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1 | INTRODUCTION

Kalpana Miriyala

Waardenburg syndrome type 1 (WS1) is an autosomal dominant genetic condition
characterized by sensorineural deafness and pigment abnormalities, and is caused by
variants in the PAX3 homeodomain. PAX3 variants have been associated with severe
neural tube defects in mice and humans, but the frequency and clinical manifestations
of this symptom remain largely unexplored in humans. Consequently, the role of PAX3
in human neural tube formation remains a study of interest, for clinical as well as
research purposes. Though the association between spina bifida and WS1 is now well-
documented, no study has attempted to characterize the range of spina bifida
phenotypes seen in WS. Spina bifida encompasses several diagnoses with a wide scope
of clinical severity, ranging from spina bifida occulta to myelomeningocele. We present
a patient with Waardenburg syndrome type 1 caused by a novel missense variant in
PAX3, presenting with myelomeningocele, Arnold-Chiari malformation, and hydro-
cephalus at birth. Additionally, we review 32 total cases of neural tube defects
associated with WS. Including this report, there have been 15 published cases of
myelomeningocele, 10 cases of unspecified spina bifida, 3 cases of sacral dimples, O
cases of meningocele, and 4 cases of miscellaneous other neural tube defects. Though
the true frequency of each phenotype cannot be determined from this collection of
cases, these results demonstrate that Waardenburg syndrome type 1 carries a notable
risk of severe neural tube defects, which has implications in prenatal and genetic

counseling.
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Waardenburg syndrome

been well-studied in mice models, research into the presentation in

humans has been mostly limited to case studies or small case series.

Waardenburg syndrome is a genetic disorder characterized by
congenital sensorineural deafness as well as striking pigmentary
changes in the iris, hair, and skin, and is classified into types |, I, Ill, and
IV. It has been repeatedly observed that spina bifida and other neural
tube defects (NTDs) occur more often in patients with WS types | and
IIl compared to the general population (Agopian et al., 2013; Pandya
et al., 1996). However, though the link between WS and NTDs has

The symptom is consistent with our genetic understanding of the
disease—WS1 is primarily caused by PAX3, which is expressed in the
neural crest. Additionally, the PAX3 gene has been shown to cause
NTDs at a rate of about 6% in heterozygous mice models, and 95% in
homozygous models (Martin et al., 2003; Tassabehji et al., 1994). In
humans, however, the frequency is largely unknown, and understand-

ing of the clinical presentation is limited by the absence of any large
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study. Only two previous publications include more than two patients
with WS and clinically significant spina bifida, and neither describe the
spina bifida in detail (Baldwin, Hoth, Macina, & Milunsky, 1995; da-
Silva, 1991). Though there are no strong studies, there is now a large
body of reported cases from which to draw insight. In this literature
review and case report, we summarize the body of published cases to
describe the range of neural tube defects seen in Waardenburg
syndrome, and illustrate their clinical importance using the case of a

patient with concomitant WS and myelomeningocele.

2 | CASE REPORT

The proband was born via c-section with a large lumbar myelome-
ningocele and Arnold-Chiari malformation which was repaired at 1 day
of age. He also received a ventriculoperitoneal shunt at that time due
to obstructive hydrocephalus. Hospital records noted talipes calca-
neovalgus present at birth. There was no history of medications,
alcohol, or other harmful substances used during pregnancy. His
mother took no prenatal vitamins before 12 weeks gestation. He
lacked motor control below the waist. At 18 months, with the use of
braces he was able to stand and lean on walls. When he was 20 months
old he suffered osteomyelitis of the left hip. The infection resolved
with surgery and antibiotics, but he has since been wheelchair-bound.
Waardenburg syndrome type 1 was diagnosed at age 1, and he was
noted to have dystopia canthorum, a medial eyebrow flare (synophrys),
a short, low hanging columella, and underdeveloped alae nasi. He has
no hearing loss nor pigmentary abnormalities in his hair, skin, or irides.
When first diagnosed, it was believed by his care team that his
myelomeningocele was not related to his Waardenburg Syndrome—
only when seen by our clinic at age 4 was it noted that his neural tube
defect was another manifestation of his genetic disorder. At that time
he received testing for ADHD using the NICHQ Vanderbilt Parent
Assessment Scale, and was diagnosed with the Predominantly
Hyperactive/Impulsive subtype (answering “often” or “very often” in
7 out of 9 related questions). He was further evaluated using the BASC
behavioral scale, and exhibited hyperactivity and attention difficulties
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in the “at risk” range (60-70th percentile). Subsequent evaluation for
cognitive functioning was performed using the Wechsler Preschool
and Primary Scale of Inteligence-Fourth Edition. He showed low
cognitive functioning across all tests, with no significant difference
between subtests, indicating mild to moderate intellectual disability.
Figure 1 shows the family’s history of Waardenburg syndrome. His
father, paternal uncle, and paternal grandfather all have deafness in the
left ear, dystopia canthorum, and white forelocks. The father has
heterochromic irides not present in other family members. The
deceased paternal great-grandfather also had facial features charac-
teristic of WS, as well as deafness. There is no history of Waardenburg
syndrome or neural tube defects on the patient’s mother’s side.
Genetic analysis was performed on a venous blood sample from
the proband using Next Generation Sequencing. Six genes associated
with WS were tested: PAX3, EDNRB, EDN3, MITF, SNAI2, and SOX10.
The patient was heterozygous for a previously undocumented
¢.124G>C variant in PAX3, causing a predicted p.(Gly42Arg) substitu-
tion (GenBank RefSeq NM_181457.3). The variant was confirmed
using Sanger sequencing. The patient’s variant is near the N-terminus
of the protein-coding region of PAX3, specifically inside the “paired

box” DNA binding domain (National Center for Biotechnology
Information, 2016). This change was analyzed using AlignGVGD,
SIFT, Polyphen, and Mutationtaster, all of which predicted the variant
to be damaging (Adzhubei et al., 2010; Firth et al., 2009; Kumar,
Henikoff, & Ng, 2009; Schwarz, Cooper, Schuelke, & Seelow, 2014).
The proband'’s unaffected mother was tested for PAX3 variants using
the same procedure, and no function-affecting or novel variations
were identified, strongly suggesting the patient’s PAX3 variant was
inherited from his affected father. The father was unavailable for

genetic testing.

3 | DISCUSSION

3.1 | Spina bifida phenotypes

This case illustrates one of the most severe non-fatal spina bifida

phenotypes in Waardenburg syndrome: myelomeningocele with

Facial features Pigmentary abnormalities
] sk

— |
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L-ear deafness Myelomeningocele

. Feature present

Feature possibly present

FIGURE 1 Pedigree showing WS1 and myelomeningocele in index patient (IV.1), and WS1 without neural tube defects in other members.

Diagonal shading indicates individuals where history is uncertain
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hydrocephalus. Among the general population, myelomeningocele
occurs in 1 out of 800 live births, while meningocele is more rare, at 1
out of 5,000 live births (Laurence & Tew, 1971; Persad, Van den Hof,
Dube, & Zimmer, 2002). In our review, we found 15 reported cases of
WS with myelomeningocele (including the patient reported here),
distributed among 13 different families. Five of these cases also
included hydrocephalus that required surgery in the first week of life,
or were else fatal. Among the publications that specified the subtype of
spina bifida, none reported a meningocele. This is surprising—if the
pattern from the general population held, we would expect around
three cases.

Many publications describe patients as having “spina bifida”
without further clarification. Spina bifida is a category of birth defects,
and encompasses a broad range of clinical severity: spina bifida occulta
comprises the vast majority of cases, and is of little clinical significance,
while meningocele and myelomeningocele can be fatal, or cause
lifelong disability. Thus there is opportunity for confusion, as many
authors will use the term “spina bifida” only when referring to a severe
variant such as meningocele or myelomeningocele. In the WS literature
there are very few reports of spina bifida with no clinical significance.
To our knowledge, only one study lists any such cases, reporting three
related patients with WS who had sacral dimples, possibly indicating
spina bifida occulta. We found no study reporting a patient with WS
and a confirmed case of spina bifida occulta. Given its much higher
prevalence in the general population, we were surprised to find it
mentioned so rarely in the WS case literature, even accounting for its
lesser clinical importance. It is possible and even likely that the less
severe NTDs are less frequently reported, but even so these findings
highlight the clear link between WS and severe neural tube defects. A
detailed breakdown of the cases can be found in Table 1.

More severe neural tube defects have been reported in patients
with WS3 caused by homozygous PAX3 variants. In our literature
review, we found five cases of confirmed or suspected homozygous
PAXS3 variants, three of which had neural tube defects (Aymé & Philip,
1995; Mousty et al., 2015; Wollnik et al., 2003; Zlotogora, Lerer, Bar-
David, Ergaz, & Abeliovich, 1995). Four of these were confirmed via
genetic analysis. Aymé and Philip reported a fetus found to have
exencephaly and an incurved spine, a phenotype which very closely
resembles the curved tail found in splotch mice (Aymé & Philip, 1995;
Copp, 1994). More recently, Mousty et al. (2015) reported two fetuses
with confirmed homozygosity. The first demonstrated holoprosence-
phaly and an incurved spine, while the second exhibited a small choroid
plexus, an incurved spine, and a lag between D9 and D10 vertebrae. In
all three of these cases, pregnancy was terminated by week 15. These
cases were reported due to the interesting element of homozygosity,
butitis possible such defects occur in heterozygous individuals as well.

Throughout the WS case literature, we found that many of the
affected families reported spontaneous abortions. From the limited
information available, it is impossible to discern if the spontaneous
abortion rate is higher than in the general population. However, it is
possible that many WS-related neural tube defects fatal during
pregnancy or early in life go unreported as these individuals are usually
not assessed for WS.

WILEY-aica senetics 102

The phenotype of a patient with WS type 1 appears to be
influenced by their genetic background, but individual PAX3
variants do not appear to play a large role. Patients with WS
who share similar variants in the same PAX3 codon frequently do
not have the same clinical presentation, yet cases with monozy-
gotic twins have demonstrated striking similarities between the
two affected patients (Pandya et al., 1996). Outside of monozy-
gotic twins, though, there is considerable variability in phenotype
even within families, and two studies have concluded there is little
correlation between genotype and phenotype in WS type 1
(Baldwin et al., 1995). This pattern appears to hold true for spina
bifida as with most other WS symptoms. In the cases we reviewed,
most of the patients studied had a family history of WS, without
any history of neural tube defects. In larger families with multiple
NTDs, spina bifida exhibited variable penetrance. From the
evidence available, it is apparent that genetics play a role in WS
phenotype, but any divergence in effects produced by different
PAX3 variants are largely overshadowed by multifactorial elements

in the patient’s genetic background.

3.2 | Frequency of neural tube defects

Other reports can provide some insight into the frequency of this
presentation. One cohort study performed in South Africa examined
52 individuals with WS and found spina bifida in two unrelated patients
(de Saxe, Kromberg, & Jenkins, 1984). Another study reported 28 new
cases of WS across seven families; three of these patients had spina
bifida (Baldwin et al., 1995). Both of these reports are included in
Table 1. Lastly, an unpublished review of the Waardenburg Consor-
tium database in 1999 found 6 out of 617 cases had reported neural
tube defects (Nye, McLone, Charrow, & Hayes, 1999). This last number
may be an underestimate, as for much of the 1990s the link between
spina bifida and Waardenburg syndrome was much less clear, and
concomitant spina bifida may have been underreported in WS cases. In
our review of the literature, we found no other study that examined a
large cohort of unrelated WS patients and recorded the incidence of
neural tube defects.

4 | CONCLUSION

This is the largest published collection of neural tube defects in
Waardenburg syndrome to date. PAX3 variants carry increased risk for
spina bifida, and it may increase the risk of myelomeningocele in
particular. Myelomeningocele is a serious presentation of Waarden-
burg syndrome, arguably causing a larger reduction to quality of life
than any other symptom. Our patient lacked the audio-pigmentary
abnormalities, and the facial features had only a minor impact on his
life, but the sequelae of his myelomeningocele caused him significant
disability. Physician awareness of this association will allow for better
genetic counseling, and will better prepare families for a complicated
pregnancy should one occur. It is unknown if folate affects the odds
and severity of spina bifida in these patients, but it would be prudent to
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proactively educate WS carriers on the importance of folate during and
before pregnancy. In instances when the presence of neural tube
defects will affect decisions to continue the pregnancy, we recom-
mend offering prenatal screening via transvaginal ultrasound at both
12-14 weeks as well as 18-20 weeks, following the American College
of Obstetricians and Gynecologists’ guidelines for pregnancies at high
risk for neural tube defects (American College of Obstetricians and
Gynecologists, 2009). Though spina bifida remains an uncommon
manifestation of WS, its severity makes it an important element of the

disease.
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