoreceptor loss); fundus autofluorescence
(hyperautofluorescent ring); ultra-widefield fundus photography (bone-spicule
pigmentation, vessel attenuation, waxy disc pallor) (Finding 7).

» Functional: full-field stimulus threshold (FST), multiluminance mobility testing (MLMT),
static perimetry (Finding 7).

* Genetic testing: The definitive diagnostic. Approaches: targeted IRD gene panels, whole-
exome and whole-genome sequencing, single-gene testing; functional assays (aequorin-
based) to resolve VUS (Findings 5, 13). WES identified CNGA1 as a frequent arRP cause in
Japanese patients (Finding 5).

* Differential diagnosis: CNGB1-RP, PDE6A/B-RP, RHO, USH2A/EYS, CSNB, choroideremia,
syndromic RP (Finding 14). Larger EZ width distinguishes CNGA1 from CNGB1 (Finding 14).

* Screening: Carrier and cascade screening in families; prenatal/PGT where desired (Finding
13).

11. Outcome/Prognosis

» Mortality: None — normal life expectancy; non-lethal (Finding 12).

» Morbidity: Progressive bilateral visual disability; legal blindness in ~32% by age 72
(Findings 2, 12).

* Prognostic factors: Age, EZ width, baseline BCVA, residual photoreceptor reserve.
Recovery potential: none spontaneously; potential functional rescue with gene therapy if
treated within the preserved-photoreceptor window (Findings 4, 12).

12. Treatment

 Current (supportive): Low-vision rehabilitation; management of cataract and cystoid
macular edema; UV protection; genetic counseling. No approved disease-specific drug
(Finding 12). Nutritional (vitamin A palmitate) has a precedent in common RP forms but is
not CNGA1-specific and must be weighed against genotype (Finding 12).

» Advanced/experimental: AAV-mediated CNGA1 gene augmentation — restored vision
and preserved photoreceptors in Cngal-KO mice (Finding 4); phase I/II trial NCT06291935
ongoing (Finding 4). Cross-channel proof-of-concept: AAV CNGB1a in CNGB17/~ mice and
dogs (Findings 4, 8).

* Regulatory precedent: Voretigene neparvovec (Luxturna, subretinal AAV) for RPE65-IRD
— the first approved IRD gene therapy — validates the modality (Finding 12).
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» Suggested NCIT terms: Gene Therapy (NCIT:C15262); Adeno-associated Virus Vector;
Supportive Care (NCIT:C15346); Rehabilitation Therapy.

13. Prevention

Primary prevention is not possible (monogenic). Prevention = reproductive genetic
counseling, carrier/cascade screening, PGT/prenatal testing, and secondary prevention
via early molecular diagnosis for monitoring and trial eligibility within the therapeutic
window (Finding 13). Variant functional classification supports accurate counseling (Finding
13).

14. Other Species / Natural Disease

 Orthologs/models: Mouse Cngal (CRISPR KO and ENU CNBD-mutant); the paralogous rod-
channel B-subunit has natural disease models in mouse and dog (CNGB1), and a dog PDE6A
model of RP exists (Finding 8). Residual desensitized rod ERG in CNGB1-mutant dogs is
attributed to low outer-segment CNGA1 (Finding 8). No companion-animal natural CNGA1
disease is specifically documented in the reviewed literature. Suggested NCBI Taxon IDs:
Mus musculus (10090), Canis lupus familiaris (9615).

» Comparative biology: The rod CNG channel's 3 CNGA1 : 1 CNGB1 stoichiometry is
conserved across vertebrates; phenotype concordance across mouse, dog, and human
supports strong evolutionary conservation of the mechanism (Finding 8).
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Variant /
method

Phenotype recapitulation

OpenScientist Report

Progressive rod-cone
degeneration, retinal

Mammalian, .. . .
Cngal KO mouse Knockout CRISPR/Cas9 thinning, functional deficit; 34418172
u
oxidative stress, microglial
activation
CNBD-mutant Mammalian, ENU, CNBD . )
. . arRP-like degeneration 36115851
mouse point mutant missense
Cngal-deficient o
. AAV gene Vision restored,
mouse (gene Mammalian . 40897815
augmentation photoreceptors preserved
therapy)
iPSC SJTUGHi002- Human in c.265delC Patient-specific disease e
A vitro p-L89Ffs*4 modeling
iPSC BTHBIOi001- Human in c.1621G>A Patient-specific disease 40795580
A vitro p-R420Q modeling
Early rod loss, slow
CNGB1 mouse/dog . .
Mammalian CNGB1 LOF degeneration, secondary 29202463
(paralog)

cone decline; AAV rescue

Model limitations: Mouse retina lacks a macula, so central-vision/macular aspects of human
disease are imperfectly modeled; rapid rodent degeneration compresses the slow human time
course. iPSC/organoid models capture early molecular events but not whole-tissue circuitry or
long-term progression.

Mechanistic Model / Interpretation

CNGA1-RP is, at its core, a channelopathy that becomes a degeneration. The primary lesion
is purely genetic and purely loss-of-function: without CNGA1, the rod outer-segment CNG
channel cannot assemble in its native 3:1 configuration, and the cGMP-gated dark current that
depolarizes rods in darkness is lost. This immediately explains the earliest and most constant
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symptom, childhood night blindness — rods cannot signal. The transition from a functional
defect to irreversible structural degeneration is driven downstream by a stereotyped stress
cascade seen in the knockout mouse: early (pre-death) transcriptional downregulation of
phototransduction and synaptic genes, then oxidative stress, microglial (neuroinflammatory)
activation, and a shift toward autophagic/apoptotic cell death via PI3K-AKT-mTOR
downregulation and chaperone-mediated autophagy. Rods die first; cones and RPE follow
secondarily, producing the classic centripetal progression from mid-peripheral pigmentary
retinopathy to tunnel vision and, eventually, central-vision loss.

The key clinical corollary is the long therapeutic window: because central cones are
preserved for roughly three decades, and because the defect is a single missing gene product,
gene augmentation is mechanistically ideal — restoring CNGA1 reconstitutes the channel, as
directly demonstrated both in the Cngal-KO mouse (vision restored) and in the paralogous
CNGB1 system (where CNGB1la delivery even restored the degraded CNGA1 subunit). This
mechanistic logic is why CNGA1-RP has advanced to a phase I/II human trial (NCT06291935),
riding the regulatory and technical precedent of Luxturna.
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29202463
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Title (abbrev.)

CNG channel-related retinitis
pigmentosa

Gene augmentation restores
vision in Cngal mouse

Native human rod CNG channel
structure

Natural history, large Chinese
cohort

Cngal KO mouse retinal
degeneration

Systematic CNGA1 missense
variant evaluation

CNGB1 gene therapy, mouse
CNGAL1 in Japanese arRP
Pakistani family linkage

CNBD mutations, human + mouse
Pakistan IRD systematic review

CNGA1/CNGB1 cohort
characterization

Clinical/molecular features cohort
iPSC SJTUGHi002-A

CNGBI1 patients + mouse/dog
models

CNGA1 gating/selectivity cryo-EM

Native bovine CNGA1/CNGB1
structure
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Role in this report

Defines gene products, channel, ligand, disease
class, outer-segment localization

CNGA1 = 2-8% arRP; preclinical gene-therapy
proof-of-concept

3:1 CNGA1:CNGB1 stoichiometry

Quantitative onset/progression; intervention
window

Pathomechanism: oxidative stress, microglia,
autophagy/apoptosis

Variant burden/VUS; confirms trial NCT06291935

Cross-channel rescue; restores CNGA1
5.1% frequency; East Asian enrichment
Maps RP49 to 4p12

CNBD missense pathogenicity cross-species

IRD prevalence; consanguinity role

Diagnostics; CNGA1 vs CNGB1 EZ width

Diagnostic/endpoint battery

Patient iPSC model; RPE atrophy

Cross-species concordance, gene-therapy rescue

cGMP gating, central gate

CNGB1 R994 additional gate

Allosteric PIP2 regulation (drug target)
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PMID Title (abbrev.) Role in this report

PIP2 inhibition of rod CNG
channel

Nutrition and retinal

11064860 degenerations Vitamin A precedent in RP

42425207  Voretigene neparvovec outcomes Subretinal AAV regulatory precedent

37748682  ABCA4+CNGA1 dual IRD Differential diagnosis / dual genotypes
Challenges/caveats in the evidence:
(B 29202463 |

and several paralog (CNGB1) papers address the B-subunit disease, not CNGA1 directly; they
are used as mechanistic analogies, clearly flagged. The Luxturna papers (RPE65) establish
modality precedent, not CNGA1-specific efficacy.

Limitations and Knowledge Gaps

1. No population-specific prevalence for CNGA1-RP as a distinct entity — only its fraction of
arRP (1-8%) is known; absolute cases/100,000 are not established.

2. Human efficacy unknown. Gene-therapy evidence is preclinical (mouse) plus an ongoing
phase I/II trial with no published outcomes yet.

3. Variant interpretation remains incomplete — 65% of missense variants were initially
VUS; functional data are still being generated.

4. No validated modifier genes, epigenetic mechanisms, or QoL instruments specific to
CNGA1-RP were identified.

5. Genotype-phenotype correlation is weak — only EZ width modestly distinguishes CNGA1
from CNGB1; no clear severity predictors from variant class.

6. Natural-history data are cohort-based (China, Italy, Japan), potentially limiting
generalizability; longitudinal prospective data are sparse.

7. Model limitations: rodent models lack a macula and progress too fast to model the human
central-vision time course.
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Proposed Follow-up Experiments / Actions

1. Track NCT06291935 outcomes — safety, BCVA, FST, and visual-field endpoints will be the
decisive human efficacy data; define biomarker-based patient-selection criteria (EZ width,
residual rod function).

2. Build a CNGA1 variant functional-evidence database — extend the aequorin-based assay
to all catalogued missense variants to convert VUS to actionable classifications for
diagnosis, counseling, and trial eligibility.

3. Prospective multi-ethnic natural-history registry with standardized SD-OCT (EZ width),
FAF ring metrics, FST, and perimetry to refine the intervention window and identify
prognostic biomarkers.

4. Generate retinal organoids from CNGA1-patient iPSC lines (SJTUGHi002-A, BTHBIOi001-A)
to model channel-assembly defects and screen neuroprotective/anti-oxidative adjuncts that
could extend the treatment window.

5. Test adjunctive neuroprotection (antioxidants, microglial modulators, autophagy
modulators) in the Cnga1-KO mouse, targeting the downstream stress cascade (oxidative
stress, microglial activation, CMA) to slow degeneration independent of gene replacement.

6. Explore the PIP2 allosteric site structurally identified in the rod CNG channel as a
potential small-molecule modulatory target for residual/partial-function alleles.

7. Estimate carrier frequency and absolute prevalence using gnomAD LoF-allele
frequencies and population genetics to inform screening-program design, especially in
consanguineous and East Asian populations.

Report compiled from 14 confirmed findings across 43 reviewed papers over 5 investigation
iterations. Evidence-source types span human clinical cohorts, model organisms (mouse, dog), in
vitro (iPSC), and computational/structural (cryo-EM, gnomAD constraint) studies, as indicated
throughout.

Generated by OpenScientist — Scientific Hypothesis Agent for Novel Discovery
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