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Abstract 
Purpose  Achromatopsia is a rare autosomal reces-
sive disorder characterised by congenital pendular 
nystagmus, photophobia, decreased visual acuity, 
and impaired colour vision. Variants in the CNGA3 
(Achromatopsia 2, MIM#216900) and CNGB3 
(Achromatopsia 3, MIM#262300) genes account 
for the majority (more than 2/3) of cases, but geno-
type–phenotype correlations remain incompletely 
understood.

Methods  This study aims to expand the clinical 
and genetic spectrum of achromatopsia by analysing 
five patients from three families, including two novel 
variants in the CNGA3 and CNGB3. Comprehensive 
ophthalmological and genetic evaluations were per-
formed, including best corrected visual acuity, elec-
troretinography, optical coherence tomography, and 
clinical exome sequencing. Segregation analysis was 
conducted to confirm the inheritance pattern.
Results  We identified a novel missense vari-
ant in CNGA3 (c.1710C > A p.(Ser570Arg)) and a 
novel frameshift variant in CNGB3 (c.739_754del 
p.(Ala247Thrfs*27)).
Conclusion  Molecular dynamics simulations sug-
gest that the CNGA3 c.1710C > A p.(Ser570Arg) 
variant may act as a gain-of-function variant, lead-
ing to altered cyclic nucleotide-gated channel activ-
ity in cone photoreceptors. This finding provides new 
insights into the functional consequences of CNGA3 
variants in the pathophysiology of achromatopsia. 
Our findings provide new insights into genotype–phe-
notype correlations in achromatopsia and highlight 
the importance of early genetic diagnosis in improv-
ing disease management and genetic counselling. 
The identification of novel variants enhances our 
understanding of the genetic basis of achromatopsia 
and highlights the clinical utility of next-generation 
sequencing in the diagnosing of inherited retinal 
diseases.
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Introductıon

The human retina contains four types of photorecep-
tors: short-wavelength (blue), medium-wavelength 
(green), and long-wavelength (red) cones, as well 
as rods. Achromatopsia (rod monochromatism) is 
a rare congenital disorder with an autosomal reces-
sive inheritance pattern that typically affects all three 
types of cone photoreceptors, with symptoms emerg-
ing within the first few months of life [1, 2].

Achromatopsia is a phenotypically and genetically 
heterogeneous disorder associated with pathogenic 
variants in six genes. Considering the 10–25% rate 
of cases in which the genetic aetiology has not been 
elucidated despite the clinical diagnosis, this num-
ber is expected to increase over the years [3]. Five of 
these genes (CNGA3, CNGB3, PDE6C, PDE6H, and 
GNAT2) are involved in cGMP-mediated cone pho-
totransduction, while one (ATF6) encodes a protein 
that regulates the unfolded protein response in the 
endoplasmic reticulum and play a role in cone photo-
receptor development [4–8]. Cyclic nucleotide-gated 
(CNG) channels, which belong to the voltage-gated 
ion channel superfamily, are found in various neu-
ronal structures, including cone photoreceptors, olfac-
tory sensory neurons, and the pineal gland. Variants 
in CNGA3 and CNGB3, which encode the alpha and 
beta subunits of CNG channels, are the most common 
cause of achromatopsia, accounting for approximately 
90% of cases [9, 10].

Typical symptoms of achromatopsia include 
reduced visual acuity, photophobia (increased sen-
sitivity to light), and difficulty seeing in bright envi-
ronments. Patients often present with high frequency, 
low amplitude pendular nystagmus characterised by 
semi-sinusoidal ocular oscillations, as well as central 
scotoma, eccentric fixation, and reduced or complete 
loss of colour discrimination [1, 11, 12]. Refractive 
errors are also often associated. Although no clear 
genotype–phenotype correlation has been established, 
it has been suggested that there may be phenotypic 
differences depending on the gene involved. In addi-
tion, paradoxical pupillary constriction (Flynn’s phe-
nomenon) may occur when patients move from a 
bright to a dark environment [13]. Achromatopsia was 

once considered a stable condition, but recent optical 
coherence tomography (OCT) imaging and long-term 
follow-up suggest possible progressive morphological 
changes [14, 15].

Our study aimed to broaden the clinical and 
genetic spectrum of achromatopsia by analysing 
five cases from three families, including two novel 
variants.

Materıals and methods

All subjects underwent a comprehensive physical and 
ophthalmological examination and informed consent 
was obtained for publication of clinical and research 
results.

The ophthalmic examination included measure-
ment of best corrected visual acuity (BCVA), fundus 
examination after pupil dilation, spectral domain opti-
cal coherence tomography (SD-OCT), fluorescein 
angiography (FA), full-field electroretinography (ff-
ERG) and flash visual evoked potentials (VEPs). The 
Metrovision multifocal ERG MonPackOne System 
(Metrovision, Perenchies,France) was used for the ff-
ERG according to ISCEV standards. Fundus autofluo-
rescence (FAF) imaging was performed with a confo-
cal scanning laser ophthalmoscope. Argon blue laser 
(HRA classic) or optically pumped solid-state laser 
(HRA II) with a wavelength of 488 nm was preferred 
as the stimulus. A barrier filter was used to ensure 
that absorbed light at wavelengths above 500 nm was 
detected. The resulting digital images were processed 
using a flexible frame processor and projected onto a 
computer screen. During FAF imaging, focusing was 
performed in the red free reflection mode (λ = 514 nm 
for HRA classic, λ = 488  nm for HRA II), followed 
by a series of images at a wavelength of 488  nm. 
An average image was obtained from these images 
to improve the signal-to-noise ratio after automatic 
alignment using image analysis software.

For genetic studies, exome sequencing was per-
formed on an Illumina NextSeq sequencer using 
the Sophia Genetics Clinical Exome Solution V3 
Kit for two patients and the Sophia Genetics Clini-
cal Exome Solution V2 Kit for three patients. Leu-
kocyte-derived genomic DNA was obtained from 
the patients’ peripheral blood using the GeneAll 
Exgene™ Blood DNA SV Mini Kit. Data analy-
sis was performed using the Sophia DDM V4 
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analysis platform. Using genomic DNA, all exons, 
untranslated regions (UTRs) and variable splice 
site regions of the genes of interest were sequenced 
using standard methods and aligned to reference 
sequences in the human genome. Screened variants 
were filtered according to 1% allele frequency in 
populationdatabases including dbSNP142, Human 
Reference Genome, 1000 Genomes Project, OMIM 
database, etc. and an internal database containing 
exomes of 3541 individuals of Turkish origin. Path-
ogenicity prediction was evaluated using software 
such as Franklin and VarSome. Sequence variant 
classification was based on the recommendations of 

American College of Medical Genetics and Genom-
ics (ACMG) [16]. Segregation analysis was per-
formed to determine the carrier status of the parents 
of all cases.

Results

Family 1

Case 1 (C1) A 9-year-old boy, born to healthy, non-
consanguineous parents of Turkish origin, was first 
seen at a health centre at 3 months of age because of 

Fig. 1   a and b Bilateral optic disc pallor and arteriolar 
attenuation, c and d Bilateral hyperautofluorescence repre-
senting possible photoreceptor attenuation, e and f Macular 
OCT scans showing diffuse retinal thinning, g Case 1: Dif-
ficulty fully opening the eye due to photophobia and strabis-

mus in the left eye h Pedigree of case 1, i Integrated Genom-
ics Viewer (IGV) representation of the heterozygous CNGB3 
c.1148del p.(Thr383Ilefs*13) variant, j Integrated Genom-
ics Viewer (IGV) representation of the heterozygous CNGB3 
c.739_754del p.(Ala247Thrfs*27) variant
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nystagmus, noticed by his mother had noticed dur-
ing the neonatal period (Fig. 1). The nystagmus was 
present in all directions of gaze, and cranial MRI and 
hearing tests showed no abnormalities. Over time, the 
patient had difficulty seeing in daylight and was una-
ble to walk in bright light. The family reported that 
his symptoms improved in dimly lit environments. 
Notably, he did not experience night blindness (nycta-
lopia).The patient was diagnosed with hypermetropia, 
strabismus, photophobia, and nystagmus, although 
he reported no significant difficulties with color dis-
crimination. His mental development and school per-
formance were normal.

Ocular findings Best corrected visual acuity was 
20/125 bilaterally. Colour vision testing with Ishi-
hara plates showed abnormal colour discrimination. 
He scored 1/21 on the Ishihara test in each eye. Slit-
lamp examination of the anterior segment revealed no 
pathological findings. Fundus examination revealed 
optic disc pallor, arteriolar attenuation and bone spic-
ules peripheral to major vascular arcs (Fig.  1a–d). 
OCT macular scans showed bilateral diffuse retinal 
thinning with no evidence of subretinal or intraretinal 
fluid. (Fig. 1e, f). VEP showed latency delays in both 
anterior visual pathways. Electroretinogram (ERG) 
findings indicated cone dysfunction with partial rod 
involvement (Table 1).

Genetic analysis identified two heterozygous 
variants in the CNGB3 gene: NM_019098.5: 
c.1148del p.(Thr383Ilefs*13) and c.739_754del 
p.(Ala247Thrfs*27) (PQ874176). Parental segrega-
tion analysis confirmed that these variants were pre-
sent in a compound heterozygous state (Fig.  1i, j), 
(Table 2).

Family 2

Case 2 (C2) The 18-year-old girl was the first child 
of healthy Turkish parents from the same settlement, 
with no reported consanguinity (Fig. 2i, l). Her fam-
ily noticed bilateral nystagmus at birth, but the first 
examination was performed at the age of 6–7 months. 
According to the family, the severity of the nystag-
mus decreased after the age of 10 years. Since child-
hood, the patient has had difficulty seeing in bright 
light, impaired distance vision, and challenges with 
colour discrimination. Her developmental milestones 
progressed appropriately for her age.

Ocular Findings The patient presented with 
reduced visual acuity and oscillatory movements 
in both eyes. Her best corrected visual acuity was 
20/125 bilaterally. Colour vision testing with Ishi-
hara plates revealed abnormal colour discrimina-
tion. She scored 1/21 on the Ishihara test in each 
eye. Refractive examination revealed myopia and 
astigmatism in both eyes. Using the prism and cover 
test at distance, she had 25 prism diopters (PD) of 
exotropia in the primary position in the left eye. 
Horizontal pendular nystagmus was present bilater-
ally. Slit-lamp examination of the anterior segment 
revealed no pathological findings. Fundus examina-
tion revealed pallor of the optic disc and salt-pepper 
appearance in both the macula and peripheral retina. 
OCT macular scans showed bilateral diffuse retinal 
thinning with no evidence of subretinal or intrareti-
nal fluid (Fig. 2g, h). VEP showed normal responses 
in both anterior visual pathways. ERG showed cone 
dysfunction with partial rod involvement (Table 1).

Case 3 (C3) She is the 15-year-old sister of C2 
(Fig.  2k). Her family noticed bilateral nystagmus 
at birth, the severity of which has increased over 
the years. The patient reported difficulty seeing in 
bright light, photophobia, and stated that her vision 
was better in dark environments. She also had dif-
ficulty with colour discrimination and poor distance 
vision since childhood. Her developmental mile-
stones were appropriate for her age, with no evi-
dence of neuromotor delay.

Ocular findings The patient presented with 
reduced visual acuity and oscillatory movements 
in both eyes. Her best corrected visual acuity was 
20/200 bilaterally. Colour vision testing with Ishi-
hara plates showed abnormal colour discrimina-
tion. She scored 1/21 on the Ishihara test in each 
eye. Refractive examination revealed myopia and 
astigmatism in both eyes. Horizontal pendular nys-
tagmus was present bilaterally. Slit-lamp examina-
tion of the anterior segment revealed no pathologi-
cal findings. Fundus examination revealed optic 
disc pallor and salt-pepper appearance in both the 
macula and the peripheral retina (Fig.  2a–d). OCT 
macular scans showed bilateral diffuse retinal thin-
ning with no evidence of subretinal or intraretinal 
fluid (Fig. 2e, f). VEP testing showed no significant 
VEP response in the right anterior visual pathway, 
while latency delays were seen in the left anterior 
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Table 2   Variants identified in the cases

Genetic Test Gene Variants Transcript ID Known/novel 
variant

Gnom AD 
frequency

ACMG Coverage 
depth

Case 1
(Allele 1)

CES v3 CNGB3 c.1148del
(p.Thr-

3831lefs*13)

NM_019098.5 Known
Clinvar 

ID:5225

0.001750 PVS1, PM2 147

Case 1
(Allele 1)

CES v3 CNGB3 c.739-754del
(p.Ala247Th-

rfs*27)

NM_019098.5 Novel 0 PVS1, PM2 144

Case 2 CES v2 CNGA3 c.l710C>A(p.
Ser570Arg)

NM_001298.3 Novel 0 PM1, PM2, 
PM5, PP3

136

Case 3 CES v2 CNGA3 c.l710C>A(p.
Ser570Arg)

NM_001298.3 Novel 0 PM1, PM2, 
PM5, PP3

156

Case 4 CES v2 CNGA3 c.l710C>A(p.
Ser570Arg)

NM_001298.3 Novel 0 PM1, PM2, 
PM5, PP3

132

Case 5 CES v3 CNGB3 c.l006G>T(p.
Glu336*)

NM_019098.5 Known
Clinvar 

ID:188968

0.00004031 PVS1, PM2 95

Fig. 2   Bilateral optic disc pallor and salt-and-pepper appear-
ance in case 3 (a and b), bilateral annular hyperautofluores-
cence representing possible photoreceptor attenuation (c and 
d), macular OCT scans showing diffuse retinal thinning and 
loss of normal retinal architecture in the perifoveal region (e 
and f), macular OCT scans showing diffuse retinal thinning 
and loss of normal retinal architecture in case 2 (g and h), the 

pedigree of Case 2, Case 3 and Case 4 showing the inherit-
ance pattern of the CNGA3 variant within the family (i), the 
difficulty in fully opening the eye due to photophobia observed 
in Case 4 (j), Case 3 (k) and Case 2 (l); and the Integrated 
Genomics Viewer (IGV) representation of the homozygous 
novel CNGA3: c.1710C > A p.(Ser570Arg) variant in case 2 
(m), case 3 (n) and case 4 (o)



Int Ophthalmol (2025) 45:313	 Page 7 of 13  313

Vol.: (0123456789)

visual pathway. ERG showed cone dysfunction with 
partial rod involvement (Table 1).

Case 4 (C4) She is the 9-year-old sister of C2 
(Fig.  2j). Her family noticed bilateral nystagmus at 
birth. The patient reported difficulty seeing in bright 
light and photophobia, and groping in brightly lit 
environments was observed in infancy. She also had 
difficulty with near vision. Her developmental mile-
stones progressed appropriately for her age with no 
evidence of neuromotor delay.

Ocular findings The patient presented with reduced 
visual acuity and oscillatory movements in both eyes. 
Her best corrected visual acuity was 20/200 in the 
right eye and 20/400 in the left eye. Colour vision 
testing with Ishihara plates revealed abnormal colour 
discrimination. She scored 1/21 in each eye on the 
Ishihara test. Refractive examination revealed myopia 
and astigmatism in both eyes. Using the prism and 
cover test at distance, she had 14 prism diopters (PD) 
of esotropia in the primary position in the right eye. 
Horizontal pendular nystagmus was present bilater-
ally. Slit-lamp examination of the anterior segment 
revealed no pathological findings. Fundus examina-
tion revealed pallor of the optic disc and salt-pepper 
appearance in both the macula and the peripheral 
retina. OCT macular scans showed bilateral diffuse 
retinal thinning with no evidence of subretinal or 
intraretinal fluid. VEP showed P100 latency in the 
upper limits in both anterior visual pathways. ERG 
showed cone dysfunction with partial rod involve-
ment (Table 1).

Genetic analysis identified a homozygous CNGA3 
NM_001298.3:c.1710C > A p.(Ser570Arg) missense 
variant in all three siblings. Segregation analysis con-
firmed that both parents were heterozygous carriers 
of the variant. To the best of the authors’ knowledge, 
this is a novel variant and has not been previously 
reported in the literature (Fig. 2m–o), (Table 2).

Family 3

Case 5 (C5) A 14-year-old boy was born to healthy 
Turkish parents who were third cousins. His birth 
weight and height were within normal limits. The 
family reported that he initially had a mild motor 
delay but eventually caught up with his peers. The 
patient had nystagmus since birth and was referred to 
an ophthalmologist at the age of 6  months due to a 
lack of light tracking during a paediatric examination. 

A VEP test at the age of 2 years showed delayed and 
reduced nerve conduction in the visual centre. A 
repeat VEP test at the age of 4 years showed progres-
sion of visual loss. Eye examinations also revealed 
impaired distance vision. It was noted that the patient 
had difficulty seeing in bright light, but saw better 
in the dark. He was also observed to squint in bright 
environments to reduce light exposure. He had been 
diagnosed with myopia, nystagmus and photophobia, 
and the difficulty with colour discrimination was first 
noted two years ago. There was no family history of a 
similar condition.

Ocular findings The patient presented with pho-
tophobia in both eyes. His best corrected visual acu-
ity was 20/200 in the right eye and 20/400 in the left 
eye. Colour vision testing with Ishihara plates showed 
abnormal colour discrimination. He scored 1/21 
on the Ishihara test in each eye. Slit-lamp examina-
tion of the anterior segment revealed no pathological 
findings. Fundus examination showed temporal optic 
disc pallor. Macular OCT scans showed bilateral dif-
fuse retinal thinning with no evidence of subretinal or 
intraretinal fluid. Retinal nerve fibre analysis showed 
bilateral marked reduction in mean RNFL thickness 
(Fig. 3). VEP showed normal responses in both ante-
rior visual pathways. ERG showed cone dysfunction 
with partial rod involvement (Table 1).

Genetic analysis revealed a homozygous non-
sense variant in the CNGB3 gene: NM_019098.5: 
c.1006G > T p.(Glu336*). The CNGB3 c.1006G > T 
variant has been previously reported in cases of 
achromatopsia. Segregation analysis confirmed that 
both parents were heterozygous carriers of the variant 
(Table 2).

Molecular dynamics studies

Molecular dynamics studies were performed using 
NAMD 2.0 [17] for 10  ns under NVT conditions. 
Langevin dynamics was used for temperature control 
and pulse for the MTS algorithm. All visualisations 
were performed using the Biovia Discovery Studio 
program. (BIOVIA, Dassault Systèmes, [Discov-
ery Studio], [2022], San Diego: Dassault Systèmes, 
[2022]).

In silico studies are theoretical-computational 
methods used to develop hypotheses about biologi-
cal phenomena that are difficult to observe. In this 
study, the 3D structure of the cyclic nucleotide-gated 
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channel proteins beta-3 and alfa-3 was analysed with 
different variants using molecular dynamics (MD) 
methods, and the 3D conformations of the struc-
tures formed as a result of the variants were stud-
ied. It can be seen that the structures other than the 
Ser570Arg variant are immature due to the amino 
acid deficiency. While the conformational energy of 
the wild-type (WT) structure after MD was found 
to be −156648.5329  kcal/mol, the energy value of 

the Ser570Arg variant structure was found to be 
−164378.0012  kcal/mol. It is not possible to make 
such a comparison for other structures in the imma-
ture state. However, in structures with other variants, 
although the protein is in an immature state, changes 
in the secondary structure are noticeable. It is obvi-
ous that these changes occur in order to stabilise the 
immature structure itself (Fig. 4).

Fig. 3   Structural and functional retinal abnormalities observed 
in case 5, who carries a homozygous CNGB3 c.1006G > T 
p.(Glu336*) nonsense variant. a Retinal nerve fibre layer 
(RNFL) analysis shows significant bilateral thinning, consist-
ent with progressive neuroretinal degeneration. b Macular 
OCT scans show diffuse retinal thinning and disruption of 

normal retinal architecture, suggesting cone photoreceptor 
dysfunction. These findings are consistent with previously 
reported structural abnormalities in CNGB3-associated achro-
matopsia and highlight the utility of multimodal imaging in 
characterising disease progression
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Fig. 4   Secondary structure views of wild type (WT) and other mutant constructs before and after molecular dynamics (MD). 
Regions marked in red indicate structural changes in the protein after MD
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Dıscussıon

In a study of 341 patients with achromatopsia from 
10 different countries, CNGB3 variants were identi-
fied in 163 patients. This study showed that CNGB3 
variants are the most common cause of achromatop-
sia in individuals of European descent [18]. Further-
more, a separate study of 11 families reported the 
same c.1148del p.(Thr383Ilefs*13) variant in patients 
from different geographical backgrounds, highlight-
ing its widespread occurrence in different populations 
[19].

Case 1 was found to be a compound heterozy-
gote for this variant, and a novel frameshift vari-
ant identified in this study, CNGB3 c.739_754del 
p.(Ala247Thrfs*27). This combination led to a loss 
of protein function resulting in the clinical presenta-
tion of achromatopsia in the patient. Also case 5 was 
a homozygous carrier of the CNGB3 c.1006G > T 
p.(Glu336*) nonsense variant, the pathogenicity of 
which has already been reported in the literature. Var-
iants in the CNGB3 are typically nonsense variants, 
insertions, deletions that cause frameshifts, and splic-
ing variants that disrupt mRNA processing. This pro-
cess leads to severe structural and functional defects 
in cone photoreceptors, resulting in the achromatop-
sia phenotype [2].

Biallelic variants in CNGA3 have been identified 
as the most common genetic cause of achromatop-
sia in Chinese, Israeli and Palestinian patients [20]. 
The variants observed in CNGA3 are predominantly 
missense. In our study, the CNGA3 c.1710C > A 
p.(Ser570Arg) homozygous missense variant was 
detected in three sisters. Several CNGA3 variants 
altering the amino acid at position 570 have been 
described in the literature, all of which have been 
reported to be pathogenic [21, 22]. However, the 
variant identified in our study has not been previously 
described and is considered a novel variant. The path-
ogenicity of the variant is supported by its high evo-
lutionary conservation, the REVEL score of 0.9 and 
the clinical findings of our case, which are compatible 
with achromatopsia.

All five patients in our study presented with con-
genital nystagmus, reduced visual acuity, photo-
phobia and severe colour vision impairment. OCT 
showed diffuse retinal thinning in all patients, con-
sistent with previous findings [23, 24]. Importantly, 
we observed inter-individual variability, particularly 

between siblings carrying the same CNGA3 variant, 
suggesting that additional genetic or environmental 
factors may influence phenotype.

Congenital nystagmus is often one of the first 
symptoms recognised in patients with achromatop-
sia [25]. Parents often report improved vision in dim 
light, while bright environments are a challenge. In 
early childhood, complete colour blindness may go 
unnoticed as children struggle to express visual prob-
lems. In addition, the ability to mimic colours through 
brightness discrimination may mask the condition 
until later [20]. In case 1, the family initially reported 
no colour vision problems, but testing revealed severe 
impairment. This highlights that early signs can be 
difficult to detect and underlines the importance of a 
comprehensive childhood eye examination for early 
diagnosis, treatment and counselling.

Achromatopsia is classified as complete or incom-
plete based on the dysfunction of the cone photore-
ceptors. Visual acuity is generally better in incom-
plete cases (logMAR 0.6–1.0) than in complete cases 
(~ 1.0). In complete achromatopsia, the ERG shows 
total loss of all three cone types, whereas incomplete 
cases may show partial or complete cone dysfunc-
tion. Although rod function was once thought to be 
preserved, recent studies suggest a mild to moderate 
reduction [23, 24]. Similarly, the fundus was pre-
viously thought to be normal, but recent evidence 
shows macular atrophy [23, 24]. In our study, all 
patients had logMAR ~ 1.0, indicating severe impair-
ment. Fundus examination showed optic disc pallor 
in all cases; case 1 also had vascular narrowing and 
peripheral pigmentation, while cases 2–4 had bilat-
eral salt-and-pepper retinopathy. ERG confirmed 
cone dysfunction with reduced photopic responses. 
These findings highlight the variability of fundo-
scopic changes associated with achromatopsia. ERG 
imaging showed a significant reduction in photopic 
response amplitudes in all patients, indicating cone 
cell dysfunction.

Refractive errors in patients with achromatopsia 
vary from person to person [26, 27]. In our study, two 
patients had hyperopia, three had myopia, and astig-
matism was present in all patients. Interestingly, we 
observed remarkable differences in refractive error 
between three siblings carrying the same homozy-
gous CNGA3 variant. Although some of this variation 
may be due to age-related refractive development, 
it is unlikely to be the sole explanation. The same 
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phenotypic variability within families was docu-
mented in patients with CNGA3 and CNGB3 variants, 
indicating the possible influence of genetic modi-
fiers, epigenetic regulation or environmental factors. 
Recent studies have shown that individuals carrying 
identical variants can show significant differences 
in cone structure, foveal integrity and visual func-
tion, even within the same family, further supporting 
the involvement of modifying mechanisms [28–32]. 
Although specific genetic modifiers have not yet been 
conclusively identified in achromatopsia, such vari-
ability echoes findings in other inherited retinal dis-
orders, suggesting that additional molecular or envi-
ronmental inputs may modulate disease expression in 
monogenic conditions. Further research is warranted 
to elucidate these influences in achromatopsia.

A 2017 study applied WES to a family in which 
three out of six siblings had achromatopsia symp-
toms, confirming previous findings that NGS-based 
technologies offer greater diagnostic potential than 
traditional Sanger sequencing or array-based screen-
ing for genetically heterogeneous disorders [31]. 
Although all patients included in this study had a 
well-defined clinical diagnosis of achromatopsia and 
harboured pathogenic variants in known associated 
genes, we chose to use a clinical exome sequencing 
panel covering a wide range of genes related to inher-
ited retinal diseases. This strategy was chosen for two 
main reasons. First, the clinical features of retinal 
dystrophies often overlap, making differential diag-
nosis based on phenotype alone challenging. Second, 
the use of a broader panel allows for the detection 
of additional or unexpected findings, including dual 
diagnoses or novel gene associations. In this regard, 
the use of NGS has increased diagnostic confidence 
and may have broader utility in cases with less typi-
cal phenotypes. Thus, while clinical diagnosis in this 
particular cohort may guide a more targeted testing 
strategy, our findings do not detract from the value of 
NGS panels in routine diagnostic workflows for reti-
nal disorders.

One of the key findings of this study is that the 
Ser570Arg variant has a more negative potential 
energy value, indicating that the molecule adopts a 
more stable conformation compared to the WT pro-
tein. Previous studies have shown that CNGA3 and 
CNGB3 variants can result in both loss-of-function 
and gain-of-function effects [33, 34]. While it was 
expected that the WT protein would retain a higher 

stability, the increased stability of the Ser570Arg var-
iant may indicate a potential gain-of-function effect. 
However, this alone does not indicate a gain of func-
tion. If this change causes the channel to pass more 
ions, to be activated without stimulation, or to stay 
open longer, it could be a gain of function. How-
ever, MD simulations only show structural stabil-
ity or conformational change, not functional effect. 
Electrophysiological tests and/or in  vitro functional 
analyses are needed to understand this. Therefore, a 
more negative energy indicates that the S570R vari-
ant makes the protein more stable and possibly folds 
properly. Clinical evaluation of patients carrying this 
variant will be crucial to elucidate its phenotypic 
effects and potential impact on disease progression, 
and to further refine our understanding of CNGA3-
associated pathophysiology. In addition, electrophysi-
ological and structural analyses of novel variants, 
such as S570R, will help us to better understand the 
molecular mechanisms of achromatopsia [35]. These 
analyses may provide critical insights for identify-
ing treatment targets and developing new therapeu-
tic strategies. The mutant protein may have a lower 
energy and possibly a more rigid/stable conformation.

Conclusion

NGS technologies are an important tool in the 
diagnosis of genetically heterogeneous autosomal 
recessive disorders, including achromatopsia. The 
molecular genetic approaches used in this study 
have provided important insights into the phenotypic 
effects of CNGA3 and CNGB3 variants. In particular, 
the observation that three siblings carrying the same 
homozygous CNGA3 variant had different refractive 
errors highlights the phenotypic variability associated 
with achromatopsia.

The identification of two novel CNGA3 and 
CNGB3 variants expands the known genetic spectrum 
of achromatopsia and deepens our understanding of 
its pathophysiology. These findings highlight the need 
for comprehensive genetic screening to improve gen-
otype–phenotype correlations and optimise personal-
ised disease management.

Future studies with larger patient cohorts will be 
essential to further elucidate genotype–phenotype 
correlations and optimise clinical interventions. In 
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addition, functional characterisation of the novel 
CNGA3 variant by electrophysiological and structural 
analyses will further our understanding of the patho-
physiology of achromatopsia. An integrated evalua-
tion of genetic and clinical findings is a crucial step 
towards advancing personalised therapeutic strategies 
for rare genetic disorders such as achromatopsia.
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