DOI: 10.1002/bdr2.1200

ORIGINAL RESEARCH ARTICLE

Exome sequencing in syndromic brain malformations identifies
novel mutations in ACTB, and SLC9A6, and suggests
BAZIA as a new candidate gene
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Background: Syndromic brain malformations comprise a large group of anomalies
with a birth prevalence of about 1 in 1,000 live births. Their etiological factors remain
largely unknown. To identify causative mutations, we used whole-exome sequencing
(WES) in aborted fetuses and children with syndromic brain malformations in which
chromosomal microarray analysis was previously unremarkable.

Methods: WES analysis was applied in eight case-parent trios, six aborted fetuses,
and two children.

Results: WES identified a novel de novo mutation (p.Gly268Arg) in ACTB (Bar-
aitser-Winter syndrome-1), a homozygous stop mutation (p.R2442%) in ASPM
(primary microcephaly type 5), and a novel hemizygous X-chromosomal mutation (p.
1250V) in SLC9A6 (X-linked syndromic mentaly retardation, Christianson type). Fur-
thermore, WES identified a de novo mutation (p.Argl093Gln) in BAZIA. This
mutation was previously reported in only one allele in 121.362 alleles tested (dbSNP
build 147). BAZIA has been associated with neurodevelopmental impairment and
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dysregulation of several pathways including vitamin D metabolism. Here, serum
vitamin-D (25-(OH)D) levels were insufficient and gene expression comparison
between the child and her parents identified 27 differentially expressed genes. Of
note, 10 out of these 27 genes are associated to cytoskeleton, integrin and synaptic
related pathways, pinpointing to the relevance of BAZIA in neural development. In
situ hybridization in mouse embryos between E10.5 and E13.5 detected Bazla
expression in the central and peripheral nervous system.

Conclusion: In syndromic brain malformations, WES is likely to identify causative
mutations when chromosomal microarray analysis is unremarkable. Our findings sug-
gest BAZIA as a possible new candidate gene.

have no conflict of interest to declare.
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1 | INTRODUCTION

Syndromic brain malformations comprise a large group of
congenital anomalies with a birth prevalence of 1 in 1,000
live births (Chitty & Pilu, 2009). The phenotypical spectrum
is polymorphic and clinical symptoms vary from global
developmental delay and intellectual disability to mild atten-
tion deficits (Poretti, Boltshauser, & Huisman, 2014). Des-
pite of an overall improvement in medical care over the past
decades, brain malformations constitute still an important
source of chronic disability in the affected children. While an
ongoing progress in neuroimaging and prenatal ultrasound
diagnostics has improved diagnostic procedures, no effective
therapy for the associated neurocognitive impairments is
available to date and their etiology remains elusive in the
majority of cases (Kalter & Warkany, 1983). Among the
known genetic factors are numeric chromosomal abnormal-
ities (e.g., trisomy 13, 18), structural microscopic and submi-
croscopic chromosomal anomalies (e.g., Miller-Dieker
lissencephaly syndrome; MIM #247200) or monogenic
recessive or dominant inherited syndromes (e.g., Joubert syn-
drome or holoprosencephaly type 3) (Jeng, Tarvin, & Robin,
2001). Lately, the systematic application of high-throughput
molecular genetics, such as chromosomal microarray analy-
sis and more recently whole-exome sequencing (WES), led
to the identification of more novel disease-causing copy
number variations (CNVs) (De Wit et al.,, 2014; Hillman
et al., 2013; Kariminejad et al., 2011; Krutzke et al., 2016;
Sajan et al., 2013; Schumann et al., 2016; Wapner et al.,
2012) and disease-causing biallelic recessive, respectively
heterozygous dominant mutations for brain malformations,
than ever before (Aldinger et al., 2014; Mishra-Gorur et al.,
2014). Here, we used a family based whole-exome sequenc-
ing (WES) approach to identify causative mutations in eight
case-parent trios (six aborted fetuses and two children) with
syndromic brain malformations. In all of these eight cases

BAZI1A, brain malformations, in situ hybridization, VATER/VACTERL association, whole-exome

chromosomal microarray analysis was carried out prior to
WES and was found to be unremarkable.

2 | MATERIALS AND METHODS

2.1 | Patients, controls, and DNA isolation

The study was conducted in accordance with the Declaration
of Helsinki, and ethical approval was obtained from the local
ethic committee (reference numbers 208/08 & 009/09). Writ-
ten informed consent was obtained from parents prior to
study entry. In the format of written and signed forms, all
participating subjects or their legal guardians agreed on the
publication of the study results.

In our study, we included six fetuses with syndromic brain
malformations, which had been sampled through the Depart-
ment of Obstetrics and Prenatal Medicine at the University of
Bonn. Furthermore, we added two children syndromic brain
malformations sampled through the German self-help organiza-
tion for individuals with anorectal malformations (SOMA e.V.)
and one of the authors (H.R.). A detailed phenotype description
of these cases is given in Table 1. In all cases, parental DNA
could be obtained. There was an unremarkable family history
in all cases. Prior to this study, all case-parent trios underwent
chromosomal microarray analysis to rule out disease-causing
CNVs (Dworschak et al., 2015; Krutzke et al., 2016). Genomic
DNA was isolated from whole blood using the Chemagic
DNA Blood Kit special (Chemagen, Baesweiler, Germany).
Genomic DNA from saliva samples was isolated with the Ora-
gene DNA Kit (DNA Genotek Inc., Kanata, Canada).

2.2 | Whole-exome sequencing
and data analysis

For enrichment of genomic DNA we used the NimbleGen
SeqCap EZHumanExome Library v2.0 enrichment kit. For
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TABLE 1
Case
(age and sex)

Case 1 e Hydrocephalus

e 20 + 0 weeks of gestation
e Male fetus

Case 2

e Absent septum pellucidum

e 11 years of age
e Female patient

Case 3 e Hydrocephalus

e Macrocephaly
e 34 + 0 weeks of gestation

e Female fetus

Case 4 e Hydrocephalus

e Thoracic syringomyelia

e 8 years of age
e Male patient

Case 5 e Schizencephaly

e Microcephaly
e 27 + 4 weeks of gestation

e Female fetus

Case 6 e Microcephaly

e Pachygyria
e 24 + 6 weeks of gestation

e Female fetus

Case 7 e Hydrocephalus

e Agenesis of the vermis

o 20 + 5 weeks of gestation
e Male fetus

Case 8 e Holoprosencephaly

e 33+ 5 weeks of gestation
e Female fetus

WES a 100bp paired-end read protocol was used according
to the manufacturer’s recommendations on an Illumina
HiSeq2000 sequencer by the Cologne Center for Genomics
(CCG), Cologne, Germany. Data analysis and filtering of
mapped target sequences was performed with the ‘Varbank’
exome and genome analysis pipeline v.2.1 (unpublished;
https://varbank.ccg.uni-koeln.de, see Supporting Information
Table 1). Mutations, unclassified variants, and phenotype
data were submitted to the ClinVar, NCBI database (http://
www.ncbi.nlm.nih.gov/clinvar/).

CNS malformation/anomaly

e Partial agenesis of corpus callosum

e Lobar holoprosencephaly

Phenotype of fetuses and patients investigated by whole-exome sequencing

Additional features/anomalies

Left-sided cleft lip and palate, low set ears,
hypertelorism, single umbilical artery,
bilateral renal pyelectasis, nuchal edema

Pyloric atresia, anorectal malformation
with vestibular fistula, left-sided renal
agenesis, right-sided pancake kidney,
atrial and ventricular septal defects,
butterfly vertebrae, tethered cord, and
bilateral thumb hypoplasia (VATER/
VACTERL association)

Right-sided microphthalmia and kryp-
tophthalmia, aortic isthmus stenosis,
absent lobulation of the left lung, and
hypoplastic pancreas

Anorectal malformation with recto-
urethral fistula, esophageal atresia, ver-
tebral and costal malformation, dextro-
versio cordis, left-sided multicystic
dysplastic kidney, hypospadias, right-
sided radial and thumb aplasia, left-
sided thumb hypoplasia

2.3 | Confirmation of variants
deteced by WES

Variations identified by WES and called to be likely causa-
tive were amplified from DNA by polymerase chain reaction
(PCR), and automated sequence analysis was carried out
using standard procedures. In brief, primers were directed to
all six variations observed and the resultant PCR products
were subjected to direct automated BigDye Terminator
sequencing (3130XL Genetic Analyzer, AppliedBiosystems,
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FosterCity, California, USA). Both strands from each ampli-
con were sequenced and presence of the variations in each
trio was investigated by sequencing the respective PCR
product.

2.4 | Exon trap analysis

To obtain sufficient amounts of DNA, we first performed
“whole genome amplification” of fetal DNA. We cloned
genomic wild type sequence of ACTB exon 3-5 and
sequence bearing the potential splice-site mutation into the
“Exon Trap Cloning Vector” pETO1 (MoBiTec, Gottingen,
Germany). Primers used for cloning are: ACTBclonef_Xhol:
atagtactcgagCCCAGGCACCAGGTAGG; ACTBcloneR_
Notl: ttgtagcggeccgcCACACCACAGGACCCCAC. In a next
step, HEK293T cells (European Collection of Cell Cultures
[ECACC]) were transiently transfected using Lipofectamine
2000 (Invitrogen, Paisley, UK) according to the manufac-
turer’s protocol. Cells were collected after 48 h and total
RNA was isolated using Dynabeads mRNA DIRECT Micro
Kit (Life Technologies AS, Oslo). After reverse transcription
into cDNA using High Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems, Foster City, CA), comple-
mentary DNA was amplified by standard PCR. The PCR
products were visualized by gel electrophoresis, purified
(Wizard SV Gel and PCR Clean-up System; Promega,
Mannheim, Germany) and sequenced by Sanger sequencing.

2.5 | RNA extraction

Whole blood samples were collected using PAXgeneTM
Blood RNA Tubes (PreAnalytiX, Hombrechtikon, Switzer-
land). PAXgene TM Blood RNA Tubes enable immediate
stabilization of intracellular RNA. Isolation and purification
of total RNA from whole blood was carried out by using
PAXgene Blood miRNA Kit (PreAnalytiX, Switzerland).
DNase digestion was included in the isolation and purifica-
tion steps.

2.6 | mRNA sequencing and data analysis
in patient 2 and his parents

RNA sequencing was performed with QuantSeq-3'-mRNA-
Seq Library Preperation kit (Lexogen, Vienna, Austria)
according to the manufactors protocols and 50 bp single
reads were generated with an Illumina HiSeq 2500
RapidRun. Raw reads were subjected to quality and adapter
trimming with TrimGalore! (http://www.bioinformatics.bab-
raham.ac.uk/projects/trim_galore/) (—quality 20). Then, the
reads were aligned to GRCh37p13 with Subread (-d 45 -M
14 -u) (Liao, Smyth, & Shi, 2013). Subsequent expression
quantification was performed with featureCounts (-d 45)

(Liao, Smyth, & Shi, 2014) with the Ensembl annotation
GRCh37.82.

To reduce the burden of multiple testing, we excluded
the hemoglobin genes (http://www.genenames.org/cgi-bin/
genefamilies/set/940) and Ensembl gene identifiers with no
corresponding HGNC symbol (Gray, Yates, Seal, Wright, &
Bruford, 2015) and kept only those annotated as protein cod-
ing via the R-package biomaRt (Durinck, Spellman, Birney,
& Huber, 2009). Genes with less than 2 counts per million
were filtered out. In total 9 million counted reads were sub-
jected to differrential gene expression analysis with edgeR
(Robinson, McCarthy, & Smyth, 2010) according to the user
guide.

2.7 | Vitamin D analysis

Assays for serum vitamin-D levels were as follows: 25-OH-
vitamin D was determined by a chemiluminescence immuno-
assay (CLIA; ABBOTT Diagnostics Division, Wiesbaden,
Germany). Calcitriol (1,25-dihydroxyvitamin D3) was meas-
ured by CLIA (IDS isys, Immunodiagnosticsystems, UK).

2.8 | In situ hybridization of mouse whole
embryos (WISH)

All mice experiments were performed in accordance with the
revised Animals Directive 2010/63/EU in Europe using
state-of-the-art transgenic mouse technologies at the Depart-
ment of Developmental Genetics, Max-Planck-Institute for
Molecular Genetics, Berlin, Germany.

Wild-type embryos of the NMRI mouse strain were dis-
sected at embryonic day (E) 10.5, 12.5, and 13.5. Processing
of the embryos, in vitro transcription of the RNA antisense
probe, and WISH were performed according to the protocols
provided on the MAMEP homepage (http://mamep.molgen.
mpg.de) with slight modifications. As template for the Bazla
probe, the MAMEP clone 9230 was used. Staining reaction
was done using BM Purple (Roche). Images were taken
using a MZ 16A dissection microcope (Leica) in combina-
tion with an AxioCam MRc5 camera and the AxioVision
software (Carl Zeiss Microlmaging). At least 3 embryos per
stage were analyzed and representative embryos are shown.

2.9 | Insilico prediction methods

To predict the disease-causing potential of the variants identi-
fied, we used the following programs: Polyphen2 (http:/
genetics.bwh.harvard.edu/pph2/), MutationTaster  (http://
www.mutationtaster.org), SIFT  (http://sift.jcvi.org/www/
SIFT_chr_coords_submit.html), MutPred (http://mutpred.
mutdb.org) and PROVEAN (http://provean.jcvi.org/index.

php).
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3 | RESULTS

WES data analysis in all eight case-parent trios detected 10
putative de novo variants in 10 different genes in 5 different
case-parent trios (Case 1, Case2, Case 3, Case 6, and Case
7). Furthermore, WES data analysis identified one likely
causative homozygous autosomal, and one likely causative
hemizygous X-chromosomal variant (Case 6 and Case 7).
Sanger sequencing validated five of the 10 putative de novo
variants in three case-parent trios (Case 1, Case 2, and Case
3) as well as the homozygous respectively hemizygous vari-
ant found in Case 6 and Case 7. According to the “Exome
Aggregation Consortium (ExAC; http://exac.broadinstitute.
org/)” four of the identified variants were novel, one in
ACTRB found in Casel, one in NBAS found in Case 2, one in
ASPM found in Case 6, and one in SLC9A6 found in Case 7.
All five de novo variants identified have been submitted to
ClinVar (http://www.ncbi.nlm.nih.gov/clinvar/) and their sig-
nificance was determined using five different online predic-
tion tools as outlined above.

In Case 1, mutation analysis identified a novel de novo
variant in ACTB (p.Gly268Arg). Case 1 was an aborted male
fetus with hydrocephalus, left-sided cleft lip and palate, low
set ears, hypertelorism, single umbilical artery, bilateral
renal pyelectasis, and nuchal edema. Heterozygous mutations
in ACTB, encoding actin cytoplasmic 1 protein, cause
Baraitser-Winter syndrome-1 (BRWS1) (MIM #243310)
(Baraitser & Winter, 1988; Riviére et al., 2012), a human
malformation syndrome with complete phenotypic overlap to
Case 1. In accordance, four out of five online prediction tools
classified the mutation as disease-causing (Table 2). The
identified mutation, p.Gly268Arg, substitutes a highly con-
served small uncharged glycine with a basic arginine. Fur-
thermore, this mutation resides at the end of exon 4
(c.802G > C) and lowers the consensus value (CV) for splice
site recognition (CV:0.754 for GCgtgagt), compared to the
wild type sequence (CV:0.888 for GGgtgagt) (Shapiro &
Senapathy, 1987). To further characterize a possible splice
site recognition effect, we employed “Exon Trapping”
(Duyk, Kim, Myers, & Cox, 1990). However, this did not
reveal any affection of the splicing process (Supporting
Information Fig. 1). While the disease-causing mechanism of
the identified mutation remains uncertain, the phenotypic
overlap of Case 1 with BRWSI and the de novo status of the
mutation suggest it to be disease-causing.

In Case 2, mutation analysis identified two heterozygous
de novo variants in NBAS (neuroblastoma amplified
sequence) (p.Thr1424lle), and in BAZIA (p.Argl093Gln),
encoding the ATP-utilizing chromatin assembly and remod-
eling factor 1 (ACF1), respectively. At the time of assess-
ment, Case 2 was an 11 year old girl with partial agenesis of
the corpus callosum, absent septum pellucidum, pyloric

Identified and confirmed de novo mutations and their prediction program outcome

TABLE 2

PROVEAN

MutPred

Mutation Taster SIFT

Polyphen2

dbSNP (build147)

p-Change

c.Change

Transcript ID

Gene

Case

Deleterious

Deleterious
87%)

Not predicted

Disease causing

(0.99)

Probably

p-Gly268Arg Novel

¢.802G>C

ENST00000331789

ACTB

1

(—8,000)

damaging

(1.0)

B
S
[=EoN
BN
L
L |
(2N

Deleterious
28%)

Not predicted

Disease causing

Novel Probably
(0.99)

c4271C>T  p.Thr14241le

ENST00000331789

NBAS

2

damaging

(1.0)

Deleterious Neutral
(34%)

Tolerated

Disease causing

Probably
(0.99)

15776556963

c.3278G>A p.Argl093GIn

BAZIA ENST00000382422

2

(—1,567)

0.21)

damaging

(1.0)

(MAF 0.00000824)

Deleterious
(—2,931)

Deleterious
(89%)

Damaging

Disease causing

(0.99)

Probably

rs80356470

p-Ser241Thr

c.721T>A

SCN9A  ENST00000409672

8

(low confidence)

damaging

(1.0)

(MAF not given)

Neutral

Deleterious
(38%)

Not predicted

Polymorphism

(0.99)

Benign

ENST00000374355  c.64T>G p.Ser22Ala Novel

DLG3

3

(—0,557)

(0.001)

minor allele frequency.

MAF
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WAC DTT BAZ-l BAZAI WAKZ PHDACD BROMO
Protein interaction Histone interaction
DNA binding and
chromatin association T T
p.Arg1093Gin p.Phe1348Cys*
Human Gly lie Glu |SAFg | Arg | Phe | Leu
Mouse Gly | ne Glu [\Arg | Arg | Phe | Leu
Chick Gly | ne | Glu | Arg | Arg | Phe | Leu
Platypus Gly lie Glu | Arg | Arg Phe | Leu
Fruitfly Ala lie Glu |"Arg | Arg | Phe | lie
Xenopus Gly Val Glu Arg | Lys | Tyr | Leu

FIGURE 1
sponding amino acid residue numbers given above. Established interactions are shown below. Protein domains include a WAC and DTT motif, necessary
for ACF1-DNA binding and chromatin association (Doerks, Copley, & Bork, 2001; Fyodorov & Kadonaga, 2002; Noguchi, Rapp, Skorobogatko, Bailey,
& Noguchi, 2012). Three motifs, BAZ-1, BAZ-Il and WAKZ (Jones, Hamana, Nezu, & Shimane, 2000) were shown to be involved in the assembly of the
CHRACI1/POLEI1 complex and in SMARCAS and NCOR1 binding (Collins et al., 2002; Ewing et al., 2007; Kukimoto et al., 2004). The PHD finger (Aas-
land, Gibson, & Stewart, 1995; Jones et al., 2000) recognizes histone H3 peptide trimethylated at lysine 4 (H3K4me3) (Pena et al. 2006), whereas the bro-
modomain binds lysine-acetylated H3 or H4 (Zeng and Zhou, 2002). There is also evidence, that a domain rich in acidic residues (ACD) is also important
for ACF1 histone interaction (Fyodorov & Kadonaga, 2002). The p.Arg1093GlIn mutation identified resides in the linker region between the BAZ-II and

Schematic representation of human ACF1 protein adopted from Zaghlool et al. (2016). Known domains are drawn to scale with the corre-

WAKZ motifs and is depicted with a black dot in the protein (*also shown is the p.Phe1348Cys substitution identified by Zaghlool et al. (2016). Human
ACF1 protein sequence and the evolutionary conservation of the mutated p.Arg1093 with its surrounding residues is shown from UniProtKB entries

QI9NRL?2, 088379, FINFVS, FoPGF4, W8C5T1, and F7BSNO

atresia, anorectal malformation with vestibular fistula, left-
sided renal agenesis, right-sided pancake kidney, atrial and
ventricular septal defects, butterfly vertebrae (comprising
Th6 and fused vertebrae comprising L4-S1), tethered cord
with sacral lipoma, bilateral club feet, and bilateral thumb
hypoplasia, resembling the extended spectrum of the
VATER/VACTERL association with additional brain
malformations.

Although, four out of five online prediction tools classi-
fied the identified mutation in NBAS as disease-causing
(Table 2), only biallelic mutations in NBAS have been associ-
ated with disease in human, comprising a multisystem dis-
ease involving liver, eye, immune system, connective tissue,
and bone (MIM #614800) (Maksimova et al., 2010). A more
recent report associated biallelic mutations in NBAS with
recurrent acute liver failure in infancy (MIM #616483)
(Haack et al., 2015). So far, neither heterozygous missense
nor heterozygous loss of function mutations in NBAS have
been associated with any human disease. Hence, we did not
account the identified novel de novo mutation p.Thr1424Ile
in NBAS as disease-causing.

The de novo p.Arg1093GIn mutation in BAZ/A has been
previously reported in only one allele in 121.362 alleles
tested (dbSNP build 147, August 2016; minor allele

frequency of 0.00000824; rs776556963). Three out of five
online prediction tools classified the identified mutation in
BAZIA as disease-causing (Table 2). The p.Arg1093GIn var-
iant substitutes a basic arginine residue by a polar uncharged
glutamine, and alters Kyte-Doolittle hydrophobicity values
(4.5 to —3.5) at this position (Kyte & Doolittle, 1982).
However, a reliable modeling of the tertiary structure of this
nonconservative exchange is not available yet, and prediction
of the secondary structure provided no evidence for an effect
on ACFI1 folding (SOPMA SECONDARY STRUCTURE
PREDICTION; https:/npsa-prabi.ibcp.fr; data not shown).
Nonetheless, Argl093 resides in a highly conserved region
in the vicinity of the WAKZ domain (residues 1111-1145)
and this region is conserved to a great extent as far down as
Xenopus and Drosophila (Figure 1).

To further assess the potential role of BAZIA in the for-
mation of human malformations, as seen in Case 2, we inves-
tigated the expression of Bazla by whole-mount in situ
hybridization (WISH) on mouse embryos at embryonic days
(E) 10.5 to 13.5. This time frame represents the equivalent of
human gestational weeks 5-8 hence, the postulated time of
VATER/VACTERL organogenesis in humans (Stevenson &
Hunter, 2013) (Figure 2). Strong expression of Bazla could
be detected in VATER/VACTERL associated tissues, such
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Birth Defects |
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Baz1a

FIGURE 2 Whole mount in situ hybridization for Bazla on E10.5 (a), E12.5 (b), and E13.5 (c) mouse embryos. Arrow in (A) highlights cloacal
membrane expression of Baz/a. Dashed lines indicate section planes for tungsten needle sections through the trunk anterior of the hindlimb buds at E10.5

(A’) and the telencephalon at E12.5 (B'). Asterisk in A’ marks dorsal root ganglia, arrowhead Baz/a dorsal neural tube expression. The arrowhead in B’

marks Bazla expression in the ventricular layer

as the cloacal membrane (Figure 2a, arrow). Staining was
also apparent in structures of the developing dorsal neural
tube (Figure 2a/a”) matching the phenotypic spectrum of our
patient with congenital tethered cord and sacral lipoma. Fur-
thermore, staining was found in the ventricular layer of the
telencephalon (Figure 2b/b’). In addition, Bazla expression
was detectable in dorsal root ganglia, the dermomyotome,
and the surface ectoderm (Figure 2a'/b’). The latter showed
domains of enrichment in the developing limbs matching
also the phenotypic spectrum of our patient with bilateral
congenital thumb hypoplasia, and we further found staining
of the branchial arches, and the whisker pads (Figure 2a—).
In Case 3, mutation analysis identified two de novo var-
iants in SCN9A (p.Ser241Thr) and in DLG3 (p.Ser22Ala). At
the time of assessment, Case 3 was a female fetus with
hydrocephalus, macrocephaly, right-sided microphthalmia
and kryptophthalmia, aortic isthmus stenosis, absent lobula-
tion of the left lung, and hypoplastic pancreas. The identified
variant in SCN9A, encoding the sodium channel protein type
9 subunit alpha (Na,1.7), has been previously reported in
one singleton only, with no minor allele frequency given
(rs80356470; dbSNP build 147, August 2016). All five
online prediction tools classified the identified mutation in

SCN9A as disease-causing (Table 2) and Ser241 is absolutely
conserved at its position in mammals and chicken. Since
SCNYA has not been associated with formation of congenital
malformations of any kind, we do not account the here iden-
tified mutation as disease-causing for the fetal phenotype of
Case 3.

Besides the de novo mutation in SCN9A we identified a
second novel de novo mutation, p.Ser22Ala in DLG3, encod-
ing the X-chromosomal protein disks large homolog 3, a
member of the membrane-associated guanylate kinase pro-
tein family. This amino acid residue is not included in the
full-length protein and solely affects one short, amino-
terminal deleted isoform (UniProtKB Q92796-2). Only one
out of five online prediction tools classified the identified
mutation in DLG3 as disease-causing (Table 2). As the muta-
tion carrying fetus was of female gender, we also tested for
the skewedness of X-chromosome inactivation, but detected
no abnormal X-chromosome inactivation (Supporting Infor-
mation Fig. 2). Given all these findings, the here identified
de novo mutation, p.Ser22Ala in DLG3, was not assumed to
be involved in the etiology of the fetal phenotype.

In Case 6, mutation analysis identified a novel homozy-
gous mutation (p.R2442%) in ASPM (primary microcephaly
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type 5) (MIM #608716), leading to a premature stop. Case 6
was a female fetus with microcephaly and pachygyria on
prenatal ultrasound showing marked phenotypic overlap to
patients previously described with primary microcephaly
type 5. To the best of our knowledge, these previously
described compound heterozygous or homozygous mutations
in ASPM have been exclusively loss of function mutations
distributed over the complete coding region (Bond et al.,
2003) arguing for the here identified homozygous stop muta-
tion to be disease-causing in Case 6.

In Case 7, mutation analysis identified a novel hemizy-
gous mutation (p.I250V) in SLC9A6 (X-linked syndromic
mentaly retardation, Christianson type) (MIM #300243).
Case 7 was a male fetus with hydrocephalus and agenesis of
the vermis on prenatal ultrasound. Previous reports of male
patients with disease-causing hemizygous mutations in
SLC9A6 show progressive postnatal cerebellar atrophy and
microcephaly (Gilfillan et al., 2008). Pescosolido et al.
(2014) investigating 14 boys with mutations in SLC9A6
showed marked atrophy of the vermis in three of the 14
boys. Although, to the best of our knowledge, no report of
prenatal diagnosis of X-linked syndromic mentaly retardation
of Christianson type has been described in the literature, the
fetus described here showed already agenesis of the vermis
on prenatal ultrasound with an amino acid substitution in
SLC9A6 (c.748A > G) of a highly conserved position down
to Xenopus tropicalis suggesting the mutation to be disease-
causing in Case 7. Hence, Case 7 might expand the pheno-
typic spectrum of X-linked syndromic mentaly retardation of
Christianson type in regards to manifestation into the prena-
tal period.

4 | DISCUSSION

The present study applied WES in six fetuses and two chil-
dren with syndromic brain malformations in which chromo-
somal microarray analysis was previously unremarkable.
WES identified causative mutations in three fetuses (Case 1,
Case 6, and Case 7). Furthermore, our analysis suggests
BAZIA as a new possible candidate gene for syndromic brain
malformations (Case 2).

The finding of an ACTB amino acid substitution, p.
Gly268Arg, per se should be responsible for the phenotype
observed in Case 1. As outlined by Verloes, Drunat, Pilz,
and Di Donato (2015), BRWS presents, amongst other fea-
tures, with brain malformations, cleft lip and palate, as well
as anomalies of the eye, ear, and the renal tract, hence the
complete spectrum found in Case 1. Similarly, the pheno-
typic spectrum previously described for mutation carriers in
ASPM and SLC9A6 show marked phenotypic overlap with
the brain malformations found in Case 6 and Case 7 arguing
for the here identified mutations to be disease-causing.

While the identification of the de novo BAZIA mutation
in Case 3 has been previously reported in one singleton in
over 100,000 Europeans tested, Zaghlool et al. (2016), most
recently identified a different de novo mutation in BAZIA
(c.4043T > G; p.Phe1348Cys), in a patient with unexplained
intellectual disability.

The amino acid substitution p.Arg1093Gln, identified in
our patient, locates to a linker region between the BAZ-II
and WKAZ domains (Figure 1). Fyodorov and Kadonaka
(2002) deleted this region in Drosophila (AS 818-1010, cor-
responding to human AS 929-1103) and noticed an impaired
interaction of Acfl with ISWI, leading to defective chroma-
tin assembly activity. The ISWI (imitation SWItch) family of
remodeling complexes was first discovered in Drosophila
and shown to be conserved in many other organisms
(reviewed in Aydin, Vermeulen, & Lans, 2014). In mam-
mals, seven different ISWI complexes have yet been identi-
fied and two, termed ACF and CHRAC, contain the BAZ1A
(ACF1) protein. The ACF-complex is build up from ACF1
and SMARCAS and its activity alleviates barriers posed by
heterochromatin, to enable DNA replication (Collins et al.,
2002). The SMARCA5-ACF1 complex is also involved in
regulation of transcription in concert with other histone
modifiers and transcriptional regulators (Yasui, Miyano, Cai,
Varga-Weisz, & Kohwi-Shigematsu, 2002). The CHRAC
complex additionally includes histone-fold proteins
CHRACI15 and CHRACI17, and these proteins were shown
to facilitate ATP-dependent nucleosome sliding by ACF1/
SMARCAS (Kukimoto, Elderkin, Grimaldi, Oelgeschléger,
& Varga-Weisz, 2004). The CHRAC complex is also
recruited transiently to microirradiation-induced double-
strand breaks (DSBs) and improves nonhomologous end
joining and homologous recombination (Lan et al., 2010).
Moreover, ACF1 has been implicated in G2/M checkpoint
control in response to replication stress and DSBs (Sanchez-
Molina et al., 2011) and in the interaction with transcription
factor CCAAT/enhancer-binding protein beta (Steinberg
et al., 2012). Hence, the p.Argl093Gln variant may nega-
tively influence all these functions.

Interestingly, the linker region affected by the p.
Phe1348Cys substitution reported by Zaghlool et al. (2016),
has no homologous region in Drosophila Bazla, implicative
that the p.Phe1348Cys substitution harboring region is overall
less important for ACF1 protein function than the region har-
boring the here identified p.Argl093GIn mutation. This might
also explain the milder phenotype observed in the patient
reported by Zaghlool et al. (2016) presenting with intellectual
disability, epilepsy, ataxia, and hyper mobile joints, compared
to the severe features of the patient reported here. As ACF1 is
known to be involved in transcriptional repression of vitamin
D3 receptor (VDR)-regulated genes through blocking the
accessibility of the transcription factors to VDR in the absence
of vitamin D3 (VD3) (Ewing, Attner, & Chakravarti, 2007),
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Zaghlool et al. (2016) performed several experiments, showing
that their patient displayed decreased binding of ACF1 to the
promoter of the VDR-regulated gene CYP24AI1. Using RNA
sequencing, they further found that the mutation in their patient
affects the expression of genes involved in several pathways
including vitamin D metabolism, probably explaining the
reduced vitamin-D (25-(OH)D) serum levels (70 nmol/l, nor-
mal range is 125-200 nmol/l) of their patient. In accordance,
we measured the vitamin-D (25-(OH)D) serum levels in our pa-
tient, and were also able to show a reduced level of 54 nmol/lL.
Consequently, we also investigated differential gene
expression in Case 2 in comparison with the parents of Case
2 by RNA-Seq with Lexogen QuantSeq-3’'mRNA. Obtained
reads were processed with Subread (Liao et al., 2013), featur-
eCounts (Liao et al., 2014) and edgeR (Robinson et al.,
2010). We found 27 genes to be differentially expressed with
an FDR < 5% (Supporting Information Table 2). Pathway
analysis with Enrichr (http://amp.pharm.mssm.edu/Enrichr)
(Chen et al., 2013; Kuleshov et al. 2016) revealed a possible
implication in axon guidance (P 0.26). Database literature
search with GeneCards (www.genecards.org) (Fishilevich
et al., 2016) and UniProt (http://www.uniprot.org/) (The Uni-
Prot Consortium, 2015) showed that 10 out of these 27 genes
are associated to cytoskeleton, integrin and synaptic related
pathways, pinpointing to the relevance of BAZIA in neural
development as supported by the findings of Zaghlool et al.
(2016). As in situ hybridization in mouse embryos between
E10.5 and E13.5 revealed Bazla expression in the cloacal
membrane and the central and peripheral nervous system,
our study implicates an involvement of BAZIA not only in
CNS anomalies but also in syndromic brain malformations.

5 | CONCLUSIONS

In syndromic brain malformations, WES is likely to identify
causative mutations when chromosomal microarray analysis
is unremarkable. Furthermore, our findings suggest BAZIA
as a possible new candidate gene.
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