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Abstract

Introduction Neural tube defects (NTDs) are a group of com-
mon and severe congenital birth defects that occur during
early embryonic development due to incomplete closure of
the neural tube. The genetic architecture of human NTDs,
including spina bifida and hydrocephalus, is highly heteroge-
neous, with multiple genes/loci and both gene-gene and gene-
environment interactions involved. Hence, the variation in
outcomes also most likely relates to a combination of the
severity of different variants in multiple genes and genetic
modifiers affecting the biochemical traits.

Methods Here, we present a multiple-spouse family with one
pedigree linecage where three brothers are affected with
NTDs—two lumbar spina bifidas without hydrocephalus
and one obstructive hydrocephalus. We sequenced the exomes
of three NTD patients and their parents.

Results The analysis revealed a heterozygous ¢.844ins68 var-
iant in CBS, which was carried by all affected individuals and
inherited from their mother. All affected individuals had a
variable set of additional low frequency deleterious variants
in PTK7, PLCD4, IL411 or RASSF4 as likely causal loci con-
tributing to the disease development.
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Conclusion This report extends the current knowledge of the
genetic background of NTDs and proposes that common and
low frequency variants in genes involved mostly in one-
carbon metabolism or planar cell polarity (PCP) pathways
can act in an additive manner to increase the genetic risk of
the disease.
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Introduction

Neural tube defects (NTDs) represent common and severe
congenital birth defects that result from failure of closure of
the neural tube during early embryonic development [1]. The
worldwide incidence of NTDs, including myelomeningocele
and hydrocephalus, is on average 1-2 per 1000 live births [2].
Despite being the second most common developmental birth
defect, the actiology of NTDs remains unclear due to its com-
bined effects of genetic factors and environmental influences
[3]- In humans, the majority of NTDs are sporadic, with oc-
casional familial cases fitting a multifactorial polygenic or
oligogenic inheritance pattern [4]. Most NTD cases result
from an additive contribution of multiple, mostly common
genetic factors, which are each individually insufficient to
disrupt neural tube closure [5]. Multiple studies have been
carried out to investigate numerous candidate genes in cohorts
of patients, referring particularly to those that participate in
one-carbon metabolism pathway [1, 4]. In multiplex NTD
families, whole-exome sequencing (WES) is an alternative
approach to investigate the genetic heritability of both rare
and common coding variants [6]. To date, there is one pub-
lished WES study in sporadic NTD patients [7].
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The aim of the current study was to shed a light upon the
genetic background of familial NTDs by conducting exome
analysis in an Estonian family with three NTD patients.

Materials and methods

In this study, we analysed one family living in Estonia
(Fig. 1). The patients were between 8 and 12 years of
age and were clinically evaluated by an experienced pae-
diatric surgeon in the North Estonia Medical Centre and
by an experienced medical geneticist to exclude the like-
lihood of an underlying syndrome. Ethical approval for
the study was obtained from the Ethics Review
Committee on Human Research of the University of
Tartu. All participants signed an informed consent form
prior to enrolment in this study. For minors, consent was
obtained from their parents. Genomic DNA was extracted
from peripheral lymphocytes using standard techniques.

The patients 111:4 and I11:6 had lumbar spina bifida without
hydrocephalus and patient I1I:5 had obstructive hydrocepha-
lus. The patients’ 111:4 and II1:6 walking ability was satisfac-
tory, they were independent from a wheelchair or crutches.
The patient III:5 was submitted to a shunt operation at the
age of 7 months. No other unusual phenotypic manifestations
were detected in affected individuals. Relevant clinical data
are presented in Table 1.

In all patients, the folate level was significantly below nor-
mal. The homocysteine level was slightly elevated in patients
III:5 and III:6. The patient’s height and weight measurements
did not exceed +2 SD boundary.

Exome sequencing
A total of 3 ug of genomic DNA was used to prepare next-

generation sequencing libraries according to the SureSelectXT
Human All Exon V5 protocol (Agilent Technologies Inc., Santa

o—0

Clara, CA, USA) and was sequenced on HiSeq2500 platform
(Illumina, San Diego, CA, USA) in the Estonian Genome
Center resulting in 2 x 150 bp paired-end reads. 86.5% of calls
had base sequence quality Q > 30 (mean score 36). Reads were
aligned on the human reference genome (GRCh37/hgl19) using
BWA-MEM version 0.7.7. PCR duplicates were marked using
Picard version 1.136. Resulting BAM files were realigned
around known indels and base quality scores recalibrated using
Genome Analysis Toolkit (GATK) version 3.4—46. Genotype
calling was performed on all samples jointly using GATK
HaplotypeCaller algorithm. Genotypes were filtered based on
the GATK Variant Quality Score Recalibration (VQSR) truth
sensitivity values and only PASS sites were considered in the
further analysis. Variants were annotated with Variant Effect
Predictor version 84. We used the PolyPhen-2, SIFT,
MutationTaster and CADD scores to predict the functional
effects of mutations.

Results

In the present study, we sequenced and analysed the exomes
of an Estonian multiple-spouse family presenting one lineage
where three brothers are affected with NTDs (one obstructive
hydrocephalus and two lumbar spina bifidas without hydro-
cephalus). We performed WES in three affected individuals
(II:4, TII:5 and III:6) and their unaffected parents (II:6 and
11:9). The average individual coverage of exome captured
was 101.5-128.8x and 77.2% (range 74—82%) of the exomes
were covered at least 50-fold. Here we report clinically rele-
vant genetic variants (Table 2) found in the exomes of three
NTD patients.

All patients were heterozygous carriers for ¢.844ins68 var-
iant in CBS which was inherited from their mother (Table 2).
Among all other variants (Table S1), both spina bifida patients
(III:4 and III:6) had a heterozygous missense variant
¢.2938G>A in SCRIB, and one homozygous missense variant
¢.1324C>T in MTRR. Patient 1II:4 had two heterozygous
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Fig. 1 The pedigree of an Estonian family with NTDs
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Table 1 Phenotype i
characteristics of patients with Trait
neural tube defects

Patient

11:4 1I:6 MI:5

Agelyear
Diagnosis (ICD-10-CM code)

12 10 8

Abnormalities of gait and mobility (R26)

Mild mental retardation (F70)

Lumbar spina bifida without hydrocephalus

(Q05.7)

Coccygeal dermal sinus

Neuromuscular dysfunction of bladder (N31)
Intraspinal archanoid cyst in lumbosacral region
Syndrome with hyperactivity (F90.1)

Astigmatism (H52.2)

+ o+
+ o+
I+

+ + 4+ o+ o+
[
[

Congenital obstructive hydrocephalus (Q03.8) - -

Ventriculoperitoneal shunt (Z98.2)

Delayed milestone (R62.0)
2016 clinical measurements

Head circumference

Plasma folate

Homocysteine

55.0 cm (+0 55.5cm (+1 56.5 cm (+2.5
SD) SD) SD)

16.5nmol/L|*  12.2 nmol/L] 13.2 nmol/L|
9.4 umol/L 9.8 pumol/L1® 10.0 umol/L1

*Normal level for ages >10 years >27.0 nmol/L, for ages <10 years >25.9 nmol/L

®Normal level for ages >10 years <10.4 umol/L, for ages <10 years <8.4 pmol/L

missense variants (¢.665C>T and c.1286A>C) in MTHFR,
one heterozygous missense variant ¢.401A>G in MTHFDI,
a heterozygous missense variant ¢.383C>T in /L4]] and a
heterozygous missense variant (¢.236G>A) in PLCD4 which
was shared with patient III:5. Patient I11:6 had additional het-
erozygous missense variant ¢.2259G>C in PTK7 which was
shared with patient III:5. Patient III:5 had a heterozygous mis-
sense variant ¢.665C>T in MTHFR, and another heterozygous
missense variant ¢.1265C>T in SCRIB. Interestingly, the pa-
tient I11:5 had three homozygous missense variants
(c.1513G>A, ¢.1598G>T and ¢.1792C>T) in TCEB3B. In
silico prediction showed that variants in /L4/1, SCRIB,
PTK7, MTRR, MTHFR (c.665C>T) and PLCD4 had a delete-
rious effect. Full list of contributing genetic variants is shown
in Table S1.

Discussion

We sequenced the exomes of three affected and two unaffect-
ed individuals of one Estonian family to identify the genetic
background of three NTD patients with spina bifida or hydro-
cephalus (an example that both phenotypes may occur in the
same family). The heritability of NTDs has been estimated to
60%, which implies a strong genetic component [8].
Candidate gene studies in NTDs have faced difficulties in

identifying major causative clinically relevant variants
participating in the development of NTDs, suggesting
the need for novel approaches. A recent WES study,
conducted with 43 sporadic NTD patients of European
descent, demonstrated enrichment of loss-of-function de
novo variants particularly in SHROOM3, compared to
control cohorts [7]. However, none of these loss-of-
function variants was found in our study.

A previous study has found that a relatively small
number of genes (e.g. Vangl2, Celsrl, Scrbl, Ptk7), fit
into well-established biological or molecular functions,
cluster in integrated molecular-cellular pathways essen-
tial for neural tube closure [9]. Multiple candidate gene
studies have shown that variants in one-carbon metabo-
lism pathway and PCP signalling pathway increase the
risk of NTDs [1].

Folate and methionine pathway-related genes

The baseline finding in this study was c.844ins68 in CBS
which was present in all patients and was inherited from their
mother. CBS is essential for the degradation of homocysteine
to cysteine by linking the metabolism of sulphur-containing
amino acids with more than hundred S-adenosyl methionine-
dependent methylation reactions, redox-control, the folate cy-
cle and the metabolism of signalling molecules through the

@ Springer



Childs Nerv Syst (2017) 33:1575-1581

1578

Ieo- - VIN VIN sup o suf Sup Jod DIOSUIGYT $9T0 —  6LI08Y6EIS 1dz4
$80°0— 6ST'L V/N V/IN VO 20 VO 20 20 - - 60vY8LYST N L#S914YD
SeI'e 68°¢l V/N V/IN 1D 20 1D 20 20 - —  8099v68LST AN 6F6-6HD
SurSewrep Sursned
109°1 €€ Alqeqoxg osessIg 1919} VD VD DD VD V<D9E£T» H6LI'd  T87T80SSLST rddJ1d
SurSewrep
891°C y0°€C Alqeqory  wisiydiowAjoq 1D 1D 1L 1D 20 I<DT6LI™ S865d'd  SIpepLI9s
Suidewep
o'l 80°€T Alqeqory  wisiydiow&joq 1D 1D 1L 1D DO 1<D86SI™ degsod  gogtrzeTLst
Suidewep
To's €0°€T Alqissog  wsiydiowkjoq VD VD VW VD DD V<DEISTO ys0sD'd  S0€1T6TLSY g£g401
elro— €970 V/N  wsiydiow&joq JL 1L 1L 1L oL J<100TT? =p¢LTd  THTIISSEst
SuiSewep Suisnes
yoey 60°6C A1qeqoig osessIg vD 5D 5D DD vD V<D06¥ Lyo1v-d d4IN
Suidewep Suisnes
8Vl (4844 Alqrssog osessig v Vv vV vV v L<VTTI™ 1yd 69INWANL
SurSeuwrep Sursned
ISy'e S0'9¢ A1qeqoig osessIg 2D DD 2D oD 19]9) J<D6STTD agsLad L10TLY6ST LY1d
Sursneo
9LTE S0°sT V/N aseasid 1D 20 20 20 1D L<O9SLT™ S98¢d'd  ST9L¥800Ts! ZIveo1s
SurSewep Sursnes
8L°0— 10°€T Alqeqoig osessig 20 19)0) 20 20 DD DDETY™ AIPISd  89peseIpiIst rASSVY
SurSewrep Sursned
988’S 80°LT A1qeqoig aseasig 20 1O 20 20 1D L<OTEe™ TIISd  65TsH169€st CSAVH
SuiSewep
689°¢ 20T Alqeqorg usrydiowAjoq 1D 00 1D 00 00 L<OS9T1 Teepdd P6E8SSYSI
SurSewep
§S€°0 60°CT Alqeqorg  wsrydrowAjoq DD vD DD VD VD V<DSE6TD q086D'd  pLETHSTIST arIos
DIOVOVIPPSS
91T 0— - V/N V/N 50 5O 5D DD 5O +ISYT 0S+ISPI™ ALLydd o6yyricest
SurSewrep
€80' v0'€C Ajqeqorg  wisiydrowkjog LD D I LL LL L<OpTer™ Oevvdad  08LL8TTSt NALIN
Fursneo
€8Sy 60°CC ugiuog asessi ov Vv Vv Vv oV D<VI0Y™ apverrd 206056181 TdAHIN
L9T¥ 68°61 udog  wisiydiowkjog ov oV Vw20 OV D<V98CI10 vecydd 1€1108181
SurSewep
€CTs ST Ajqeqorg  wisiydrowAjoq 1D D 1 2O I 1<D5992 ATzev'd  €e11081sE JAHIN
SurSewrep
8¢S0 Y0°€C A1qeqoig VIN 20 1O 20 20 1D L<DE8ED INSTIL'd  T1€0TELYTST il
LEST - V/N V/N Jd suf suf suf suf 89SUIFKRD  9L4SIIYLYLTAIN'd  [THLSI9LEST S0
(61D (o O (gds) (gds)
e WO GII 911 y1IL aBueyd
21028 21008 (MdH) T proe
dollyd aavo -udydJAjod  I9)seLuoneniy sadKjouan a3ueyp apnosonN ourury dal dNSap Rlikly)

SCLN Wi syuoned ur punoj sjuetea VNG 2198L

pringer

Qs



Childs Nerv Syst (2017) 33:1575-1581

1579

Table 2 (continued)

PhyloP
score

CADD

score

PolyPhen-
2 (HDiv)

MutationTaster

Genotypes

Nucleotide change

Amino

dbSNP ID

Gene

acid

Father
(I1:9)

III:5 Mother
(11:6)

1I:6

14

change

(SpB)  (HO)

(SpB)

0.329
0.725
—0.629

4.22

N/A
N/A
N/A

N/A
N/A
N/A

TT
TT

cC
CcC

TC
TC
AG

TC
TC
AG

TC
TC

c.1544-16T>C
c.195-13T>C
c.938-121A>G

c.4169C>T

1s2074222
1s222835

DVL2

11.23
3.196

26.01

AG
CT

rs41266893
115251

VANGL2

1.054

Possibly

Polymorphism

TT

TT TT

TT

p.A1390V

TCOF1

0.566
—1.353

damaging

N/A
N/A

Ref N/A N/A
GA N/A

GG

N/A
GG

N/A
GG

Del

c.-1689 -1688delTT

1s576977015
1528730848

SLC2A3

c.903G>A

12.89

GA

p.A301

PIK3R2

N/A not applicable

& Classification due to TGP/ExAC
® Classification due to TGP/EXAC

trans-sulphuration pathway and is therefore considered as an
important candidate gene for NTDs [10]. The co-occurrence
of ¢.844ins68 with other one-carbon metabolism pathway
gene variants, especially the polymorphism ¢.665C>T in
MTHFR, has been claimed to be higher than expected in spina
bifida cases [11, 12]. So far, one meta-analysis has demon-
strated that ¢.844ins68 in CBS alone is not a good predictor
for NTD risk [13].

In addition to the c.844ins68 in CBS, spina bifida pa-
tients (III:4 and III:6) had other contributing variants in
MTRR, MTHFR and IL411. Although both MTHFR variants
(c.665C>T and ¢.1286A>C) are common, it is previously
known that both these polymorphisms lower the enzyme
activity and thereby lower the folate level in homozygous
state [14]. The MTHFR c.665C>T has been shown to in-
crease the risk of NTDs by 2-4 fold, whereas the
c.1286A>C has milder effects [15]. In addition to other
NTD risk factors, the MTRR role in one-carbon metabolism
pathway is to participate in maintaining the B;,-dependent
conversion of homocysteine to methionine. Therefore, vari-
ants in MTRR could alter the homocysteine levels in NTD
patients [16]. There is also evidence suggesting that de-
creased B, vitamin and increased total choline or homocys-
teine in maternal blood are associated with increased NTDs
risk [17]. In addition to Bj,, it is well-known that maternal
folate status is also a risk factor in NTD pregnancies and an
inverse relationship between blood folate concentration and
risk of an affected pregnancy has been shown [1]. In one-
carbon metabolism pathway, during the decreased methio-
nine levels, it is important to maintain sustained and bal-
anced methionine usage, which is secured through methio-
nine salvage pathway. One of the key genes in that pathway
is IL411, which is essential for the methionine recovery
during the absence of exogenous methionine [18].

Planar cell polarity genes

The PCP pathway mediates cell polarity by signal transduc-
tion through DVL2 which then modulates actin cytoskeleton
through the small GTPases RhoA and Rac and the down-
stream Rho kinase. Hence, the PCP pathway genes are par-
tially responsible for a variety of changes in cell adhesion,
polarity and short-range tissue movements participating in
the regulation of cytoskeletal changes that are directly in-
volved in the neural tube closure, and therefore are associated
with several forms of NTDs [19-21]. Candidate gene studies
of PCP pathway genes in humans have identified mutations in
CELSRI, VANGLI, VANGL2, FZD6, SCRIBI and DVL?2 in
some patients with different forms of NTDs [1, 22, 23].

In our study, all patients carried one deleterious variant in
the SCRIB gene. SCRIB domains interact with other PCP
proteins (including PCP core protein Vangl2) in spina bifida
patients [24]. Another PCP gene, PTK7 has been proposed to
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act as a molecular switch that activates the non-canonical Wnt/
PCP pathway and at the same time inhibits the canonical Wnt/
[3-catenin pathway [25]. Additionally, all patients carried
modifier variants in other PCP pathway genes, including
FZD1, VANGL?2 and DVL2. Interestingly, patient III:5 carried
three variant homozygous deleterious variants in TCEB3B
which encodes transcription elongation factor B polypeptide
3B (elongin A2). Evidence from interactome mapping has
suggested that TCEB3B interacts with DVL2 (dishevelled 2)
which participates in Wnt signalling by binding to the cyto-
plasmic C-terminus of frizzled family members and transduc-
ing the Wnt signal to downstream effectors [26].

Lastly, the patients had variants (Table 2) in genes
which are expressed in embryonic neural tube. Patients
[I1:4 and III:5 had maternally inherited deleterious variants
in the PLCD4, RASSF4 and FARS2 genes which are
expressed in neural tube during early embryogenesis
[LifeMap® Discovery, http://discovery.lifemapsc.com/in-
vivo-development/neural-tube].

To date, it is widely accepted that genetic variants participat-
ing in neural tube closure are mainly connected with one-
carbon metabolism (important for cell proliferation and/or cell
survival) and/or PCP signalling (required for initiation of neural
tube closure) pathways. The involvement of variants in multiple
genes and pathways denotes a scenario describing variable ex-
pression of a single shared genetic variant in the presence of
sibling-specific sets of multiple other variants, each having
weak individual effect, in modifier genes that underlie the phe-
notypic variation. Likewise, we assume that combined sets of
common and low frequency variants in folate metabolism, sul-
phur amino acid metabolism and PCP signalling pathway genes
found in our patients might be sufficient to disrupt the develop-
ment and closure of the neural tube.

Conclusions

The multifactorial complexity of NTDs actiology presents a
great challenge for researchers. In this study, we describe ge-
netic variants in major pathways involved in genetic predis-
position of developing human NTDs. Although no loss-of-
function variants or novel high-impact variants with in biolog-
ically meaningful genes were found, the results of current
study might add new knowledge of the genetic background
of familial cases of NTDs. It is important to find more patients
from familial forms of NTDs to assure a causality of reported
variants and genes. Moreover, investigators will need to inte-
grate genetic data with information on epigenetic and environ-
mental factors to obtain a more complete understanding of the
cause of individual NTDs.

In conclusion, this study provides new evidence that genet-
ic variants in one-carbon metabolism, sulphur amino acid me-
tabolism and planar cell polarity pathways are implicated in

@ Springer

familial non-syndromic NTDs. Advances in next-generation
sequencing may help researchers to better understand the ge-
netic basis of NTDs in humans.
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