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e PURPOSE: To characterize the clinical phenotype and
disease progression in patients with NMNAT 1 -associated
Leber congenital amaurosis (LCA) within the Korean
population.

* DESIGN: Retrospective, observational case series.

o SUBJECTS: Fourteen patients with LCA with biallelic
variants of NMNAT1 at a single tertiary referral center.
* METHODS: Electronic medical records were reviewed
for medical history, ophthalmic examinations, and molec-
ular diagnoses, both cross-sectionally and longitudinally.
e MAIN OUTCOME MEASURES: Ophthalmic examination
findings were evaluated and retinal phenotypic character-
istics were assessed using multimodal imaging.

e RESULTS: All patients exhibited early-onset, rapidly
progressive bilateral retinal degeneration with pro-
nounced central involvement. The condition was charac-
terized by multiple atrophic lesions that coalesced into a
large central retinal scar by age 2. The condition stabilized
around 4 years of age. Fluorescein angiography demon-
strated central hypofluorescence with visible choroidal
vasculature. Optical coherence tomography showed sig-
nificant retinal thinning, outer retinal layer disruption,
and retinal pigment epithelial atrophy. Most patients
maintained light perception vision or better, with mini-
mal deterioration of visual acuity after the age of 2. All
patients were hyperopic and exhibited undetectable elec-
troretinography and visual-evoked potential responses.
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e CONCLUSIONS: NMNAT 1-associated LCA is charac-
terized by severe, early-onset retinal degeneration with
rapid progression, followed by stabilization. This distinct
temporal pattern of disease progression suggests a po-
tential therapeutic window in early childhood, emphasiz-
ing the importance of early diagnosis and regular moni-
toring for potential interventions. (Am J Ophthalmol
2025;271: 396-406. © 2024 Elsevier Inc. All rights are
reserved, including those for text and data mining, Al
training, and similar technologies.)

INTRODUCTION

EBER CONGENITAL aMaurosis (LCA; OMIM

#204000) is the most severe form of inherited

retinal dystrophy, typically presenting within the first
year of life. With a worldwide prevalence of 1 in 30,000
to 81,000, LCA accounts for approximately 5% of all
retinal dystrophies and affects 20% of visually impaired
children attending special schools.!* LCA is charac-
terized by severely reduced visual function from birth,
nystagmus, poor pupillary response, oculodigital sign, and
non-recordable electroretinography (ERG).” Most LCA
cases follow an autosomal recessive inheritance pattern,
though some autosomal dominant forms have been identi-
fied.” To date, variants in more than 20 genes are known
to cause LCA.%7

Biallelic variants in the nicotinamide nucleotide adeny-
lyltransferase 1 (NMNAT1; OMIM *608700) gene have
been reported to cause LCA.® NMNAT] variants account
for 4.9% to 18% of LCA cases, with a notably higher preva-
lence in East Asian and Australian populations, particularly
in South Korea.”!” The ¢.709C>T (p.Arg237Cys) variant
is particularly common, with all patients in a South Korean
cohort carrying this variant.'’ This unique genetic pattern
offers an opportunity to gain insights into the pathogenesis
and progression of LCA within specific populations.

The NMNATT gene, located on chromosome 1p36.22,
encodes an essential enzyme involved in nicotinamide ade-
nine dinucleotide (NAD+) biosynthesis."” Although NM-
NAT1 is ubiquitously expressed and plays a crucial role in
cellular metabolism and energy production, its variants pri-
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marily cause retina-specific disease, highlighting the en-
zyme’s importance in retinal health."”>'* NMNAT] is par-
ticularly significant in the retina, where it is essential for
both the development and maintenance of retinal photore-
ceptors.”” This retina-specific pathology underscores the
critical role of NMNAT in retinal function, with variants
in this gene consistently associated with early-onset, severe
retinal degeneration.'®!®

Previous studies have characterized the spatial distribu-
tion of retinal changes in NMNAT [ -associated LCA, re-
vealing a spectrum of severity.>'>1%?> The mildest cases,
while still presenting as severe infantile blindness, show a
cone-rod dystrophy phenotype with evidence of maldevel-
opment of the central retina.”’ However, there remains a
need for comprehensive longitudinal data on the clinical
course and phenotypic variability associated with specific
NMNAT1 variants, particularly the c.709C>T variant that
is prevalent in certain populations.

Therefore, we conducted a thorough examination of pa-
tients harboring biallelic NMNAT1 variants, including the
c.709C>T variant, using both cross-sectional and longitu-
dinal analyses. Understanding the specific phenotypic man-
ifestations associated with this variant can lead to an ear-
lier and more accurate diagnosis. Detailed descriptions of
clinical phenotypes can inform the development of targeted
therapies, including gene therapy approaches, which have
shown promise in other forms of LCA, such as RPE65-
associated LCA.”* This comprehensive report of patients
harboring NMNAT1 variants provides insights into the
clinical characteristics and outcomes associated with this
prevalent variant, contributing to our understanding of
genotype-phenotype correlations in NMNAT [ -associated
LCA.

METHODS

This was a single-center, retrospective, observational case
series. This study was approved by the Institutional Review
Board (IRB) of Seoul National University Hospital (IRB
No. 2208-022-1346). This study adhered to the tenets of
the Declaration of Helsinki. The ethics committee waived
the requirement for informed consent due to the retrospec-
tive nature of the study.

e PATIENT SELECTION: Patients diagnosed with LCA,
confirmed by molecular testing at Seoul National Univer-
sity Children’s Hospital, Seoul, Republic of Korea, between
January 2012 and October 2023, were included in this study.
Among them, individuals carrying biallelic variants of the
NMNAT1 gene were included in the final analysis.

* DATA COLLECTION: A standardized review of the pa-
tients’ electronic medical records was conducted to gather
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information on medical history, family history, and oph-
thalmic examinations. Ophthalmic examinations included
visual acuity (VA) measurement, refractive error evalu-
ation, fundus examination, fundus photography, fluores-
cein angiography (FA), fundus autofluorescence (FAF), op-
tical coherence tomography (OCT), electroretinography
(ERG), visual-evoked potential (VEP), Goldmann visual
field (GVF) testing, and ultrasonography (USG).

Prior to all the examinations, the pupils were dilated.
Fundus photographs were acquired using an Optos retinal
imaging system (Optos, Marlborough, MA, USA) and a
RetCam (Clarity Medical Systems, Inc., Pleasanton, CA,
USA). The FA images were obtained using a RetCam
(Clarity Medical Systems, Inc., Pleasanton, CA, USA).
FAF data were acquired using an Optos retinal imaging
system (Optos, Marlborough, MA, USA). The OCT data
were obtained using a Heidelberg Spectralis OCT instru-
ment (Heidelberg Engineering, Hemel Hempstead, UK).
ERG and VEP measurements adhered to the International
Society for Clinical Electrophysiology of Vision standards
using commercially available systems (MonPack 1, Metro-
vision, Pérenchies, France; and Retiport32, Roland Con-
sult, Brandenburg an der Havel, Germany).”>?* Due to
patient age and compliance considerations, an abbrevi-
ated protocol including scotopic (DA 3) and photopic (LA
3) ERG measurements was conducted. VEP measurements
were obtained using monocular flash stimuli, with responses
recorded from the right occipital lobe. Certified profession-
als conducted the GVF evaluations following established
protocols. USG was performed using the Aviso V3.0.0
and ABSolu V1.0.4 systems (Quantel Medical, Cournon-

d’Auvergne, France).

e MOLECULAR DIAGNOSIS: Genomic DNA was extracted
from peripheral blood leukocytes using a commercial DNA
extraction kit (QIAamp DNA Blood Maxi Kit; Qia-
gen, Hilden, Germany). Hybridization capture-based next-
generation sequencing was performed to analyze a panel
of 135 genes (including AIPLI, CEP290, CRBI, CRX,
GUCY2D, LCA5, NMNAT1, RDHI12, and RPE65) asso-
ciated with LCA and related disorders. An Agilent Sure-
SelectXT Custom enrichment kit (Agilent Technologies,
Santa Clara, CA, USA) was used, targeting a genomic re-
gion of 0.5-2.9 Mb (version 170726_gr). NextGene soft-
ware version 2.4.0.1 was used for the data analysis. GRCh37
(hg19) was used as the reference sequence.

e VARIANT INTERPRETATION: Variant interpretation ad-
hered to the standards and guidelines established by the
American College of Medical Genetics and Genomics
(ACMG).”" Variant nomenclature followed the guidelines
set by the Human Genome Variation Society (HGVS). The
ClinVar database (https://www.ncbi.nlm.nih.gov/clinvar/)
was consulted to obtain additional information regarding
variant pathogenicity. For variants with conflicting inter-

CLINICAL COURSE OF NMNATT1 -AssociAaTeD LCA 397


https://www.ncbi.nlm.nih.gov/clinvar/

pretations or uncertain significance, pathogenicity was fur-
ther assessed based on ACMG standards and guidelines.

RESULTS

e DEMOGRAPHICS AND DISEASE ONSET: Fourteen indi-
viduals from 12 families were included in this study
(Table 1). Among these, 2 pairs of siblings were identified:
Patients 7 and 8, and Patients 13 and 14. Eight patients
were male (57%), and 6 were female (43%). All the pa-
tients were Korean. They did not report any consanguin-
ity or family history of genetic eye diseases. All the pa-
tients were diagnosed with LCA, and the mean (= standard
deviation, SD) age at diagnosis was 11.1 months (& 13.8
months). Among the 12 patients with available records of
initial signs (excluding 2 patients whose signs could not be
assessed), 9 patients (75%) presented with an inability to
establish eye contact as the initial sign. The remaining 3
patients presented with esotropia, nystagmus, and poor re-
sponse to light, respectively. The majority of patients pre-
sented signs before 6 months of age (n = 10), with all cases
having signs identified by 1 year of age.

e MOLECULAR DIAGNOSIS: Genetic analysis revealed the
presence of biallelic NMNAT] variants in all patients
(n = 14). Specifically, 12 out of 14 patients harbored
the ¢.709C>T (p.Arg237Cys) variant. For these 12 pa-
tients, the variants on the other allele were distributed
as follows: 4 patients had the ¢.196C>T (p.Arg66Trp)
variant, 4 had the c.116-2A>G variant, and the remain-
ing 4 presented with ¢.56C>T (p.Prol9Leu), c.137G>T
(p.Gly46Val), c.743T>C (p.1le248Thr), and exon 2 dele-
tion, respectively. The other 2 patients (Patient 13 and
14) carried NMNAT1 ¢.736G>C (p.Glu246GIn) on 1 al-
lele and NMNAT1 exon 4-5 deletion on the other. The
variants were classified according to ACMG guidelines
as follows: the pathogenic variants included c.709C>T,
c.196C>T, c.116-2A>G, exon 2 deletion, and exon 4-5
deletion; whereas the likely pathogenic variants included
c.56C>T, c.137G>T, ¢.736G>C, and c.743T>C.

¢ RETINAL PHENOTYPE AND DISEASE PROGRESSION: We
conducted a longitudinal study, observing a distinct pattern
of bilateral retinal degeneration with prominent central in-
volvement (Figure 1A—H). The mean (+ SD) follow-up du-
ration was 82.8 months (£ 33.9 months) (n = 12, range:
15.8-136.4 months), allowing documentation of retinal
changes at key developmental stages.

The condition was characterized by early onset, rapid
progression, and an apparent slowing of visible deteriora-
tion. Within a few months after birth (n = 9, range: 2.4
6.4 months), multiple atrophic lesions emerged in a patchy
geographic pattern with distinct borders (Figure 1A and B).
Over the next 2 years, these lesions rapidly progressed and
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coalesced into a single, large macular scar by approximately
2 years of age (Figure 1C). Throughout this period, the cen-
tral retinal atrophy demonstrated well-defined boundaries,
while the overlapping parts changed into smooth borders.
These lesions, resembling colobomas (pseudocolobomas),
suggest loss of retinal tissue.

The degenerative process, characterized by progressive
enlargement of atrophic lesions, typically reached its peak
at approximately 4 years of age (n = 7, range: 41.8-64.2
months). Subsequent observations indicated a relative sta-
bilization of the macular scar, characterized by a marked
slowing in the visible progression of the lesion size. Beyond
age 4, the lesion remained limited to the posterior pole,
with minimal further expansion (Figure 1D).

Examination of the peripheral retina revealed degen-
erative changes in the retinal pigment epithelium (RPE)
and scattered pigment clumping. Notably, patients with the
c.196C>T variant on the second allele exhibited a more
prominent degree of pigmentation than did patients with
other variants (Figure 11 and ]). In addition to the afore-
mentioned clinical characteristics, patients exhibited reti-
nal vessel attenuation and optic disc pallor (Figure 1).

¢ FLUORESCEIN ANGIOGRAPHY AND FUNDUS AUTOFLU-
ORESCENCE FINDINGS: FA images demonstrated a well-
demarcated area of central hypofluorescence, allowing clear
visualization of the underlying choroidal vasculature within
this region (n = 6; Figure 2A). Some patients exhibited ad-
ditional hypofluorescent patches in the peripheral retina,
suggesting blocking defects corresponding to the pigment
deposits observed in color fundus photographs. The results
also indicated a significant attenuation of the retinal vascu-
lature.

Notably, 1 patient demonstrated intriguing FA progres-
sion. At 4.4 months, FA revealed hyperfluorescent patches
within the hypofluorescent region (Figure 2B). The bound-
aries of the hyperfluorescent patches precisely delineated
the margins of the atrophic regions observed in fundus
photographs (Figure 1F). These hyperfluorescent patches
manifested as well-demarcated areas with visible underlying
choroidal vasculature, which remained consistent through-
out the angiographic examination. Follow-up FA in this
patient at 18.2 months revealed well-demarcated central
hypofluorescence, similar to the findings in other patients
(Figure 2C).

FAF imaging identified hypofluorescent areas in the pos-
terior fundi (n = 2; Figure 2D). These areas of diminished
FAF signals corresponded to the regions of RPE atrophy ob-
served using other imaging modalities.

e OCT ANALYSIS: OCT imaging revealed characteristic
retinal abnormalities (n = 7; Figure 2E and F). The most
prominent feature was a staphyloma-like posterior bowing
of the macula, indicating significant structural alterations.
Within this area, marked disruption of retinal layer integrity
was observed, particularly affecting the outer retinal layers.
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TABLE 1. Clinical and Genetic Characteristics of Patients with NMNAT1-Associated LCA

ID Sex Variant 1 Variant 2 Age at Age at VA Refraction Initial presentation Peripheral Oculo- Cataract Vitreous Nystagmus Systemic
diagnosis exam (OD/OS) (Dsph) pigmentation  digital opacity
(months) (years) sign
1 F  ¢c.709C>T p.Arg237Cys ¢.196C>T p.Arg66Trp 5.7 9 LP +5.00/+5.00 Inability to establish ~ Prominent + + + +
eye contact
2 M ¢.709C>T p.Arg237Cys ¢.196C>T  p.Arg66Trp 25.3 9 LP +4.00/+4.50 Inability to establish ~ Prominent + - + + DD
eye contact
3 M ¢.709C>T p.Arg237Cys ¢.196C>T p.Arg66Trp 4.7 6 LP +5.00/4+6.00 Inability to establish ~ Prominent + + + +
eye contact
4 M ¢c.709C>T p.Arg237Cys ¢.196C>T p.Arg66Trp 4.9 1 LP +6.00/+5.50 Inability to establish ~ Prominent + + - +
eye contact
5 F  ¢.709C>T p.Arg237Cys c.116- p.? 3.4 7 LP +750/+8.50 Poor response to light ~ Minimal + - - +
2A>G
6 F  ¢c709C>T p.Arg237Cys c.116- p.? 4.4 8 0.01 +1.00/+-1.00 Esotropia Minimal + + + +
2A>G
7 F  ¢c.709C>T p.Arg237Cys c.116- p.? N/A 9 NLP  +9.50/+9.50 N/A Minimal N/A + + N/A
2A>G
8 M  ¢.709C>T p.Arg237Cys c.116- p.? N/A 6 HM +9.00/+9.00 N/A Minimal N/A + + N/A
2A>G
9 M ¢.709C>T p.Arg237Cys ¢.56C>T  p.Pro19Leu 2.4 3 Poor  +3.50/+4.00 Inability to establish Minimal - - - + DD
F&F eye contact
10 M ¢.709C>T p.Arg237Cys ¢.137G>T p.Gly46Val 6.2 12 LP +4.00/+4.00 Inability to establish Minimal + + + + DD,
eye contact seizure,
autism
1 M  ¢c.709C>T p.Arg237Cys ¢.743T>C p.lle248Thr 4.0 4 LP +4.50/+4.50 Inability to establish Minimal - + - +
eye contact
12 F ¢.709C>T p.Arg237Cys Exon 2 4.7 6 HM +4.50/+4.50 Inability to establish ~ Prominent - - + +
deletion eye contact
13 M ¢.736G>C p.Glu246GIn  Exon 4-5 48.9 9 FC40 +1.25/+1.25 Inability to establish Minimal - + - +
deletion cm eye contact
14 F ¢.736G>C p.Glu246GIn  Exon 4-5 18.9 12 FC20 +5.00/+5.00 Nystagmus Minimal - - - +
deletion cm

HM = hand motion; LP = light perception; N/A = not available; NLP = no light perception; OD = right eye; OS = left eye; VA = visual acuity.

Patients 7 and 8, and Patients 13 and 14 are siblings. Age at exam refers to age at most recent examination. DD = developmental delay; F&F = fixation and following; FC = finger counting;
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FIGURE 1. Retinal features of patients with NMNAT1 variants. A, B, Fundus photographs of patients in the infantile period
showing multiple patchy lesions in the central retina at 4.4 months (A) and 5.7 months (B). C, Single, large macular scar in a
patient around 2 years of age (27.2 months). D, Stable fundus appearance, exhibiting nummular coloboma-like macular atrophy
at 7 years of age. E-H, Fundus photographs of Patient 9 demonstrating progressive macular atrophy. E, Multiple atrophic scars at
2.4 months. F, Progression at 4.4 months. G, Coalescence of lesions with smooth borders at 12.1 months. H, Further enlargement
at 18.2 months. I, A wide-field fundus photograph of a patient with the c.116-2A>G variant, showing minimal peripheral retinal
pigmentation. J, A wide-field fundus photograph of a patient with the c.196C>T variant, demonstrating scattered peripheral retinal

pigmentation.

The central region exhibited severe thinning of the
outer nuclear layer (ONL), suggesting substantial loss
of photoreceptor nuclei. The RPE layer showed signifi-
cant attenuation and disruption, with areas of complete
absence corresponding to regions of most severe outer
retinal loss. This RPE atrophy was pronounced within
the staphylomatous area but extended beyond its mar-
gins. Notably, despite the severe outer retinal and RPE
changes, the inner retinal layers appeared relatively pre-
served. The choroid demonstrated thinning in some
patients.

While the central macular lesion exhibited the most
severe alterations, significant atrophic changes were also
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observed throughout the peripheral retina, indicating the
retina-wide nature of this degeneration. The ONL thin-
ning and RPE discontinuity demonstrated a severity gra-
dient, most prominent centrally and gradually diminishing
towards the periphery, yet remaining evident across the en-
tire retina.

These OCT findings corroborate and extend the obser-
vations from fundus photography and fluorescein angiogra-
phy, providing a detailed cross-sectional view of the retinal
structural changes. The absence of membranes or pigment
deposits, coupled with the prominent RPE and outer reti-
nal atrophy, further characterizes the distinct nature of this
retinal degeneration.
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FIGURE 2. Multimodal imaging findings of patients with NMNAT1 variants. A, FA shows well-demarcated central hypofluores-
cence with surrounding hypofluorescent patches. B, FA of Patient 9 at 4.4 months demonstrates hyperfluorescent patches within the
hypofluorescent region. C, FA of Patient 9 at 18.2 months exhibits similar features as observed in other patients. D, FAF image of a
patient shows areas of hypofluorescence. E, F, OCT images demonstrate significant retinal thinning and loss of retinal architecture.

e VISUAL ACUITY: Patients with the NMNAT]I
c.709C>T variant demonstrated severe visual impair-
ment, correlating with significant structural abnormalities
observed on retinal imaging (n = 14, follow-up range:
43.2-136.4 months). The majority of patients (n = 12)
retained light perception (LP) vision or better in the best-
seeing eye. Notably, early fixation and following (F&F)
behavior, observed before 1 year of age, was associated
with preservation of hand motion (HM) vision or better.
In contrast, those unable to perform F&F during infancy
typically retained only LP vision.

Patients harboring the ¢.196C>T variant on the second
allele maintained LP vision without demonstrable F&F be-
havior during infancy. In contrast, patients with the c.116-
2A>G variant on the second allele exhibited F&F behavior
in infancy, coinciding with the period before complete mac-
ular scar formation. Patients 6 and 8 (c.116-2A>G vari-
ant), and Patient 12 (exon 2 deletion) retained HM vi-
sion or better during long-term follow-up period. Notably,
Patients 13 and 14, who did not harbor the c.709C>T
variant, exhibited relatively preserved VA, maintaining the
ability to perform finger counting. Longitudinal analysis of
VA revealed no significant measurable deterioration after 2
years of age in most patients (n = 12). In 2 cases, unilat-
eral progression from LP to no light perception (NLP) was
documented after follow-up periods of 24 months and 12
months, respectively, underscoring the potential for ongo-
ing degeneration despite apparent VA stability.

e OTHER CLINICAL FINDINGS AND OPHTHALMOLOGI-
CAL CHARACTERISTICS: ERG and VEP demonstrated
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markedly reduced amplitudes with non-specific waveforms
in all patients who underwent these assessments (n = 10
and n = 8, respectively; Figure 3). From infancy, these elec-
trophysiological tests consistently revealed either absent
responses or unidentifiable peaks, indicating severe reti-
nal dysfunction and compromised visual pathway integrity.
GVF assessment was not feasible for all patients due to se-
vere vision impairment. Refractive examinations revealed
hyperopia in all patients, ranging from +1.00 to +9.50
diopters. Most patients exhibited oculodigital signs (n = 7),
cataracts (n = 9), and vitreous opacities on USG (n = 8).
Nystagmus was consistently observed in all patients with
available medical records (n = 12). Three patients had de-
velopmental delays potentially secondary to visual impair-
ment; however, most patients did not experience any sys-
temic symptoms. One patient (Patient 1) developed ex-
udative retinal detachment accompanied by telangiectasia,
suggestive of Coats-like exudative vitreoretinopathy.’® This
condition, known to occur in some inherited retinal disor-
ders, necessitated surgical intervention. The patient subse-
quently underwent external drainage of the subretinal fluid
to manage this complication. The procedure resulted in the
removal of 1.5 cc of fluid, leading to significant flattening of
the retina and a decrease in subretinal fluid.

DISCUSSION

This study presents a comprehensive analysis of the clini-
cal phenotypes in 14 patients with LCA harboring biallelic
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FIGURE 3. Representative electrophysiological findings. A, B, Full-field ERG demonstrates the absence of detectable signals in
Patient 13 at 4 years of age: scotopic (DA 3) (A) and photopic (LA 3) (B) responses. C, D, VEP exhibits no discernible peaks and
non-specific patterns in both eyes of Patient 3 at 4.7 months of age: OD (C) and OS (D). ERG = electroretinography; VEP = visual-

evoked potential; DA = dark-adapted; LA = light-adapted.

NMNAT variants. The findings contribute to the current
understanding of NMNAT I -associated LCA and offer ad-
ditional insights into the clinical course and potential prog-
nosis of this inherited retinal disorder.

The NMNATI1 c.709C>T variant is most prevalent
in East Asian and Australian populations, while the
c.769G>A (p.Glu257Lys) variant is more common in Cau-
casian populations.® Notably, the minor allele frequency
(MAF) of NMNAT1 c.709C>T is significantly higher in
the South Korean population (0.001048) compared to the
global average (0.00004951) and the East Asian general
population (0.0002005).'%%?” The high frequency of this

variant in our study population is noteworthy and may sug-
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gest a potential founder effect, although further genetic and
population studies are required to confirm this hypothesis.
The observed prevalence highlights the need for targeted
research and intervention strategies specific to this variant.

Our findings of severe, early-onset retinal degenera-
tion align with previous reports on NMNAT [ -associated
LCA 5121622 Thjs study enhances the current understand-
ing by providing a more comprehensive temporal and spa-
tial characterization of disease progression. NMNAT | vari-
ants in patients with LCA are associated with a particu-
larly aggressive form of macular atrophy, resulting in poorer
visual outcomes compared to other LCA subtypes.'® The
detailed timeline of disease progression elucidated in this
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study offers insights into the development and timing of po-
tential therapeutic interventions.

The NMNAT1 protein plays a crucial role in NAD+
biosynthesis, a crucial cellular metabolite involved in en-
ergy production and cellular stress responses.' 'Y While
some studies have explored the potential relationship be-
tween NMNATT1 function and retinal degeneration, the
exact mechanisms remain unclear. An in vivo study using
Nmnat1 57K/~ mice reported retinal degeneration and ex-
acerbated photoreceptor damage when exposed to light."”
Similarly, in Drosophila models, light exposure was associ-
ated with photoreceptor cell death, while nmnat overex-
pression provided protective effects against light-induced
neuronal degeneration.’® These observations suggest a
complex interplay between NMNAT 1 function, retinal de-
velopment, and potential environmental factors such as
light exposure. The pattern of central retinal degeneration
observed in NMNAT [-associated LCA patients is intrigu-
ing, but its relationship to focused light exposure or other
factors requires further investigation.'®

The progression of retinal degeneration in NMNATI-
associated conditions likely involves multiple factors, in-
cluding genetic, developmental, and possibly environmen-
tal influences. The apparent changes in disease progression
rate over time may be due to various factors, such as the nat-
ural history of the disease, potential compensatory mecha-
nisms, or limitations in our current assessment methods. It
is crucial to consider that the retina may never have devel-
oped normally in these patients, complicating the interpre-
tation of postnatal influences on disease progression.

Further research is needed to elucidate the complex
pathophysiology of NMNAT I -associated LCA. This could
include studies on NAD+ levels in different retinal regions,
detailed analysis of retinal development in animal models,
and longitudinal studies in human patients from early in-
fancy. Such comprehensive approaches may provide valu-
able insights into the disease mechanisms and potentially
inform future therapeutic strategies.

NMNAT [ -associated LCA exhibits distinct features
compared to other LCA genotypes, underscoring the ge-
netic heterogeneity of this condition. RPE65-LCA of-
ten presents with relatively preserved retinal structure,
which has made it a prime target for therapeutic inter-
ventions.’"*? In contrast, NMNAT1-LCA is characterized
by rapid and severe retinal degeneration, presenting chal-
lenges for potential treatments. GUCY2D-LCA demon-
strates a different phenotypic profile, with relatively pre-
served outer retinal structure on OCT and normal fundus
appearance, coupled with a greater degree of day-blindness
than night-blindness.”""*> VA in GUCY2D-LCA is simi-
larly poor to NMNAT1-LCA, with most patients having
vision worse than HM, and tends to remain stable over
time.”’>** Patients with AIPLI-LCA are characterized by
severely reduced VA (although often better than LP), pig-
mentary changes, and macular atrophy.’’>*® Notably, both
AIPLI-LCA and NMNAT1-LCA patients typically lack
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residual outer retinal structure by 4 years of age, potentially
limiting the therapeutic window.’! These genotype-specific
differences underscore the importance of precise genetic di-
agnosis in LCA, informing prognosis, guiding management,
and directing potential therapeutic approaches, thus high-
lighting the evolving landscape of LCA from a uniform di-
agnosis to a spectrum of genetically distinct entities with
varying natural histories.

In our study, FA revealed central hypofluorescence, likely
due to diminished blood flow resulting from progressive reti-
nal degeneration and atrophy, along with vascular loss. In
1 patient (Patient 9) with early FA images, findings corre-
lated with early fundus changes, revealing hyperfluorescent
patches that matched the atrophic patches observed in fun-
dus photography. These patches were reminiscent of win-
dow defects showing choroidal vessels, which may indicate
RPE defects. Initially, these patches demonstrated hyperflu-
orescence but later transitioned to hypofluorescence, as ob-
served in other patients. This transition could suggest pro-
gressive changes in retinal and/or RPE structure and func-
tion. Additionally, FA revealed hypofluorescent areas that
were not readily apparent in fundus photographs, indicating
functional alterations preceding anatomical changes. Di-
minished FAF signals were consistent with RPE changes,
though the primary cause of these changes remains to be
determined.

OCT analysis revealed significant structural changes in
the retinas of patients harboring NMNAT | variants. These
findings support the view that the hypofluorescence of
colobomatous lesions observed on FA results from tissue at-
rophy rather than fluorescence blockage.

The observed maintenance of VA in most patients af-
ter 2 years of age presents a critical consideration for po-
tential therapeutic interventions in NMNAT I -associated
LCA. This suggests a potential therapeutic window during
early childhood, before the disease reaches a relatively sta-
ble phase. However, it is crucial to interpret this stability
cautiously, as it may not necessarily indicate a cessation of
underlying retinal degeneration. The identification of this
potential therapeutic window has significant implications
for both clinical management and research directions. It
may inform the optimal timing for gene-based therapies,
which could be most effective if administered before irre-
versible structural changes occur. Additionally, this infor-
mation could guide the development of cell-based thera-
pies, which might be viable options even after the initial
rapid progression phase. These insights can help shape the
design of future clinical trials, potentially maximizing ther-
apeutic efficacy and guiding personalized patient counseling
regarding prognosis and treatment options.

While there are currently no approved gene-specific
treatments for NMNAT I-associated LCA, ongoing re-
search is exploring potential therapeutic strategies. Current
management primarily focuses on supportive care, encom-
passing low vision aids, refractive correction, lifestyle mod-
ifications (such as smoking cessation and UV protection),
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and specialized education.’’ Additionally, treatment of as-
sociated complications, including cataracts and vitreoreti-
nal abnormalities, forms an integral part of patient care. Po-
tential therapeutic interventions for NMNAT [ -associated
LCA are being explored, with a focus on gene therapy ap-
proaches. Several preclinical studies have demonstrated the
potential of adeno-associated virus (AAV)-mediated gene
therapy in animal models of NMNAT I -associated retinal
degeneration.'”*® Furthermore, pharmacologic and genetic
therapies aimed at restoring cellular NAD+ homeostasis in
retinal cells may offer promising therapeutic strategies for
NMNAT I -associated LCA."

While our study focused on NMNAT 1 -associated LCA,
it is important to note that NMNAT variants have been
implicated in a broader spectrum of disorders. In addi-
tion to LCA, NMNAT ! variants can be associated with
a range of phenotypes, including spondyloepiphyseal dys-
plasia, sensorineural hearing loss, and intellectual disabil-
ity.”>* Moreover, a recent study has proposed a poten-
tial link between NMNAT | variants and hereditary spastic
paraplegia, further expanding the phenotypic spectrum.*!
This finding suggests that NMNAT I may play a role in neu-
rological functions beyond the retina, highlighting the need
for a more comprehensive understanding of its physiologi-
cal roles in various tissues.

The limitations of our study include its retrospective
design and relatively small sample size, which precluded
definitive statistical analyses of genotype-phenotype cor-
relations. Although we addressed the second allele in our
analysis, the compound heterozygous nature of the NM-
NAT1 variants in our cohort necessitates further investi-
gation into the potential influence of the second allele on
the observed phenotypes, which may contribute to the vari-

ability in clinical presentations. Additionally, the single-
center design may have limited the generalizability of our
findings to other populations. Further multi-center studies
with larger patient cohorts are warranted to validate the ob-
served genotype-phenotype correlations and explore poten-
tial variations within the clinical spectrum of NMNAT1-
associated retinal dystrophy.

In conclusion, our study highlights the distinct clini-
cal features and potential genotype-phenotype correlations
in NMNAT I -associated LCA, focusing on the ¢.709C>T
variant. These findings enhance our understanding of the
disease progression, which is crucial for patient manage-
ment and counseling. Future studies should involve func-
tional analyses using patient-derived induced pluripotent
stem cells to provide valuable insights into the cellular
mechanisms underlying the NMNATI-mediated retinal
degeneration. As gene therapy continues to show promise
in other forms of LCA, our findings underscore the poten-
tial of similar approaches for NMNAT [-associated LCA,
particularly in populations with a high prevalence of the

c.709C>T variant.
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