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Abstract  

We investigated the genetic origin of the phenotype of three children from two unrelated 

Italian families presenting with a previously-unrecognized, seemingly autosomal 

recessive disorder that included a severe form of spondylo-epiphyseal dysplasia, 

sensorineural hearing loss, intellectual disability, and Leber congenital amaurosis 

(SHILCA), as well as some brain anomalies that were visible at the MRI. Autozygome-

based analysis showed that these children shared a 4.6 Mb region of homozygosity on 

chromosome 1, with an identical haplotype. Nonetheless, whole-exome sequencing failed 

to identify any shared rare coding variants, in this region or elsewhere. We then 

determined the transcriptome of patients’ fibroblasts by RNA sequencing, followed by 

additional whole-genome sequencing experiments. Gene expression analysis revealed a 

4-fold downregulation of the gene NMNAT1, previously associated with Leber congenital 

amaurosis (LCA) and residing in the shared autozygous interval. Short- and long-read 

whole-genome sequencing highlighted a duplication involving 2 out of the 5 exons of 

NMNAT1 main isoform (NM_022787.3), leading to the production of aberrant mRNAs. No 

other pathogenic variants in NMNAT1 have been previously shown to cause non-

syndromic LCA. However, no patient with null biallelic variants has ever been described, 

and murine Nmnat1 knockouts show embryonic lethality. We hypothesize that complete 

absence of NMNAT1 activity is not compatible with life. The rearrangement found in our 

cases, presumably causing a strong but not complete reduction of enzymatic activity, may 

therefore result in an intermediate syndromic phenotype, between non-syndromic LCA 

and lethality.  
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Introduction 

Leber congenital amaurosis (LCA) is a recessive form of hereditary retinal 

degeneration, with an incidence between 1 in 33,000 and 1 in 100,000 individuals (1-3). 

The non-syndromic form is caused by mutations in at least 19 genes, according to OMIM 

(phenotypic series PS204000; accessed on March 2020). Its distinctive feature is the very 

early age of onset, leading in most cases to retinal blindness within the first years of life. 

Additional signs include nystagmus and rapidly-progressing macular degeneration 

leading to central atrophy (4).  

Syndromic LCA is much rarer and limited to Senior-Loken and Joubert syndrome (four 

genes), a condition labelled as “retinal degeneration with or without additional 

developmental anomalies” (5), as well as a recently-described multisystemic phenotype 

including LCA, named Liberfarb syndrome (6). 

NMNAT1 has been associated with LCA for the first time in 2012 (4, 7-9) and, since 

then, pathogenic variants in this gene have been identified in several individuals (10-15), 

accounting for more than 5% of all forms of inherited retinal degenerations (3). NMNAT 

enzymes (NMNAT1, NMNAT2 and NMNAT3) play a key role in the biosynthesis of 

nicotinamide adenine dinucleotide (NAD) (16), catalyzing the condensation of 

nicotinamide mononucleotide (NMN) or nicotinic acid mononucleotide (NaMN) to form 

NAD+ or nicotinic acid dinucleotide (NaAD). The NAD+/NADH coenzyme is involved in 

hundreds of biochemical reaction and metabolic pathways and is essential for survival of 

both eukaryotic and prokaryotic cells (17). NMNAT1 is the nuclear form of the 

nicotinamide mononucleotide adenylyltransferases (NMNATs), whereas forms 2 and 3 

exert their function in the Golgi complex and mitochondrion, respectively (18). In line with 

the essential role of NAD+/NADH for basic cell metabolism, Nmnat1 knockout mice 

display embryonic lethality. In addition, no occurrence of biallelic null variants was ever 

observed in patients carrying homozygous or compound heterozygous NMNAT1 
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mutations among the 48 identified to date (10-14), suggesting that retinal degeneration 

results from reduced (although not completely absent) function of the NMNAT1 enzyme.  

In this study, we identify a likely Alu-mediated genomic rearrangement encompassing 

NMNAT1, in subjects carrying a previously-undescribed phenotype characterized by the 

combination of LCA and additional clinical features involving the ear, the brain, and the 

skeleton. This rearrangement leads to production of both aberrant and canonical 

(although at a low level) NMNAT1 mRNA forms, resulting in syndromic retinal blindness, 

thus expanding the spectrum of phenotypic abnormalities due to defects in this gene. 
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Results 

 
Patients and clinical presentations 

Three children from two families presented with overlapping clinical features, which 

were seemingly never described previously as part of the same phenotype (Fig. 1A). 

They all showed early onset retinal degeneration, diagnosed as LCA, sensorineural 

hearing loss, short stature due to a spondylo-epiphyseal dysplasia, developmental delay, 

and brain magnetic resonance imaging (MRI) abnormalities including delayed 

myelinization, white matter hyperintensity, and cerebellar hypoplasia (Fig. 2). 

P1 and P2 were two siblings, both presenting with developmental delay, vision loss, 

and ataxia. They were born at term of a normal gestation to healthy non-consanguineous 

parents, both originating from Southern Italy. The older brother (P1, Fig. 1A and 2A) was 

noted to have vision defects since the first months of life because of lack of visual tracking 

and nystagmus. At 5 years of age his Best Corrected Visual Acuity (BCVA) was light 

perception. Optic disc pallor, marked attenuation of retinal vessels, widespread retinal 

pigment epithelium dystrophy and macular coloboma were observed at fundus 

examination. Electroretinogram (ERG) showed scotopic and photopic responses below 

noise level. At 5 years of age, he developed a complete bilateral cataract. He had 

hypotonia and was able to sit independently by the age of 12 months; he walked 

independently at 4 years of life. His gait has always been ataxic and his growth in height 

was deficient. His brain MRI showed delayed myelination and leukoencephalopathy. His 

auditory evoked potentials were progressively abnormal bilaterally at 6 months, 16 

months, 34 months and at 4 years. He had bilateral acoustic prosthesis. At his latest 

examination at the age of 14 years his height was 129 cm (-4.2 SD) with an arm 

span/height ratio of 1.1, his weight was 30 kg (-2.8 SD) and his head circumference was 

51.5 cm (-2.0 SD). He had dysmorphic facial features with synophris, large mouth, and 

irregular dentition. He had scoliosis and his spine X-ray showed biconcave profile of the 
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vertebral bodies (Fig. 2F). On skeletal survey small and irregular epiphyseal changes 

were also noted. 

The younger sister (P2, Fig. 1A and Fig. 2B) had a vision problem since the first 

months of life, with lack of visual tracking and nystagmus; she was diagnosed with LCA. 

In contrast to his brother, who was orthophoric, she had exotropia. At 10 years of age, 

BCVA was light perception with high hyperopic refractive errors of +8 Diopters. Retinal 

pigment epithelium dystrophy with macular coloboma was observed at fundus 

examination (Fig. 2K). ERG testing showed scotopic and photopic responses below noise 

level. She was able to sit independently by the age of 12 months and walked 

independently at 3 years of life. Her brain MRI showed marked hypomyelination. Auditory 

evoked potentials showed bilaterally reduced responses and she also was treated with 

bilateral acoustic prosthesis. At her latest examination at the age of 11 years and 10 

months her height was 123.4 cm (-3.7 SD) with an arm span/height ratio of 1.08, her 

weight was 29.5 Kg (-1.9 SD) and her head circumference was 50.8 cm (-1.9 SD). She 

had scoliosis and her spine X-ray also showed biconcave profile of the vertebral bodies. 

Small and irregular epiphyseal changes were also noted (Fig. 2G). Similar to P1, she 

displayed irregular dentition (Fig. 2J). 

P3 (Fig. 1A and Fig. 2C-D) was born to consanguineous parents, also originating from 

Southern Italy. Visual problems were reported in the first year of life, when the diagnosis 

of LCA was supported by specific abnormalities of ERG and visual evoked potentials. He 

also had exotropia. Developmental delay was noticed in the first years of life, whereas 

sensorineural hearing loss was diagnosed and treated with acoustic prosthesis at the age 

of 5 years. He was evaluated at the age of 13 years, when he presented with growth 

defect, spondylo-epiphyseal dysplasia (Fig. 2E-I), and severe cognitive impairment. Brain 

MRI images were consistent with hypomyelinating leukoencephalopathy, cerebral and 

cerebellar atrophy (Fig. 2L-N). From the age of 15 years he had progressive loss of motor 
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skills, attributed to cervical myelopathy due to both reduced caliber of foramen magnum 

and os odontoideum causing atlanto-occipital instability. Neurosurgical cervico-medullary 

decompression without stabilization of cervical spine was ineffective and the child 

developed flaccid quadriplegia. 

 

Autozygome-based analysis on exome sequencing data reveals a shared 

homozygous interval 

Exome sequencing failed to detect candidate genes or DNA variants with properties of 

rare mutations that were shared by all three affected individuals. Moreover, neither rare 

insertion/deletion nor changes in copy number were found in any of the exomes from the 

two families. However, we could identify by autozygome mapping a 4.76 Mb homozygous 

region on the short arm of chromosome 1 (chr1:6,947,973-11,708,736, hg19) that was 

common to all three affected children (Fig. 1B). Furthermore, we found that the haplotype 

was identical in the two families, suggesting the presence of a remote common ancestor 

to the two families. This genomic fragment comprises 40 genes, none of which harbored 

mutations or rare variants in their coding regions. Among these genes, four are 

responsible for disorders with some overlap with the phenotype observed in the three 

affected children: CAMTA1, involved in autosomal dominant (AD) cerebellar ataxia with 

mental retardation (OMIM: 614756); RERE, linked to AD neurodevelopmental disorder 

with or without anomalies of the brain, eyes or heart (OMIM: 616975); NMNAT1, involved 

in autosomal recessive (AR) LCA (OMIM: 608553); and CTNNBIP1, with no association 

with any human disease to date, but known to cause short stature in mice when 

overexpressed (19). Of those, only NMNAT1 is associated with an autosomal recessive 

mode of inheritance, i.e. the pattern of inheritance most likely occurring in the two families 

(Fig. 1A). 
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In cells from patients, NMNAT1 has a reduced expression compared to controls 

RNA-seq analysis on primary skin fibroblasts showed that only 21 transcripts within 

the whole transcriptome were significantly differentially expressed (Supplementary Fig. 

S1) in our three subjects compared to 28 healthy controls. Among these 21 transcripts, 

NMNAT1 (NM_022787.3), showing a 5.4-fold downregulation (p-value 1.3x10-4), was the 

only gene residing in the autozygous interval shared by the three individuals (the 

probability that one of the 21 differentially expressed genes also resides in the interval of 

interest is 0.04). 

Since NMNAT1 variants were not detected in the coding region by exome sequencing 

and because there were no evident abnormalities in exome coverage, we Sanger-

sequenced NMNAT1 regulatory regions. However, no significant changes were detected. 

Moreover, the sequence of the NMNAT1 CTCF upstream insulator was intact, making 

unlikely disruptions of the topologically associated domain (TAD) in this region. 

 

RT-PCR reveals patient-exclusive aberrant isoforms of NMNAT1 

RT-PCR experiments on NMNAT1 transcripts from patients’ cells revealed the 

presence of aberrant mRNA isoforms. Sanger sequencing showed a heterogeneous 

population of transcripts: some harbored a partial retention of intron 3, others a duplication 

of exon 4, and some others a duplication of both exon 4 and part of exon 5, as well as 

the wild-type (WT) transcript (Fig. 3A-B). The part of exon 5 that was retained consisted 

in the first 278 bases, terminating at the weak donor splice site “TTGgtacca” (putative 

invariant donor site underlined). Human Splice Finder assigns to this sequence a score 

of 70 (range 0 to 100), and MAXEntScan a score of 4.88 (range -10 to +10). Additional 

quantitative RT-PCR with primers that were specific for each isoform and a primer pair 

binding to all isoforms (total), including the WT product, validated the RNA sequencing 

results and, above all, provided a hint that this dysregulation of splicing could be due to a 
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genomic structural anomaly (Fig. 3C). Quantification of exclusively WT mRNA was not 

possible due to the nature of the duplication and lack of sequences unique to this isoform. 

From the data shown in Fig. 3C, we can conclude that WT mRNA is at least 3.4 times 

lower in cases compared to controls. 

 

Short- and long-read whole-genome sequencing identify a 7.4-kb duplication in 

NMNAT1 

Based on RNA data, we sought to analyze the genomic structure of this region by 

performing both short-read WGS (Illumina) and long-read WGS (Pacific Bioscience). Both 

technologies allowed us to detect a homozygous genomic 7.4 kb duplication (Fig. 4A), 

involving the two last exons of NMNAT1 and spanning the beginning of intron 3 to the 

middle of the 3’-UTR (hg19, chr1:10,036,359-10,043,727; 

NC_000001.10:g.10036359_10043727del; NM_022787.3:c.299+526_*968del) in all 

three affected children. Interestingly, the duplicated fragment was flanked by two Alu 

elements, AluSx and AluSx3 (chr1:10,036,063-10,036,363 and chr1:10,043,431-

10,043,727, respectively), which might have mediated a tandem duplication event by non-

allelic homologous recombination. In addition, genome-wide single nucleotide variants 

(SNVs) and structural variants (SVs) analysis of these WGS data excluded the presence 

of additional variants that were shared among the affected children. 

Additional screening for this duplication, by PCR, of a Spanish cohort of 76 patients 

with LCA or early-onset retinal dystrophy identified one individual with the same SV found 

in the two Italian families. It was present in a compound heterozygous state with the 

NMNAT1 missense variant p.Glu257Lys (NM_022787.3:c.769G>A), a pathogenic variant 

frequently found in LCA cases (4, 7-9, 14, 20-25). This individual, the only child of a 

Spanish couple, at 3 years of age presented with severe visual loss with light perception 

in both eyes, a central macular atrophic lesion and fine peripheral mottling on fundoscopy, 
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moderate exotropia, nystagmus and non-recordable full-field ERG. Aside from these 

ophthalmic findings, which are fully compatible with the typical NMNAT1-associated 

phenotype, physical and intellectual development were normal until his current age (6 

years). Haplotype analysis revealed rare heterozygous SNP genotypes in proximity of the 

duplication, which were shared with the Italian patients of this study. 
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Discussion 

The disease mechanisms resulting in LCA caused by NMNAT1 mutations are still 

unclear. The NMNAT1 enzyme, together with NMNAT2 and NMNAT3, is responsible for 

the conversion of NaMN and NMN into NAD, an essential metabolite for a wide range of 

biological processes. Each NMNAT enzyme localizes to a specific subcellular 

compartment: NMNAT1 is in the nucleus, NMNAT2 in the Golgi, and NMNAT3 in 

mitochondria (18, 26). The three isozymes are thought to have compartment-specific 

functions, rather than functional redundancy, since they have differences in their 

substrate specificity, and because they appear to be simultaneously expressed, at least 

in HeLa and HEK293 cells (18). Prior to its association with LCA, NMNAT1 has been 

studied in wlds mice, because of its neuroprotective role in Wallerian degeneration. 

Interestingly, Nmnat1 knockout animals die before birth, indicating that the extranuclear 

NMNAT2 and NMNAT3 isozymes cannot compensate for NMNAT1 loss (27-29). 

Nevertheless, mouse models carrying Nmnat1 missense mutations recapitulate the 

human LCA phenotype (30). Very importantly, among the numerous human pathogenic 

variants in NMNAT1 reported to date, biallelic disrupting variants were never identified, 

indicating that the complete absence of NMNAT1 is probably not compatible with life in 

human as well. This is further supported by the evidence that all null mutations in LCA 

patients are always found in a compound heterozygous state with a missense mutation, 

with a notable exception of a single case from Perrault et al. (4), in whom a homozygous 

stop was identified. In this case, however, the location of the mutation, close to the 3’ end 

of the gene, suggested that this nonsense mutation would escape nonsense-mediated 

RNA decay (NMD) (31) and therefore result in the production of a NMNAT1 protein partly 

lacking its C-terminal end and possibly retaining some residual function (4). Similarly, 

non-coding NMNAT1 variants were previously found in two LCA patients with 

homozygous single nucleotide substitutions in the 5’-UTR portion of the gene, causing 
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decreased NMNAT1 mRNA levels in lymphocytes (10). In this case as well, it is likely 

that, since in these individuals the NMNAT1 protein sequence is preserved, residual WT 

function could be retained, leading exclusively to an LCA phenotype. 

The results of the genetic analysis of the three affected children we analyzed, as well 

as the comparison between genomic and transcriptomic data, led us to hypothesize that 

their condition, i.e. an intermediate phenotype between lethality and LCA, could be 

attributed to a structural variant located in the middle of the gene, conferring a strong but 

not complete reduction of expression of WT NMNAT1 mRNA. This is further supported 

by the identification of this same genomic rearrangement in compound heterozygosity 

with a missense mutation (the most common pathogenic NMNAT1 missense 

p.Glu257Lys), in an individual with non-syndromic LCA. Furthermore, the strong 

resemblance of phenotypes and the common haplotype in the three children are 

additional arguments suggesting that the genetic cause of this novel syndrome is to be 

found in the shared interval on chromosome 1. The genomic rearrangement in the 

NMNAT1 gene is certainly contributing to the disease manifestation. What needs to be 

clarified is whether this particular SV in NMNAT1 is responsible for the whole syndromic 

phenotype, or if it is resulting exclusively in LCA. Since NMNAT1 is the only gene in this 

region showing differential expression in patients vs. controls and no additional impacting 

rare SNVs or SVs were found to be shared by the three patients at the level of the whole 

genome, we are inclined to think that this tandem duplication is the sole responsible for 

this newly recognized syndrome presenting with LCA, sensorineural hearing loss and 

skeletal dysplasia. This hypothesis is further supported by the evidence that all other 

genes that were found to be differentially expressed in fibroblasts from patients were 

either on different chromosomes or on the opposite arm of chromosome 1 with respect to 

the shared autozygous region (CRABP2 and TXNIP, being ~147 Mb and ~136 Mb away, 

respectively), making unlikely a rearrangement-mediated regulatory effect with 
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pathological consequences. Along those same lines, we found no evidences for this 

duplication to affect the TAD in which it is included, again reducing the chances that other 

genes, the altered expression of which might have been undetected in fibroblasts, could 

contribute to the disease. 

Long-read WGS allowed us to determine the precise breakpoint of the duplicated 

NMNAT1 fragment, as well as the regions flanking this segment. The two Alu elements 

identified, AluSx and AluSx3, presenting with highly homologous sequences (88% identity 

at the nucleotide level), are very likely involved in the mutational event at the origin of the 

duplication, creating an AluSx-AluSx3 fusion element between the two copies of the 

duplicated fragment. Such rearrangement is a non-allelic homologous recombination, 

consisting in a crossing-over between non-equivalent sequences with high degree of 

identity. To date, Alu-mediated recombination has been associated with numerous 

diseases (32-35), including two LCA cases (10), in compound heterozygosity with other 

missense changes. Interestingly, despite the first Italian family reported no consanguinity, 

the presence of this duplication in homozygous state in affected individuals (embedded 

in a common haplotype) is clear indication that we identified a founder mutation. The 

close geographical origin of the two families in the same area from Southern Italy, i.e. 

Campania, supports the hypothesis of common ancestors. The presence of an identical 

haplotype surrounding this rearrangement in an additional patient from Spain is also 

indicative of a common and likely remote ancestral genetic event. Furthermore, the 

GnomAD-SV database (36) reports a similar duplication (chr1:10.036.294-10.043,744) in 

one heterozygous individual of European origin. This chromosomal rearrangement is not 

identical to the one detected in the patients analyzed here, but it may have been 

originated by a rearrangement involving the same Alu elements. This finding, unique entry 

within a total of 21,690 sequenced alleles, supports as well the finding that this 
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rearrangement is not pathogenic per se in a heterozygous state –as it is the case for 

instance for the parents from families 1 and 2. 

The reasons for which different mutations can lead to phenotypes that are retina-

restricted vs. syndromic are currently not clear. Since the retina is considered to be one 

of the most metabolically active tissues of the human body (37), it could be hypothesized 

that retinal degeneration takes place as a first manifestation of mild NMNAT1 impairment, 

whereas stronger deficiencies could be responsible for the appearance of additional and 

more severe phenotypes (Supplementary Fig. S2). Of note, some of the known LCA-

associated loci appear to have a spectrum of clinical expression that ranges from isolated 

LCA or retinal degeneration to a more widespread phenotype including the CNS (with 

intellectual disability), the ear, and the kidney. This may support the possibility that 

NMNAT1 variants may also be responsible for a retina-only as well as retina-plus 

phenotypes. 

Both in vitro and in vivo mouse studies on the Wallerian degeneration mouse model 

wldS, overexpressing a fusion protein that incorporates Nmnat1 and the ubiquitination 

factor Ube4b, showed NMNAT1 to have a beneficial effect in neuronal protection after 

injury (38). Additionally, it has been demonstrated in vitro that inactivation of NMNAT1 

enzymatic activity in the wldS mouse model causes the loss of the neuroprotective effect 

(38, 39). In contrast, it has been reported that overexpression of Nmnat1 in WT mice has 

no neuroprotective effect (27). Altogether, these results suggest that the beneficial 

outcome of Nmnat1 expression might be simply linked to its function in the production of 

NAD and that the retina, as a tissue with a very high metabolism, may be particularly 

sensitive to NAD deficiency and therefore to NMNAT1 mutations. 

On the other hand, it has been recently shown in mouse that modulation of the 

enzymatic activity by overexpressing or downregulating NMNAT1 was not associated 

with significant alterations of NAD levels (40). Altogether, these data open the possibility 
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for the presence of additional functions of NMNAT1, other than in NAD biosynthesis, that 

might be implicated in the disease development of our patients. Nonetheless, we tend to 

favor the idea that a decrease of nuclear NAD could indeed play a role in the disease 

mechanism. 

This hypothesis is further supported by previous data linking NAD deficiency and 

disease. Patients with homozygous variants in HAAO and KYNU, two genes from the 

kynurenine pathway and responsible for the de novo synthesis of NAD from tryptophan, 

showed phenotypes somehow similar to those identified by us: vertebral segmentation 

defects, short stature (skeletal dysplasia), sensorineural hearing loss, microcephaly, 

intellectual disability, as well as cardiac and renal defects (41). In addition, they had 

reduced levels of NAD, again supporting the possibility that all these phenotypes may 

have a common link in the biosynthesis of NAD.  

In conclusion, we identified the molecular cause of a newly recognized multisystem 

disorder, SHILCA, in three Italian probands sharing a common haplotype in an interval of 

chromosome 1. This phenotype is reminiscent of that of another condition we have 

recently defined, the Liberfarb syndrome (6), with the difference that SHILCA does not 

include joint laxity. Combination of WGS and RNA-seq led to the discovery of a partial 

duplication of the NMNAT1 gene involving two full exons and a part of the 3'-UTR. As for 

LCA caused by mutations in this gene, the pathogenesis for this new disorder remains 

unclear and further experiments need to be done in order to fully understand the role of 

NAD in the context of these disorders. 
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Materials and Methods 

Ethical considerations and patients’ material 

This study has been conducted in accordance with the tenets of the Declaration of 

Helsinki and was approved by the Institutional Review Boards of the University of 

Lausanne and Basel, as well as of the Gaslini Hospital in Genoa, of the Federico II 

University Hospital in Naples, and of the Fundación Jiménez Diaz University Hospital in 

Madrid. Following the signature of a written informed consent, also approved by the 

respective Ethics Committees, cell and nucleic acid samples were obtained for analysis 

and storage from patients and their family members. More specifically, cell lines 

originated from the ‘Cell line and DNA Biobank from patients affected by Genetic 

Diseases’ located at Gaslini Institute (Genoa, Italy) and from the Telethon Network of 

Genetic Biobanks (http://biobanknetwork.telethon.it/). 

 

Exome sequencing and autozygome analysis 

Exome sequencing was performed on the two children and the two healthy parents 

from family 1, as well as the affected child from family 2 (Fig. 1A), using 2 µg DNA 

extracted from peripheral white blood cells. Protein-coding DNA regions were captured 

using the SureSelectXT reagent kit (Agilent) and an Illumina HiSeq 2500 instrument was 

used for paired-end sequencing. Raw reads were mapped to the human reference 

genome (hg19/GRCh37) using the Novoalign software (V3.08.00, Novocraft 

Technologies) and Isaac aligner. Next, Picard (version 2.14.0-SNAPSHOT) was used to 

remove duplicate reads. Single nucleotide variants and small insertions and deletions 

were detected using the Genome Analysis Tool Kit (GATK v4.0) software package, using 

the Best Practice Guidelines identified by the developers (42), Strelka Germline Variant 

Caller (43), Manta SV caller (44) and Illumina Annotation Engine 

(https://github.com/Illumina/Nirvana/wiki). The pathogenicity of the detected genetic 
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variants was assessed after functional annotation through ANNOVAR (45) and in-house 

databases. Shared regions of homozygosity and common haplotypes were analyzed 

using an internally-developed software (Quinodoz et al., manuscript in preparation). 

Variant nomenclature was verified with VariantValidator (46). 

 

Short-read WGS 

Whole-genome sequencing (WGS) was performed on patients P1 and P2 and their 

parents (Fig. 1A) with Illumina NovaSeq instrument obtaining an average coverage of 

50.6x and average fragment length of 453 bp in the four samples. Downstream analysis 

of sequencing reads was performed with the same tools used for data from exomes. 

Variant notation for the duplication was verified with VariantValidator (46). 

 

High molecular weight DNA preparation and long-read WGS 

High molecular weight DNA was extracted from patient P1 primary fibroblasts using 

the Genomic tip 20/G kit (QIAGEN). At about 90% confluence, cells were scraped from 

two 100 mm dishes, and DNA was extracted in agreement with the instructions provided 

by the manufacturer. DNA integrity was verified by using a Fragment Analyzer System 

(Agilent) and assessed using the PROSize software, version 3.0 (Advanced Analytical 

Technologies Inc.). The average DNA size was calculated to be approximately 45.6 kbp.  

Long-read WGS was performed by using a Pacific Bioscience (PacBio) instrument. In 

order to get enough coverage, 6 SMRT flow-cells were used on a PacBio RS II platform, 

reaching in the end an approximate coverage of 10x. Reads were assembled to the 

reference human genome (hg19) with the long-read specific aligner NGMLR (47), and 

variant calling was performed using the Sniffles software (47). 

 

RNA analysis 
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Total RNA was extracted from skin-derived fibroblasts of the three patients and of one 

unrelated control using Direct-zol RNA MiniPrep (ZYMO Research). RNA libraries were 

prepared by a service provider (Fasteris, Geneva, Switzerland) and single-read RNA 

sequencing was performed using an Illumina HiSeq 2500 instrument.  

Fastq files were analyzed with both the CLCbio Genomics Workbench (Qiagen) and the 

publicly-available computer pipeline RNAcocktail (48). Raw fastq files of 27 other healthy 

short term cultivated skin fibroblasts were downloaded from ArrayExpress (accession E-

MTAB-4652, ENA study ERP015294) (49) and were used as additional controls for 

statistical analyses. 

cDNA was obtained using random primers and the GoScript reverse transcriptase 

(Promega). Quantitative real-time RNA (cDNA) analysis was used to measure gene 

expression levels. Prior to sample measurements, efficiency of each primer pair was 

tested using a standard curve. Reference controls were selected according to their 

stability throughout the samples, the most stables being TBP, GAPDH and ACTB. 

Normalization was done using a geometric mean of the Ct values of the three reference 

genes. Amplification was performed using the SYBR Green PCR Master Mix (Applied 

Biosystems). All real-time PCR products were visualized on 1% agarose gel to verify the 

specificity of primers. Primers used for detection of NMNAT1 isoforms were: all 

transcripts, 5’-GGTGGAAGTTGATACATGGGA-3’ (F) and 5’-

TCTTCCTTCCAGGCCTTTCTA-3’ (R); duplicated exon 4, 5’-

GGTGGAAGTTGATACATGGGA-3’ (F) and 5’-AATTTCTCTTGATGGTGTCTTTTGTT-3’ 

(R); duplicated exon 4 and part of exon 5, 5’-CATTCGCTACTTGACACCATCA-3’ (F) and 

5’-TCTTCCTTCCAGGCCTTTCTA-3’ (R); partial retention of intron 3, 5’-

TGGAGCATGTGAGAAAGAGAAATAT-3’ (F) and 5’-TTGGCACAGCTTTTGTTTTTGG-

3’ (R). Primers for ‘all transcripts’ amplify all isoforms (WT and aberrant forms). 
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PCR screening for the same duplication in other cohorts of patients 

PCR screening for the NMNAT1 exon 4 and 5 duplication in other patient cohorts was 

performed on genomic DNA with the following primer pairs: 5’-

GGAGGCAGAGGTTGCAGTAA-3’ (forward, matching the 3'-UTR), 5’-

ATGGAAGCAGCACACGAATCA-3’ (reverse, matching intron 3). The PCR product is 

visible (~300 bp) in presence of the duplication and not visible in WT controls. 
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Legends to Figures 
 

 
 
Figure 1: Pedigrees (A) and homozygosity mapping (B) of the three patients assessed in 

this study. Total autozygous regions, indicated by blue bars, in P1, P2, and P3 span 8.51 

Mb, 9.52 Mb, and 29.01 Mb, respectively. The single shared interval (merge), highlighted 

by the red box, consists in a 4.6 Mb region on chromosome 1. 

 

Figure 2: Photographs of patients P1 (A), P2 (B), and P3 (C,D). Facial appearance of the 

three affected individuals show mild coarsening and a deep nasal bridge. Strabismus is 

evident in P3, secondary to retinal degeneration. Panel D shows short trunk and signs of 

lower limb paraparesis. Lateral lumbar spine radiographs of patient P3 (E) and the 

magnetic resonance imaging (MRI) of patient P1 (F) show the presence of a deep sagittal 

notch in the center of the vertebral bodies, suggesting that in early childhood there may 

have been sagittal clefts. The MRI image (panel F) confirms the notching of the vertebral 

bodies with preservation of a round nucleus pulposus in the intervertebral disks. The 

cranio-occipital transition does not show signs of stenosis. Pelvic radiographs in panels 

G (P2, age 6 years) and H (P3, age 11 years) show marked dysplasia of the femoral 

heads and of the acetabulum. The iliac wings are large and wide. P3’s hand x-ray (I) 

shows mild reduction in the carpal height with dysplasia of the carpal bones. Altogether, 

these signs are diagnostic for a form of spondylo-epiphyseal dysplasia (SED). Panel J 

shows a panoramic radiograph of dental abnormalities in P2. Color fundus of the left eye 

of patient P2 at age 10 (K) shows pale optic disc, marked attenuation of retinal vessels 

and retinal pigment epithelium dystrophy with macular coloboma. Panels L, M and N show 

cerebral MRI images of patient P3 at age 13. There is diffused lack of white substance 

and mild cerebellar atrophy (L, N). We also observe thin optic nerves with a dilated sheath 
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(M) and thinning of the corpus callosum, as well as signs of foramen magnum stenosis 

(N). 

 

Figure 3: NMNAT1 splice products from patients’ mRNA. (A) Sequences of aberrant 

mRNAs (cDNAs) and (B) their corresponding schematic representations. Red asterisks 

show the location of premature stop codons resulting from abnormal splicing. (C) Relative 

expression levels of the total and aberrant mRNA isoforms, after normalization with 

respect to three housekeeping genes (TBP, GAPDH and ACTB, N=3 for both patients 

and controls). Measurements of the total isoforms (first histogram) represent all isoforms 

(WT and aberrant = all transcripts). 

 

Figure 4: Structure of the partial NMNAT1 duplication, at the genomic level. (A) IGV 

visualization of short reads by Illumina (upper half) and long reads generated by PacBio 

(lower half). Only the reads entirely spanning the duplicated interval show a 7.4 kb 

insertion. Alignment of the ‘insert’ with respect to the reference human sequence (dark 

purple) indicate indeed the presence of a tandem duplication. The orientation of the reads 

is color-coded (red, forward strand; blue, reverse strand). (B) In-scale schematic 

diagrams of the reference vs. patients’ genomic NMNAT1 sequences, with the duplicated 

fragment shown in red. NMNAT1 exons are numbered. 
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Figure S1: Results of RNA-seq analyses. Twenty-one significantly up- and down-regulated 
genes in fibroblasts from the three subjects vs. fibroblasts from 28 healthy controls are 
shown. Among them, NMNAT1 is the only gene located within the shared homozygous 
interval (*).
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different NMNAT1 mutations. 
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