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Abstract

Background: Corpus callosum abnormality (CCA) can lead to epilepsy, moderate se-
vere neurologic or mental retardation. The prognosis of CCA is closely related to ge-
netic etiology. However, copy number variations (CNVs) associated with fetal CCA are
still limited and need to be further identified. Only a few scattered cases have been
reported to diagnose CCA by whole exome sequencing (WES).

Methods: Karyotyping analysis, copy number variation sequencing (CNV-seq), chro-
mosomal microarray analysis (CMA) and WES were parallelly performed for prenatal
diagnosis of 19 CCA cases.

Results: The total detection rate of karyotyping analysis, CMA (or CNV-seq) and WES
were 15.79% (3/19), 21.05% (4/19) and 40.00% (2/5), respectively. Two cases (case 11
and case 15) were diagnosed as aneuploidy (47, XY, + 13 and 47, XX, + 21) by karyo-
typing analysis and CNV-seq. Karyotyping analysis revealed an unknown origin frag-
ment (46,XY,add(13)(p11.2)) in case 3, which was further confirmed to originate from
p13.3p11.2 of chromosome 17 by CNV-seq. CMA revealed arr1lq43q44 (238923617~
246964774) x 1(8.04 Mb) in case 8 with a negative result of chromosome karyotype.
WES revealed that 2 of 5 cases with negative results of karyotyping and CNV-seq or
CMA carried pathogenic genes ALDH7A1 and ARID1B.

Conclusion: Parallel genetic tests showed that CNV-seq and CMA are able to identify
additional, clinically significant cytogenetic information of CCA compared to karyo-
typing; WES significantly improves the detection rate of genetic etiology of CCA.
For the patients with a negative results of CNV-seq or CMA, further WES test is
recommended.
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1 | INTRODUCTION

The corpus callosum (CC) is the main cerebral commissure in placen-
tal mammals and plays a key role in communication between the two
brain hemispheres (left and right).! Corpus callosum abnormality (CCA)
is relatively common brain malformation with estimated prevalence
of 9.4 per 10,000 live births,? generally resulting in mild to severe in-
tellectual disability, epilepsy, and behavioral difficulties.® There is no
standard treatment scheme for CCA. Prognosis commonly depends on
the extent and severity of malformation and will be much poorer when
CCA is accompanied with genetic abnormalities, such as aneuploidies,
pathogenic copy number variants (CNVs) and single-gene defects. In
2018, American College of Obstetrics and gynecology (ACOG) and
Society for Maternal-Fetal medicine (SMFM) recommend that CMA
can replace conventional karyotype analysis as the first-tier detection
method when prenatal ultrasound indicates fetal structural abnormali-
ties.* However, with further researches in recent years, it is found that
the detection rate of CMA in CCA fetuses is low, the highest not over
19.44%.5 Especially in isolated CCA cases, the detection rate is only
3.57%.% In April 2020, ACMG put forward an expert consensus that
for fetuses with abnormal ultrasonic structure, we can further perform
WES when CMA or karyotype analysis result is negative.”

Due to low incidence rate, CCA which is a part of abnormal ultra-
sound structure, is lack of larger samples, systematic research from
cell genetics to molecular genetics. And this brings some trouble to
prenatal genetic diagnosis for CCA fetuses.

So here we reported new potential pathogenic genes of 19 CCA
fetuses using karyotyping, CNV-seq, CMA, and WES. The findings
provide scientific guidance for prenatal diagnosis and consultation,
and theoretical fundamental for genetic causes underlying patho-
genesis of CCA.

2 | MATERIALS AND METHODS

2.1 | Ethics approval

This study was approved by the Ethics Committee of the Six
Affiliated Hospital, Guangzhou Medical University. All patients
(pregnant mothers) provided informed consent for the collection of
samples and subsequent analysis.

2.2 | Definition
Corpus callosum abnormality is distinguished into three major
classes: complete agenesis, partial agenesis, and dysgenesis.8'9
Complete and partial agenesis of the corpus callosum (ACC) are the
complete or partial absence of the CC, whereas dysgenesis is the
length or width or the thickness of the CC smaller than the normal
CC.

Isolated CCA is defined as CCA without other anomalies,

whereas complex CCA is complicated with other malformations.

2.3 | Participants, sample collection, and
DNA extraction

Nineteen patients were recruited from January 2015 to November
2020. All the fetuses were clinically diagnosed by the clinicians
with ultrasonography and MRI during the second or third trimes-
ter of pregnancy at the Six Affiliated Hospital, Guangzhou Medical
University.

Blood samples were obtained from 19 father-mother-fetus trios
for DNA isolation. Amniotic fluid or cord blood was collected im-
mediately after amniocentesis or cord blood puncture, respectively.
Each sample was thoroughly mixed and divided into two tubes:
one for karyotyping and another for CNV-seq (or CMA) and WES.
DNA was extracted from 200 pl blood and 10 ml amniotic fluid with
QlAamp DNA blood mini kits (Qiagen) according to the manufactur-
er's protocol.

2.4 | Karyotyping analysis

About 20 ml of amniotic fluid or 1 ml cord blood was collected for
culture. Conventional karyotyping analysis using G-banding at 320-
400 band resolution was performed with cultured cells according to
the standard protocol. Amniotic fluid or cord blood samples were
inoculated into two culture bottles. They were cultured in 5% CO, at
37°C. Before harvest, colchicine was added to harvest cells, then KClI
hypotonic was added, and then fixed with fixed solution. G-banding
was performed routinely. Twenty mitotic phases were counted, and
five karyotypes were analyzed. The karyotypes were described ac-
cording to ISCN 2016.

2.5 | CNV-seq

Genomic DNA was extracted from the samples for library con-
struction with rapid PCR-free library construction technology.
Briefly, 10 ng genomic DNA was randomly sheared to 100-400 bp
fragments using a Nebulizer. The gap and double chain end were
repaired and a “A-overhangs” was added at the 3’ ends to gener-
ate the final sequencing library by connecting with sequencing uni-
versal primers according to TA connection method. The library was
assessed with quality control testing and sequenced on a NextSeq
CN500 gene sequencer to generate more than 2.5 M single-end
reads of 36 bp in length. The data were analyzed by the corollary
data analysis software (NCBI build37, Hangzhou Berrygenomics
Diagnosis Technology).

2.6 | CMA

Each DNA sample was quantitatively examined by NanoDrop
spectrophotometry and qualitatively assessed by agarose gel elec-
trophoresis for CMA. CMA of amniotic fluid or cord blood was
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performed with Affymetrix CytoScan 750K arrays (Affymetrix).
The arrays were processed according to the manufacturer’s pro-
tocols. The results were analyzed by Chromosome Analysis suite

software.

2.7 | Evaluation of the properties of CNVs
detected by CNV-seq or CMA

Copy numbers were assessed against publicly available CNV data-
bases (DGV database (http://dgv.tcag.ca/dgv/app/home), DECIPHER
database (http://decipher.sanger.ac.uk/), ISCA database (https://
www.iscaconsortium.org/), OMIM database (http://www.omim.org)
and UCSC database (http://genome.ucsc.edu/).

Copy number variations were classified as pathogenic, likely
pathogenic, variants of unknown significance (VOUS), likely benign,
and benign according to American College of Medical Genetics’ stan-
dards and guidelines for the interpretation and reporting of postnatal
constitutional CNVs.° Disease-associated CNVs and biological anal-
yses were performed to explore possible candidate genes within al-

tered chromosomal regions.

28 | WES

A father-mother-fetus trios approach was used for WES. Briefly,
exomes were sequenced using DNA isolated from amniotic fluid or
blood according to standard procedures. DNA libraries were prepared
using a NEXTflex™ Rapid DNA Sequencing Kit (Kit No. 5144-02, Bioo
Scientific) according to the manufacturer’s protocol. The libraries were
tested with gPCR for enrichment, and size distribution and concen-
tration were determined using an Agilent Bioanalyzer 2100 (Agilent
Technologies). The libraries were subjected to paired-end sequencing
on a HiSeq2500 sequencer according to the manufacturer’s protocol
(version 3, lllumina). Raw image files were processed using Bcl To Fastq
(Ilumina) for base calling to generate raw data that were analyzed
and filtered. The clean reads were mapped to the reference genome
(GRCh37) to identify de novo variants. All the selected variants were
then classified as pathogenic, likely pathogenic, VOUS, likely benign
or benign according to the American College of Medical Genetics and
Genomics (ACMG) guidelines,*! and validated by standard sanger se-
quencing of patient’s and parental DNAs.

3 | RESULTS

3.1 | Baseline characteristics of patients

From January 2015 to November 2020, 19 pregnant women with
fetal CCA were treated at the Prenatal Diagnosis Center of the Six
Affiliated Hospital, Guangzhou Medical University, China. For all of
the 19 cases invasive prenatal diagnosis was conducted. The base-
line data are summarized in Table 1.

The 19 fetuses and 19 matched parental samples were included
in the cohort.

Fetal DNA was isolated from either amniotic fluid (8/19, 42.11%)
or cord blood (11/19, 57.89%).

3.2 | Karyotyping analysis

Karyotyping analysis showed that 3 of 19 cases (3/19, 15.79%) were
abnormal. Among three abnormal cases, two (case 11 and case 15)
were diagnosed as aneuploidy (47, XY, + 13 and 47, XX, + 21), and
one (case 3) was diagnosed with an unknown origin fragment (46,
XY, add (13)(p11.2)) (Figure 1).

3.3 | CNV-seqand CMA

As shown in Table 2, 4 of 19 cases (21.05%) had pathogenic CNVs
(case 3, case 8, case 11 and case 15), among which two cases (case
11 and case 15) were aneuploidy, consistent with the results of
karyotype analysis. CNV-seq revealed that the unknown fragment
(46, XY, add(13)(p11.2)) in case 3 was originated from p13.3p11.2
of chromosome 17(Figure 2). CMA showed that CNV in case 8 was
arr1lq43q44 (238923617-246964774) x 1 (8.04 Mb) (Figure 3) after
negative result of karyotyping analysis.

Further analysis showed 322 protein coding genes and 72 patho-
genic genes (Table S1) in the region of duplication of chromosome 17
in case 3, and 28 protein coding genes and 9 pathogenic genes in the
region of microdeletion in case 8 (Table S2), respectively.

34 | WES

Six of 19 isolated CCA cases were performed father-mother-fetus
trios, among which one case was excluded because of the unqualified
fetal DNA. In the remaining five cases, 2 (40.00%, 2/5) had pathogenic
genes (Table 3).

In case 1, c¢.328C>T (p.R110X) and c.1061A>G (p.Y354C) were
detected in ALDH7A1 gene (NM001182). The ¢.328C>T (R110X) mu-
tation (r12192708) was De novo (Figure 4), with very low frequency
of occurrence in the population (0.00003 TOPMED), and annotated
as a pathogenic variation (CM060818) by ClinVar, thereby leading to a
termination codon to affect the structure and function of protein. The
mutation of 1061A>G (p.Y354C) (rs1471249688) was inherited from
the mother (Figure 4), with very low frequency (0.00001GnomAD), and
detected in patients with pyridoxine-dependent epilepsy (CM121731).
In silico pathogenicity prediction tools (PROVEAN, SIFT, PolyPhen-2,
Mutation Taster, and mutation assessor software) predicted 1061A>G
(p.Y354C) mutation as pathogenic variation. However, FATHMM
showed 1061A>G (p.Y354C) as benign. Therefore, this mutation was
defined as a likely pathogenic variation.

In case 4, ¢c.1601_1605 delACCCT (p.N534TfsX117) was de-
tected in ARID1B gene (NM020732) (Figure 5). This mutation was
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TABLE 1 Summary of clinical features of patients with CCA

Age Gestationalage  Gender of the  Type of
Case No. (year) (week) fetus ACC Additional sonographic findings Outcome
Casel 25 31 Female cACC - TOP
Case 2 26 28 Male cACC = TOP
Case 3 37 32+ Male pACC Dysplasia of right kidney TOP
Case 4 27 23 Male pACC - TOP
Case 5 31 25 Male cACC - TOP
Case 6 23 27+ Male cACC - TOP
Case 7 25 28%2 Male cACC Increased of cardiothoracic ratio; TOP
Pleural effusion; enhanced of the
echo of renal parenchyma
Case 8 38 26%° Female pACC - TOP
Case 9 17 26" Female cACC - TOP
Case 10 25 302 Female cACC - TOP
Case 11 30 271 Male cACC Cerebellar dysplasia; Dandy Walker TOP
syndrome; Tetralogy of Fallot;
Cleft lip and palate
Case 12 39 23% Male cACC = TOP
Case 13 31 25" Male cACC - TOP
Case 14 44 22+ Male cACC = Live birth
Case 15 36 18" Female cACC - TOP
Case 16 30 35+ Female cACC = TOP
Case 17 35 26" Female cACC - TOP
Case 18 28 23* Male cACC - Live birth, impaired
neuromotor skills
Case 19 40 24%3 Male cACC - TOP

Abbreviations: cACC, complete agenesis and partial agenesis of the corpus callosum; CCA, corpus callosum abnormality; pACC, partial agenesis and

partial agenesis of the corpus callosum; TOP, termination of pregnancy.

not detected in the parents, without previous results of the fre-
quency and pathogenicity in population. The mutation caused a
shift, thereby leading to a termination codon, which might affect the
structure and function of the protein. The protein function was pre-
dicted as a pathogenic variation by mutation taster software.

3.5 | Outcome

Among the 19 cases included, two babies with negative results of
karyotype analysis and CMA were born, and the other 17 pregnancies
were terminated after prenatal diagnosis. Of the two babies born, case
14 had a normal prognosis, while case 18 was diagnosed by psycho-
motor retardation.

4 | DISCUSSION

4.1 | Aneuploidy and CCA

Chromosome karyotyping analysis has been used as a standard di-
agnostic method for prenatal testing of CCA fetuses since the late
1960s. Aneuploidy is one of the abnormal karyotypes associated

with CCA cases, mainly including Patau syndrome (trisomy 13),
Edward syndrome (trisomy 18), Down syndrome (trisomy 21),
Klinefelter (XXY), and Turner syndrome (45,X).2 In this study, karyo-
typing analysis revealed 2 cases of aneuploidy (one is trisomy 21 and
another is trisomy 13) with 10.53% of detection rate, which was ba-
sically consistent with the previous report.*2 Up to now, 35 (35/172)
patients with trisomy 13 have been reported to be associated with
ccal?s Only 20 cases of trisomy 21 have been reported either in
detailed or partial case reports, suggesting rare association of tri-
somy 21 with CCA. Jacob et al.'? presented the first report of a mo-
nozygotic twin pregnancy with trisomy 21 and partial ACC in both
fetuses. Our finding provides strong evidence for the relationship
between CCA and trisomy 21 syndrome. The mechanism underly-
ing the genetic causes of trisomy 13 or trisomy 21 in CCA remains
unknown. However, additional studies are needed to further clarify
the mechanism.

4.2 | 17p13.3p11.2 duplication and CCA

In this study, we discovered an unknown origin fragment on p11.2 of
chromosome 13 in case 3 by karyotype analysis. Further CNV-seq
examination revealed that the unknown fragment was originated
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FIGURE 1 Karyotyping result of case
3. The karyotyping result of case 3 was

46, XY, add (13)(p11.2). Karyotyping
analysis revealed addition of an unknown
origin fragment to p11.2 of chromosome
13 (black arrow)
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TABLE 2 Summary of pathogenic or

likely pathogenic CNVs detected by CNV- Case no. GGl CNV type LR
seq or CMA Case 3 17p13.3p11.2 (1-21400000) x 3 Gain 21.4 Mb
Case 8 arr1q43q44 (238923617-246964774) x 1 Loss 8.04 Mb
Case 11 13g12.11934 (19500000-115169878) x 3 Gain -
Case 15 21q11.2g22.3 (14300000-48129895) x 3 Gain -

Abbreviations: CNV, copy number variation; CMA, chromosomal microarray analysis.
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FIGURE 2 CNV-seqresult of case 3. CNV-seq revealed a 21.40-Mb duplication extending genomic position 1-21400000 (hg19) at
17p13.3-p11.2 region
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FIGURE 3 CMAresult of case 8. CMA revealed a 8.04-Mb deletion extending genomic position 238923617-24696 4774 (hg19) at
1q43g44 region
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TABLE 3 Summary of pathogenic or likely pathogenic mutations revealed by WES
Inheritance Inheritance
Caseno. Gene Chr? mode Mutation and het/hom® Consequence P/LP confirmation
Case 1 ALDH7A1 5 AR NM_001182: ¢.328C>T(p.R110X) het Stop_gained P De novo
AR NM_001182: c.1061A>G(p.Y354C) het Missense LP Mat*©
Case 4 ARID1B 6 AD NM_020732:c.1601_1605 Frameshift P De novo

delACCCT(p.N534TfsX117)het

Abbreviations: P/LP, Pathogenetic/likely pathogenetic; WES, whole exome sequencing.

2Chr: chromosome.
Phet refer to heterozygous mutation or homozygous.
“Mat refer to maternally inherited.

C A A A ATG A G G
(A)

G G C C

I

FIGURE 4 Sanger sequencing result of the mutation of
ALDH7A1 in case 1. (A) A substitution C to T at position 328

of cDNA (c.328C>T; p.R110X) of ALDH7A1 in case 1. (B) A
substitution A to G at position 1061 of cDNA (c.1061A>G;
p.Y354C) of ALDH7A1 in case 1. Red arrow indicated base change
in Sanger sequencing

from p13.3p11.2 of chromosome 17. The fine delineation of the
extent of genomic aberration by CNV-seq could help us better un-
derstand the molecular mechanism and genotype-phenotype corre-
lations in complete trisomy of the short arm of chromosome 17. Our
study demonstrated the association of chromosome duplication of
17p13.3p11.2 with CCA, supporting the previous results.?® Human
chromosome 17 is a small, gene-rich chromosome associated with
several well-known duplication syndromes. So far the duplication
region of 17p13.3p11.2 includes chromosome 17p13.3 duplication
syndrome[OMIM:613215],?°Charcot Marie Tooth Syndrome Type
1A (CMT1A),%! and Potocki Lupski syndrome (17p11.2 duplication

syndrome).?? 23

Among these, 17p13.3 duplication syndrome“> and

Potocki-Lupski syndrome?? were reported to be related with CCA.
We further analyzed the functions of 322 coding genes in

thel7p13.3p11.2 fragment with Gene Ontology (GO) analysis. In

the molecular function (MF) category, the coding genes were mainly

G GCAGTAA

C TTCCOC CTT

FIGURE 5 Sanger sequencing result of the mutation of ARID1B
in case 4, showing a deletion ACCCT at position 1601-1605 of
cDNA (c.1601_1605 delACCCT; p.N534TfsX117) of ARID1B in case
4. Red arrow indicated deletions in Sanger sequencing

assigned to microfilament motor activity. In the cell components
(CC) category, the coding genes were mostly enriched in the mus-
cle myosin complex. In the biological processes category, the coding
genes were mainly involved in the hepoxilin biosynthetic process. In
the future study, we can screen the pathological mechanism of CCA

through these MFs, cell composition, and the biological process.

4.3 | 1943q44 microdeletion and CCA

In this study, 1g43g44 microdeletion was firstly reported to be as-
sociated with the phenotype of CCA. We detected a 8.04 Mb mi-
crodeletion in 1g43g44 by CMA in case 8 that was negative with
karyotyping analysis. The microdeletion was too tiny to be discerned
on traditional chromosome karyotyping analysis. Our result demon-
strated the capacity of CMA in detection of the minimal pathogenic
CNVs that are lower than the resolution of chromosome karyotype.
In addition, further analysis of the coding genes in the 1q43q44
microdeletion fragment showed associations of AKT3, FMN2, and
ZBTB18 with the central nervous system. GO analysis assigned main
involvement of 28 coding genes in N-methyltransferase activity in
the MF category, and microtubule cytoskeleton and microtubule in
the CC category. In the future study, we can screen the pathological
mechanism of CCA through the MF, cell composition, and biological
process.



SHE ET AL.

WI LEYM

44 | ALDH7A1 and CCA

We reported for the first time that two mutations of c.328C>T
(p.R110X) and c.1061A>G (Y354C) in ALDH7A1 were associ-
ated with fetal dysplasia of the CC. ALDH7A1 in 5g23.2 with
18 exons encodes a-aminoadipic semialdehyde dehydrogenase,
thereby playing a critical role in the lysine degradation pathway.
Homozygous and compound heterozygous mutations in ALDH7A1
cause decline of a -aminoadipic semialdehyde dehydrogenase to
block the lysine metabolism in patients, thereby leading to pyri-
doxine (vitamin B6)-dependent epilepsy. A total of 108 mutations
had been reported in HGMD database (http://www.hgmd.cf.ac.uk/
ac/index.php) until April 2019. Recently, several different cerebral
malformations associated with ALDH7A1 mutations have been de-
scribed, including agenesia/hypoplasia of the CC, nonspecific white
matter aberrations, large cisterna magna, ventriculomegaly, hemor-
rhage, cerebellar hypoplasia /dysplasia, and, more rarely, dysplasia
of the brainstem and hydrocephalus.?* In this study, the heterozy-
gous mutations of ¢.328C>T (p.R110X) and c.1061A>G (Y354C) in
ALDH7A1 gene (NM001182) were detected in case 1. Although both
mutations were previously reported in patients with pyridoxine-

2526 no abnormal CC was detected with MRI in

dependent epilepsy,
the reported cases. Further studies are needed to address the pos-

sible association of ALDH7A1 mutations with dysplasia of the CC.

4.5 | ARID1B and CCA
In this study, we firstly reported a frameshift mutation in ARID1B.
ARID1B gene is located in 6g25.3 with 25 exons, and encodes a
250 kDa protein with two nuclear localization domains: the AT-rich
ARID domain and the DUF3518 domain with unknown function. The
protein is one of the largest subunits of SWI/SNF complex?’ belong-
ing to chromatin remodeling complex with the active site of ATPase.
Chromatin remodeling is carried out by hydrolyzing ATP to gener-
ate energy, thereby playing a key role in cell growth, differentiation,
and gene activity regulation. Sim et al.?® demonstrated the key role
of ARID1B in brain development. Recent studies have revealed that
ARID1B is the pathogenic gene of Coffin-Siris syndrome type .29-32
The clinical manifestations of ARID1B mainly include special facial
features (hairy, low ear position, wide nose, big mouth, etc.), feed-
ing difficulty, fifth finger/toe bone hypoplasia, psychomotor retar-
dation, mental retardation, and corpus callosum dysplasia, which
is autosomal dominant inheritance. Pirola et al.®® firstly reported
a possible association of insufficient haploid dose of ARID1B gene
with CCA, supported by Halgren et al.** who also demonstrated a
relationship between CCA and insufficient dose of ARID1B. Celen
et al.® discovered CCA in Arid1b™~ mice. In the present study, we
firstly discovered frameshift mutation in exon 1 of ARID1B. This
point mutation affects the translation of all subsequent proteins and
their functions, resulting in fetal CCA.

In this study, 89.47% of pregnancies were terminated, which was
higher than that reported in the literature.>®*” It was considered that

the parents did not get proper counseling based on the information
regarding the good prognosis for isolated ACC. In the two live babies,
one had a normal prognosis, which suggested that the prognosis of
CCA fetus might be good when the karyotype and CMA results were
negative. However, the other case had psychomotor retardation. We
have repeatedly communicated with the parents and suggested fur-

ther WES to exclude single gene diseases, but the parents refused.

5 | LIMITATIONS

The findings of the present study were limited by the relatively small
size of cases. From January 2015 to November 2020, only 19 CCA
fetuses were recruited for interventional prenatal diagnosis. Further

studies with larger size of samples are needed for validation.

6 | SUMMARY

In this study, we genetically diagnosed 19 cases of fetal CCA with
karyotyping analysis and discovered 3 of 19 cases (15.79%) with
chromosomal abnormalities. Parallel tests of karyotyping analysis,
CNV-seq, CMA, and WES showed that CNV-seq and CMA are able
to identify additional, clinically significant cytogenetic information
of CCA and WES significantly improves the detection rate of genetic
etiology of CCA. For the patients with a negative results of CNV-seq
or CMA, further WES test is recommended.
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