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Abstract

The NADSYN1 gene [MIM*608285] encodes the NAD synthetase 1 enzyme involved
in the final step of NAD biosynthesis, crucial for cell metabolism and organ embryo-
genesis. Perturbating the role of NAD biosynthesis results in the association of verte-
bral, cardiac, renal, and limb anomalies (VCRL). This condition was initially
characterized as severe with perinatal lethality or developmental delay and complex
malformations in alive cases. Sixteen NADSYN1-associated patients have been pub-
lished so far. This study illustrates the wide phenotypic variability in NADSYN1-
associated NAD deficiency disorder. We report the clinical and molecular findings in
three novel cases, two of them being siblings with the same homozygous variant and
presenting with either a very severe prenatal lethal or a mild phenotypic form. In
addition to an exhaustive literature, we validate the expansion of the spectrum of
NAD deficiency disorder. Our findings indicate that NAD deficiency disorder should
be suspected not only in the presence of the full spectrum of VCRL, but even a single
of the aforementioned organs is affected. Decreased plasmatic levels of NAD should
then strongly encourage the screening for any of the genes responsible for a NAD

deficiency disorder.

KEYWORDS
NAD deficiency disorder, NADSYN1, spondylocostal dysostosis, VCRL

congenital defects: vertebral, cardiac, renal, and limb anomalies (VCRL),
where the genes HAAO [MIM*604521], KYNU [MIM*605197], and

The nicotinamide adenine dinucleotide (NAD) is a major coenzyme
involved in various metabolic pathways in human cells.® NAD biosyn-
thesis occurs either by a de novo pathway-synthetizing from Trypto-
phan or by a salvage pathway recycling from nicotinamide
mononucleotide, nicotinamide riboside, nicotinamide, and nicotinic
acid.? The gene NADSYN1 [MIM*608285] encodes the NAD Synthe-
tase 1 enzyme, which catalyzes the final step of the de novo NAD bio-
synthesis.® A NAD pathway defect has been associated with various

NADSYN1 [MIM*608285] have been implicated.*> These malformations
overlap with a fraction of cases affected with what is known as the
VATER/VACTERL association [MIM%192 350]. This malformation
sequence is defined by at least three of the following features: vertebral,
anal, cardiac, tracheal-esophageal, renal, or limb anomalies.® The same
spectrum of NAD deficiency malformations can be reproducibly induced
in mice by a dietary restriction in the NAD precursors tryptophan and
vitamin B3.”
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In total, 16 individuals carrying biallelic NADSYN1 variants have
been reported.>®? The clinical phenotype described in NADSYN1-
Associated NAD Deficiency Disorder was initially presented as very
severe (five perinatal lethal presentations).®> The molecular screening
of a VACTERL cohort allowed to identify nine cases with pathogenic
variants in NADSYN1, thus expanding the spectrum to living patients
with vertebral segmentation defects and a milder phenotype.® Two
recent cases also had cardiac and vertebral anomalies, in whom one
survived with a mild developmental delay.’

The clinical description of NADSYN1-associated NAD deficiency
disorder still needs to be extended to help clinicians understanding
the variability of the phenotype and give diagnostic criteria to screen
for a NAD deficiency disorder associated gene. We present here clini-
cal and molecular description of three novel cases from two unrelated
families with a remarkable intrafamilial variability, and provide new
insights into the phenotypic variability in NAD deficiency disorders

with an exhaustive literature review.

2 | MATERIALS AND METHODS

We used clinical networks to collect a multicentric cohort of patients
with NADSYN1-Associated NAD Deficiency Disorder, evaluated by
clinical geneticists and fetal pathologists. Genetic variations were clas-
sified following ACMG recommendations.

3 | RESULTS

31 | Family1

The first case (P1) was a 20-year-old male, the second child of a
non-consanguineous union of parents aged 30 and 31, presenting
with short stature, spondylocostal dysostosis and congenital heart
malformation. At birth, the parameters were in the normal range for
gestational age. Developmental milestones were acquired normally
and he followed a regular education. Multiple heart surgeries were
performed due to the complex cardiopathy, including coarctation of
aorta, perimembranous ventricular septal defect, small atrial septal
defect and hypoplasia of the mitral valve. He underwent surgery for
a class 3 maxillomandibular dysmorphia. Skeletal findings consisted
in various costovertebral malformations with scoliosis and dorsal
kyphosis - multiple spine orthopedic surgeries were necessary.
Those findings were noticeable on x-rays with the presence of rib
synostosis extending from T8 to T11 and vertebral segmentation
defects with butterfly vertebrae between L1-L2 and L3-L4
(Figure 1A-C). Height was impacted at 155 cm (—3.6 SDS), with no
limb abnormalities. Bifid uvula was observed.

Array-CGH found no copy number variant and skeletal dysplasia
next-generation sequencing panel found no variant. Whole genome
libraries were prepared using the TruSeq DNA PCR-free kit according
to the manufacturers' instructions (lllumina). After quality control
using TapeStation (Agilent) and quantitative PCR (Collibri Library

Quantification kit, Invitrogen), samples were sequenced in paired end
2x150 bp on a NovaSeq 6000 (lllumina). Bioinformatic analysis was
done with AURAGEN pipeline. Trio genome sequencing revealed the
presence of two heterozygous variants in NADSYN1 (NM_018161.5)
in the patient. The pathogenic variation ¢.1717G > A, p.(Ala573Thr)
(PP5 +8, PM2 +2, PP4 +1, BP1 -1) was inherited from the father and
has been previously described.>? The likely pathogenic variation
c.644 T > C, p.(Leu215Pro) (PP3 +4, PM2 +2, PM3 +2, PP4 +1,
BP1 -1), inherited from the mother, was absent from gnomAD and
predicted to be deleterious by multiple computational tools
(MetaRNN = 0.988).

3.2 | Family2

In the second family, two sibs were affected. The parents originated
from the same neighborhood and were aged 24 and 26 when the first
pregnancy occurred. The first child (P2) was a nine-year-old female
with congenital cardiopathy, vertebral dysostosis and limb anomalies.
At birth, she was in the normal range for gestational age. Heart sur-
gery was performed at 3 months of age to correct an anomalous left
coronary artery from the pulmonary artery. Early developmental
milestones were not delayed. Minor hand and foot abnormalities
were noted, including proximal implantation of the thumbs and an
enlargement between the first and the second toes (sandal gap). She
presented with a stature of 126 cm at 7.5 years-old (+0.25 SDS),
and had no developmental delay. Skeletal findings consisted of pec-
tus excavatum, kyphosis, and limb anomalies with pronation defect
(Figure 1E). X-rays revealed: multiple vertebral anomalies with but-
terfly vertebrae extending from T8 to T10, bilateral radioulnar synos-
tosis predominant on left side (Figure 1G-1). Derotation osteotomy
of the left forearm was performed at 6 years-old. Abdomino-renal
and genital examination by ultrasound did not reveal any anatomical
defect.

The second case of this family (P3) died 1 h after birth. During
the pregnancy, a 16 weeks ultrasound revealed severe cardiopathy
with a single ventricle, bilateral renal agenesis, and foot malposition
with anamnios. The pregnancy ended with a premature delivery at
27 weeks and 5 days. Weight and length parameters were on the
90th centile for gestational age. Fetopathology analysis revealed a
pulmonary hypoplasia associated with a complex cardiopathy with
dilatation of the pulmonary artery, hypoplasia of left atrium,
ascending aortic stenosis and major hypoplasia of the left ventricle
with aortic and mitral atresia. Bilateral renal agenesis, uterus and
fallopian tubes agenesis were described. External genitalia found an
absence of vaginal and urethra opening. Multiple vertebral segmen-
tation defects and brachymetacarpia were detected on x-rays
(Figure 1J).

Array-CGH found no copy number variant.

Exome sequencing analysis using the SureSelect Human All
Exon kit (Agilent) revealed the presence of the pathogenic
c.1717G > A, p.(Ala573Thr) variant in NADSYN1, homozygous in
both sibs and heterozygous in parents.
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FIGURE 1 Radiological (A-C, G-J), facial (D) and extremities (E-F) findings in patients P1 (A-C), P2 (D-1), and P3 (J). (A) Rib synostosis from
T8 to T11 and vertebral segmentation defects with T10 wedge-shaped vertebra; (B) vertebral segmentation defects with butterfly vertebrae
between L1, L2 and L3, L4; (C) hand of P1 without anomalies; (D) mild dysmorphic features with broad tip of nose, full lips; (E) proximal
implantation of the thumbs and deviation of digits, (F) proximal implantation of halluces and sandal gap; (G) multiple vertebral anomalies with
butterfly vertebrae extending from T8 to T10; (H-I) radioulnar synostosis; and (J) multiple segmentation and formation defects of the vertebrae.
[Colour figure can be viewed at wileyonlinelibrary.com]
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4 | DISCUSSION

In this study, we confirm the high clinical variability in NADSYN1-
Associated NAD Deficiency Disorder, by describing an extreme spec-
trum of presentation in the same family.

Between siblings, both a prenatal lethal form with multiple con-
genital malformations and a child with a mild presentation were
described. No changes in environment (diet or medications) during the
second pregnancy, started five years after the first one, could explain
this variability.* This condition, initially described as very severe with
only perinatal lethal presentation,® must now be characterized as a
highly variable disorder including moderate postnatal phenotypes.

The first living patients described with NAD deficiency disorder
all presented with neurodevelopmental disorder.> Combining our find-
ings with the nine cases described in Lin et al., we now confirm that
pathogenic variants in NADSYN1 can be responsible for milder pheno-
types, without any developmental delay, but rather congenital malfor-
mations affecting the skeleton, heart, and genitourinary tract® We
found the majority of the nineteen cases described to date represents
living patients (68%, 13/19), which changes the initial pejorative prog-
nosis associated with the condition (Table 1). Unsurprisingly, the
severity of the phenotype seems to be related to the number of
organs affected. In our two families, none of the living cases did pre-
sent a genitourinary tract defect, nor additional malformation other
than skeletal and heart defects (Table 1). Our findings support the
notion that vertebral organogenesis is critically dependent on NAD
production: vertebral segmentation defect was present in 100% of
the cases, mainly affecting the thoracic level (82%, 14/17). In contrast,
only 52% of the mice model of induced NAD deficiency cases had
skeletal malformations.” The cardiopathy, initially always associated
with the vertebral defect, was found at the end associated less often,
in 65% of the cases (11/17). Genitourinary tract defects were also
found in 53% of the cases (10/19). Similarly, limb anomalies were
described in about half of the cases (44%, 8/18), whereas abnormal
rib findings concerned only a third of them (29%, 5/17). If the patients
survive beyond the neonatal period, then it is likely that no neurode-
velopmental disorder will be presented (92%, 11/12). We describe
here also for the first time an orofacial cleft with a bifid uvula, expand-
ing the spectrum of phenotypic findings associated with NADSYN1.

At the molecular level, we did not identify any genotype-
phenotype correlation that could explain this variability. The vari-
ants identified were in majority missense variants (70%, 16/23),
but also nonsense (17%, 4/23), frameshift (8.7%, 2/23)
and one variant impacting splicing (Table 1). One of the
variants we identified was the recurrent missense variant
c.1717G > A, p.(Ala573Thr), encountered six times in total. This
variant has been previously reported, and functional analysis per-
formed proved its pathogenicity, causing a reduction in NAD enzy-
matic activity.® Its presence at the homozygous/compound
heterozygous state with either another missense, frameshift, or
nonsense variant in trans, can be associated with both very severe
and mild phenotypes.®>? No mutational hotspot has been found,

but the localisation of the variants suggested they all impact

!CLINICAL_WI LEY 119

critical functional domains of NADSYN1 protein.® Genome
sequencing on family 2 could be done to search for a gene that
could have a modifier effect on the phenotype.

Other than diet, various environmental changes and the existence
of gene modifiers could be responsible for this variability, thus affect-
ing the final NAD metabolome.*° NAD levels were shown to be
decreased in patients with NAD deficiency disorders.* At the same
time, niacin supplementation during pregnancy prevented embryo
defects caused by NAD deficiency in mice.* Recommendations should
be adapted during pregnancies of women at risk to have a child with a
NAD deficiency disorder.

5 | CONCLUSION

These cases illustrate the large clinical heterogeneity of NADSYN1-
Associated VCRL Syndrome, with high inter- and intra- familial
variability.

Clinicians should consider this diagnosis when a patient presents
with congenital malformations, especially when vertebral, cardiac,
renal, or limb defects are present. Even if only one or few organs are
affected, NAD deficiency disorder should be considered. Diagnosis
can be supported by checking NAD levels in plasma, and screening for
NADSYN1, KYNU, and HAAO genes if levels are low. High-dose niacin
supplementation should be encouraged to prevent the recurrence of

the congenital malformations in the following pregnancies.
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PATIENT CONSENT
Written consents for genetic testing and publication were obtained
locally from all participants or their representatives. When included,

photo consent was obtained from the patient.
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