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Abstract

Pleiotropy is defined as the phenomenon of a single gene locus influencing two or
more distinct phenotypic traits. However, nicotinamide adenine dinucleotide
(NAD+) deficiency through diet alone can cause multiple or single malformations
in mice. Additionally, humans with decreased NAD+ production due to changes in
pathway genes display similar malformations. Here, | hypothesize NAD+ defi-
ciency as a pleiotropic mechanism for multiple malformation conditions, including
limb-body wall complex (LBWC), pentalogy of Cantrell (POC), omphalocele-
exstrophy-imperforate anus-spinal defects (OEIS) complex, vertebral-anal-car-
diac-tracheoesophageal fistula-renal-limb (VACTERL) association (hereafter VAC-
TERL), oculoauriculovertebral spectrum (OAVS), Mullerian duct aplasia-renal
anomalies-cervicothoracic somite dysplasia (MURCS), sirenomelia, and urorectal
septum malformation (URSM) sequence, along with miscarriages and other forms
of congenital malformation. The term Congenital NAD Deficiency Disorder
(CNDD) could be considered for patients with these malformations; however, it is
important to emphasize there have been no confirmatory experimental studies in
humans to prove this hypothesis. In addition, these multiple malformation condi-
tions should not be considered individual entities for the following reasons: First,
there is no uniform consensus of clinical diagnostic criteria and all of them fail to
capture cases with partial expression of the phenotype. Second, reports of indi-
viduals consistently show overlapping features with other reported conditions in
this group. Finally, what is currently defined as VACTERL is what | would refer to
as a default label when more striking features such as body wall defects, caudal

dysgenesis, or cloacal exstrophy are not present.
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1 | PARTI: EVIDENCE THAT MULTIPLE
MALFORMATION CONDITIONS ARE NOT
DISTINCT ENTITIES: INTRODUCTION

Despite advances in genetic testing, including chromosomal microar-
ray, exome sequencing, genome sequencing, and newer approaches
including transcriptome and methylation analyses, there remains a
group of conditions which include anomalies originating in early
embryonic development for which a mechanism, genetic or otherwise,
has yet to be identified (Innes & Lynch, 2021). In an effort to generate
study of these conditions, some members of this group were labeled
Recurrent Constellations of Embryonic Malformations (RCEM) includ-
ing pentalogy of Cantrell (POC), limb-body wall complex (LBWC),
omphalocele-exstrophy-imperforate anus-spinal defects (OEIS) com-
plex, vertebral-anal-cardiac-tracheoesophageal fistula-renal-limb
(VACTERL), oculoauriculovertebral spectrum (OAVS), and Mullerian
duct aplasia-renal anomalies-cervicothoracic somite dysplasia
(MURCS; Adam et al., 2020). Additional conditions with multiple mal-
formations for which no causative mechanism has been elucidated
include sirenomelia and urorectal septal malformation (USRM)
sequence. Since 1836, when sirenomelia was perhaps first described
in modern medicine by Saint-Hilaire (Boer et al., 2017), these patterns
of malformations have been divided into reportedly discrete condi-
tions, with attempts to delineate specific diagnostic criteria, in hopes
of finding a unique pathogenic mechanism for each. However, this
technique of splitting these conditions has been largely unsuccessful
in identifying a pathogenic mechanism except for identifying variants
in CHD7 for CHARGE association (now syndrome; Vissers
et al., 2004). Here, evidence is presented to show these described
conditions are not discrete entities with specific criteria separating
them from each other but are part of a single, large entity.

1.1 | Thereis no uniform consensus of clinical
diagnostic criteria for each of these conditions and all
of them fail to capture cases with partial expression of
the phenotype

VACTERL, the multiple malformation condition with by far the most
reported patients, also has the greatest number of individuals who do
not meet reported criteria, partly because the criteria themselves are
not agreed upon. In a survey of 121 clinical geneticists, 15% stated at
least two features were necessary to meet criteria, 79% needed three,
and 8% required four criteria to be classified as having VACTERL
(Solomon et al., 2012). A different study stated there must be the
presence of three or more features including at least one major fea-
ture, defined as tracheoesophageal fistula with or without esophageal
atresia (TEF £ EA), anal atresia, or either a radial ray defect or postax-
ial polydactyly (Adam et al., 2020). Minor features included structural
cardiac malformations, vertebral segmentation anomalies, and renal
hypoplasia/aplasia. The EUROCAT VACTERL Study defined STRICT-
VACTERL as cases with 23 major VACTERL features and no major
congenital anomalies outside the VACTERL spectrum (with specific
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restrictions mentioned; van de Putte, van Rooij, Marcelis, et al., 2020).
In this evaluation of 501 cases recorded with VACTERL, there were
213 cases which met their specific criteria (43%), but there were
82 cases (16%) defined as VACTERL-LIKE (<3 major VACTERL fea-
tures) and 102 cases (20%) labeled as VACTERL-PLUS, (having addi-
tional findings besides the cardinal features). They excluded an
additional 104 patients (21%) who only had two cardinal features and
did not meet their criteria for STRICT-VACTERL. Thus, of the
501 cases originally analyzed, less than half met their specific criteria
for STRICT-VACTERL. In a different VACTERL study, 82/1083 isolated
VACTERL cases had <3 major features, leaving only 21 cases (20%)
which met the criteria of requiring three or more VACTERL features
(Rittler et al., 1996). Adding to the confusion of the acronym and diag-
nostic criteria, investigators have recently proposed to add spinal
dysraphism, resulting in the acronym VACTERLS (Amelot et al., 2020),
or adding G for genital anomalies to VACTERL (Forero & Bird, 2021).

There are multiple examples demonstrating lack of diagnostic uni-
formity and partial expression in other multiple malformation condi-
tions. POC was defined as the presence of the following five criteria:
midline supraumbilical abdominal wall defect, defect of the anterior
diaphragm, defect of the lower sternum, defect of the diaphragmatic
pericardium, and congenital heart defect (Cantrell et al., 1958). How-
ever, Toyama stated all five must be present for complete POC, prob-
able (or suspected) POC if four of the five (which must include an
intracardiac defect and ventral abdominal wall defect) were present,
and incomplete if less than four criteria were met (Toyama, 1972). A
different study lists omphalocele as the suggested abdominal defect
(Adam et al., 2020), yet Toyama's review of 36 cases lists the follow-
ing abdominal wall defects: omphalocele, diastasis recti, ventral hernia,
absent umbilicus, and eventration. This suggests difficulty in finding
uniform criteria for at least one aspect (midline supraumbilical abdomi-
nal wall defect) of this condition, demonstrating lack of consensus for
the diagnostic criteria of POC.

LBWC has generally been described as the presence of at least
two of the following: exencephaly or encephalocele with facial clefts,
thoracoschisis, abdominoschisis, or both, and limb defects (Van Allen
et al., 1987). Craven, Carey, and Ward presented three cases with no
exencephaly/encephalocele, and the only limb defects were contrac-
tures and rocker bottom feet, suggesting limb-body wall defect with
umbilical cord agenesis as a subgroup (Craven et al., 1997). Martinez-
Frias reported 15 cases of body wall complex without limb defects,
five of which had either hydrocephaly or cranial disruption by bands,
but not true exencephaly or encephalocele (Martinez-Frias, 1997).
There have also been cases reported with facial clefts (with or without
cranial or central nervous system [CNS] defects) with limb defects,
but without body wall defects (Halder, 2010) which some clinicians
believe do not meet the criteria for LBWC (no body wall defect).

OEIS complex was originally defined as midline abdominal and
pelvic defects of omphalocele, exstrophy of the bladder, imperforate
anus, and spine abnormalities (Carey et al., 1978). However, in the
original article, 23 of 29 patients detected in a hospital records review
had either two or three of the features, but not complete OEIS (Carey

et al, 1978). A study of cases in Mexico described the phenotypic
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spectrum of the 12 cases, of which four were OEIS, four were OES
(omphalocele, exstrophy, and spinal defect), two were EIS (exstrophy,
imperforate anus, and spinal defect), and two were OEIl, (omphalocele,
exstrophy, and imperforate anus; Arteaga-Vazquez et al., 2019).

Urorectal septum malformation (URSM) sequence includes
absence of anal and other perineal openings in association with
ambiguous genitalia along with urogenital and lower intestinal anoma-
lies (Escobar et al, 1987). Continuing the spectrum, Wheeler and
Weaver described 25 cases of partial urorectal septum malformation
sequence, using the diagnostic criteria of a single perineal/anal open-
ing that drained a common cloaca in combination with an absent
(imperforate) anus, which was thought to improve long-term survival
(Wheeler & Weaver, 2001). Additionally, URSM has been considered
as part of both OEIS and LBWC (Heyroth-Griffis et al., 2007; Keppler-
Noreuil, 2001).

MURCS criteria has been suggested to be Mullerian duct hypo-
plasia/aplasia with one or more of the following: short, blind ending
vagina, renal anomalies including agenesis, hypoplasia, and malposi-
tion, or vertebral segmentation anomalies (Adam et al., 2020). There
have been rare reports of MURCS with cardiac and digital anomalies,
suggesting this might be a variant of what is labeled VACTERL
(Guerrier et al., 2006), along with cases in males with azoospermia or
thin vas deferens (Meschede et al., 1998; Wellesley & Slaney, 1995).
In the original report of 30 patients by Duncan et al. (1979) there
were 11 cases with rib anomalies and eight cases with upper extrem-
ity malformations, suggesting some patients may either not meet the

criteria or have additional features not recognized by the criteria.

1.2 | Reports of cases consistently show
overlapping features with other conditions in this
group

Historically, there have been attempts to think of some of these con-
ditions as part of a spectrum and not individual conditions. For exam-
ple, sirenomelia was suggested to be on a spectrum with hemifacial
microsomia (also called OAVS) and VATER (now called VACTERL;
Duncan & Shapiro, 1993; Duncan & Shapiro, 1988). Nontraditional
findings in sirenomelia included TEF + EA, CNS, ear, face, cleft lip
and/or palate, and eye anomalies. Nontraditional findings in hemifacial
microsomia patients included anal dysgenesis, TEF + EA, and cardio-
vascular, pelvic, CNS, abdominal wall, genital, and respiratory anoma-
lies (Duncan & Shapiro, 1993).

In addition to cardiac and abdominal wall anomalies, patients with
POC have been described as having defects in the following organ
systems: CNS, renal, gastrointestinal (Gl), respiratory, skeletal, and
limb, in addition to head and neck findings including cleft lip and pal-
ate, hypertelorism, and micrognathia (Jnah et al, 2015). LBWC
patients have been described to have nontraditional anomalies includ-
ing renal, cardiac, vertebral, rib, intestinal, bladder, genitalia and cleft
lip, and palate (Colpaert et al., 2000; Hunter et al., 2011). URSM
sequence patients have been noted to have CNS, renal, TEF, verte-

bral, limb, and cardiac anomalies (Wheeler & Weaver, 2001).

In the EUROCAT VACTERL Study, the following anomalies were
noted in patients: CNS anomalies including anencephaly, encephalocele,
hydrocephalus, and spina bifida, sensory organ anomalies including
anophthalmos, microphthalmos, and ear malformations causing hearing
loss, respiratory system anomalies, digestive system anomalies,
urogenitary anomalies, musculoskeletal anomalies, lower limb anomalies,
cleft lip and palate, and other anomalies including the skin and lymphatic
systems (van de Putte, van Rooij, Marcelis, et al., 2020).

In summary, the following organ systems have been reported to
have defects in patients described to have LBWC, POC, OEIS,
sirenomelia, OAVS, and VACTERL: cardiovascular, vertebral/ribs,
urogenitary, sensory, limbs/digits, palate, CNS, respiratory, gastroin-
testinal, skin and lymphatic (Arteaga-Vazquez et al., 2019; Aslan
et al., 2004; Carey et al., 1978, Colpaert et al., 2000; Duncan &
Shapiro, 1993; El Mansoury & Mbekeani, 2016; Fernandez
et al, 1997; Grigore et al., 2018; Hunter et al., 2011; Jensen
et al., 1993; Jnah et al., 2015; Keppler-Noreuil, 2001; Toyama, 1972;
van de Putte, van Rooij, Marcelis, et al., 2020).

1.3 | All conditions in this group share overlapping
cardinal features with at least one other condition in
this entity, and specifically VACTERL overlaps with all
of these reported conditions

Previous reports have listed minimum clinical diagnostic criteria in an
attempt to describe some of the multiple malformation conditions
(Adam et al, 2020; Escobar et al., 1987; Lhuaire et al, 2013). In
reviewing these criteria, the following overlapping cardinal features are
identified: Body wall defects-LBWC, OEIS, POC, Vertebral-MURCS,
OAVS, VACTERL. Cardiac-POC, VACTERL. Renal-sirenomelia, MURCS,
VACTERL. Limb-LBWC, sirenomelia, VACTERL. Genitourinary (exclud-
ing renal)-MURCS, OEIS, sirenomelia, URSM (Table 1).

The only groups of defects not included in VACTERL are body
wall defects (LBWC, OEIS, POC), extreme genitourinary anomalies
such as cloacal exstrophy and caudal dysgenesis seen in OEIS, URSM,
and sirenomelia, or milder genitourinary anomalies such as those
found in MURCS, where genital anomalies are not yet considered part
of the VACTERL acronym. What is currently called VACTERL is what |
would refer to as a default label when more striking features such as
body wall defects or distal defects such as caudal dysgenesis or cloa-
cal exstrophy are not present. This seems logical because vertebral,
cardiac, renal and limb anomalies are the most common anomalies
associated with multiple malformation conditions. Of note, it is
unknown how many children are born with isolated vertebral or renal
anomalies, as imaging is not routinely obtained to evaluate the verte-
brae and kidneys without another medical reason requiring these
studies. Cardiac anomalies are arguably the most common VACTERL
defect, with an incidence of roughly 1/100 livebirths (Liu et al., 2019).
Limb defects, while not as frequent, are the most visibly obvious of
these four common anomalies and can initiate the workup for other
VACTERL anomalies when noted. Also, some clinicians consider verte-

bral, cardiac and renal anomalies so common as to be labeled minor
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TABLE 1 Multiple malformation conditions with overlapping
anomalies denoted in italicized and bold type

Limb-body wall complex (LBWC)

Presence of at least two of the following:

Exencephaly or encephalocele with facial clefts
Thoracoschisis, abdominoschisis, or both

Limb defects

Mullerian duct aplasia, renal anomalies, cervicothoracic somite
dysplasia (MURCS)

Mullerian duct hypoplasia/aplasia with one or more of the

following:
Short, blind vagina
Renal agenesis, hypoplasia, or malposition, including pelvic kidney

Vertebral segment anomalies

Oculoauriculovertebral spectrum (OAVS)

Presence of at least two of the following:

Unilateral microtia or external aural atresia
Unilateral mandibular hypoplasia
Unilateral or bilateral epibulbar dermoids

Vertebral segmentation anomalies

Omphalocele-exstrophy-imperforate anus-spinal defects (OEIS
complex)

Omphalocele
Exstrophy of the cloaca

Imperforate anus

Pentalogy of Cantrell (POC)

Presence of at least three of the following:

Omphalocele

Defect of the anterior diaphragm

Defect of the lower sternum

Defect of the diaphragmatic pericardium

Congenital heart defect(s)

Sirenomelia

Presence of the following in association with single lower limb:

Unilateral or bilateral renal agenesis
Absence of external genitalia
Anorectal atresia

Aberrant arterial abdominal vascularization

Urorectal septum malformation (URSM) sequence

Absence of anal and other perineal openings
Ambiguous genitalia
Urogenital anomalies

Lower intestinal anomalies

Vertebral-anal-cardiac-tracheoesophageal fistula-renal-limb
(VACTERL association)

Presence of three or more features including at least one major:

Maijor features
Tracheoesophageal fistula with or without esophageal atresia
Anal atresia

Radial ray defect or postaxial polydactyly

TABLE 1 (Continued)
e Minor features
e Structural cardiac malformations
o Vertebral segmentation anomalies

o Renal hypoplasia/aplasia

Note: From Adam et al. (2020), Escobar et al. (1987), and Lhuaire et al. (2013).

Vertebral
e MURCS
e OAVS
e OEIS

e Sirenomelia

Anal
e OEIS
e Sirenomelia
e URSM
VACTERL » Cardiac
e POC
Renal
e MURCS
e QOEIS
e Sirenomelia
e URSM
Limb
e LBWC

e Sirenomelia

FIGURE 1 Features of VACTERL present in other recurrent
multiple malformation conditions. LBWC, limb-body wall complex;
MURCS, Mullerian duct aplasia-renal anomalies-cervicothoracic
somite dysplasia; OAVS, oculoauriculovertebral spectrum; OEIS,
omphalocele-exstrophy-imperforate anus-spinal defects; POC,
pentalogy of Cantrell; URSM, urorectal septum malformation;
VACTERL, vertebral-anal-cardiac-tracheoesophageal fistula-renal-limb

anomalies and require TEF + EA, anal atresia, or radial ray defects or
postaxial polydactyly to be present to meet the requirements for a
VACTERL diagnosis (Solomon et al., 2012; Adam et al., 2020). As men-
tioned previously, each of the VACTERL anomalies have been
described in cases of POC, LBWC, OEIS, sirenomelia, and OAVS.
Thus, it is only when the features of other more extreme conditions
are absent that the diagnosis of VACTERL is considered (Figure 1).

2 | PARTII: EVIDENCE NAD+ DEFICIENCY
CAN CAUSE CONGENITAL MALFORMATIONS
AND MISCARRIAGE: A CONCISE REVIEW

OF NAD+

Nicotinamide adenine dinucleotide (NAD) is found in all parts of cells,

including the nucleolus, nucleus, mitochondria, cytoplasm, and
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organelles including ribosomes, endoplasmic reticulum, and Golgi
apparatus (Koch-Nolte et al., 2011). NAD exists in either its oxidized
form (NAD+) or its reduced form (NADH). Under physiologic condi-
tions, the cytosolic NAD+/NADH ratio is ~700, whereas the mito-
chondrial NAD+/NADH ratio is approximately 7-8 (Williamson
et al., 1967; Zhang & Ying, 2019), thus most references emphasize the
oxidized form, NAD~+. It has two primary functions. The first is its
indispensable role as an essential cofactor in cellular oxidation/
reduction reactions for production of the primary energy source in
human cells, adenosine triphosphate (ATP), through glycolysis in the
cytoplasm and oxidative phosphorylation in the mitochondria
(Katsyuba et al., 2020). The second is as essential substrate for multi-
ple NAD+ dependent enzyme families including sirtuins, ADP-ribose
transferases including Poly (ADP-ribose) polymerases (PARPs), and
cyclic ADP (cADP)-ribose synthases (Zapata-Pérez et al, 2021).
Briefly, sirtuins are critical for DNA repair and metabolic regulation,
and they influence age-related diseases including diabetes and athero-
sclerosis (Finkel et al., 2009). In addition to their impact on metabo-
lism, PARPs modulate chromatin structure, transcription, replication,
recombination, and DNA repair (Morales et al., 2014).

NAD-+ is produced by two pathways: one requires the essential
amino acid tryptophan, and the other requires dietary niacin (Zapata-
Pérez et al., 2021; Figure 2). The NAD+ de novo synthesis pathway
catabolizes tryptophan through the kynurenine pathway, and the
NAD+ salvage pathway converts niacin and other precursors into
NAD-+. A failure to produce an adequate amount of NAD+ due to
inhibition of either pathway, decreased NAD+ availability due to
increased consumption, or disturbances in the NAD"/NADH ratio in
any cellular process can also create serious health ramifications
(Katsyuba et al., 2020; Zapata-Pérez et al., 2021). Here, the focus will
be on the role of NAD+ during embryonic and fetal development.

2.1 | Phenotypic findings of mice with
environment only or gene-environment NAD-+
deficiency

In 2020, a remarkable study demonstrated for the first time that mal-
formations could be produced solely by NAD-+ deficiency due to envi-
ronmental factors (dietary restriction of tryptophan and niacin, with or
without hypoxia) in wild type mice (all genetically identical; Cuny
et al., 2020). Here is a summary of the four seminal findings:

1. Wild type mice with only diet restriction (reduced tryptophan and
niacin) caused multiple malformations and embryo loss.

2. Hypoxia increased the likelihood of embryo malformation in wild
type mice with diet restrictions.

3. In maternal mice, Haao loss of function (LoF) variant exacerbated
the effect of dietary restriction on embryonic development.

4. Maternal and embryonic NAD levels (NAD+ and NADH combined)
are lowered under maternal treatment conditions (dietary restric-
tion of tryptophan and niacin, with or without hypoxia) that cause

embryo loss and congenital malformations of mouse embryos.

Thus, no genetic influence through DNA variants was required to
cause these anomalies or embryo losses, emphasizing the importance
of NAD+ by itself in embryonic development. Unlike human NAD
levels, which have not been studied in pregnancy, the maternal and
embryonic NAD levels could be studied in mouse models, demonstrat-
ing decreased maternal NAD levels due solely to pregnancy itself, as
well as varying degrees of NAD deficiency in the mothers and
embryos due to dietary restrictions, hypoxia, and loss-of-function var-
iants in Haao. Again, the variant in Haao exacerbated the effect of die-
tary restriction on NAD levels (gene-environment interaction) but
was not necessary to cause malformations (Cuny et al., 2020).

The mice in the above study had malformations in the following
locations: skull (exencephaly, a neural tube defect), eyes, palate, verte-
brae and ribs, heart, abdominal wall, kidneys, limbs, digits, and tail in
the form of caudal agenesis (Table 2). It should be noted the mice
were not phenotyped for all organ systems. However, given the find-
ing of caudal agenesis, gastrointestinal and reproductive tract anoma-
lies could have occurred. Also, the mice were not carried to term to
evaluate for abnormalities usually occurring in the fetal period of
development such as brain growth (microcephaly) or short stature.

It is important to emphasize just how variable the phenotypic
findings were between individual mice. Despite the mothers being
genetically identical and being offered the exact same defined diet,
there was inter-litter variability (some litters with all embryos
resorbed, some with all mice having anomalies, some with no anoma-
lies, and some with a mixture of these findings), intra-litter variability
(some mice with none, one, two or more anomalies, or resorption in
the same litter), and individual variability (unique single and multiple
anomaly combinations; Figure 3). This demonstrates the incredibly
delicate balance of NAD+ requirements necessary for proper embry-
onic development of all organ systems. For example, just a small
increase of nicotinic acid in drinking water (~20%) prevented defects
in Haao and Kynu null mouse embryos (Shi et al., 2017). It is also
important to emphasize many mouse embryos had a single abnormal-
ity, suggesting a possible mechanism for isolated birth defects in
humans, along with the fact that multiple embryos were resorbed,

suggesting a mechanism for human miscarriage.

2.2 | Congenital malformations identified in
patients with biallelic variants in NAD- de novo
synthesis pathway genes

Although NAD levels in pregnant women and human embryos have
not been studied, there is still evidence NAD+ is critical for human
embryonic and fetal development. In 2017, the first four patients with
confirmed biallelic variants in the NAD+ de novo synthesis pathway
were reported (Shi et al., 2017). Since that time, an additional
18 reported or known individuals with biallelic variants in HAAO,
KYNU, or NADSYN1 have been described (Szot et al., 2020; Ehmke
et al., 2020; L. Bird, personal communication, September 14, 2021;
Schile et al., 2021; Szot et al., 2021). Initially these patients were
labeled as having Vertebral, Cardiac, Renal and Limb Defects (VCRL)
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FIGURE 2 The NAD-+ de
novo synthesis pathway and
NAD+ salvage pathway. Yellow
arrows depict known genes with
biallelic pathogenic variants in
humans. Adapted from Shi, H
Enriquez, A., Rapadas, M., Martin,
E. M. M. A,, Wang, R., Moreau, J.,
Lim, C. K., Szot, J. O, Ip, E,,
Hughes, J. N., Sugimoto, K.,
Humphreys, D. T., Mclnerney-
Leo, A. M., Leo, P. J., Maghzal,

G. J.,, Halliday, J., Smith, J., Colley,

A., Mark, P. R., Collins, F., Sillence,

D. O., Winlaw, D. S., Ho, J. W. K.,
Guillemin, G. J., Brown, M. A,
Kikuchi, K., Thomas, P. Q.,
Stocker, R., Giannoulatou, E.,
Chapman. G., Duncan, E. L.,
Sparrow, D. B., Dunwoodie, S. L.
(2017). NAD deficiency,
congenital malformations, and
niacin supplementation. New
England Journal of Medicine, 377
(6), supplementary appendix,
p.16. Copyright © 2017
Massachusetts Medical Society.
Reprinted with permission

syndrome, because of the phenotypic frequency of these four mal-
formations (OMIM 617660, 617661). Although vertebral, cardiac,
renal and limb defects tend to be the most common anomalies noted
in these patients, additional findings include tracheoesophageal fistula,

cleft palate, intrauterine growth restriction with short stature,
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NAD de novo
Synthesis Pathway

Serotonin
Protein synthesis {_ L-Tryptophan (Diet) Tryptamine

Tryptophan 2,3-dioxygenase (TDO2),
Indoleamine 2,3-dioxygenase (ID01,2)

N-Formylkynurenine

Arylformamidase (AFMID)
Kynureninase (KYNU)

Kynurenic acid ¢eesssssssss  Kynurenine s} Anthranilic acid

Kynurenine
3-monooxygenase (KMO)

Xanthurenic acid s 3-Hydroxykynurenine (3HK)

Kynureninase (KYNU) <:]

3-Hydroxyanthranilic acid (3HAA)

3-Hydroxyanthranilic acid
3,4-dioxygenase (HAAO)

2-Amino-3-carboxymuconic acid
6-semialdehyde

Aminocarboxymuconic acid
semialdehyde decarboxylase
(ACMSD)

Quinolinic acid 2-Aminomuconic acid semlaldehyde
1 Quinolinic acid phosphonbosyl
NAPRT transferase (QPRT)
Nicotinic Nicotinic acid Plcollmc acid GIutaryI-CoA
acid (Diet) . mononucleotide (NaMN)
NMNAT1-3 i
Nicotinic acid adenine
Acetyl-CoA
dinucleotide (NaAD) NADP gl
> NADSYN1
Nicotinamide adenine
dinucleotide (NAD)
NMNAT1-3
NAD
Salvage || Nicotinamide
Pathway | mononucleotide CD3§ BST1 .
(NMN) Nicotinamide Diet
(NAm)
1-MNA

1,2 NAMPT

Nicotinamide riboside (Diet)

microcephaly, and global developmental delays (Table 3). It is impor-
tant to underscore there have been malformations described involving
multiple human organ systems besides skeletal, limb, vertebral, and
cardiovascular, including CNS, respiratory, gastrointestinal, endocrine,

and sensory. For this reason, it has been suggested patients with
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TABLE 2 Specific anomalies identified in mice with dietary
restriction of tryptophan and niacin
Heart
Bicuspid aortic valve
Membranous ventricular septal defect
Muscular ventricular septal defect
Overriding aorta
Patent truncus arteriosus
Double outlet right ventricle
Vertebral and rib anomalies
Cervical vertebrae
Thoracic vertebrae
Lumbar vertebrae
Sacral vertebrae
Underdeveloped ribs
Kidneys
Hypoplasia or agenesis
Dysmorphic (duplex, hydronephrosis)
Limbs
Talipes
Digits
Polydactyly
Oligodactyly
Syndactyly
Skull
Exencephaly
Eyes
Coloboma
Microphthalmia
Cleft palate
Abdominal wall
Omphalocele
Gastroschisis

Caudal agenesis

Note: Adapted from Cuny et al. (2020), table S1, pp. 15-16.

genetic variants in the NAD+ de novo synthesis pathway have Con-
genital NAD Deficiency Disorder (CNDD), as NAD+ deficiency can
impact development of all organs and systems, not just vertebrae,
heart, kidneys, and limbs (Szot et al., 2020).

In addition, nine of the 15 families in which pedigrees were taken
noted previous miscarriages, with four of the remaining six mothers
having just one pregnancy at time of evaluation. Thus, nine of
11 multigravid mothers reported a miscarriage (Shi et al., 2017; Szot
et al,, 2020; Szot et al., 2021).

Evaluation of NAD levels in humans is difficult and complex. Cur-
rently, there is no clinical testing available to evaluate intracellular or
plasma NAD levels. However, three of the patients in the original

study had low plasma NAD levels confirmed on a research basis (Shi

et al, 2017). Yeast models demonstrating the specific variants in
patients with other HAAO, KYNU, and NADSYN1 mutations all showed
reduced NAD production (Szot et al., 2020; Szot et al., 2021). Thus,
although there were genetic changes in genes creating enzymes in the
NAD+ de novo synthesis pathway, the result was low NAD produc-
tion, which is hypothesized to have caused the congenital mal-

formations in the affected patients.

2.3 | Review of malformations seen in mice and
humans with NAD+ deficiency compared to multiple
malformation conditions

The overlap of malformations seen in mice and the features found in
multiple malformation conditions discussed here is striking. Examples
include exencephaly, abdominal wall defects and limb defects seen in
LBWC, cardiac and abdominal wall defects seen in POC, omphalocele
and spine defects noted in OEIS, and vertebral, cardiac, renal, and limb
anomalies required in the criteria for VACTERL and seen in all these
conditions. Whether the caudal agenesis noted in the mice truly over-
laps with the genitourinary, anal, and lower limb findings of OEIS,
MURCS, and sirenomelia has not been fully evaluated in mouse
embryos to date but could potentially be similar.

As NAD+ is synthesized through tryptophan catabolism in the
liver, the maternal contribution of NAD- in early embryonic develop-
ment is crucial until the embryo/fetus can take over this process. In
the mouse models, wild type maternal NAD levels were distinctly
reduced during pregnancy (Cuny et al., 2020). In humans, reduced
levels of NAD+ precursors in the blood during all trimesters of preg-
nancy seem to be common, even with nondeficient diets and ample
dietary vitamin intake (Baker et al., 2002; Sha et al., 2022). These find-
ings indicate that the risk of developing NAD+ deficiency is elevated
during pregnancy, the time when sufficient maternal NAD+ supply is
required to ensure normal embryonic development.

Although humans with biallelic variants in HAAO, KYNU, and
NADSYN1 have multiple malformations which originated in the
embryonic period of development, | hypothesize there are findings
which develop during the fetal period also. These include poor
somatic growth and GDD/ID attributable to abnormal brain develop-
ment after the embryonic period.

Patients with biallelic variants in HAAO, KYNU, and NADSYN1 are
unable to synthesize a sufficient amount of NAD+ themselves during
the fetal period. Other children with multiple malformation conditions
hypothesized to be caused by lack of maternal NAD+ contribution in
early pregnancy are able to make their own NAD+ once their liver has
developed adequately. Thus, patients who have developmental anoma-
lies more dependent primarily on the maternal contribution of NAD+
during the embryonic period may not have these other findings which
occur during the fetal period of growth and development.

In addition to affecting early embryonic development, all the multiple
malformation conditions mentioned here have been identified in discor-
dant twins (Achiron et al., 2000; Adam et al., 2020; Xu et al., 2018).
Because of this, the RCEM Study Group suggests the shared pathogenesis
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FIGURE 3 (a) Phenotypes of C57BL/6J wild-type mouse embryos at E18.5, within the maternal diet treatment groups, as indicated on the

left. Each horizontal bar represents a litter and length of the bars indicates the total number of embryos per litter. All dead embryos were found
to be early resorptions. Total counts and percentages of embryos within each treatment group are summarized on the right. NTF, vitamin
depleted and tryptophan-free feed; TW, tryptophan-supplemented water, 400-600 mg/L. HYP-hypoxia at E9.5 (8% O, 8 h). From Cuny, H.,
Rapadas, M., Gereis, J., Martin, E. M. M. A, Kirk, R. B., Shi, H., Dunwoodie, S. L. (2020). NAD deficiency due to environmental factors or gene-
environment interactions causes congenital malformations and miscarriage in mice. Proceedings of the National Academy of Sciences, United States
of America, 117(7), 2020, supplementary appendix, p.6, figure S3. Reprinted with permission. (b) Types of NAD deficiency malformations found in
mice with dietary restrictions + hypoxia. From Cuny, H., Rapadas, M., Gereis, J., Martin, E. M. M. A, Kirk, R. B., Shi, H., Dunwoodie, S. L. (2020).
NAD deficiency due to environmental factors or gene-environment interactions causes congenital malformations and miscarriage in mice.
Proceedings of the National Academy of Sciences, United States of America, 117(7), p. 3741, figure 1. Reprinted with permission

causing the spectrum of multiple malformation conditions discussed here
must explain the following (see Sections 3.4-3.6; Adam et al., 2020).

24 | Anincreased rate of reported discordant
monozygotic twinning and instances of co-occurrence
of two phenotypes in one individual or in a co-twin

The mice studied with NAD deficiency demonstrated intra-litter vari-
ability (some unaffected, some with one malformation, some with two
or more malformations, some with embryonic losses). Although mice
are polyovulatory, which would not explain if the splitting process
could affect discordant embryonic development in human monozy-
gotic twins, the offspring in these studies are genetically identical due
to inbreeding, suggesting this could be a proper model of discordant
monozygotic twinning. A plausible mechanism for these findings could
be either inadequate maternal production of NAD+ to support a mul-

tiple gestation, or asymmetric NAD+ distribution to the developing

embryos through the placenta. This could also explain reports of mul-
tiple malformations in dizygotic twins and triplets (including IVF preg-
nancies; Adam et al., 2020; Wijers et al., 2013). There was also
individual mouse variability, where genetically identical mice with the
same environmental exposure show uniqgue combinations of pheno-
typic features. Additionally, NAD+ could be important in the mecha-

nism which causes conjoined twins.

2.5 | There is minimal to no recurrence risk of
these specific conditions

In humans, a study of 87 patients with VATER/VACTERL showed no
increased in the overall prevalence of component features in first
degree relatives (Bartels et al., 2012). In the mouse models with
decreased NAD levels, there is extreme variability both intra-litter
(same gestation) and inter-litter, where the same conditions for genet-

ically identical mice produce litters in which some mice are affected
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TABLE 3 Anomalies seen in affected patients with known biallelic
variants in HAAO, KYNU, and NADSYN1

Skeletal—vertebral, rib, polydactyly, missing digits, hyperphalangism,
micromelia

Cardiac—hypoplastic left heart, tetralogy of Fallot, Shone syndrome,
others (ventricular septal defect, atrial septal defect, patent ductus
arteriosus)

Urinary—renal agenesis (bilateral and unilateral), renal dysplasia, ureter
agenesis

Neurologic (brain)—cerebellar, microcephaly, hydrocephalus, seizures,
global developmental delay, intellectual disability, autism

Neuromuscular—spinal dysraphism/tethered cord, talipes,
arthrogryposis, pterygia, muscular hypotonia

Respiratory—hypoplastic lung, laryngeal web

Gastrointestinal—TEF, polysplenia, pyloric stenosis, anterior anus

Endocrine—hypothyroidism, hypoparathyroidism

Sensory—sensorineural hearing loss, inner ear abnormalities, ocular
crystals, hypopigmented iris with nodules

Integumentary—syndactyly

Lymphatic—nuchal redundancy, thickening, cystic hygroma

Facial dysmorphisms

Cleft soft palate, microretrognathia

Other—bilateral single palmar crease, joint hypermobility

Short stature

Note: Adapted from Shi et al. (2017), Szot et al. (2020), Ehmke
et al. (2020), Schiile et al. (2021), Szot et al. (2021), and L. Bird, personal
communication, September 14, (2021).

and entire litters in which no mice are affected. This could potentially
be explained by larger maternal mice buffering circulating NAD+ pre-
cursor levels more effectively, and inconsistent rates of food and
water ingestion (Cuny et al., 2020). In humans, there could certainly
be improved or altered dietary intake or absorption of the NAD+ pre-
cursors tryptophan and niacin in subsequent pregnancies. In addition,
pathophysiologic factors such as inflammation, type 2 diabetes, aging,
and obesity could influence NAD+ availability (Cuny et al., 2020;
Zhang & Ying, 2019).

2.6 | Alackof a known recurrent genetic cause in
affected individuals

As has been explained above, wild type maternal mice with environ-
mental influences of diet and hypoxia produced offspring with all the
features of multiple malformation conditions included in this article.
Thus, a genetic cause in affected humans would not be necessary to
produce the malformations seen with maternal NAD+ deficiency.
Interestingly, maternal Haao LoF variants exacerbated effect of die-
tary restriction on embryonic development in mice (Cuny et al., 2020).
How human maternal heterozygous variants in NAD+ de novo syn-
thesis pathway genes influence NAD+ production and thus impacts
human embryonic development has yet to be conclusively

determined.

In summary, the discordant anomalies in twins, along with the dif-
ferent multiple malformation conditions discussed above, should not
be considered as discrete conditions, but viewed as a single entity,
similar to how aspen tree stems appear to be individual but are all part
of a single organism, connected by one underground root system. |
hypothesize the connection for all these conditions is NAD+ defi-
ciency (Figure 4). The term Congenital NAD Deficiency Disorder
(CNDD) could be considered for patients with these malformations;
however, it is important to emphasize there have been no confirma-

tory experimental studies in humans to confirm this hypothesis.

3 | BODY WALL, AMNION, AND
UMBILICAL CORD ABNORMALITIES

When discussing NAD+ deficiency as a mechanism for specific mal-
formations, the timing of the NAD+ deficiency can have a major
impact on the specific anomalies generated by this deficiency. Per-
haps the most evident example of this is the impact on umbilical cord
and body wall development. There are three important recurring
anomalies to review: body wall closure defects, amniotic band devel-
opment and consequences, and umbilical artery development and
anomalies.

Briefly, the amniotic cavity develops above the bilaminar embry-
onic disc (Carnegie stage 5, 7-8 days of development; Vermeij-Keers
et al,, 1996), and is lined by amniocytes. The amniotic cavity enlarges
and encloses the embryo. In the ninth week of development, the
amniotic membrane attaches itself to the chorion and the extraembry-
onic cavity disappears (Hartwig et al., 1991).

The embryo continues to grow in relation to the connecting stalk.
The cranial and caudal pole of the embryo revolve under its ventral
surface, and the umbilical ring, the thoracic wall, and the abdominal
wall obtain their ventral position (Vermeij-Keers et al., 1996). Parts of
the allantois and yolk sac are incorporated within the embryo, taking
the positions of the primitive urogenital sinus/urinary bladder and the
rectum respectively (Figure 5a; Hartwig et al., 1991).

Perhaps the most visible difference between the commonly
labeled multiple malformation conditions discussed here is the pres-
ence or absence of a body wall defect. In normal development, the
lateral body folds, formed from lateral plate mesoderm with overly-
ing ectoderm, begin to grow ventrally (Sadler & Feldkamp, 2008).
Cranial and caudal folds also form, and the combination of all four
body folds narrows the connection between the yolk sac and embry-
onic endoderm (Sadler & Feldkamp, 2008). Depending on the timing
of the body wall closure defect, the size of the defect in relation to
the embryo along with the internal organs involved will vary
(Figure 5b). Thus, regarding body wall formation LBWC, POC, and
OEIS should be considered a spectrum with the abdominal wall and
evisceration findings dependent on the timing of the NAD+
deficiency.

The amniotic membrane can be damaged at any time during
embryogenesis. Gastroschisis is proposed to occur secondary to amni-

otic rupture along the umbilical cord in its pars flaccida between 6 and
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FIGURE 4 \Visual analogy of recurrent multiple malformation conditions discussed here, including discordant twin anomalies, demonstrating
my hypothesis these are not discrete conditions, but are part of a single entity, all unified by the mechanism of NAD+ deficiency. LBWC, limb-
body wall complex; MURCS, Mullerian duct aplasia-renal anomalies-cervicothoracic somite dysplasia; OAVS, oculoauriculovertebral spectrum;
OEIS, omphalocele-exstrophy-imperforate anus-spinal defects; POC, pentalogy of Cantrell; URSM, urorectal septum malformation; VACTERL,

vertebral-anal-cardiac-tracheoesophageal fistula-renal-limb

9 weeks after conception (Bargy & Beaudoin, 2014). Although dam-
age to the amnion resulting in amniotic bands is commonly associated
with LBWC, there are cases of LBWC without amniotic bands (Craven
et al., 1997) and there are cases with amniotic bands with or without
exencephaly with no body wall defects (Halder, 2010). In addition,
there are reports of POC with amniotic bands (Schiippler et al., 1994;
Peer et al., 1993). Also, there are multiple reports of amniotic bands
occurring with limb or craniofacial defects with body wall or
exencephaly/encephalocele (Lopez-Mufioz & Becerra-Solano, 2018).
Thus, amnion damage can occur in addition to other anomalies or in
isolation, and the timing and location of the NAD-+ deficiency will
determine the final phenotypic outcome.

Regarding umbilical cord development, the endoderm lining the
primary yolk sac is surrounded by mesenchyme, a portion of which
differentiates into the vitelline arteries and veins (Blackburn &
Cooley, 2006). The umbilical cord is thus formed by the fusion of yolk
sac derivatives and connecting stalk mesenchyme. Normally, the first
organ to form from the primary yolk sac in humans is the allantois. In
conditions in which the allantois does not develop or is lost early in
embryogenesis, the allantoic arteries do not develop with the con-
necting stalk. The insult most likely occurs prior to 23 days gestation
(9 days postconception; Blackburn & Cooley, 2006). This can result in
persistent vitelline artery, believed to be the primary etiology of

sirenomelia (Stevenson, 2021). Single umbilical artery (SUA) is posited

to be caused either due to primary agenesis or atrophy of an existing
vessel (Blackburn & Cooley, 2006). SUA has been seen in all the multi-
ple malformation conditions discussed here, along with being an iso-
lated anomaly (Arteaga-Vazquez et al, 2019;
Shapiro, 1993; Hunter et al., 2011; Jnah et al., 2015; Suri et al., 2000;
Wheeler & Weaver, 2001).

Duncan &

4 | DISCUSSION

Until now, the paradigm for human multiple malformations has been
viewed primarily through the lens of genetic impact. Indeed, pleiot-
ropy is defined as the phenomenon of a single gene locus influencing
two or more distinct phenotypic traits (Stearns, 2010). The assump-
tion has been that if the DNA is abnormal (chromosomal anomalies,
CNVs, SNVs) the subsequent production of RNA and proteins will be
abnormal also. However, regarding malformations, there has been lit-
tle evaluation of the processes of replication, transcription, translation,
and post-translational modification themselves when DNA is normal.
NAD+ is a vital, unrecognized partner to DNA in building cells. A
helpful analogy is as follows: In building cells or organisms, if DNA is
considered the blueprint, NAD+ is important in providing labor and
materials necessary for the replication and development of cells and

organisms. The energy (labor) is created through the formation ATP,
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FIGURE 5 (a) The embryonic folding process demonstrating how the embryo grows in relation to the body stalk. The diameter of the

umbilical ring (gold in the image) is the same in all three embryos of Carnegie stages 9, 11, and 13. In this way, the umbilical ring decreases in size
relative to the embryo. Used with permission of Elsevier Science & Technology Journals, adapted from Hartwig, N. G., Steffelaar, J. W., Van de
Kaa, C., Schueler, J. A, Vermeij-Keers, C. (1991). Abdominal wall defect associated with persistent cloaca. The embryologic clues in autopsy.
American Journal of Clinical Pathology, 96(5), p. 645, figure 5. Permission conveyed through Copyright Clearance Center, Inc. (b) Demonstration on
how timing of NAD+ deficiency could impact body wall formation due to closure of body wall in a cranial to caudal fashion

which requires NAD+ for its synthesis. NAD+ is a co-factor and/or
substrate (material) for over 300 enzymes (Sahar et al., 2011), which
include sirtuins and PARPs, that are vital for the processes of replica-
tion, transcription, translation, and post-translational modification.
NAD+ is also critical for normal mitochondrial function and many
metabolic processes (Cantd et al., 2015). Thus, looking at human
development and disease through the lens of NAD+ deficiency opens
unique insights into the mechanisms of disease and abnormal
development.

There are many human malformations, which occur both individ-
ually and in combination, for which a mechanism, genetic or other-
wise, has yet to be identified (Innes & Lynch, 2021). Historically,

there have been hypotheses presented to identify potential

mechanisms for these conditions. In the original article on VATER
association, Quan and Smith suggested a common type of defect in
mesoderm could be the basis for nonrandom association (Quan &
Smith, 1973). Opitz et al. (2002) suggested defects in blastogenesis
as the mechanism for these malformations. Lubinsky (2017) pro-
posed embryonic hypocellularity as an explanation these mal-
formations, which he also noted were associated with monozygotic
twinning, maternal diabetes, some forms of aneuploidy, and certain
mitochondrial disorders. Most recently, Stevenson (2021) proposed
vitelline vascular steal as the common pathogenesis for sirenomelia,
OEIS complex, limb-body wall defect, and other malformations of
caudal structures. All these mechanisms could be caused by NAD+
deficiency because NAD+ acts at the (intra)cellular level, and
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TABLE 4 List of anomalies and conditions for which NAD+

deficiency is a potential mechanism

Acardia

Amelia

Amniotic bands
Arthrogryposis

Autism

Bladder exstrophy
Bowel atresias/tracheoesophageal fistulas
Brain anomalies
Chromosomal abnormalities
Cleft lip and palate
Cloacal exstrophy
Clubfoot

Conjoined twins
Cryptorchidism

Cystic hygroma
Diaphragmatic hernia
Discordant twins
Endocrine abnormalities
Gastroschisis

Heart defects

Hip dysplasias
Holoprosencephaly
Hydrops

Hypospadias
Intellectual disability/developmental delay
LBWC

Limb anomalies

Lung anomalies
Microcephaly
Microphthalmia
Microtia

Moebius syndrome
MURCS

Neural tube defects
OAVS

OEIS

Omphalocele

POC

Poland anomaly
Polydactyly/syndactyly
Pseudotrisomy 13
Renal agenesis/Potter sequence
Rib anomalies

Sensory defects
Sirenomelia

Steinfeld syndrome
URSM

AMERI.CAN JOURNAL'UF PART 2845
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Thomas syndrome

Vertebral anomalies

therefore affects all tissue types, all organ systems, and cellular
growth and division. As it is variable in its quantity and areas of influ-
ence, the timing and location of its deficiency are critical in deter-
mining what malformations are ultimately the result of its impact.
For these reasons, | hypothesize that NAD-+ deficiency, either
through decreased availability or synthesis, represents a potential
mechanism for these malformations (Table 4).

Although the primary discussion thus far has been regarding
decreased NAD+ production through the NAD+ de novo synthesis
pathway, there are adult conditions which could result in decreased
maternal availability of NAD+ during pregnancy. Aging, obesity, and
diabetes decrease the amount of NAD+ available for necessary cellu-
lar processes (Zhang & Ying, 2019). Diabetic embryopathy overlaps
multiple malformation conditions discussed here in the following
anomalies: congenital heart defects, vertebral, renal, and limb defects,
anal anomalies, caudal dysgenesis, hemifacial microsomia, cleft lip
+ cleft palate, neural tube defects, sirenomelia, and urorectal septum
malformation (Castori, 2013). Pregestational diabetes is listed as a risk
factor for VACTERL anomalies, along with assisted reproductive tech-
nologies (ART), and chronic obstructive pulmonary disease, all of
which could cause anomalies through diminished NAD+ (Adam
et al., 2020; Lubinsky, 2017; van de Putte, van Rooij, Haanappel,
et al., 2020). Thus, NAD+ deficiency is a plausible mechanism for dia-
betic embryopathy.

Neural tube defects have been reported with genetic causes
along with environmental causes including teratogens, obesity, and
diabetes, and have been associated with multiple malformation condi-
tions and other anomalies including holoprosencephaly, diaphragmatic
hernia, cardiac, renal, limb, genitourinary and gastrointestinal defects,
among others (Dean et al., 2020). Folic acid supplementation has
reduced the incidence of neural tube defects by over 70% (MRC Vita-
min Study Research Group, 1991). However, the importance of
NAD/NADP in folate metabolism has not been extensively studied as
a potential mechanism for neural tube defects which continue to
occur with or without folic acid supplementation (Zheng &
Cantley, 2019).

Holoprosencephaly can occur in isolation and in combination with
neural tube defects and multiple other anomalies including craniofa-
cial, limb, vertebral, cardiovascular, renal, and gastrointestinal (Siebert
et al, 2005). Although approximately 66% of patients with
holoprosencephaly have a chromosomal or single gene cause
(Solomon et al, 2018), it can occur in conditions such as
pseudotrisomy 13 and Steinfeld syndrome for which a molecular
cause has not been identified (Kruszka & Muenke, 2018). Noting again
a connection between environmental causes, including teratogens and
maternal diabetes, and holoprosencephaly, NAD+ deficiency could be
a plausible mechanism for holoprosencephaly when a genetic cause is

not discovered.
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NAD-+ deficiency could impact aneuploidies through two poten-
tially critical mechanisms. First, reduced NAD+ has been reported in
aging and is a plausible mechanism for the increased rate of meiotic
nondisjunction seen in older women of child-bearing age (Bertoldo
et al., 2020; Wu et al., 2019). Second, a hypothesis could be made
regarding the increased need for NAD+ as a substrate to perform rep-
lication, transcription, and translation of the additional genes found on
the third copy of chromosomes 21, 18, and 13 in viable trisomies
(Jackson et al., 2018), leading to decreased cellular availability of
NAD+. Thus, the increasing severity of anomalies and poor growth of
these infants could be due to decreased NAD+- availability to perform
the usual cellular and organism functions dependent on NAD+.

In addition to causing aneuploidy, NAD+ deficiency through its
impact on sirtuins and PARPS can affect DNA repair mechanisms,
including base excision repair and nucleotide excision repair, non-
homologous end joining, and homologous recombination (Mei
et al., 2016). Also, NAD+ has an important role in DNA methylation,
including through SIRT1 (Zhang & Kraus, 2010). Thus, in addition to
causing nongenetic disease and anomalies, the role of NAD+ defi-

ciency in genetic disease itself should be considered.

5 | FUTURE DIRECTION

When looking at human development through the lens of NAD+ defi-
ciency there are many plausible areas of potential research. The main
categories involve the maternal and fetal contribution of NAD+ dur-
ing development. Regarding the maternal contribution, studying NAD
levels in women both pregnant and nonpregnant, women with recur-
rent miscarriage, pregnancies with multiple gestation along with sin-
gletons, and mothers with additional conditions such as diabetes,
obesity, and advancing age would be valuable. Regarding supplemen-
tation with NAD+ precursors to improve NAD-+ levels in pregnant
mothers, there have been many studies on mice showing improve-
ments in chronic disease parameters, but human studies are still lim-
ited, with no data on intracellular NAD-+ levels (Hong et al., 2020).
Additionally, targeting hyperactivated NAD+ consumption and
NAD+ salvage and recycling may need to be considered to improve
human NAD-+ levels (Conlon & Ford, 2022). Studying NAD levels in
children and patients with trisomies and potentially even deletions
such as 4p- and critical single nucleotide variants with known poor
growth and developmental delay could be valuable. Lejeune consid-
ered Down syndrome to be metabolic (Caracausi et al., 2018), and
autism has been studied for metabolic disturbances including NAD-+
alterations (Maes et al., 2019), thus the impact of NAD+ on these
conditions could be evaluated in more depth. It may be interesting to
investigate the impact of NAD+ deficiency on phenomena such as
reduced penetrance and variable expressivity. Due to the increased
rate of VACTERL anomalies and twin discordancy with ART, studying
NAD levels in patients undergoing ART could prove valuable. Also,
attempting to determine why vertebral, cardiac, renal, and limb mal-
formations are the most common defects seen with NAD+ deficiency

would be beneficial in learning how this molecule impacts

development. Additionally, studying the impact of teratogens at the
level of cellular NAD+ would be an interesting area of research. The
overall contribution of NAD+ perturbations to the environmental
component of gene/environment interaction could provide important
insights into this phenomenon. Finally, a plan for comprehensive, uni-
fied research on the impact of NAD+ on human development and dis-

ease should be considered.

ACKNOWLEDGMENTS

I would like to gratefully acknowledge Sally Dunwoodie for her thought-
ful review of this manuscript, her research group for their pioneering dis-
covery of NAD+ deficiency and malformations, and for the gracious use
of Figure 3a,b in this manuscript. | would also like to acknowledge John

Carey for his insights and assistance in improving this manuscript.

DATA AVAILABILITY STATEMENT
Data sharing not applicable to this article as no datasets were gener-
ated or analysed during the current study.

ORCID
Paul R. Mark = https://orcid.org/0000-0002-1020-888X
REFERENCES

Achiron, R., Frydman, M., Lipitz, S., & Zalel, Y. (2000). Urorectal septum
malformation sequence: Prenatal sonographic diagnosis in two sets of
discordant twins. Ultrasound in Obstetrics & Gynecology, 16(6), 571-
574. https://doi.org/10.1046/j.1469-0705.2000.00233.x

Adam, A. P, Curry, C. J., Hall, J. G., Keppler-Noreuil, K. M., Adam, M. P., &
Dobyns, W. B. (2020). Recurrent constellations of embryonic mal-
formations re-conceptualized as an overlapping group of disorders
with shared pathogenesis. American Journal of Medical Genetics Part A,
182A(11), 2646-2661. https://doi.org/10.1002/ajmg.a.61847

Amelot, A., Cretolle, C., de Saint, D. T., Sarnacki, S., Catala, M., & Zerah, M.
(2020). Spinal dysraphism as a new entity in V.ACTE.RL syndrome,
resulting in a novel acronym V.A.C.TE.R.L.S. European Journal of Pediatrics,
179(7), 1121-1129. https://doi.org/10.1007/s00431-020-03609-4

Arteaga-Vazquez, J., Luna-Mufoz, L., Morales-Sudrez, J. J, &
Mutchinick, O. M. (2019). OEIS complex: Prevalence, clinical, and epi-
demiologic findings in a multicenter Mexican birth defects surveillance
program. Birth Defects Research, 111(11), 666-671. https://doi.org/
10.1002/bdr2.1512

Aslan, A., Karagtizel, G., Unal, I., Aksoy, N., & Melikoglu, M. (2004). Two
rare cases of the pentalogy of Cantrell or its variants. Acta Medica
Austriaca, 31(3), 85-87.

Baker, H., DeAngelis, B., Holland, B., Gittens-Williams, L., & Barrett, T., Jr.
(2002). Vitamin profile of 563 gravidas during trimesters of pregnancy.
Journal of the American College of Nutrition, 21(1), 33-37. https://doi.
org/10.1080/07315724.2002.10719191

Bargy, F., & Beaudoin, S. (2014). Comprehensive developmental mecha-
nisms in gastroschisis. Fetal Diagnosis and Therapy, 36(3), 223-230.
https://doi.org/10.1159/000360080

Bartels, E., Jenetzky, E., Solomon, B. D., Ludwig, M., Schmiedeke, E.,
Grasshoff-Derr, S., Schmidt, D., Marzheuser, S., Hosie, S., Weih, S.,
Holland-Cunz, S., Palta, M., Leonhardt, J., Schifer, M., Kujath, C.,
Rissmann, A., Néthen, M. M., Reutter, H., & Zwink, N. (2012). Inheri-
tance of the VATER/VACTERL association. Pediatric Surgery Interna-
tional, 28(7), 681-685. https://doi.org/10.1007/s00383-012-3100-z

Bertoldo, M. J., Listijono, D. R., Ho, W. J,, Riepsamen, A. H., Goss, D. M.,
Richani, D., Jin, X. L., Mahbub, S., Campbell, J. M., Habibalahi, A,,
Loh, W. N, Youngson, N. A., Maniam, J., Wong, A. S. A,, Selesniemi, K.,


https://orcid.org/0000-0002-1020-888X
https://orcid.org/0000-0002-1020-888X
https://doi.org/10.1046/j.1469-0705.2000.00233.x
https://doi.org/10.1002/ajmg.a.61847
https://doi.org/10.1007/s00431-020-03609-4
https://doi.org/10.1002/bdr2.1512
https://doi.org/10.1002/bdr2.1512
https://doi.org/10.1080/07315724.2002.10719191
https://doi.org/10.1080/07315724.2002.10719191
https://doi.org/10.1159/000360080
https://doi.org/10.1007/s00383-012-3100-z

MARK

Bustamante, S., Li, C., Zhao, Y., Marinova, M. B, ... Wu, L. E. (2020).
NAD™ repletion rescues female fertility during reproductive aging. Cell
Reports, 30(6), 1670-1681. https://doi.org/10.1016/j.celrep.2020.
01.058

Blackburn, W., & Cooley, W. (2006). Umbilical cord. In R. E. Stevenson,
J. G. Hall, D. B. Everman, & B. D. Solomon (Eds.), Human malformations
and related anomalies (2nd ed.). Oxford University Press.

Boer, L. L, Morava, E., Klein, W. M., Schepens-Franke, A. N., &
Qostra, R. J. (2017). Sirenomelia: A multi-systemic polytopic field
defect with ongoing controversies. Birth Defects Research, 109(10),
791-804. https://doi.org/10.1002/bdr2.1049

Cantd, C., Menzies, K. J., & Auwerx, J. (2015). NAD(+) metabolism and the
control of energy homeostasis: A balancing act between mitochondria
and the nucleus. Cell Metabolism, 22(1), 31-53. https://doi.org/10.
1016/j.cmet.2015.05.023

Cantrell, J. R, Haller, J. A., & Ravitch, M. M. (1958). A syndrome of congen-
ital defects involving the abdominal wall, sternum, diaphragm, pericar-
dium, and heart. Surgery, Gynecology, & Obstetrics, 107, 602-614.

Caracausi, M., Ghini, V., Locatelli, C., Mericio, M., Piovesan, A,
Antonaros, F., Pelleri, M. C., Vitale, L., Vacca, R. A. Bedetti, F,,
Mimmi, M. C., Luchinat, C., Turano, P., Strippoli, P., & Cocchi, G.
(2018). Plasma and urinary metabolomic profiles of Down syndrome
correlate with alteration of mitochondrial metabolism. Scientific
Reports, 14, 2977. https://doi.org/10.1038/s41598-018-20834-y

Carey, J. C., Greenbaum, B., & Hall, B. D. (1978). The OEIS complex
(omphalocele, exstrophy, imperforate anus, spinal defects). Birth
Defects Original Article Series, 14(6B), 253-263.

Castori, M. (2013). Diabetic embryopathy: A developmental perspective
from fertilization to adulthood. Molecular Syndromology, 4(1-2), 74-
86. https://doi.org/10.1159/000345205

Colpaert, C., Bogers, J., Hertveldt, K., Loquet, P., Dumon, J., & Willems, P.
(2000). Limb-body wall complex: 4 new cases illustrating the impor-
tance of examining placenta and umbilical cord. Pathology Research
and Practice, 196(11), 783-790. https://doi.org/10.1016/S0344-0338
(00)80114-4

Conlon, N., & Ford, D. (2022). A systems-approach to NAD+ restoration.
Biochemical Pharmacology, 198, 114946. https://doi.org/10.1016/j.
bcp.2022.114946

Craven, C. M,, Carey, J. C., & Ward, K. (1997). Umbilical cord agenesis in
limb body wall defect. American Journal of Medical Genetics, 71(1),
97-105.

Cuny, H., Rapadas, M., Gereis, J., Martin, E. M. M. A, Kirk, R. B, Shi, H., &
Dunwoodie, S. L. (2020). NAD deficiency due to environmental factors
or gene-environment interactions causes congenital malformations
and miscarriage in mice. Proceedings of the National Academy of Sci-
ences, United States of America, 117(7), 3738-3747. https://doi.org/
10.1073/pnas.1916588117

Dean, J. H., Pauly, R., & Stevenson, R. E. (2020). Neural tube defects and
associated anomalies before and after folic acid fortification. Journal of
Pediatrics, 226(Nov), 186-194. https://doi.org/10.1016/].jpeds.2020.
07.002

Duncan, P. A, & Shapiro, L. R. (1988). Sirenomelia and VATER association:
Possible interrelated disorders with common embryologic pathogene-
sis. Dysmorphology and Clinical Genetics, 1988(2), 96-103.

Duncan, P. A,, & Shapiro, L. R. (1993). Interrelationships of the hemifacial
microsomia-VATER, VATER, and sirenomelia phenotypes. American
Journal of Medical Genetics, 47(1), 75-84. https://doi.org/10.1002/
ajmg.1320470116

Duncan, P. A,, Shapiro, L. R,, Stangel, J. J., Klein, R. M., & Addonizio, J. C.
(1979). The MURCS association: Miillerian duct aplasia, renal aplasia,
and cervicothoracic somite dysplasia. Journal of Pediatrics, 95(3), 399-
402. https://doi.org/10.1016/s0022-3476(79)80514-4

Ehmke, N., Cusmano-Ozog, K., Koenig, R. Holtgrewe, M., Nur, B,
Mihci, E., Babcock, H., Gonzaga-Jauregui, C., Overton, J. D., Xiao, J.,
Martinez, A. F., Muenke, M., Balzer, A., Jochim, J., El Choubassi, N.,

AMERI.CAN JOURNAL'UF PART 2847
medical genetics w1 LEYJ—

Fischer-Zirnsak, B., Huber, C., Kornak, U., Elsea, S. H., ... Ferreira, C. R.
(2020). Biallelic variants in KYNU cause a multisystemic syndrome
with hand hyperphalangism. Bone, 2020(133), 115219. https://doi.
org/10.1016/j.bone.2019.115219

El Mansoury, J., & Mbekeani, J. N. (2016). Late recognition of a case of
oculo-auriculo-vertebral spectrum. Optometry and Vision Science,
93(11), 1449-1453. https://doi.org/10.1097/0OPX.00000000000
01002

Escobar, L. F., Weaver, D. D., Bixler, D., Hodes, M. E., & Mitchell, M.
(1987). Urorectal septum malformation sequence. Report of six cases
and embryological analysis. The American Journal of Diseases of Chil-
dren, 141(9), 1021-1024. https://doi.org/10.1001/archpedi.1987.
04460090098038

Fernandez, M. S., Lépez, A, Vila, J. J., Lluna, J., & Miranda, J. (1997). Can-
trell's pentalogy. Report of four cases and their management. Pediatric
Surgery International, 12(5-6), 428-431. https://doi.org/10.1007/
BF01076959

Finkel, T., Deng, C. X., & Mostoslavsky, R. (2009). Recent progress in the
biology and physiology of sirtuins. Nature, 460(7255), 587-591.
https://doi.org/10.1038/nature08197

Forero LT, Bird LM. (2021). Genital anomalies in patients with VACTERL.
Should we consider adding the G? Abstract, 42" Annual David
W. Smith Workshop on Malformations and Morphogenesis.

Grigore, M., Furnica, C., Esanu, I., & Gafitanu, D. (2018). Pentalogy of Can-
trell associated with unilateral anophthalmia: Case report and litera-
ture review. Medicine (Baltimore), 297(31), e11511. https://doi.org/10.
1097/MD.0000000000011511

Guerrier, D., Mouchel, T., Pasquier, L., & Pellerin, I. (2006). The Mayer-
Rokitansky-Kuster-Hauser syndrome (congenital absence of uterus
and vagina)—Phenotypic manifestations and genetic approaches. Jour-
nal of Negative Results in Biomedicine, 27(5), 1. https://doi.org/10.
1186/1477-5751-5-1

Halder, A. (2010). Amniotic band syndrome and/or limb body wall com-
plex: Split or lump. The Application of Clinical Genetics, 3, 7-15.
https://doi.org/10.2147/tacg.s8894

Hartwig, N. G., Steffelaar, J. W., Van de Kaa, C., Schueler, J. A., & Vermeij-
Keers, C. (1991). Abdominal wall defect associated with persistent clo-
aca. The embryologic clues in autopsy. American Journal of Clinical
Pathology, 96(5), 640-647. https://doi.org/10.1093/ajcp/96.5.640

Heyroth-Griffis, C. A., Weaver, D. D., Faught, P., Bellus, G. A., & Torres-
Martinez, W. (2007). On the spectrum of limb-body wall complex,
exstrophy of the cloaca, and urorectal septum malformation sequence.
American Journal of Medical Genetics Part A, 143A(10), 1025-1031.
https://doi.org/10.1002/ajmg.a.31691

Hong, W., Mo, F., Zhang, Z., Huang, M., & Wei, X. (2020). Nicotinamide
mononucleotide: A promising molecule for therapy of diverse diseases
by targeting NAD+ metabolism. Frontiers in Cell and Development Biol-
ogy, 28(8), 246. https://doi.org/10.3389/fcell.2020.00246

Hunter, A. G., Seaver, L. H., & Stevenson, R. E. (2011). Limb-body wall
defect. Is there a defensible hypothesis and can it explain all the asso-
ciated anomalies? American Journal of Medical Genetics Part A, 155A(9),
2045-2059. https://doi.org/10.1002/ajmg.a.34161

Innes, A. M., & Lynch, D. C. (2021). Fifty years of recognizable patterns of
human malformation: Insights and opportunities. American Journal of
Medical Genetics Part A, 185(9), 2653-2669. https://doi.org/10.1002/
ajmg.a.62240

Jackson, M., Marks, L., May, G. H. W., & Wilson, J. B. (2018). The genetic
basis of disease. Essays in Biochemistry, 62(5), 643-723. https://doi.
org/10.1042/EBC20170053

Jensen, O. A, Hagerstrand, I., Brun, A,, & Lofgren, O. (1993). Limb-body wall
complex with anophthalmos and choroidal coloboma. Pediatric Pathology,
13(4), 505-517. https://doi.org/10.3109/15513819309048239

Jnah, A. J., Newberry, D. M., & England, A. (2015). Pentalogy of Cantrell:
Case report with review of the literature. Advances in Neonatal Care,
15(4), 261-268. https://doi.org/10.1097/ANC.0000000000000209


https://doi.org/10.1016/j.celrep.2020.01.058
https://doi.org/10.1016/j.celrep.2020.01.058
https://doi.org/10.1002/bdr2.1049
https://doi.org/10.1016/j.cmet.2015.05.023
https://doi.org/10.1016/j.cmet.2015.05.023
https://doi.org/10.1038/s41598-018-20834-y
https://doi.org/10.1159/000345205
https://doi.org/10.1016/S0344-0338(00)80114-4
https://doi.org/10.1016/S0344-0338(00)80114-4
https://doi.org/10.1016/j.bcp.2022.114946
https://doi.org/10.1016/j.bcp.2022.114946
https://doi.org/10.1073/pnas.1916588117
https://doi.org/10.1073/pnas.1916588117
https://doi.org/10.1016/j.jpeds.2020.07.002
https://doi.org/10.1016/j.jpeds.2020.07.002
https://doi.org/10.1002/ajmg.1320470116
https://doi.org/10.1002/ajmg.1320470116
https://doi.org/10.1016/s0022-3476(79)80514-4
https://doi.org/10.1016/j.bone.2019.115219
https://doi.org/10.1016/j.bone.2019.115219
https://doi.org/10.1097/OPX.0000000000001002
https://doi.org/10.1097/OPX.0000000000001002
https://doi.org/10.1001/archpedi.1987.04460090098038
https://doi.org/10.1001/archpedi.1987.04460090098038
https://doi.org/10.1007/BF01076959
https://doi.org/10.1007/BF01076959
https://doi.org/10.1038/nature08197
https://doi.org/10.1097/MD.0000000000011511
https://doi.org/10.1097/MD.0000000000011511
https://doi.org/10.1186/1477-5751-5-1
https://doi.org/10.1186/1477-5751-5-1
https://doi.org/10.2147/tacg.s8894
https://doi.org/10.1093/ajcp/96.5.640
https://doi.org/10.1002/ajmg.a.31691
https://doi.org/10.3389/fcell.2020.00246
https://doi.org/10.1002/ajmg.a.34161
https://doi.org/10.1002/ajmg.a.62240
https://doi.org/10.1002/ajmg.a.62240
https://doi.org/10.1042/EBC20170053
https://doi.org/10.1042/EBC20170053
https://doi.org/10.3109/15513819309048239
https://doi.org/10.1097/ANC.0000000000000209

MARK

2848 AMER\'CAN JDURNAL.OF PART
—|—Wl L EY—medical genetics

Katsyuba, E., Romani, M., Hofer, D., & Auwerx, J. (2020). NAD" homeosta-
sis in health and disease. Nature Metabolism, 2(1), 9-31. https://doi.
org/10.1038/s42255-019-0161-5

Keppler-Noreuil, K. M. (2001). OEIS complex (omphalocele-exstrophy-
imperforate anus-spinal defects): A review of 14 cases. American Jour-
nal of Medical Genetics, 99(4), 271-279. https://doi.org/10.1002/
1096-8628(2001)9999:9999<00::aid-ajmg1094>3.0.co;2-#

Koch-Nolte, F., Fischer, S., Haag, F., & Ziegler, M. (2011). Compartmenta-
tion of NAD+-dependent signalling. FEBS Letters, 585(11), 1651-
1656. https://doi.org/10.1016/j.febslet.2011.03.045

Kruszka, P., & Muenke, M. (2018). Syndromes associated with
holoprosencephaly. American Journal of Medical Genetics, Part C, Semi-
nars in Medical Genetics, 178(2), 229-237. https://doi.org/10.1002/
ajmg.c.31620

Lhuaire, M., Jestin, A., Boulagnon, C., Loock, M., Doco-Fenzy, M.,
Gaillard, D., Diebold, M. D., Avisse, C., & Labrousse, M. (2013).
Sirenomelia: A new type, showing VACTERL association with Thomas
syndrome and a review of literature. Birth Defects Research. Part A,
Clinical and Molecular Teratology, 97(3), 123-132. https://doi.org/10.
1002/bdra.23125

Liu, Y., Chen, S., Zuhlke, L., Black, G. C, Choy, M. K, Li, N, &
Keavney, B. D. (2019). Global birth prevalence of congenital heart
defects 1970-2017: Updated systematic review and meta-analysis of
260 studies. International Journal of Epidemiology, 48(2), 455-463.
https://doi.org/10.1093/ije/dyz009

Lépez-Muiioz, E., & Becerra-Solano, L. E. (2018). An update on amniotic
bands sequence. Archivos Argentinos de Pediatra, 116(3), e409-e420.
https://doi.org/10.5546/aap.2018.eng.e409

Lubinsky, M. (2017). Embryonic hypocellularity, blastogenetic mal-
formations, and fetal growth restriction. American Journal of Medical
Genetics Part A, 173(1), 151-156. https://doi.org/10.1002/ajmg.a.
37985

Maes, M., Anderson, G., Betancort Medina, S. R, Seo, M., & Ojala, J. O.
(2019). Integrating autism spectrum disorder pathophysiology: Mito-
chondria, vitamin A, CD38, oxytocin, serotonin and melatonergic
alterations in the placenta and gut. Current Pharmaceutical Design,
25(41), 4405-4420. https://doi.org/10.2174/138161282566619
1102165459

Martinez-Frias, M. L. (1997). Clinical and epidemiological characteristics of
infants with body wall complex with and without limb deficiency.
American Journal of Medical Genetics, 73, 170-175. https://doi.org/10.
1002/(sici)1096-8628(1997)73:2<170::aid-ajmg11>3.0.co;2-r

Mei, Z., Zhang, X, Yi, J., Huang, J., He, J., & Tao, Y. (2016). Sirtuins in
metabolism, DNA repair and cancer. Journal of Experimental & Clinical
Cancer Research, 35(1), 182. https://doi.org/10.1186/s13046-016-
0461-5

Meschede, D., Kliesch, S., Horst, J., & Nieschlag, E. (1998). Azoospermia
and segmentation abnormalities of the cervicothoracic spine (MURCS
in the male'). Clinical Dysmorphology, 7(1), 59-60.

Morales, J., Li, L., Fattah, F. J., Dong, Y., Bey, E. A, Patel, M., Gao, J.,, &
Boothman, D. A. (2014). Review of poly (ADP-ribose) polymerase
(PARP) mechanisms of action and rationale for targeting in cancer and
other diseases. Critical Reviews in Eukaryotic Gene Expression, 24(1), 15-
28. https://doi.org/10.1615/critreveukaryotgeneexpr.2013006875

MRC Vitamin Study Research Group. (1991). Prevention of neural tube
defects: Results of the Medical Research Council Vitamin Study. Lan-
cet, 338(8760), 131-137.

Opitz, J. M., Zanni, G., Reynolds, J. F., Jr., & Gilbert-Barness, E. (2002).
Defects of blastogenesis. American Journal of Medical Genetics, 115(4),
269-286. https://doi.org/10.1002/ajmg.10983

Peer, D., Moroder, W., & Delucca, A. (1993). Pranatale diagnose einer
Cantrellschen pentalogie kombiniert mit exenzephalie und
amnionbridensyndrom (Prenatal diagnosis of the pentalogy of Can-
trell combined with exencephaly and amniotic band syndrome).

European Journal of Ultrasound, 14(2), 94-95. https://doi.org/10.
1055/s-2007-1005224

Quan, L., & Smith, D. W. (1973). The VATER association. Vertebral defects,
anal atresia, T-E fistula with esophageal atresia, radial and renal dyspla-
sia: A spectrum of associated defects. Journal of Pediatrics, 82(1), 104-
107. https://doi.org/10.1016/s0022-3476(73)80024-1

Rittler, M., Paz, J. E., & Castilla, E. E. (1996). VACTERL association, epide-
miologic definition and delineation. American Journal of Medical Genet-
ics, 63(4), 529-536. https://doi.org/10.1002/(SICI)1096-8628
(19960628)63:4<529:AID-AJMG4>3.0.CO;2-J

Sadler, T. W., & Feldkamp, M. L. (2008). The embryology of body wall clo-
sure: Relevance to gastroschisis and other ventral body wall defects.
American Journal of Medical Genetics, Part C, Seminars in Medical Genet-
ics, 148(3), 180-185.

Sahar, S., Nin, V., Barbosa, M. T., Chini, E. N., & Sassone-Corsi, P. (2011).
Altered behavioral and metabolic circadian rhythms in mice with
disrupted NAD-+ oscillation. Aging (Albany NY), 3(8), 794-802. https://
doi.org/10.18632/aging.100368

Schiile, 1., Berger, U., Matysiak, U., Ruzaike, G., Stiller, B., Pohl, M.,
Spiekerkoetter, U., Lausch, E., Griinert, S. C., & Schmidts, M. (2021). A
homozygous deletion of Exon 5 of KYNU resulting from a maternal
chromosome 2 isodisomy (UPD2) causes Catel-Manzke-
syndrome/VCRL Syndrome. Genes (Basel), 12(6), 879. https://doi.org/
10.3390/genes12060879

Schiippler, U., Weisner, D., Schollmeyer, T., Grillo, M., & Franz, W. (1994).
Kombination von Cantrellscher pentalogie und amnionbdndersyndrom:
Eine falldarstellung (Combination of Cantrell pentalogy and amniotic
band syndrome: A case report). Zentralblatt fiir Gyndkologie, 116(2),
115-119.

Sha, Q., Madaj, Z., Keaton, S., Escobar Galvis, M. L., Smart, L.,
Krzyzanowski, S., Fazleabas, A. T., Leach, R., Postolache, T. T,
Achtyes, E. D., & Brundin, L. (2022). Cytokines and tryptophan metab-
olites can predict depressive symptoms in pregnancy. Translational
Psychiatry, 12(1), 35. https://doi.org/10.1038/s41398-022-01801-8

Shi, H., Enriquez, A., Rapadas, M., Martin, E. M. M. A, Wang, R,
Moreau, J., Lim, C. K., Szot, J. O., Ip, E., Hughes, J. N., Sugimoto, K.,
Humphreys, D. T., Mclnerney-Leo, A. M., Leo, P. J., Maghzal, G. J.,
Halliday, J., Smith, J., Colley, A., Mark, P. R,, ... Dunwoodie, S. L. (2017).
NAD deficiency, congenital malformations, and niacin supplementa-
tion. New England Journal of Medicine, 377(6), 544-552. https://doi.
org/10.1056/NEJMo0al1616361

Siebert, J. R., Schoenecker, K. A, Resta, R. G., & Kapur, R. P. (2005).
Holoprosencephaly and limb reduction defects: A consideration of
Steinfeld syndrome and related conditions. American Journal of Medical
Genetics Part A, 134(4), 381-392. https://doi.org/10.1002/ajmg.a.
30648

Solomon, B. D., Bear, K. A., Kimonis, V., de Klein, A,, Scott, D. A., Shaw-
Smith, C., Tibboel, D., Reutter, H., & Giampietro, P. F. (2012). Clinical
geneticists' views of VACTERL/VATER association. American Journal
of Medical Genetics Part A, 158A(12), 3087-3100. https://doi.org/10.
1002/ajmg.a.35638

Solomon, B. D., Kruszka, P., & Muenke, M. (2018). Holoprosencephaly
flashcards: An updated summary for the clinician. American Journal of
Medical Genetics Part C, 178(2), 117-121. https://doi.org/10.1002/
ajmg.c.31621

Stearns, F. W. (2010). One hundred years of pleiotropy: A retrospective.
Genetics, 186(3), 767-773. https://doi.org/10.1534/genetics.110.
122549

Stevenson, R. E. (2021). Common pathogenesis for sirenomelia, OEIS com-
plex, limb-body wall defect, and other malformations of caudal struc-
tures. American Journal of Medical Genetics Part A, 185(5), 1379-1387.
https://doi.org/10.1002/ajmg.a.62103

Suri, M., Brueton, L. A., Venkatraman, N., & Cox, P. M. (2000). MURCS
association with encephalocele: Report of a second case. Clinical


https://doi.org/10.1038/s42255-019-0161-5
https://doi.org/10.1038/s42255-019-0161-5
https://doi.org/10.1002/1096-8628(2001)9999%3a9999%253C00%3a%3aaid-ajmg1094%253E3.0.co%3b2-%23
https://doi.org/10.1002/1096-8628(2001)9999%3a9999%253C00%3a%3aaid-ajmg1094%253E3.0.co%3b2-%23
https://doi.org/10.1016/j.febslet.2011.03.045
https://doi.org/10.1002/ajmg.c.31620
https://doi.org/10.1002/ajmg.c.31620
https://doi.org/10.1002/bdra.23125
https://doi.org/10.1002/bdra.23125
https://doi.org/10.1093/ije/dyz009
https://doi.org/10.5546/aap.2018.eng.e409
https://doi.org/10.1002/ajmg.a.37985
https://doi.org/10.1002/ajmg.a.37985
https://doi.org/10.2174/1381612825666191102165459
https://doi.org/10.2174/1381612825666191102165459
https://doi.org/10.1002/(sici)1096-8628(1997)73:2%3C170::aid-ajmg11%3E3.0.co;2-r
https://doi.org/10.1002/(sici)1096-8628(1997)73:2%3C170::aid-ajmg11%3E3.0.co;2-r
https://doi.org/10.1186/s13046-016-0461-5
https://doi.org/10.1186/s13046-016-0461-5
https://doi.org/10.1615/critreveukaryotgeneexpr.2013006875
https://doi.org/10.1002/ajmg.10983
https://doi.org/10.1055/s-2007-1005224
https://doi.org/10.1055/s-2007-1005224
https://doi.org/10.1016/s0022-3476(73)80024-1
https://doi.org/10.1002/(SICI)1096-8628(19960628)63:4%3C529:AID-AJMG4%3E3.0.CO;2-J
https://doi.org/10.1002/(SICI)1096-8628(19960628)63:4%3C529:AID-AJMG4%3E3.0.CO;2-J
https://doi.org/10.18632/aging.100368
https://doi.org/10.18632/aging.100368
https://doi.org/10.3390/genes12060879
https://doi.org/10.3390/genes12060879
https://doi.org/10.1038/s41398-022-01801-8
https://doi.org/10.1056/NEJMoa1616361
https://doi.org/10.1056/NEJMoa1616361
https://doi.org/10.1002/ajmg.a.30648
https://doi.org/10.1002/ajmg.a.30648
https://doi.org/10.1002/ajmg.a.35638
https://doi.org/10.1002/ajmg.a.35638
https://doi.org/10.1002/ajmg.c.31621
https://doi.org/10.1002/ajmg.c.31621
https://doi.org/10.1534/genetics.110.122549
https://doi.org/10.1534/genetics.110.122549
https://doi.org/10.1002/ajmg.a.62103

MARK

Dysmorphology, 9(1), 31-33. https://doi.org/10.1097/00019605-
200009010-00006

Szot, J. O., Campagnolo, C., Cao, Y., lyer, K. R,, Cuny, H., Drysdale, T.,
Flores-Daboub, J. A, Bi, W., Westerfield, L., Liu, P., Leung, T. N,,
Choy, K. W., Chapman, G., Xiao, R, Siu, V. M., & Dunwoodie, S. L.
(2020). Bi-allelic mutations in NADSYN1 cause multiple organ defects
and expand the genotypic spectrum of Congenital NAD Deficiency
Disorders. American Journal of Human Genetics, 106(1), 129-136.
https://doi.org/10.1016/j.ajhg.2019.12.006

Szot, J. O,, Slavotinek, A., Chong, K., Brandau, O., Nezarati, M., Cueto-
Gonzélez, A. M., Patel, M. S., Devine, W. P., Rego, S., Acyinena, A. P.,
Shannon, P., Myles-Reid, D., Blaser, S., Mieghem, T. V. Yavuz-
Kienle, H., Skladny, H., Miller, K., MDT, R, Martinez, S. A, ...
Dunwoodie, S. L. (2021). New cases that expand the genotypic and
phenotypic spectrum of Congenital NAD Deficiency Disorder. Human
Mutation, 42(7), 862-876. https://doi.org/10.1002/humu.24211

Toyama, W. M. (1972). Combined congenital defects of the anterior
abdominal wall, sternum, diaphragm, pericardium, and heart: A case
report and review of the syndrome. Pediatrics, 50(5), 778-792.

Van Allen, M. L., Curry, C., & Gallagher, L. (1987). Limb body wall complex:
|. pathogenesis. American Journal of Medical Genetics, 28(3), 529-548.
https://doi.org/10.1002/ajmg.1320280302

van de Putte, R, van Rooij, I. A. L. M., Haanappel, C. P., Marcelis, C. L. M,
Brunner, H. G, Addor, M. C., Cavero-Carbonell, C., Dias, C. M,
Draper, E. S., Etxebarriarteun, L., Gatt, M., Khoshnood, B., Kinsner-
Ovaskainen, A., Klungsoyr, K., Kurinczuk, J. J., Latos-Bielenska, A., Luyt, K.,
O'Mahony, M. T., Miller, N,, ... Roeleveld, N. (2020). Maternal risk factors
for the VACTERL association: A EUROCAT case-control study. Birth
Defects Research, 112(9), 688-698. https://doi.org/10.1002/bdr2.1686

Van de Putte, R., van Rooij, I. A. L. M., Marcelis, C. L. M., Guo, M.,
Brunner, H. G., Addor, M. C., Cavero-Carbonell, C., Dias, C. M,,
Draper, E. S., Etxebarriarteun, L., Gatt, M. Haeusler, M,
Khoshnood, B., Klungsoyr, K., Kurinczuk, J. J., Lanzoni, M., Latos-
Bielenska, A., Luyt, K., O'Mahony, M. T,, ... Bergman, J. E. H. (2020).
Spectrum of congenital anomalies among VACTERL cases: A
EUROCAT population-based study. Pediatric Research, 87(3), 541-
549. https://doi.org/10.1038/s41390-019-0561-y

Vermeij-Keers, C., Hartwig, N. G., & van der Werff, J. F. (1996). Embryonic
development of the ventral body wall and its congenital mal-
formations. Seminars in Pediatric Surgery, 5(2), 82-89.

Vissers, L. E., van Ravenswaaij, C. M., Admiraal, R, Hurst, J. A, de
Vries, B. B., Janssen, I. M., van der Vliet, W. A, Huys, E. H., de
Jong, P. J, Hamel, B. C., Schoenmakers, E. F., Brunner, H. G,
Veltman, J. A., & van Kessel, A. G. (2004). Mutations in a new member
of the chromodomain gene family cause CHARGE syndrome. Nature
Genetics, 36(9), 955-957. https://doi.org/10.1038/ng1407

Wellesley, D. G., & Slaney, S. F. (1995). MURCS in a male? Journal of Medi-
cal Genetics, 32(4), 314-315. https://doi.org/10.1136/jmg.32.4.314

AMERI.CAN JOURNAL'UF PART 2849
medical genetics w1 LEYJ—

Wheeler, P. G., & Weaver, D. D. (2001). Partial urorectal septum mal-
formation sequence: A report of 25 cases. American Journal of
Medical Genetics, 103(2), 99-105. https://doi.org/10.1002/ajmg.
1510

Wijers, C. H., van Rooij, I. A, Bakker, M. K., Marcelis, C. L., Addor, M. C.,
Barisic, 1., Béres, J., Bianca, S., Bianchi, F., Calzolari, E., Greenlees, R.,
Lelong, N., Latos-Bielenska, A., Dias, C. M., McDonnell, R,
Mullaney, C., Nelen, V., O'Mahony, M., Queisser-Luft, A., ... de
Walle, H. E. (2013). Anorectal malformations and pregnancy-related
disorders: A registry-based case-control study in 17 European regions.
British Journal of Obstetrics and Gynecology, 120(9), 1066-1074.
https://doi.org/10.1111/1471-0528.12235

Williamson, D. H., Lund, P., & Krebs, H. A. (1967). The redox state of free
nicotinamide-adenine dinucleotide in the cytoplasm and mitochondria
of rat liver. The Biochemical Journal, 103(2), 514-527. https://doi.org/
10.1042/bj1030514

Wu, X,, Hu, F., Zeng, J., Han, L., Qiu, D., Wang, H., Ge, J, Ying, X,, &
Wang, Q. (2019). NMNAT2-mediated NAD™' generation is essential
for quality control of aged oocytes. Aging Cell, 18(3), e12955. https://
doi.org/10.1111/acel.12955

Xu, T., Wang, X., Luo, H., & Yu, H. (2018). Sirenomelia in twin pregnancy:
A case report and literature review. Medicine (Baltimore), 97(51),
e13672. https://doi.org/10.1097/MD.0000000000013672

Zapata-Pérez, R., Wanders, R. J. A, van Karnebeek, C. D. M., &
Houtkooper, R. H. (2021). NAD" homeostasis in human health and
disease. EMBO Molecular Medicine, 13(7), e13943. https://doi.org/10.
15252/emmm.202113943

Zhang, M., & Ying, W. (2019). NAD™ deficiency is a common central path-
ological factor of a few diseases and aging: Mechanisms and therapeu-
tic implications. Antioxidants & Redox Signaling, 30(6), 890-905.
https://doi.org/10.1089/ars.2017.7445

Zhang, T., & Kraus, W. L. (2010). SIRT1-dependent regulation of chromatin
and transcription: Linking NAD(+) metabolism and signaling to the
control of cellular functions. Biochimica et Biophysica Acta, 1804(8),
1666-1675. https://doi.org/10.1016/j.bbapap.2009.10.022

Zheng, Y., & Cantley, L. C. (2019). Toward a better understanding of folate
metabolism in health and disease. Journal of Experimental Medicine,
216(2), 253-266. https://doi.org/10.1084/jem.20181965

How to cite this article: Mark, P. R. (2022). NAD+ deficiency
in human congenital malformations and miscarriage: A new
model of pleiotropy. American Journal of Medical Genetics Part
A, 188A:2834-2849. https://doi.org/10.1002/ajmg.a.62764



https://doi.org/10.1097/00019605-200009010-00006
https://doi.org/10.1097/00019605-200009010-00006
https://doi.org/10.1016/j.ajhg.2019.12.006
https://doi.org/10.1002/humu.24211
https://doi.org/10.1002/ajmg.1320280302
https://doi.org/10.1002/bdr2.1686
https://doi.org/10.1038/s41390-019-0561-y
https://doi.org/10.1038/ng1407
https://doi.org/10.1136/jmg.32.4.314
https://doi.org/10.1002/ajmg.1510
https://doi.org/10.1002/ajmg.1510
https://doi.org/10.1111/1471-0528.12235
https://doi.org/10.1042/bj1030514
https://doi.org/10.1042/bj1030514
https://doi.org/10.1111/acel.12955
https://doi.org/10.1111/acel.12955
https://doi.org/10.1097/MD.0000000000013672
https://doi.org/10.15252/emmm.202113943
https://doi.org/10.15252/emmm.202113943
https://doi.org/10.1089/ars.2017.7445
https://doi.org/10.1016/j.bbapap.2009.10.022
https://doi.org/10.1084/jem.20181965
https://doi.org/10.1002/ajmg.a.62764

	NAD+ deficiency in human congenital malformations and miscarriage: A new model of pleiotropy
	1  PART I: EVIDENCE THAT MULTIPLE MALFORMATION CONDITIONS ARE NOT DISTINCT ENTITIES: INTRODUCTION
	1.1  There is no uniform consensus of clinical diagnostic criteria for each of these conditions and all of them fail to cap...
	1.2  Reports of cases consistently show overlapping features with other conditions in this group
	1.3  All conditions in this group share overlapping cardinal features with at least one other condition in this entity, and...

	2  PART II: EVIDENCE NAD+ DEFICIENCY CAN CAUSE CONGENITAL MALFORMATIONS AND MISCARRIAGE: A CONCISE REVIEW OF NAD+
	2.1  Phenotypic findings of mice with environment only or gene-environment NAD+ deficiency
	2.2  Congenital malformations identified in patients with biallelic variants in NAD+ de novo synthesis pathway genes
	2.3  Review of malformations seen in mice and humans with NAD+ deficiency compared to multiple malformation conditions
	2.4  An increased rate of reported discordant monozygotic twinning and instances of co-occurrence of two phenotypes in one ...
	2.5  There is minimal to no recurrence risk of these specific conditions
	2.6  A lack of a known recurrent genetic cause in affected individuals

	3  BODY WALL, AMNION, AND UMBILICAL CORD ABNORMALITIES
	4  DISCUSSION
	5  FUTURE DIRECTION
	ACKNOWLEDGMENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


