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Abstract

Cone and cone-rod dystrophies (CD and CRD, respectively) are degenerative retinal diseases that predominantly affect the
cone photoreceptors. The underlying disease gene is not known in approximately 75% of autosomal recessive cases.
Variants in NMNAT] cause a severe, early-onset retinal dystrophy called Leber congenital amaurosis (LCA). We report two
patients where clinical phenotyping indicated diagnoses of CD and CRD, respectively. NMNAT1 variants were identified,
with Case 1 showing an extremely rare homozygous variant ¢.[271G > A] p.(Glu91Lys) and Case 2 compound heterozygous
variants c.[53 A > GJ;[769G > A] p.(Asnl8Ser);(Glu257Lys). The detailed variant analysis, in combination with the
observation of an associated macular atrophy phenotype, indicated that these variants were disease-causing. This report
demonstrates that the variants in NMNATI may cause CD or CRD associated with macular atrophy. Genetic investigations

of the patients with CD or CRD should include NMNATI in the genes examined.

Introduction

Cone and cone-rod dystrophies (CD and CRD, respectively)
are inherited retinal dystrophies (IRD), which pre-
dominantly or initially affect the cone photoreceptors. The
patients with CD usually become symptomatic in the first or
second decades of life presenting with reduced visual
acuity, reduced colour vision, photophobia and variable
nystagmus [1, 2]. Visual acuity loss is progressive and some
patients later develop rod photoreceptor dysfunction, con-
ferring a subsequent diagnosis of CRD [1]. The most
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common mode of inheritance is autosomal recessive,
although autosomal dominant and X-linked recessive forms
exist. Disease-causing variants are known in at least 30
genes, and 75% of CD and CRD are estimated to be caused
by genes yet to be identified [1, 3].

Homozygous and compound heterozygous variants in
NMNATI (nicotinamide nucleotide adenylyltransferase 1)
are described as causative in Leber congenital amaurosis
(LCA) [4-7]. LCA is an early-onset form of IRD mani-
festing in the first year of life with vision impairment due to
severe disease of both rod and cone photoreceptors [3].
NMNATI encodes an enzyme involved in nicotinamide
adenine dinucleotide (NAD) synthesis [8]. In this study, we
report cases of CD and CRD due to either homozygous or
compound heterozygous NMUNATI variants, identifying new
phenotypes associated with this gene.
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Materials and methods
Subjects

Case 1 was a 26-year-old female of Indian ethnicity who
presented with LCA. There was no known family history of
IRD or consanguinity. At the age of 4 years, ophthalmic
investigations undertaken in India reported “bull’s eye”
macular changes and a provisional diagnosis of CD. At the
age of 25 years, a change in diagnosis to LCA was made.
Upon relocation to Australia, referral for LCA gene panel
testing resulted in identification of a homozygous NMNATI
variant, ¢.[271G>A] p.(Glu91Lys), reported as an
“inconclusive” result (Casey Eye Institute, Molecular
Diagnostics Laboratory, Oregon, USA). This prompted
detailed ophthalmic and genetics review.

Case 2 was a l4-year-old female of Caucasian back-
ground with a diagnosis of CRD. There was no known
family history of IRD or consanguinity. Genomic studies
and detailed ophthalmic review were undertaken.

The Human Research Ethics Committee of the Sydney
Children’s Hospital Network, Sydney, Australia, approved
the study, and informed written consent was obtained.

Ophthalmic investigations

Ophthalmic examinations included ultra-wide-field fundus
autofluorescence (Optos plc Dunfermline Scotland) and
macular optical coherence tomography (OCT) (Spectralis,
Heidelberg Engineering, Germany). Full-field -electro-
retinograms (ERGs) (maximum flash intensity 12 cd*s/m?)
(Espion, Diagnosys, Lowell, MA) were recorded according
to the International Society for Clinical Electrophysiology
of Vision (ISCEV) standards.

Genomics and bioinformatics

Whole-genome sequencing (WGS) was performed on the
Mlumina HiSeq X Ten (Kinghorn Centre for Clinical
Genomics, Garvan Medical Research Institute, Sydney,
Australia). Alignment and variant calling used GATK best
practice guidelines (https://software.broadinstitute.org/gatk/
best-practices). Variants in disease genes associated with
CD, CRD and other IRDs were examined using Ingenuity
Variant Analysis (Qiagen, USA) and Alamut Visual v2.8.2
(Interactive Biosoftware, France), with analysis of allele
frequencies in gnomAD (http://gnomad.broadinstitute.org/)
and pathogenicity prediction by SIFT, PolyPhen-2, Align
GVGD, Mutation Taster and conservations scores with
PhyloP, as in our previous studies [9]. Prioritised variants
were classified according to American College of Medical
Genetics and Genomics (ACMG) guidelines [10]. The
protein modelling tool HOPE was used to visualise amino

acid substitutions [11]. Sanger sequencing was used to
confirm and segregate the variants.

Results

Ophthalmic findings of CD in Case 1 and CRD in Case 2

In Case 1, age 26 years, the best-corrected visual acuity was
6/45-1; N36, right eye and 6/120; N48, left eye. Refractive
error was —3.00/42.75 x 45, right and —3.50/43.00 x
115, left. Fundal examination revealed bilateral coloboma-
like macular atrophic changes with the retinal atrophy
extending nasal to the optic disc. Fundus autofluorescence
demonstrated macular hypoautofluorescence associated
with the macular lesions, surrounded by a ring of hyper-
autofluorescence (Figs. la, b). Full-field ERG showed
mildly reduced scotopic responses and decreased photopic
responses. Specifically, there was a decrease in the ampli-
tude of the 30 Hz flicker and the LA 3.0 (light-adapted
single flash) (Fig. 1g). The loss of central vision and elec-
trophysiology findings were consistent with CD.

In Case 2, examination at age 7 years showed that the
visual acuity was 6/90 bilaterally. Refraction was +0.50/
+1.00x 10 right eye and +1.50/+41.00x 130 left eye.
Granular atrophic lesions involving the macula and atrophy
nasal to the optic disc were present in both eyes. At age 14
years, visual acuity was 6/120 bilaterally. Fundi continued
to show the atrophic changes, which were hypoauto-
fluorescent and surrounded by a ring of hyperauto-
fluorescence (Figs. 1d, e). The lesions were strikingly
similar to those observed in Case 1 (Figs. la, b). In both
cases, OCT showed the loss of the photoreceptor layer in
the region of the macular atrophy (Figs. lc, f). Full-field
ERG indicated CRD, with decreased photopic and scotopic
responses (Fig. 1g).

Variants in NVINAT1 in both cases

In Case 1, Sanger sequencing confirmed the homozygous
NMNATI variant c.[271G>A] p.(Glu91Lys) (ClinVar
accession ID: SCV000599466) (Fig. 2a). In silico assessment
of the p.Glu91 showed conservation across various species
(Fig. 2b) and a moderate score on PhyloP analysis, and there
was a report where a different amino acid substitution at p.
Glu91 segregated in an LCA family [12]. This variant was
observed only once in gnomAD and had inconclusive in
silico pathogenicity prediction (Table 1), although visuali-
sation of the substituted amino acid indicated that the residue
differed in both size and charge from the wild-type (Fig. 2d),
and that the difference in ionic charge would disturb the
residue interactions [11]. ACMG criteria indicated that this
was a variant likely to affect function (Table 1).
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Fig. 1 Ophthalmic investigations demonstrating macular atrophy with
cone dystrophy in Case 1 and cone-rod dystrophy in Case 2. Patient 1
—right eye (a—c): a Wide-field colour-corrected fundus images illus-
trating the coloboma-like macular atrophy with thick arrows marking
the boundaries, and surrounding retinal atrophy extending beyond the
vascular arcades and nasal to the optic discs with thin arrows marking
this change. b Wide-field fundus autofluorescence showing the com-
plete loss of autofluorescence coinciding with the coloboma-like
macular atrophy surrounded by blotchy hypoautofluorescence and the
ring of hyperautofluorescence bounding the atrophic area. ¢ Optical
coherence tomography (OCT) images showing the excavation and loss
of the photoreceptor layers including the ellipsoid layer at the site of
the macular atrophy, which is demarcated by the arrows. Patient 2—
right eye (d—f): d Wide-field colour- corrected fundus images illus-
trating the macular atrophy with surrounding retinal atrophy extending
beyond the vascular arcades and nasal to the optic discs, with thin

In Case 2, WGS analysis of known CD, CRD and other
IRD genes showed compound heterozygous variants in
NMNATI c.[S3A > G];[769G > A] p-(Asn18Ser);

SPRINGER NATURE

arrows marking the extent of the atrophy. e Wide-field fundus auto-
fluorescence showing blotchy hypoautofluorescence in the posterior
pole and the ring of hyperautofluorescence bounding the atrophic area.
f OCT images showing the loss of the photoreceptor ellipsoid layer at
the site of the macular atrophy indicated by the arrows. g Full-field
electroretinogram (ERG) performed according to ISCEV standards.
Trace results for the right eye in patients 1 and 2 compared with
normal. Patient 1 shows cone photoreceptor dysfunction with reduc-
tion in the photopic ERG indicated by reduction in the light-adapted
(LA) 30 Hz flicker and LA 3.0 stimulus tests. There is a mild reduction
in the rod-mediated scotopic ERG under the following stimulus con-
ditions: DA0.01, DA3.0 and DA12.0. Patient 2 shows cone photo-
receptor dysfunction with a reduction in the photopic ERG indicated
by reduction in the 30 Hz flicker and LA 3.0 stimulus tests. There is a
moderate reduction in the rod-mediated scotopic ERG under the fol-
lowing stimulus conditions: DA0.01, DA3.0 and DA12.0

(Glu257Lys) (ClinVar accession ID: SCV000599467), with
no other variants of significance identified. Sanger
sequencing confirmed these variants (Fig. 2c). Both variants
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Fig. 2 NMNATI variants and gene structure. a, ¢ Pedigrees of Cases 1
and 2, respectively, showing affected proband, unaffected parents and
respective genotypes where available and confirmatory Sanger traces.
Wild-type Sanger traces are shown for comparison. b Amino acid
sequence conservation across different species d Ribbon diagram
showing region of NMNATI affected by the variant in Case 1. Dif-
ferences in size and structure are shown between wild-type p.Glu91

were previously reported in LCA, but not in the same
individual [5, 13]. In the population database gnomAD,
these variants occurred with frequencies of 0.000018 (5/
276912) and 0.0006968 (193/276988), respectively, in the
heterozygous state, and were absent in the homozygous
state. They scored as variants affecting function using
ACMG criteria, despite their inconclusive in silico patho-
genicity prediction (Table 1).
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(green) and mutant p.Lys91 (red). e NMNATI gene structure with
previously reported variants marked above the affected exon as fol-
lows: & non-coding, ~ missense, * nonsense, # frameshift, * canonical
splice site point variants. Partial gene deletions are indicated by solid
red bars. The variants identified in this study are indicated above, with
the homozygous variant italicised

Discussion

The CD and CRDs display genetic and phenotypic hetero-
geneity rendering genetic diagnosis challenging. Coloboma-
like macular atrophy is a rare phenotypic association in CD
and CRD, with variants identified in ADAM9 and GUCAIA
in only a few cases [14, 15]. Other IRDs associated with
coloboma-like macular atrophy include North Carolina

SPRINGER NATURE
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Likely affects function (PM1;

PM2; PMS5; PP2)

C0, T, D, B, Mod, N/A

0.000004 (1/
245660)

p-(Glu91Lys)

c.[271G > A]
homozygous
c.[53A>G]

Chrl:g.10035805G > A

Cone dystrophy

Case 1

Affects function (PS1; PM1;

PM2; PM3; PP2)

C0, T, D, B, Mod, N/A

0.000018 (5/
276912)

p-(Asn18Ser)

Chrl:2.10032184A > G

Cone-rod

Case 2

dystrophy

Affects function (PS1; PMI1;

PM2; PM3; PP2)

C0, T, D, B, Mod, N/A

0.0006968 (193/

276988)

c.[769G > A] p.(Glu257Lys)

Chrl:g.10042688G > A

The variants described are located in the nicotinate-nucleotide adenylyltransferase protein domain and are heterozygous unless otherwise stated. In silico calculations were generated using Alamut

Visual version 2.8.2 (Interactive Biosoftware, France). Reference sequence Genome Build GRCh37(hg19). Population allele frequencies sourced from gnomAD (http://gnomad.broadinstitute.org/

moderately conserved nucleotide; N/A

= benign; Mod =

tolerated; B

no affect predicted on splicing. ACMG classification assigned using in silico, pedigree information and the literature available. Further information regarding the evidence criteria can be found in

the ACMG guidelines [10]

deleterious/damaging; T =

). In silico definitions: CO = amino acid substitution is unlikely to have a functional affect; D

Macular dystrophy, early-onset retinitis pigmentosa and
LCA [16-18]. In LCA, macular atrophy is described in
association with variants in NMNATI and approximately a
third of cases with AIPLI variants [5, 6, 13, 19]. In both our
cases, macular atrophy was present, but not included in
referrals to the genetic clinic, highlighting the need for
NMNATI to be recognised as a causative disease gene in CD
and CRD, especially where genetic diagnosis is required.

A variety of homozygous and compound heterozygous
variants in NMNATI have been identified in patients with
LCA (Fig. 2e). NMNATI encodes an enzyme involved in
NAD synthesis, playing a critical role in cellular metabolism
essential for life since deficient mice cannot survive beyond
early embryogenesis [8]. NMNATI variants may reflect
altered rather than absent enzymatic activity [5]. The variants
identified in this study had inconclusive in silico pathogeni-
city prediction and moderate conservation on PhyloP analy-
sis, had heterozygous allele frequencies of 0.000004 to
0.0006968 in population databases and scored as likely to
affect function and affecting function using ACMG criteria.
This has been seen for other NMNATI variants, where
comparison with frequencies in control databases has assisted
in the designation of pathogenicity [7, 13]. Interestingly, the
p-(Glu257Lys) variant, with a population allele frequency of
0.0006968, was not present in the homozygous state in the
population database gnomAD, and has been seen in the
homozygous state in an affected individual with LCA [5], but
has also been reported in unaffected individuals in one family
suggesting that this variant may be a hypomorphic allele [20].

The macular atrophy in our cases was very similar to that
seen in LCA patients with NMNAT] variants. Additionally,
one patient described with LCA was reported with electro-
physiological examination suggestive of CD [4]. Hence,
despite the variations of in silico predictions for the identi-
fied NMNATI variants, the presence of these variants in
combination with the striking macular atrophy phenotype
strongly suggested that the variants in NMNAT] were cau-
sative of the CD and CRD phenotypes in our cases. Our
findings indicate that the homozygous variant in Case 1,
initially reported as “inconclusive”, is significant and should
not be ignored, and that the NMNAT] variants in Case 2 are
causative of the disease phenotype. This is further supported
by the recent report of two siblings with a homozygous
NMNATI variant c.[S00A >G] p.(Asnl67Ser) who had a
clinical diagnosis of CRD with atrophic macular changes
[21]. This affects clinical management, especially for adult
cases where there may be a consanguineous union, heralding
the need for investigation for the variant in the partner, since
presence would indicate a 50% recurrence risk.

Our findings indicate that the disease-associated variants
in NMNATI cause CD or CRD, where atrophic macular
lesions may also be present. NMNATI should be included in
the genes examined in CD and CRD patients.
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