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OBJECTIVES: To systematically analyse the NMINATT variant spectrum and frequency, the associated phenotypic characteristics, and
potential genotype-phenotype correlations based on our data and literature review.

METHODS: Biallelic potential pathogenic variants (PPV) in NMINATT were collected from our in-house exome sequencing data.
Whole-genome sequencing was conducted subsequently for patients with only one heterozygous PPV detected in NMNATI. The
clinical data were reviewed and evaluated in detail. Furthermore, the literature was reviewed for reports of NINAT1 variants and
their associated phenotypes.

RESULTS: Eleven NMNATT variants, including two novel variants, were detected in 8 families from our cohort. All of the 9 available
patients showed generalized tapetoretinal dystrophy at an early age (88.9% in the first decade), and disciform macular atrophy was
identified in six patients from five unrelated families. Among a total of 125 patients from 8 families of our cohort and 91 families
reported by the available literature, 92.9% patients showed onset of disease in the first year after birth, and 89.0% patients showed
visual acuity of 0.05 or lower. All of the 39 patients with fundus photos available presented disciform macular atrophy with
generalized tapetoretinal dystrophy. Most (54/80, 67.5%) of causative NMNATT variants were missense. The most frequent variants
in Caucasian and Asian population are p.E257K and p.R237C, respectively.

CONCLUSIONS: Early-onset age, disciform macular atrophy with generalized tapetoretinal dystrophy, and poor visual acuity are the
typical features of NMNAT1-associated retinal degeneration. Different variant hot spots of NMINATT were observed in different

populations.
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INTRODUCTION

Nicotinamide mononucleotide adenylyltransferase 1, encoded by
the NMNAT1 gene (HGNC ID: 17877, OMIM: 608700), is a rate-
limiting enzyme in the biosynthesis of nicotinamide adenine
dinucleotide (NAD) [1]. NMINAT1 maps to chromosome 1p36.2 and
is a 5-exon gene encoding 280 residues. NMNATT is a key
component of the WId® fusion protein and plays an important role
in neuroprotection [2, 3].

Biallelic variants in NMNATT have been reported to be
responsible for autosomal recessive inherited retinal degeneration
(IRD), frequently for Leber congenital amaurosis (LCA), and rarely
for cone and cone-rod dystrophy (CORD) [4-8]. Variants in
NMNATT1 are an important cause of LCA, accounting for roughly
4.6~8.4% of LCA [5, 7].

In this study, sequence variants of NMNATT were selected from
our in-house data. These samples were collected from a cohort of
patients with suspected IRD who underwent whole-exome
sequencing (WES) or targeted exome sequencing (TES) analysis.
Eleven potential pathogenic variants (including two novel
variants) in biallelic status were identified in eight families with
phenotypes associated with LCA. Detailed phenotypic analyses
and cosegregation analyses were conducted in these families. In
addition, all variants and associated phenotypes from published

literature were systemically reviewed. These results provide a brief
overview of NMNATI variant frequencies in addition to data
indicating the phenotypic features associated with NMNATI
variants.

MATERIALS AND METHODS

Probands and family members

Data obtained from probands with various forms of IRD and their available
family members were collected from our Pediatric and Genetic Clinic,
Zhongshan Ophthalmic Center, Guangzhou, China. Genomic DNA was
prepared, and clinical data were recorded in our laboratory at the State Key
Laboratory of Ophthalmology, Zhongshan Ophthalmic Center. Prior to the
collection of clinical data and venous blood samples, written informed
consent according to the tenets of the Declaration of Helsinki was
obtained from participating individuals or their guardians. This study was
approved by the Institutional Review Board of Zhongshan Ophthalmic
Center. Genomic DNA was prepared from peripheral venous leukocytes via
a previously described method [9].

Variant detection

Variants in NMINAT1 were retrieved from the exome sequencing data of
patients with suspected IRD, including whole-exome sequencing (WES)
data and targeted exome sequencing (TES) data. Whole-genome
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sequencing (WGS) was performed in one proband in whom only a single
heterozygous variant in NMINAT1 was detected by WES. The procedures
used to perform WES and TES were described in our previous studies
[10-12]. In a nutshell, exons, as well as their adjacent intronic regions
(at least 20 bp), were captured using the Agilent SureSelect Human All
Exon Enrichment Kit (51189318 base pairs) array on the lllumina
HiSequation system (lllumina, San Diego, CA, USA) with an average
sequencing depth of 125-fold. The reads were mapped against the
consensus sequence (UCSC hg19). Single nucleotide polymorphisms and
small insertions/deletions were detected by SAMTOOLS (http://samtools.
sourceforge.net/) and annotated by SnpEff (http://snpeff.sourceforge.net/)
and ANNOVAR (http://annovar.openbioinf ormatics.org/en/latest/). TES was
performed in our laboratory and targeted exons of 126 genes (including
NMNAT1) which were mutated most frequently in genetic eye diseases.
Sequencing variants in NMNAT1 were initially filtered by multi-step
bioinformatics analyses, as described in our previous studies [10, 11].
Candidate variants were also filtered by removing variants with allele
frequencies greater than or equal to 1% in existing databases, including
the Exome Aggregation Consortium (EXAC, http://exac.broadinstitute.org/)
and the 1000 Genomes (https://www.ncbi.nim.nih.gov/variation/tools/
1000genomes/). The possible impact of missense changes was predicted
using REVEL (https://sites.google.com/site/revelgenomics/) [13], CADD
(https://cadd.gs.washington.edu/) [14], SIFT  (http://siftjcvi.org/www/
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SIFT_enst_submithtml) [15] and PolyPhen-2 (http://genetics.owh.
harvard.edu/pph2/index.shtml) [16]. All candidate disease-associated
variants were confirmed by Sanger sequencing, and cosegregation in
available family members was further evaluated.

Phenotypic characterization

Routine clinical data obtained from all available patients with biallelic
NMNAT1 variants were reviewed. Additional ocular examinations were
carried out when necessary, including electroretinogram and fundus
photographs. Probands’ parents or siblings were examined if available.
Phenotypes were classified based on first symptoms, visual acuity, fundus
changes, and electroretinogram data. Three LCA families with no clinical
information reported by our previous study [17] were also included in the
current study for phenotypic analysis.

Literature review of NMINAT1 variants

The keyword “NMNAT1” was searched on PubMed (https://www.ncbi.nlm.
nih.gov/pubmed/), Web of Science (http://apps.webofknowledge.com/
WOS_GeneralSearch_input.do?product=WOS&SID = 8BApKgHrMnA4WVjh
45d&search_mode=GeneralSearch), and the Human Genome Mutation
Database (http://www.hgmd.cf.ac.uk/ac/index.php) on February, 2021. All
available literature reporting NMNAT1 variants and the corresponding

Fig. 1 Photos showing typical macular atrophy with generalized tapetoretinal degeneration. a-f A similar feature consisting of disciform
coloboma-like macular atrophy was observed among patients from different families and patients within the same family. Tapetoretinal
degeneration was present in the posterior pole and mid-peripheral retina. h, i OCT showed the loss of the outer retina in the region of the
macular atrophic lesion with diffuse retinal atrophy of the para-lesion area. g The OCT of a macular coloboma patient served as a control.
Family and individual numbers that correspond to those shown in Table 1 are shown in the bottom left corner of each plate.
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Fig. 2 Fundus photos showing macular lesions progressing with
age. a-d With age, the fundus demonstrates greater coloboma-like
macular atrophy and more pigmentation around the macular
region. The border of the lesion becomes unclear, forming a map-
like lesion. e-f In addition to the large central macular atrophic
lesion, dense intraretinal pigmentation presents in the posterior
pole and mid-peripheral retina but not the periphery. Family and
individual numbers are shown in the bottom left corner of
each plate.

phenotypic data published in English were collected. The number of
different variants, the frequency of each variant, and their associated
phenotypes were summarized.

RESULTS

Phenotypes of nine Chinese patients from eight families

In total, 8 families were found to harbour biallelic NMNAT1
variants. Of the 11 affected individuals in the 8 families,
ophthalmological data were available for 9, including all 8
probands and one affected sibling (Table 1, Supplementary Fig. 1).
Variants were detected by WES or TES in 7 families and by WGS in
one family (F06). Initially, WES was done for families FO2 and F06.
Biallelic variants in NMINATT were identified in FO2, while only a
single heterozygous variant (c.634G>A) was detected in F06.
Therefore, WGS was conducted in FO6 to determine whether there
was the other NMINATT variant, revealing the second variant (c.713
A> G). Of the eleven variants detected, nine were missense and
two were predicted to truncate the protein (Table 2). Two novel
variants, c.698delG and c.—57 + 1G> A, were identified. These
variants were confirmed by Sanger sequencing and cosegregated
with the disease in the families (Supplementary Fig. 1). The initial
symptoms in the probands were poor vision with nystagmus in

SPRINGER NATURE

four families, no pursuit of light with nystagmus in one family, no
pursuit of light with roving nystagmus and an oculo-digital sign in
one family, poor vision with roving nystagmus and an oculo-
digital sign in one family, and poor vision with suspected
strabismus in one family. Symptoms appeared as early as three
months old and no later than 1 year old. Visual acuity ranged from
no pursuit of light to 0.20. Fundus observation demonstrated
almost identical early generalized tapetoretinal dystrophy with
disciform macular atrophy as well as attenuated retinal vessels
(Figs. 1 and 2). Cone and rod responses on electroretinogram were
extinguished or severely reduced.

Similar macular atrophy was documented in seven of the nine
available patients (Table 1, Fig. 1). The atrophic macular lesions
were disciform or nummular. Optical coherent tomograghy (OCT)
showed the loss of the outer retina in the region of the macular
atrophy and diffuse retinal atrophy at the surrounding area
(Fig. 1h, i). This type of lesion resembles pseudocoloboma while a
true macular coloboma showed loss of choroid with retina
preserved at the surrounding area of the coloboma (Fig. 1g). All
of the nine patients developed generalized tapetoretinal degen-
eration no later than 12 years of age. The macular atrophy lesions
enlarged with age (Fig. 2). In addition to macular atrophy,
generalized retinal degeneration was also observed in the
posterior and midperipheral retina, with relatively mild change
in the far peripheral region (Fig. 2e).

A comprehensive review of variants and phenotypes

Profile of NMNAT1 variants. To date, 84 variants in NMINATT have
been identified, including 80 variants in biallelic status (Supple-
mentary Table 1) and four variants only identified as single
heterozygous changes (Supplementary Table 2). The four hetero-
zygous variants were not enrolled in this study because NMNATT
variants were only associated with autosomal recessive IRD so far.
The 80 variants identified in biallelic status were detected in 158
patients from 129 families with autosomal recessive IRD, including
eight families from our cohort and 121 families reported by
literature. The 80 variants can be classified as missense (54/80
[67.5%)]), frameshift indel (7/80 [8.8%]), nonsense (6/80 [7.5%)]),
splicing defect (5/80 [6.3%]), gross indel (5/80 [6.3%)), start loss (1/
80 [1.3%]), stop loss (1/80 [1.3%)]), and regulatory (1/80 [1.3%])
(Fig. 3a). Of the 54 missense variants, 92.6% (50/54) were
predicted to be damaging by SIFT or PolyPhen-2 (Supplementary
Table 1). All variants but one were very rare, with no homozygotes
detected in the EXAC database and frequencies ranging from 0 to
0.0002. The ¢.769 G > A (p.Glu257Lys) variant had a frequency of
0.0006 for all ethnicities and 0.0010 (66/66384) for Europeans, with
no homozygotes detected in the ExAC database. The most
common genotype was the combination of two missense variants,
either homozygous or compound heterozygous (“missense +
missense”) (89/129 [69.0%]) (Fig. 3b). The frequency of each
variant (except for 5 gross indel) was summarized and is shown in
Fig. 3c. Most variants are located in the adenyltransferase domain
(residues 9-254). The most frequent variant, c.769G>A (p.
Glu257Lys), was present in 63 of 129 (48.8%) families. They
consisted of one homozygote and 62 compound heterozygotes.
The variant accounted for 24.8% (64/258) of all mutant alleles
(Supplementary Table 1, Fig. 3c). Of the 64 mutant alleles, 93.8%
(60/64) were identified in Caucasian families [4-8, 18-29] and the
rest were identified in Arabian families [6, 30, 31]. The second
frequent variant, ¢.709C>T (p.Arg237Cys), accounted for 21
mutant alleles, most (18/21, 85.7%) of which were detected in
Asian patients [5, 20, 32-35].

Phenotypic characteristics of NMNAT1-associated retinal degenera-
tion. Among the 158 patients from 129 families, the age of onset
was available for 125 patients. Symptoms appeared as early as
birth and no later than 11 years of age and 92.0% (115/125)

Eye (2022) 36:2279 - 2285
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Fig. 3 Variant spectrum and frequency in 129 families with biallelic NMNAT1 variants. a Eighty variants identified in 129 families with
biallelic NVINAT1 variants. Frameshift indel, frameshift deletion or frameshift insertion; gross indel, gross deletion or gross insertion; splicing,
splicing defect. b Genotypes of the 129 families with biallelic NVINAT1 variants. ¢ Distribution and frequency of variants (except for 5 gross
indel) identified in the 129 families with biallelic NVNAT1 variants are shown above the mRNA structure (Ref. NM_022787.4). The position and
frequency of the variants are drawn above the structure of the mRNA. Nucleotide numbering is based on the cDNA sequence of NMINATT (Ref.
NM_022787.4), where the A of the ATG initiation codon is 1. The blue area in the middle represents the coding region. The orange
acetyltransferase domain extends from codon 9 to codon 254. The white areas before and after the coding region represent the 5’ UTR and 3’
UTR, respectively. Part of the 3’ UTR sequence is omitted as shown by double-dotted slashes. The frequency of c.769 G > A (p.Glu257Lys) is 64,

accounting for 24.8% of total mutant alleles.

presented within the first year of life. Visual acuity ranged from
no pursuit of light to 0.50. Of the 114 patients with visual acuity
available, 89.5% (102/114) showed visual acuity of 0.05 Snellen
equivalent or lower (legal blindness). Fundus photos were
available for 39 patients [4-7, 20, 22, 31, 33-42]. Despite the
different diagnoses, the fundus changes of all these patients
presented macular atrophy, mostly similar to those shown in
Fig. 1.

Genotype-phenotype correlations. Among the 80 biallelic variants
in NMNAT1, there were four missense variants predicted to be
benign by both SIFT and PolyPhen-2, i.e.,, c.271 G > A (p. Glu91Lys),
439G > C (p. Ala147Pro), c.736 G > C (p.Glu246GIn), and ¢.769 G
> A (p. Glu257Lys), and two missense variants with very low REVEL
and CADD scores, i.e., 451 G > A (p. Val151lle) and c.500 A > G (p.
Asn167Ser). The 129 families with homozygous or compound
heterozygous variants were comprised of 121 families with LCA or
EOSRD (early-onset severe retinal dystrophy), six families with
CORD, and two families with retinitis pigmentosa. Of the two
families with retinitis pigmentosa, one was reported without
clinical information [43] and another was with the c.—57 +7T>G
variant [44], which was predicted to be non-damaging by both the
BDGP and HSF splice prediction tools. Of the six families with
CORD, one was homozygous for the c271G>A (p.Glu91Lys)
variant, one was homozygous for the c.500 A>G (p.Asn167Ser)
variant, and four were compound heterozygotes for the ¢.769 G >
A (p. Glu257Lys) variant [8, 29, 31, 40]. The c439G>C (p.
Ala147Pro), c451G>A (p. Vali51lle) and c736G>C (p.
Glu246GIn) variants were each identified in one compound
heterozygous family with LCA [6, 7, 26]. All families with truncating
variants (frameshift indel or nonsense variants) were diagnosed
with LCA, and all five families with CORD had biallelic missense
variants, implying a potential correlation between more severe
genotypes and more severe phenotypes.

Eye (2022) 36:2279 - 2285

DISCUSSION
In this study, disciform macular atrophy with early generalized
retinal dystrophy was identified in seven patients from six
unrelated families with NMINATT variants. Eleven variants, includ-
ing two novel variants (c.698delG and c¢.—57+1G>A), were
detected in 8 unrelated Chinese families with LCA. The most
common variant, ¢.769 G > A (p.Glu257Lys), was not detected in
our cohort, which may be due to ethnic heterogeneity since it has
previously been described only in Europeans and Arabians. A
variant, ¢.713 A > G, was not detected by WES, but was detected
by WGS. All variants were confirmed by Sanger sequencing.
Including data from our lab and the literature, we summarized
the genetic spectrum of NMNATI1, phenotypic characteristics of
patients with NMNATT variants, and the potential genotype-
phenotype correlation for IRD caused by variants in this gene.
Genetically, 80 variants were detected in 129 families with
biallelic NMNAT1 variants thus far. Most variants in NMINATT were
missense (67.5%). The most common genotype was compound
heterozygous (“missense + missense”). The most frequent variant,
€769 G > A (p.Glu257Lys), accounts for approximately one-fourth
of mutant alleles and is enriched in the Caucasian population. The
variant was predicted to be non-damaging by both SIFT and
PolyPhen-2 and with low REVEL and CADD scores (Supplementary
Table 1). It is outside of the adenyltranferase domain (Fig. 3c) and
has a relatively high population frequency in Europeans in the
EXAC database. It has been reported to have been detected in
homozygous status in a patient with no ocular abnormalities,
suggesting that this variant is not fully penetrant [45]. Unlike the
Caucasian population, ¢709C>T (p.Arg237Cys) is the most
common NMNAT1 variant in the Asian population. The variant
was predicted to be damaging by both SIFT and PolyPhen-2 and
with high REVEL and CADD scores (Supplementary Table 1). It is
located in the adenyltranferase domain (Fig. 3c) and has a very
low population frequency in East Asian in the ExAC database.
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Clinically, patients with biallelic NMINAT1 variants have the
following phenotypic characteristics: the onset age was early
(92.0% in the first year of life); the best visual acuity was
poor (89.5% were lower than 0.05 Snellen equivalent); the
early generalized retinal dystrophy with disciform macular
atrophy was a typical fundus finding associated with NMNAT1
variants.

Based on comparative genotypic analysis of patients with
different phenotypes, a potential association between milder
missense variants (predicted benign by online tools) and milder
phenotypes (CORD) was suggested, which is in accordance with
previous study [22]. All of the five CORD families carried one or
two missense variants that were predicted to be non-damaging by
both SIFT and PolyPhen-2 and with low REVEL and CADD scores.
We speculate that the milder phenotype might be due to a milder
reduction of NMINATT enzymatic activity. The correlation between
phenotypic severity and variant type might be helpful for clinical
gene testing.

Supplemental information is available at Eye’s website.

SUMMARY
What was known before

® Biallelic variants in NMNAT1 can cause Leber congenital
amaurosis and cone-rod dystrophy.

What this study adds

® FEarly-onset age, disciform macular atrophy, and very poor
visual acuity (legally blindness) are the typical features of
NMNAT1-associated retinal degeneration. Two novel variants,
c.698delG and ¢.—57 + 1G> A, were identified. A potential
association between milder missense mutations and milder
phenotypes was suggested.
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