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Evica Rajcan-Separovic, University of British Columbia, Canada
Peter C. K. Leung, University of British Columbia, Canada

Birth defects are one of the major public health concerns in the world, as they
cause approximately 20% of infant deaths. Genetic disorders, including chromosome
abnormalities and single gene disorders, are the most common causes of birth defects
for which there is no efficient treatment. Prenatal genetic screening and diagnosis
allow early identification of affected conceptuses and facilitates reproduction
planning or counseling.

Molecular technologies have developed rapidly in recent years and have been
widely used in screening and diagnosis of genetic disorders at all stages of prenatal
development (e.g. pre-implantation, embryonic and fetal). However, their performance
still needs to be validated and assessed as the balance between their advantages and
disadvantages need to be discussed.

With the ability to detect copy number variations (CNVs), polyploidy, uniparental disomy
and maternal cell contamination, SNP-based chromosomal microarray analysis (CMA)
is showing the unique importance in diagnosing chromosomal abnormalities. The
interpretation of CNVs remains a challenge; however, ultrasound and biochemical
screening improve the diagnosis of fetal chromosomal abnormalities. Whole
exome sequencing (WES) and whole genome sequencing (WGS) play increasingly
significant roles in prenatal and carrier screening for genetic disorders. NGS-based
non-invasive prenatal screening (NIPS) is now widely used for detecting common
autosomal aneuploidies and has shown the potential of detecting microdeletions and
microduplications. However, further investigations of the sensitivity and accuracy are
required and large-scale data is necessary to evaluate the performance and clinical
applications of current and new methods. Recently, reports of application of newer
technologies in prenatal setting became available. Examples include third generation
sequencing (reading the nucleotide sequences at the single molecule level), digital
PCR (used for direct quantification of DNA) and cell-based NIPT.

In the followed listed papers, the authors showed their successful experiences
in identifying novel mutation, detecting low-level mosaicism or de novo
mutations limited in germline cells, investigating the association of the CNVs with
specific phenotypic alterations by using WES, CMA, digital PCR and some other
new-developed molecular techniques. More interesting, the authors also presented
areport about the evaluation of diagnostic yield in fetal WES, which suggested a new
tendency to apply WES or WGS directly for prenatal diagnosis. We believed that the
efficiency of scanning causative mutations and prenatal or preimplantion genetic
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diagnosis for genetic disorders will further improved based on the technologies
of whole genomic sequencing with further improved output and resolution. New
techniques, such as quick-WES for the newborn in intensive care unit, direct-WGS
for prenatal diagnosis and non-invasive test for fetal monogenic disorders, will
become available in the near future.
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Schimke immuno-osseous dysplasia (SIOD) is an extremely rare autosomal recessive
pleiotropic disease. Although biallelic mutations in SMARCAL 1 gene have been reported
to be the genetic etiology of SIOD, its molecular diagnosis has been challenging in
a relatively proportion of cases due to the extreme rarity. Here, we made a definitive
SIOD diagnosis of a 5-year-old girl with an extremely mild phenotype by applying whole
exome sequencing (WES). As a result, a novel maternal mutation (c.2141+5G > A)
confirmed to create a novel splice donor site combined with a known paternal mutation
(c.1933C > T, p.Arg645Cys) were detected. In addition, previous reported SIOD cases
showed excessive enrichment for mutations in the helicase ATP-binding and C-terminal
domains of SMARCAL1. Similarly, the novel mutation we identified caused a mutant
protein truncated in the SMARCAL1 C-terminus. Interestingly, based on the phenotypic
profile, compared to reported cases, the patient in our study exhibited milder symptoms
with renal dysfunctions limited to asymptomatic proteinuria, but no neurological signs or
recurrent infections. Moreover, we identified 73 SMARCAL7-interacting genes, which
formed a significant interconnected interaction network with roles in disease-related
pathways such as double-strand break repair via homologous recombination, DNA
repair, and replication fork processing. Notably, the top 15 SMARCALT-interacting
genes all showed a similar renal temporal expression pattern. Altogether, to our
knowledge, the case in this study is the first case diagnosed originally based on a
genetic test via WES rather than a characteristic phenotype. The identification of the
novel allelic mutation (c.21414-5G > A) extends the phenotypic spectrum of SMARCAL1
mutations and the following biocinformatics analysis presents additional genetic evidence
to illustrate the role of SMARCALT in SIOD.

Keywords: Schimke immuno-osseous dysplasia (SIOD), SMARCAL1, whole exome sequencing, mild phenotype,
bioinformatics
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Novel Biallelic SMARCAL1 Mutation of SIOD

INTRODUCTION

Schimke immuno-osseous dysplasia (SIOD; OMIM #242900)
is a rare autosomal recessive disorder with an estimated
incidence of 1 in 3 million live births in the United States
(Santangelo et al., 2014), which was first described by Schimke
et al. in 1971 (Schimke et al, 1971). SIOD is a multisystem
disease, the main clinical features of which include growth
failure, spondyloepiphyseal dysplasia, progressive nephropathy,
and poor cellular immunity (Saraiva et al, 1999; Boerkoel
et al, 2000). Hypothyroidism, bone marrow failure, and
episodic cerebral ischemia have also been reported in some
severely affected patients (Boerkoel et al., 2000). Phenotypic
abnormalities are another feature of SIOD patients and usually
consist of a broad nose, lumbar lordosis, and a protruding
abdomen. Many patients also have microdontia, hypodontia,
or malformed deciduous and permanent molars along with
hyperpigmented macules located on the trunk (Saraiva et al.,
1999; Morimoto et al., 2012).

The SIOD disease is frequently reported to be caused by
biallelic mutations in the gene SMARCALI (SWI/SNF-related,
matrix associated, actin-dependent regulator of chromatin,
subfamily A-like 1), a member of the SNF2 family of proteins
that regulates gene transcription, DNA replication, repair and
recombination in the context of chromatin (Bansbach et al.,
2010). SMARCALI was found to play an important role
in replication fork restarts, cell cycle progression, and DNA
damage responses (Ciccia et al, 2009). Various mutations
have been found to be distributed throughout the whole
gene (Lipska-Zietkiewicz et al, 2017). Notably, nonsense or
frameshift mutations of SMARCALI can lead to a severe
phenotype (Boerkoel et al, 2002), and biallelic missense
mutations within the SNF2 domain in other family members
were also found to affect protein subcellular localization,
enzymatic activity, abundances and chromatin binding, etc.
(Elizondo et al., 2009).

Schimke immuno-osseous dysplasia is a phenotypic
heterogeneous disease with a marked variation in severity
of clinical manifestations. Based on the severity, SIOD has
been classified into two different subtypes: severe and mild
(Ehrich et al,, 1995; Saraiva et al.,, 1999). Patients with the
severe subtype mostly suffer from recurrent infections and
develop renal failure or cerebrovascular disease in the first
2 to 5 years of life (Yue et al, 2010). The diagnosis of SIOD
mainly relies on characteristic clinical and radiographic features
followed by molecular testing (mainly single-gene testing
and a multigene panel) if the clinical evidence is insufficient
(Lipska-Zietkiewicz et al., 2017), while whole exome sequencing
(WES) has seldom been applied to detect SMARCALI mutations
(Morimoto et al., 1993).

In this study, we are trying to make a diagnosis of a 5-
year-old girl with mild SIOD phenotypes, and in which it was
difficult for the pediatrician to make a definitive diagnosis based
on phenotype features only. By applying WES technology,
one novel mutation (c.214145G > A) adjacent to the 5
donor splice site predicted to disrupt splicing function and
one well-known mutation (c.1933C > T; p.Arg645Cys) were

identified in the SMARCALI gene. Based on the results
of genetic testing, we clarified an SIOD diagnosis of the
5-year-old girl, and the diagnosis was supported by the
following series of abnormal clinical symptoms. Compared to
previously reported patients who were diagnosed according
to characteristic phenotypes with missense mutations at
the same position of the Arg645 amino acid, our patient
shows the mildest phenotype with no recurrent infections
or neurological signs and extremely mild renal dysfunction.
Our comprehensive bioinformatics analysis  presented
in this study further demonstrated the functional role of
SMARCALI in SIOD.

MATERIALS AND METHODS

Patient Recruitment

This study was conducted in accordance with the guidelines
of the Declaration of Helsinki. It was also approved by
the Ethics Committee of the Second Affiliated Hospital
and Yuying Children’s Hospital of Wenzhou Medical
University. ~ Written informed consent obtained
from both parents of the patient. SIOD was diagnosed
according to the results of a genetic test ordered by an
experienced pediatrician. Routine clinical and laboratory
examinations, including hematological and immunological
tests and skeletal X-ray, were performed on the patient to
confirm the diagnosis.

was

Whole Exome Sequencing and Variant
Calling

Genomic DNA was extracted from the peripheral blood
of the patient according to standard procedures using the
QIAGEN DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA,
United States) and then sheared to 150 bp fragments in length.
Whole-exome capture using the Agilent SureSelect Human
All Exon v5 Kit (Agilent Technologies, Santa Clara, CA,
United States) and high-throughput sequencing by utilizing
an Illumina HiSeq 4000 sequencer (Illumina, San Diego, CA,
United States) were conducted.

Computationally efficient read preprocessing and quality
control for high-throughput sequencing data sets were taken
with adaption of a canonical pipeline (Wang et al., 2013).
The Trim Galore program was used to remove low-quality
reads and adapters. The filtered reads (Phred-scaled quality
score > 30 and read length > 80 bp) were aligned to the
human reference genome (GRCH37/hgl9) with the Burrows-
Wheeler Alignment Tool (BWA) pipeline. Picard was then
utilized to realign the reads from the BAM files and label
the duplicated reads. In addition, local realignment and map
quality score recalibration were performed. All variants,
including single-nucleotide variants (SNVs) and InDels,
were called according to three incorporated GATK tools:
RealignerTargetCreator, IndelRealigner, and BaseRecalibrator.
De novo and biallelic mutations were identified using mirTrios
(Lietal, 2015).

Frontiers in Genetics | www.frontiersin.org

June 2019 | Volume 10 | Article 565


https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Jin et al.

Novel Biallelic SMARCAL1 Mutation of SIOD

Variant Annotation and Prioritization

The ANNOVAR software tool and in-house codes were
used to annotate all of the mutations (Wang et al., 2010).
Based on phenotype-related databases including HGMD, any
variant was assessed as to whether it was associated with
a previously recorded phenotype. To detect rare mutations,
variants with a minor allele frequency (MAF) > 0.1% in
various publicly available variant databases, including ExAC,
1000 Genome, dbSNP and ESP were filtered out. Subsequently,
the effects of the detected variants were predicted by four
software tools: STFT (Kumar et al., 2009), Polyphen (Adzhubei
et al, 2010), LRT (Chun and Fay, 2009), and CADD
(Kircher et al., 2014). After Sanger sequencing confirmation,
the remaining variants were thought to be high-confidence
causative variants.

RNA Exaction and Exon Junction
Detection of cDNA

Total cellular RNAs from the Patient and control were isolated
from blood samples using the TRIzol reagent (Invitrogen). And
1 pg of total RNA was used for reverse transcription with
Reverse Transcription System (Promega) using oligo-dT primers.
SMARCALI-specific PCR primers were designed to amplify the
region spanning the exon 13. Primer sets for hypothetical exon
junctions were as follows: 5'-GCTGCAGCCAAGGAAATGAC-
3’ in exonl2-F and 5-GCGTCCAGGACCACCTTATG-3' in
exonl4-R. The final PCR products were visualized with
electrophoresis, and submitted for Sanger sequencing as well.

Construction of Physical Interaction
Network and Biological Process
Enrichment Analysis by DAVID

Bioinformatics Resources

The direct protein-protein interaction (PPI) data set used in
this study was downloaded from the STRING database. We
extracted genes interacting with SMARCALI in the STRING
database with interaction scores greater than 400 to construct
an internal interaction network. To evaluate the significance
of the observed network, we performed random simulations
of 100,000 iterations for genes and their connections selected
from the STRING database. To further research the function
of the genes in the PPI network, biological processes (BPs)
analysis of gene functional analysis was conducted on the David
website'.

RESULTS

Clinical Presentation

The index patient, a 5-year-old girl from Han Chinese
population, was the first child born to healthy, non-
consanguineous, Chinese parents. The patient was referred
to the Second Affiliated Hospital and Yuying Children’s Hospital
of Wenzhou Medical University due to nasosinusitis and

Uhttps://david.ncifcrf.gov/summary.jsp

adenoid hypertrophy. Physical examination on admission
demonstrated a disproportionate, short stature with a collapsed
nose, spherical nose tip, short neck and a protruding abdomen.
Multiple pigmented nevi were present on the abdomen
and bilateral ankle. According to these clinical features, it
was difficult to make a diagnosis to explain these abnormal
symptoms. Therefore, after the consent of the patient’s parents,
WES was used to perform genetic testing to detect possible
genetic lesions.

After the genetic testing, the child patient was also hospitalized
to complete a full physical examination for more phenotype
features. Skeletal X-ray showed scoliosis (Figure 1A), hypoplasia
pelivis (Figure 1B), and spondyloepiphyseal dysplasia with
ovoid and flat vertebrate (Table 1). Although a quantitative
test of 24 h urinary protein was 120.4 mg/L, which was in
the normal range (<150 mg/24 h), renal dysfunction was
evidence with an increased content of urinary microproteins,
including microalbuminuria 5.82 mg/dl (<1.9 mg/dl), transferrin
0.45 mg/dl (<0.2 mg/dl), and IgG 1.13 mg/dl (<0.8 mg/dl)
(Pomerance, 1997) (Table 1). Hematological and immunological
studies showed a decreased ratio of lymphocytes 0.167% (0.23-
0.53%), along with an increased ratio of neutrophils 0.724%
(0.35-0.65%), and monocytes 0.10 (0.03-0.08%). The T lymph
ratio was 43% (55-84%), indicating T cell immunodeficiency,
including low levels of T helper and T suppressor lymphocytes
(Table 1). Furthermore, dental examination found enamel
dysplasia. The thyroid stimulating hormone content in her serum
was 6.0067 mIU/L (0.8-5.0 mIU/L), confirming the diagnosis
of hypothyroidism. Nevertheless, electrocardiogram, abdominal
ultrasound, and skull MRI plain scans showed no abnormalities.

Sequencing Data Analysis and
Identification of Mutations

Although the preliminary examinations showed disproportionate
short stature, special facial dysmorphism, hypothyroidism and
multiple pigmented nevi, based only on these observations, it
was hard to make a diagnosis. Considering the possibility of
genetic defects, WES of the patient was performed. After rigorous

FIGURE 1 | Radiographs of spine and hip joints. (A) The spine radiograph
showing the patient has scoliosis. (B) Bilateral femoral head moved upward.
Bilateral acetabular articular surface was flat and shallow. Bilateral Shen
Tong’s line was discontinuous. Poor alignment of left hip joint.
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TABLE 1 | Clinical features of the patient.

Clinical features Current Characterization and indicators
situation
Development Intrauterine growth retardation + Born at 36 weeks, weight of 1.25 kg, height of 40 cm (<3rd percentile)
Microsomia + 108.5 cm at 6-years old
Skeletal feature Short neck +
Short torso +
Scoliosis +
Oval flat vertebra +
Pelvic hypoplasia + Bilateral femoral head moved upward, bilateral acetabular articular surface was
flat and shallow, bilateral Shen Tong’s line was discontinuous. Poor alignment of
left hip joint
Abnormal femoral head +
Kidney dysfunction Urine protein MA: 5.82 mg/dl ( < 1.9 mg/d)
Kidney disease -
Focal segmental glomerulosclerosis -
Abnormity of blood T cell deficiency + CD8: 17%(62.0-70.0%), CD4: 11% (30.0-40.0%), CD8: 4% (20-27%)
Lymphopenia + LY#: 1.00 x 109/L (0.92-5.3), LY%: 0.167 (0.23-0.53)
Neutrophil reduction - NE#: 4.33 x 1079/ (1.4-6.5), NE%: 0.724 (0.35-0.65)
Thrombocytopenia — PLT: 350 x 10"9/L
Anemia - HGB: 135 g/L (110-190)
Physical characteristics Broad nose +
Wide and collapsed bridge of the nose +
Prominent belly +
Multiple pigmented nevi +
Abnormity of hair +
Small or missing teeth +
Corneal opacity + A small amount of granular gray-white reflection in the double corneal stroma is
located in the posterior stromal layer of the bismuth.
Development Hypoevolutism -
Academic delay —
Vasculature Headache -
Transient cerebral ischemia stroke No obvious abnormality of Skull MRI scan
Other inspections Hypothyroidism + TSH:6.0067 mIU/L (0.8-5.0)

Catarrhal dysentery —
Non-Hodgkin lymphoma -

Fat globule:(+)

MA, microalbuminuria; LY, lymphocyte; NE, neutrophile granulocyte; PLT, blood platelet; HGB, hemoglobin; TSH, thyroid stimulating hormone. +, positive for the finding;

—, negative for the finding.

screening of mutations and Sanger sequencing validation, a
known exon mutation (c.1933C > T, p.Arg645Cys) and a new
intron mutation (c.2141+5G > A) adjacent to a splicing region
(Figure 2A) were identified in the SMRACALI gene. Haplotype
analysis and sequencing showed that the ¢.1933C > T mutation
was inherited from father and that the c.21414-5G > A mutation
was from mother (Figure 2B).

The previously reported mutation Arg645Cys was predicted to
be pathogenic by four commonly used bioinformatic algorithms,
including SIFT (damaging), polyphen-2 (probably damaging),
LRT (deleterious), and CADD (damaging). In addition, the
amino acid residue was predicted to be conserved. Meanwhile,
this variant has shown a low frequency of 8.25 x 107° in the
ExAC database and was absent in the UK10K, 1000 Genomes
and ESP6500. In accordance with the recommended standards
of the American College of Medical Genetics (ACMG) (Richards
et al, 2015), the variant ¢.1933C > T is categorized as a
“pathogenic variant” because of its classification as PS1, and PS3

(Supplementary Table S2). According to the annotation, the
€.214145G > A mutation has not been previously observed in
any public database.

The Novel c.21414+5G > A Allele Affects

the Splicing of SMARCAL1

The ¢.21414+5G > A site was adjacent to the 5 donor splice
site in intron 13 (Figure 2A and Supplementary Figure S1)
and was confirmed in the patient and her mother. Though it
was a variant of an intron region, we hypothesized that it was
the second allele as a compound mutation that caused SIOD,
an autosomal recessive multisystem disorder. The mutation was
not previously observed in various publicly available databases,
including ExAC, UK10K, dbSNP147, 1000 Genomes, or the
ESP6500 database. We used four splicing prediction tools
dbscSNV (Jian et al., 2014), Human Splicing Finder (Desmet
et al.,, 2009), MaxEntScan (Yeo and Burge, 2004), and SPANR
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FIGURE 2 | Identification of compound heterozygous mutations in SMARCAL1. (A) Pedigree of the Family and Schematic of SMARCAL1. Yellow boxes represent
the coding exons; black characters indicate the mutation identified in this study. (B) Sanger sequencing confirmed the heterozygous mutations in SMARCALT. The
father was a carrier of the ¢.C1933T mutation and the mother was a carrier of the ¢.2141+5G > A mutation. (C) Reverse transcriptase PCR analysis on cDNAs from
patient and control. An abnormal PCR product (114 bp) was detected in patient. (D) Sanger sequencing for the fragment amplified from the cDNAs of both patient
and control. (E) Nucleotide sequences from exon 12 to exon 14 of SMARCAL1 and protein schematic of smarcal1. WT, wild type; Mut, mutant. The arrow indicates
the ¢.2141+5G > A variant. The asterisk means a premature stop codon.
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(Elliott et al., 1976) to predict splicing changes, which resulted
in the creation of a novel splice donor site (Supplementary
Table S3). Splicing mutations can lead to a mixture of aberrantly
and correctly spliced transcripts by partial skipping of exons or
inclusion of intronic sequences, or they can change the ratio
of programmed alternatively spliced isoforms (Nissim-Rafinia
and Kerem, 2005). The position of the mutation immediately
adjacent to the 5 donor splice site suggested it might disrupt
5'-splice site function, result in the skipping of contiguous
exon from the mature mRNA and lead to a truncated protein
(Montalban et al., 2018).

The exact impact of the c.2141+5 G > A variant on
splicing was confirmed by RT-PCR with total RNA extracted
from the blood samples from the patient and control, using
forward and reverse primers located in exons 12 and 14
respectively. Two different amplification products were
detected from the SMRACALI cDNA of the patient: the
upper band derived from the full-length transcript which
was corresponded to the wild-type allele (Figure 2C),
whereas the lower band derived from an aberrant transcript
lacking the entire exon 13 (c.2070_2141de71) (Figure 2C).
This exon skipping lead to premature stop codon at
position 260 that results in the loss of 247 amino acids
from the SMARCALI C-terminus, resulting in the loss
of Helicase C-terminal functional region (Figures 2D,E).
According to the guide of ACMG (Richards et al, 2015),
the novel variant ¢.214145G > A would be classified as
a “pathogenic variant” supported by the classification as
PVS1, PM2, and PM3.

Phenotypic Profile and Mutation

Summary

To gain a global understanding of the various disease phenotypes
and mutations, we collected all of the previously reported
cases based on abundant literature. SIOD has a marked
variation in severity, ranging from in utero onset with growth

retardation and death within the first 5 years of life to
onset of symptoms in late childhood. Based on existing
phenotypic data, most of the patients had symptoms of
spondyloepiphyseal dysplasia (97.5%), T lymphocyte decrease
(85.96%) and maculas (62.67%) (Supplementary Table S1),
while some of the patients diagnosed severe SIOD had
blood pancytopenia, recurrent infections and central nervous
symptoms (Supplementary Table S1).

Schimke dysplasia is a genetically
heterogeneous disease. The pathogenicity of the mutation
was usually considered to cause a change in protein function.
Therefore, we mapped 49 of the reported amino acids
alternative mutations to the schematic representations
of SMARCAL1 (Figure 3). Helicase ATP-binding and
helicase C-terminal domains showed excessive enrichment
of mutations. The Arg645 site tends to be a recurrent
susceptible locus of SMARCALI with diverse amino acid
changes, and the other biallelic site (c.214145G) is close to
exon 13, which encodes a part of the helicase C-terminal
subdomain. Besides, we also mapped all the pathogenic
mutations in intron regions to the nucleotide structure map
of SMARCALI (Supplementary Figure S1), among which a
reported homozygousmutation ¢.2244+5 G > A in intron
14 detected in a SIOD patient with mild developmental
delay and mild ID was near the novel c21414+5G > A
mutation in this study.

Notably, the variants at residue Arg645 was previously
reported as a compound mutation in four SIOD patients
(Table 2). All the patients were diagnosed with mild SIOD
based on mild multisystem clinical symptoms, while the
definite diagnosis of our patient was only made after
genetic testing. Compared to the four patients that carried
missense mutations at the same locus, our patient had milder
symptoms without any neurological signs and recurrent
infections. Remarkably, the renal dysfunctions of our patient
were limited to asymptomatic proteinuria while the kidney

immuno-osseous
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FIGURE 3 | Schematic diagram of mutations assiociated with SIOD in the encoded proteins of SMARCAL 1 gene. Rectangles with different colors indicate specific
protein domains. Black font represents missense mutation, vermeil font shows stop-gain mutations, and green font indicates frameshift mutations.
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TABLE 2 | Genotype—phenotype analysis of patients with mutations at the same site R645.

Patient ID 1(Lipska- 2-I(Liu et al., 2017) 2-1l(Liu et al., 3(Zivicnjak et al., Our patient
Zietkiewicz et al., 2017) 2009)
2017)
Gender M F F M M
Country of origin China Germany Germany France China
Nucleotide change c.1933C > T, €.1934G > A; €.1934G > A; ¢.1933C > G; c.1933C > T,
c.2450G > A c.2542G > T c.2542G > T €.2425G > A c.214145G > A
Protein change p.R645C; p.R817H p.R645H; p.E848X p.R645H; p.EB48X p.R645G; p.G809R p.R645C
Diagnosis Mild SIOD Mild SIOD Mild SIOD Mild SIOD Mild SIOD
Diagnosis year 6 1 16 10.8 5
Diagnostic basis Phenotype Phenotype Phenotype Phenotype WES
Age at 1st 5.7 4 6 ? 4
manifestation
(years)
1st manifestation Proteinuria Steroid-resistant Steroid-resistant ? Hyperthyreosis
phenotype nephrotic syndrome nephrotic syndrome
Renal function IgM nephropathy Renal failure Terminal renal failure Renal failure Asymptomatic
proteinuria
Histopathology Glomerular Absence of foot Absence of foot FSGS Normal
segmental processes and processes and
mesangial matrix minimal changes in minimal changes in
hyperplasia 18 glomeruli 18 glomeruli
Neurological signs Normal Normal Psychosocial Ischemic stroke, Normal
and symptoms problems and demyelinating
reactive depression peripheral
neuropathy, epilepsy
Infections, Lymphocytoponia, Cyclic lymphopenia, High EBV viral load, Catheter-related No recurrent
immunodeficiency congenital immune CMV, varicella ocular sepsis SCID infections,
deficiency, zoster, helicobacter, varicellazoster and decreased ratio of
decreased blood and enterococci herpes encephalitis, lymphocytes, T cell
IgG values infections, sepsis immunodeficiency
enterobacteriacea
sepsis complicated
Other extra-renal Puffy eyelids and Cardiac arrest, Severe, Multiple pigmented Papilloma on

signs

edema of the lower

papillomas hands

extremities

Thyroid function Normal ?

Hypoevolutism 95 cm at Severe height
6-years-old (<3rd impairment
percentile)

Scoliosis Scoliosis Progressive hip

dysplasia

therapy-resistant
papilloma on face,
feet and hands

nevi, IUGR, preterm
delivery

abdomen and
bilateral ankle

? Normal Hyperthyreosis
Severe height Height impairment Short stature
impairment

Progressive hip Femoral head Scoliosis

dysplasia

necrosis

FSGS, focal glomerular sclerosis; CMV, cytomegalovirus, EBV, Epstein-Barr virus; SCID, severe combined immune deficiency; IUGR, intrauterine growth retardation.

histopathological examination of the other four patients
showed varying degrees of abnormalities. In addition to
the mildest symptoms, the diagnostic age of our patient
was the youngest.

PPI Network, BP Enrichment Analysis,
and Renal Expression Profile of
SMARCAL1-Interacted Genes

Functional interactions between proteins are vital during cellular
biological processing and their systematic characterization
provides a background of the molecular systems biology.
To investigate the PPI network of SMARCALI, we
applied relevant data from the STRING v10 database

(Szklarczyk et al., 2015). As a result, a total of 73 genes
were included in the interconnected PPI network, with an
cut-off interaction score greater than 400 (Figure 4A). The
PPI network with varying degrees of interactions showed
an excess number of interacting proteins among those
encoded by the 73 genes (P = 1 x 107°) and an excess
of pairwise connections (P = 1 x 107°) compared with
100,000 randomly simulated datasets (Figure 4A). In this
network, two genes RPA2 and RAPI which encode subunits
of the heterotrimeric replication protein A (RPA) complex
showed the strongest interaction with SMARCALI, with an
interaction score of 997 and 974 respectively. In addition,
genes encoding ATR-ATRIP protein kinase complex which
is crucial for the cellular response to replication stress and
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FIGURE 4 | Protein—protein interaction (PPI) Network, Gene Ontology enrichment analysis, and renal expression profile of SMARCAL 1-interacted genes.

(A) Interconnected PPI network of the 73 genes with interaction score more than 400 with SMARCAL1. A permutation test for genes and connections was
conducted with 100,000 iterations. Nodes denote genes, and edges denote interactions between two genes. The thickness of an edge denotes the interaction
scores between gene pairs. (B) The BP enrichment analysis of the 73 genes in the PPI network. The x-axis shows the GO terms, and the y-axis represents the value
of -log10 (g-value), indicating the enrichment scores of the GO terms. All P-values are corrected for multiple testing using FDR. (C) Renal expression profile of 15
genes with the strongest genetic interaction effect with SMARCAL 1. Different color represents special gene, while red indicates SMARCAL1.
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DNA damage were also found to have tightly connection
to SMARCALL.

To further understand the biological function of these 73
genes, we performed an enrichment analysis of biological
processes by DAVID Bioinformatics Resources. The
enrichment results showed multiple significant terms with
FDR values < 0.05, such as “double-strand break repair
via homologous recombination (GO:0000724)" “DNA
repair (GO:0006281),” and “replication fork processing
(G0O:0031297)” (Figure 4B).

Defining the normal expression of SMARCALI gene is an
essential first step in determining the cells that contribute to the
pathogenesis of FSGS in SIOD patients. To detect the expression
profile of SMARCALI-interacting genes in the kidney, we
extracted relevant transcriptional data from the GTEx database.
The top 15 SMARCALI-interacting genes except RFC5 showed a
similar renal expression profile to SMARCALI (Figure 4C).

DISCUSSION

Schimke immuno-osseous dysplasia is a rare autosomal
recessive disorder caused by compound mutations of SMARCAL
(Boerkoel et al., 2002) characterized by dysmorphism (Saraiva
et al, 1999; Boerkoel et al, 2000), spondyloepiphysial
dysplasia (Spranger et al, 1991; Lucke et al., 2006), T cell
immunodeficiency (Boerkoel et al., 2000; Lucke et al., 2006),
and nephrotic syndrome (Boerkoel et al., 2000; Lucke et al,
2006). SIOD shows phenotypic heterogeneity from mild
to severe phenotypes (Simon et al., 2014) and the severity
is proportionate to the degree of SMARCALI inactivation
(Elizondo et al., 2009). Infantile-onset, early lethal severe
patients would carry at least one SMARCALI loss-of-function
mutation (deletion, nonsense, or frameshift), whereas patients
with a less severe phenotype and survival into the second
10 years would likely carry compound missense mutations
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(Lou et al., 2002). However, Elizondo et al. reported missense
mutations that alter subcellular location, enzymatic activity,
protein levels or chromatin binding could result in severe
phenotypes (Elizondo et al, 2009). From all of previously
reported patients (summarized in Supplementary Table
S1), we found that severe SIOD could arise from missense
mutations, while frameshift and truncation mutations
could lead to a mild phenotype, further suggesting that the
genotype-phenotype correlations remain largely unpredictable
(Elizondo et al., 2009).

Compared to patients initially diagnosed as SIOD mainly
based on a characteristic phenotype, those with SIOD probands
diagnosed unexpectedly by genetic screening (SRNS-gene panel)
showed a milder extrarenal phenotype during follow-up and
a better 10-year patient survival (Lipska-Zietkiewicz et al,
2017). It is known that WES can effectively identify the
pathogenic mutations for those whose clinical symptoms are
too mild to diagnose the disease, especially rare diseases (Wu
et al, 2012; Sarin et al., 2015; Krabbenborg et al, 2016).
Notably, the extremely mild and non-characteristic phenotype
of our patient did not allow for a definite diagnosis, and
thus our patient was the first diagnosed based on a genetic
test applying WES before the disease was confirmed. The
only previously reported SIOD patient employing WES as
genetic testing was conducted after an initial phenotype-based
diagnosis accompanied with severe neurodevelopmental delay,
facial dysmorphism, and spondyloepiphyseal bone dysplasia
(Simon et al., 2014). Our study proves once again that WES
is a high-performance tool in the early diagnosis of the
extremely rare diseases.

Interestingly, four additional SIOD patients carried missense
mutations at the same residue Arg645 (e.g., Arg645Cys,
Arg645His, Arg645Gly) (Zivicnjak et al, 2009; Lipska-
Zietkiewicz et al, 2017; Liu et al, 2017) accompanied by
another different mutation, and two of these were male
siblings from a German family (Zivicnjak et al, 2009)
(Table 2). All four patients were diagnosed as mild type
according to the combined consideration of phenotypes.
When reviewing their medical history, an obvious organic
lesion of the kidney was observed in the four patients before
diagnosis. In contrast to those, our affected patient exhibited
asymptomatic proteinuria without recurrent infections or
neurological signs and symptoms. Furthermore, the phenotype
of the five patients differ from each another, including the
two siblings, suggesting sensitive phenotypic pleiotropy.
The same SMARCALI mutations have been discovered in
both mild and severe cases of the disease, and evidence of
environmental factors shaping SIOD phenotypes in fruit
flies, mice, and humans (Lucke et al., 2005; Baradaran-
Heravi et al., 2012) has been found. Thus, the effect of a
SMARCALI mutation cannot only be determined by the
SMARCALI genotype but also by the stochastic, environmental,
and genetic background variations (Lucke et al, 2005;
Carroll et al., 2013).

The patient described in this study harbored a novel
splicing mutation (c.21414+5G > A) confirmed to be an
alternate donor splice site mutation, resulting in the loss

of C-terminal functional region of SMARCALI protein.
Moreover, the novel mutation was classified as a “pathogenic
variant” according to the guide of ACMG. Similarly, a
reported SIOD patient with mild developmental delay
and mild ID carried a homozygous mutation c.224445
G > A (Lipska-Zietkiewicz et al, 2017), within the donor
site of intron 14. Both the two splicing sites are very
close to the initial amino acid encoding the helicase
C-terminal region, in which most disease-related mutations
are accumulated. Phosphorylation of subdomain in the
C-terminus can change SMARCALI activity, resulting in
either overexpression or silencing of SMARCALI that then
causes the accumulation of replication-associated DNA damage
(Carroll et al., 2014).

SMARCALI showed the strongest interaction with genes
encoding RAP complex and ATR-ATRIP protein kinase complex
in the PPI network (Figure 4A). SMARCALIL is an ATP-
driven annealing helicase that catalyzes the formation of
double-stranded DNA from complementary single-strand DNA
strands by binding to RPA (Yusufzai and Kadonaga, 2008;
Yusufzai et al, 2009). RPA complex, which is involved in
DNA replication, repair, recombination, telomere maintenance,
and coordinating the cellular response to DNA damage,
plays an important role in DNA metabolism (Liaw et al,
2011; Daniels et al., 2012). The recruitment of ATR-ATRIP
complex at sites of DNA damage is based on RPA-coated
ssDNA, which facilitates complex recognition of substrates for
phosphorylation and the initiation of checkpoint signaling (Zou
and Elledge, 2003). In the developing fetal kidney, SMARCALI1
is expressed in the ureteric epithelium, stroma, metanephric
mesenchyme, and in all stages of the developing nephron,
including the maturing glomerulus, suggesting an important,
functional role for the SMARCALI helicase during kidney
development (Dekel et al., 2008). The absence or disruption
of SMARCALL protein function in SIOD patients might cause
abnormalities in kidney development that manifested during
the perinatal or adolescent period. In the postnatal adult
kidney, SMARCALLI is expressed in the glomerulus, tubules
of the nephron, and collecting ducts, demonstrating a role
for SMARCALI protein in the maintenance and integrity
of podocytes and endothelial cells (Sarin et al, 2015). Most
of the genes showed strongest interaction with SMARCALI
showing a similar renal mRNA expression profile to SMARCALI
that indicates a similar role these genes play in renal
function maintenance.

CONCLUSION

We reported a 5-year-old girl with an extremely mild phenotype
based on genetic testing by applying WES. We identified a new
allelic mutation (c.21414+5G > A) of SMARCALI, which is
confirmed to create a novel splice donor site. Our results provide
new insights into the phenotypic spectrum of SMARCALI. The
biological function and renal expression analyses of SMARCALI-
interacting genes provide additional genetic evidence supporting
the potential role of SMARCAL1 in SIOD.
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Prenatal ultrasound (US) abnormalities often pose a clinical dilemma and necessitate
facilitated investigations in the search of diagnosis. The strategy of pursuing fetal
whole-exome sequencing (WES) for pregnancies complicated by abnormal US findings
is gaining attention, but the reported diagnostic yield is variable. In this study, we
describe a tertiary center's experience with fetal WES from both terminated and
ongoing pregnancies, and examine the clinical factors affecting the diagnostic rate.
A total of 45 consecutive families of Jewish descent were included in the analysis, for
which clinical fetal WES was performed under either single (fetus only), trio (fetus and
parents) or quatro (two fetuses and parents) design. Except one, all families were non-
consanguineous. In 41 of the 45 families, WES was sought following abnormal fetal
US findings, and 18 of them had positive relevant family history (two or more fetuses
with US abnormalities, or single fetus with US abnormalities and an affected parent).
The overall diagnostic yield was 28.9% (13/45 families), and 31.7% among families
with fetal US abnormalities (13/41). It was significantly higher in families with prenatal
US abnormalities and relevant family history (10/18, 55.6%), compared to families with
prenatal US abnormal findings and lack of such history (3/23, 13%) (p = 0.004). WES
yield was relatively high (42.9-60%) among families with involvement of brain, renal or
musculoskeletal US findings. Taken together, our results in a real-world setting of genetic
counseling demonstrates that fetal WES is especially indicated in families with positive
family history, as well as in fetuses with specific types of congenital malformation.

Keywords: whole-exome sequencing (WES), prenatal diagnosis, ultrasound abnormalities, clinical genetics,
congenital anomalies

INTRODUCTION

Recent years have seen the growing implementation of next-generation sequencing (NGS)
techniques into widespread clinical use, revolutionizing the diagnostic odyssey for many families
with monogenic disorders (Yang et al., 2013; Stranneheim and Wedell, 2016). While whole-exome
sequencing (WES) and whole-genome sequencing (WGS) are more commonly utilized as a tool

Frontiers in Genetics | www.frontiersin.org

17 June 2019 | Volume 10 | Article 425


https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/journals/genetics#editorial-board
https://www.frontiersin.org/journals/genetics#editorial-board
https://doi.org/10.3389/fgene.2019.00425
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fgene.2019.00425
http://crossmark.crossref.org/dialog/?doi=10.3389/fgene.2019.00425&domain=pdf&date_stamp=2019-06-25
https://www.frontiersin.org/articles/10.3389/fgene.2019.00425/full
http://loop.frontiersin.org/people/68363/overview
https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Greenbaum et al.

Diagnostic Yield in Fetal Whole-Exome Sequencing

for molecular diagnosis of affected pediatric and adult patients
(Lee et al., 2014; Taylor et al., 2015; Sawyer et al., 2016), data
regarding their utility in routine use at the prenatal setting is still
relatively limited (Jelin and Vora, 2018).

Initially, several preliminary reports described the successful
use of fetal WES/WGS in single families (Talkowski et al.,
2012; Filges et al., 2014). Since then, several groups have
reported their experience with exome sequencing in the context
of fetuses detected by ultrasound (US) to have structural
anomalies (for example, Carss et al, 2014; Drury et al,
2015; Fu et al, 2018; Normand et al, 2018). The widely
variable diagnostic rates in literature (ranging from around
6.2% to as high as 80%) may be attributable to differences
in inclusion criteria, single (fetus only) versus trio sequencing
and sample size (Best et al, 2018). Diagnostic yield was
higher in cases of, for instance, parental consanguinity, previous
normal karyotype and chromosomal microarray analysis (CMA),
fetuses with multiple congenital anomalies or fetal features
suggestive of a specific syndrome, related to variants in multiple
known causative genes (Vora et al., 2017; Best et al., 2018;
Daum et al, 2019). Recently, two large scales studies of
fetal WES were published. In the Prenatal Assessment of
Genomes and Exomes (PAGE) study, which included exome
sequencing in 610 fetuses (and 1202 parental samples) with
structural anomalies detected by US, a diagnostic genetic
variant was found in 8.5% of the fetuses, and additional 3.9%
of fetuses had variant of unknown significance (VUS) with
potential clinical usefulness (Lord et al, 2019). In another
WES study of fetuses with structural anomalies, diagnostic
rate of 10.3% among 234 fetus-parents trios was reported
(Petrovski et al., 2019).

We describe herein our experience with clinical fetal WES
in 45 consecutive families from either terminated or ongoing
pregnancies, and discuss the added value and challenges
associated with this diagnostic strategy. The study represents a
real-world setting in genetic counseling service, in which mixture
of various indications for WES is encountered, and WES is
performed for clinical purposes and paid by families.

MATERIALS AND METHODS

Sample Recruitment
In this consecutive series study, we included all families who were
consulted at the Danek Gertner Institute of Human Genetics
at Sheba Medical Center (SMC) between January 2015 and
September 2018, and for whom at least one fetal WES was
performed, from a terminated or an ongoing pregnancy. A total
of 45 families were retrospectively included in the current study.
All families were of Jewish ancestry, 44 were non-
consanguineous and in one family the parents were first
degree cousins. Prior to pregnancy or at its first stages, all
families were instructed to undertake prenatal genetic carrier
screening for prevalent diseases, according to their ethnic origin.
All couples received genetic counseling at the SMC genetic
institute and a detailed clinical evaluation, including at least
one prenatal US examination, and family medical history were

obtained. Fetal magnetic resonance imaging (MRI) was carried
out in several pregnancies, in addition to US. We included in this
study both fetuses with or without abnormal US findings.

WES was performed as a clinical service, paid for directly by
the families (for two families, internal funding of the genetic
institute was used), and final WES report was issued by the
performing lab. Both parents provided written informed consent
for the clinical WES, after they had received an explanation
regarding the benefits and limitations of the test.

Fetal DNA was extracted following amniocentesis, chorionic
villus sampling (CVS) or from fetal material taken during
termination of pregnancy (TOP) procedure, and was stored for
genetic testing. All TOPs were approved by the institutional
committee. Parental DNA was extracted from peripheral blood
samples. In addition, prior to WES, CMA was completed in 42
of the families (in at least single fetus) at the SMC cytogenetic
laboratory, as a routine clinical service. In all these cases, no
cytogenetic findings that explained the phenotype were detected.
In the three families with missing CMA, molecular diagnosis
was found by WES.

Whole-Exome Sequencing

Thirty three families performed trio (fetus-mother-father) WES,
7 families quatro (two fetuses-mother-father) WES and in 5
families a singleton WES was sent, depending on availability of
fetal DNA from previously terminated pregnancies, as well as
financial considerations.

The majority of WES (32 out of 45) were performed at
Centogene laboratories'. Briefly, commercial capture kits for
exome sequencing were used, and sequencing was performed
on Ilumina platform, to obtain an average coverage depth
of approximately 100X. Bioinformatics analysis included
alignments of reads to reference genome, filtering out low quality
reads and artifacts, and annotation of variants as described
previously (Trujillano et al., 2017). Disease causing variants
within the Human Gene Mutation Database (HGMD)?, ClinVar®
or in CentoMD* as well as variants with a minor allele frequency
(MAF) of less than 1% in the Exome Aggregation Consortium
(ExAC)® were considered, focusing on exons and flanking
intronic bases. The family history and clinical description
provided were used to evaluate the identified variants.

Eight of WES were performed at the bioinformatics unit
of SMC Cancer Research Center, using similar WES and
bioinformatics methodology, and five in CeGaT laboratories®.
In five cases, the WES raw data was further transferred
to an independent bioinformatitian for re-analysis, paid for
directly by the family.

Exome data were interpreted according to the American
College of Medical Genetics and Genomics (ACMG) guidelines
(Richards et al., 2015), and variants were classified as either

Thttps://www.centogene.com/
http://www.hgmd.cf.ac.uk/
3https://www.ncbi.nlm.nih.gov/clinvar/
*https://www.centomd.com/
*http://exac.broadinstitute.org/
Chttps://www.cegat.de/
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pathogenic, likely pathogenic, uncertain significance, likely
benign or benign.

Molecular Diagnosis

The final molecular diagnosis to each family was given by the
SMC genetic institute team, based on the WES report variant
classification and consistency between suggested genes and
phenotype. A family was considered as molecularly diagnosed
when pathogenic or likely pathogenic variants were found in
genes that were pertinent to the clinical phenotype and in line
with the suspected inheritance pattern. When variants were
classified as VUS in the original WES report, re-evaluation
was performed based on clinical considerations, bioinformatics
and segregation analysis in additional family members. Team
decision was made accordingly.

Data Analysis
Families were divided into three groups:

(1) Abnormal prenatal US findings and positive relevant family
history: defined as families with two or more fetuses with
abnormal prenatal US findings (in current and previous
pregnancies), or families with a single fetus with US
abnormalities and an affected parent, mother or father
(with a resembling phenotype, or potentially manifesting
carrier mother). This relates to options of autosomal
recessive, autosomal dominant and X-linked models of
inheritance, and even of gonadal mosaicism.

(2) Abnormal prenatal US findings without relevant family
history: referring to families with a single fetus affected by
abnormal US findings, but without any previous fetuses or
family members (including adult siblings) with abnormal
prenatal US or a medical history relevant to the findings.

(3) Fetuses without any US abnormalities (with or without first
degree relative affected by a severe genetic disorder that was
excluded in the fetus prior to WES, by Sanger sequencing).

For the diagnostic rate calculations, each family was
counted as a single case. To evaluate the effect of fetal
US abnormalities type on WES referral and diagnostic yield,
we classified the families into five phenotypic groups (based
on findings in at least one fetus): brain, renal, cardiac or
musculoskeletal system abnormalities and increased nuchal
translucency (NT)/edema/hydrops signs. Part of the families
matched to more than one group, while others to none.

For statistical analysis, we used T-test, Pearson chi-square or
Fisher’s exact test (two sided), as appropriate. P-value < 0.05 was
considered statistically significant.

RESULTS

Characteristics of 45 fetal WES families included in the
presented study and type of WES (single/trio/qautro) are
presented in Table 1. In 41 of the 45 families, WES was
performed due to a wide range of prenatal US abnormalities.
Average maternal age at the pregnancy of the index fetus was
33.5 £ 4.2 years (range, 23-43 years). The pregnant women

were at an average gestational age of 23 £ 7.5 weeks (range,
12.5-36 weeks) at first genetic counseling in our clinic (for
the index fetus). For 23 families, WES was sent after TOP
(51.1%), and in 22 families during an ongoing pregnancy
(48.9%). Turnaround time from WES submission to results was
15 to 20 working days for ongoing pregnancies, and up to
2 months following TOP.

Overall, 13 of the 45 families met criteria for a molecular
diagnosis, reaching diagnostic yield of 28.9% (Table 1). Among
families with US abnormalities, the yield was 13/41 (31.7%).
We detected three de novo heterozygous causative variants, one
autosomal dominant causative variant inherited from the mother,
eight autosomal recessive cases (three compound heterozygous
and five with homozygous variants) and one X-linked causative
variant. Osteogenesis imperfecta due to de novo causative
variant in the COLIA2 gene was found in two families,
while all other conditions occurred once in a single family
only. All diagnosed families are described in Table 2, which
includes two cases that were previously reported by our group:
diaphanospondylodysostosis (BMPER gene) (Greenbaum et al.,
2019) and LMOD3-associated Nemaline Myopathy (Berkenstadt
et al., 2018). Description of US findings in families without
molecular diagnosis is presented in Supplementary Table 1.

In none of the four families without prenatal abnormal US
findings was a molecular diagnosis reached. Among the 18
families with prenatal US abnormalities and positive relevant
family history, a molecular diagnosis was found in 10 (55.6%).
This was significantly higher compared to the 23 families with
abnormal prenatal US findings and lack of relevant family history,
in which the molecular cause was detected in only 3 (13%)
(x2(1) = 8.43, p = 0.004). There was no significant difference in
maternal age between the two groups.

In a sub-analysis, the diagnostic rate in families with two or
more fetuses with abnormal prenatal US findings was 8 out of
15 (53.3%), significantly higher than in families with prenatal
US abnormalities in a mere single fetus, regardless of a relevant
family history (5 out of 26, 19.2%; p = 0.038, Fisher’s exact test).

Looking at specific organ/body system involvement, higher
diagnostic rates (more than the overall rate) were observed
among families with fetal US abnormalities in the brain
(60%), renal (42.9%) and musculoskeletal system (55.6%),
compared to cardiac US abnormalities (16.7%) or increased
NT/edema/hydrops signs (27.3%) (Table 3).

Among ongoing pregnancies with US abnormalities,
molecular diagnosis was found in 2 of 18 families (11.1%),
both with positive relevant family history (the pregnancies
were carried on). Interestingly, among 41 families with US
abnormalities, significantly more families without relevant
history performed WES during ongoing pregnancy (14/23,
60.9%), compared to families with positive history (4/18, 22.2%)
(x3(1) =6.12, p = 0.013).

For all families with molecular diagnosis, options for future
family planning were discussed, including prenatal diagnosis
by amniocentesis or pregestational diagnosis (PGD) before
next pregnancy (in autosomal dominant, recessive or X-linked
inheritance) and amniocentesis to rule out recurrence due to
gonadal mosaicisim (for de novo mutations).
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TABLE 1 | Characteristics of 45 fetal WES families included in the presented study, type of WES and rate of molecular diagnosis.

Families included Total number Maternal age at Fetal WES Single/Trio/Quatro Families with
pregnancy (years performed during WES molecular
mean, SD) ongoing diagnosis (N, %)
pregnancy (N, %)
Overall 45 33.5(4.2) 22 (48.9%) 5/33/7 13 (28.9%)
(1) Abnormal prenatal US 18 32.4 (4) 4 (22.2%) 2/9/7 10 (65.6%)
findings and positive relevant
family history
- Two or more fetuses with 15 32.1(4.1) 2 (13.3%) 1/7/7 8 (563.3%)
abnormal prenatal US
findings (*)
- Single fetus with US 3 34.3 (3.8) 2 (66.7%) 1/2/0 2 (66.7%)
abnormalities and an
affected parent
(2) Single fetus with abnormal 23 34.3 (4.5) 14 (60.9%) 1/22/0 3 (13%)
prenatal US findings and lack of
relevant family history
() Fetuses without any US 4 33.8 (2.4) 4 (100%) 2/2/0 0

abnormalities

In families with two or more affected fetuses, maternal age at pregnancy relates to pregnancy of the later fetus included in the WES.

*In one family, the father and two fetuses were affected.

Representative Clinical Cases

Ilustrative cases of two families with molecular diagnosis are
presented below (numbered according to Table 2), emphasizing
the challenges in the genetic counseling and the necessity of
accurate US phenotyping. In the first family, with two affected
fetuses (suspected recessive inheritance model), the list of
potential disease causing genes in the differential diagnosis was
long, and WES shortened the time of investigation. In the second
family, without relevant family history, no specific diagnosis was
suspected by the clinicians, and WES was probably the most
cost-effective method for genetic work-up.

Family 2

A healthy couple of Jewish Ethiopian origin was referred for
genetic counseling at 33 weeks and 2 days of gestation in their
second pregnancy. A previous pregnancy was terminated at week
25, due to abnormal US findings, including encephalocele, large
multicystic kidneys, oligohydramnios, suspected polydactyly
and lack of urinary bladder and stomach demonstration. In
the second pregnancy, NT was normal. US at early stage of
pregnancy showed brain and renal malformations, but the
couple did not continue follow up. At 33 week of gestation, US
demonstrated posterior fossa abnormality (suspected dandy-
walker malformation), a short and malformed corpus callosum,
intrauterine growth retardation (IUGR), single umbilical
artery (SUA), small dysgenetic kidneys, hypertelorism, and
oligohydramnios. Urinary bladder was visualized. In follow
up fetal brain MRI, a large cystic finding in posterior fossa
was noticed, in addition to ventriculomegaly, heterotopic foci
at the ventricular wall and short corpus callosum. From this
deceased fetus, DNA was extracted, CMA was normal, and the
couple sent a trio WES few months later. The combination of
brain malformations, polydactcyly and kidneys abnormalities

suggested diagnosis of Meckle-Gruber syndrome. However,
since many genes are related to this disorder, and to exclude
other potential disorders which were on the differential
diagnosis, WES was regarded as optimal diagnostic approach.
A homozygous NM_024809.4: c.1506-2A>G variant in the
TCTN2 gene (intron 13) was found in the fetus. This variant is
predicted to disrupt a highly conserved acceptor splice site, and
was previously described as disease causing for Meckel-Gruber
type 8 syndrome in consanguineous Arab family (Shaheen et al.,
2011). Other mutations in TCTN2 were found to cause Joubert
syndrome (Huppke et al., 2015). Both parents were heterozygous
for this variant. The couple was advised to consider PGD in
following pregnancies.

Family 13

A Healthy Jewish couple, both 31 years old (father from Iraq
origin and mother of Ashkenazi origin) was consulted at 31 weeks
(w)+5 days (d) of gestation of their first pregnancy. NT was
2.9 mm. On 16w+3d of gestation, US demonstrated elevated
nuchal fold (5.7 mm), bilateral mild hypoplastic 5th finger
and bilateral pyelectasis. Fetal echocardiogram was normal.
Amniocentesis performed and CMA was normal. At 22w+3d,
relative short and thick corpus callosum was noticed, as well
as nuchal fold of 5.1-5.5 mm and mild pyelectasis. Further
multiple US were carried by several experts, indicating short
corpus callosum, hydronephrosis (10-13 mm), bulbous nose and
mild polyhydramnios. Fetal brain MRI (at 30 weeks of gestation)
demonstrated dysmorphic and short corpus callosum (<3rd
percentile). The couple decided to terminate the pregnancy.
In post mortem observation, facial dysmorphism, including
coarseness and a bulbous nose, was noticed. Trio WES revealed
a de novo heterozygous variant in TCF4 gene (NM_001243226.2:
€.2032C>T, p.Arg678*) in the fetus, consistent with the diagnosis

Frontiers in Genetics | www.frontiersin.org

June 2019 | Volume 10 | Article 425


https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

510" UISIBIUOL MMM | SOBUSE) Ul SIORUO.I

Gz slomy | 01 swnjoA | 610z sunp

TABLE 2 | Resolved 13 families- summary of main US findings, WES results and final molecular diagnosis.

Family Main US findings (according to fetuses) WES type Gene Causative variants Inheritance and zygosity Diagnosis (relevant
number phenotype MIM number)
1 1st: Shortening of long bones (femur, humerus, tibia), IUFD ~ Quatro EVC2 NM_147127.4: c.572A>T, p.Asn191lle; AR (compound het) Ellis-van Creveld syndrome

2nd: Narrow thorax, bowed femur, shortening of long
bones (mostly fibula)

NM_147127.4: ¢.3265C>T,
p.GIN1089*

(MIM: 225500)

2 1st: Encephalocele, large multicystic kidneys, Trio TCTN2
oligohydrmanios, suspected polydactyly, lack of urinary
bladder and stomach demonstration
2nd: Posterior fossa abnormality (suspected dandy-walker
malformation), short and malformed corpus callosum,
IUGR, SUA, small dysgenetic kidneys, urinary bladder was
not visualized, oligohydramnios, hypertelorism

NM_024809.4: ¢.1506-2A>G

AR (hom)

Meckel syndrome type 8
(MIM: 613885)

3 1st: Fetal akinesia, mild polyhydramnios, small stomach, Trio LMOD3  NM_198271.4: ¢.723_733del, AR (compound het) Nemaline Myopathy 10
suspected right clubfoot, extended lower limbs, clenched p.Asp242Glufs*4; NM_198271.4: (MIM: 616165)
hands, neck hyper-extension €.360dupA, p.Glu121Argfs*5
2nd: Arthrogryposis, hypotonic features, abnormal posture

4 1st: Abnormal spine and chest, unusual skull shape, Single BMPER  NM_133468.5: c.410T>A, AR (hom) Diaphanospondylodysostosis
echogenic cystic and horseshoe like kidneys p.Val137Asp (MIM: 608022)
2nd: Increased NT (8 mm), generalized edema, spine
distortion, bilateral clubfoot, absent nasal bone
3rd: Reduced/lack ossification in the skull, ribs and
vertebrae, protruding abdomen, short trunk

5 1st: Distal arthrogryposis (hands), probably unilateral Quatro FKBP14 NM_017946.3: ¢.568_570del, AR (hom) Ehlers-Danlos syndrome,
clubfoot, IUFD p.Lys190del kyphoscoliotic type, 2
2nd: Bilateral clubfoot (MIM: 614557)

6 1st: Posterior urethral valve, cystic finding in kidney, Quatro PIGN NM_176787.5: c.163C>T, p.Arg55*; AR (compound het) Multiple congenital

suspected omphalocele

2nd: Increased NT (10 mm), cystic lesion near umbilical
cord insertion site

3rd: Septated cystic hygroma, partial vermian agenesis,
ARSA, omphalocele, echogenic and multicystic kidneys
4th: Increased NT (4.5 mm), facial dysmorphism
(hypoplastic nasal bridge and micrognathia), echogenic
kidneys, omphalocele, postaxial polydactyly, clubfoot,
complex heart malformation (VSD, double outlet right
ventricle, tricuspid valve regurgitation)

NM_176787.5: ¢.2283G>C,
p.Lys761Asn

anomalies-hypotonia-seizures
syndrome 1 (MIM: 614080)

21

(Continued)
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TABLE 2 | Continued

Family Main US findings (according to fetuses) WES type Gene Causative variants Inheritance and zygosity Diagnosis (relevant

number phenotype MIM number)

7 1st: large polycystic kidneys, oligohydramnios, moderate Quatro CPT2 NM_001330589.1: ¢.1239_1240del, AR (hom) CPT Il deficiency, lethal
bilateral ventriculomegaly p.Lys414Thrfs*7 neonatal (MIM: 608836)
2nd: Polycystic kidneys, hydrocephalus, mega cysterna
magna, macrocephaly
3rd: Enlarged echogenic kidneys, severe oligohydramnios,
hydrocephalus, mega cysterna magna, thin corpus
callosum

8 1st: Occipital encephalocele, ventriculomegaly, mild to Trio B3GALNT2 NM_001277155.2: ¢.236-1G>C AR (hom) Muscular
moderate hydronephrosis dystrophy-dystroglycanopathy
2nd: Occipital encephalocele, ventriculomegaly, (congenital with brain and eye
microphthalmia, cataract anomalies, type A, 11)

(MIM: 615181)
9 Short corpus callosum, suspected unilateral cataract and Single MED12 NM_005120.3; ¢.6388C>T, XL hemizygous (maternally Opitz-Kaveggia syndrome
coloboma, IUGR (*) p.GIn2130* inherited) (MIM: 305450); Ohdo
syndrome, X-linked
(MIM: 300895)
10 Preaxial polydactyly of foot, syndactyly of hands (**) Trio GLI3 NM_000168.6: c.1445G>A, AD het (maternally inherited) Greig cephalosyndactyly (MIM:
p.Cys482Tyr 175700); Polydactyly, preaxial,
type IV (MIM: 174700)

11 Shortening and bowing of long bones, poor bone Trio COL1A2 NM_000089.3: ¢.1829G>T, de novo het Osteogenesis imperfecta type
mineralization, reduced skull ossification, small/narrow p.Gly610Val 2-3 (MIM: 166210, 259420)
thorax

12 Poor ossification of skull, tibial bowing, fractures of femur, Trio COL1A2 NM_000089.3: ¢.2260G>T, de novo het Osteogenesis imperfecta type
shortening of long bones p.Gly754Cys 2-3 (MIM: 166210, 259420)

13 Increased NT (5.7 mm), bilateral mild hypoplastic 5th finger, ~ Trio TCF4 NM_001243226.2: ¢.2032C>T, de novo het Pitt-Hopkins syndrome

bilateral pyelectasis/hydronephrosis, short and thick corpus
callosum, bulbous nose, mild polyhydramnios

p.Arg678*

(MIM: 610954)

All fetuses had abnormal US findings. Cases 1-8 refer to families with two or more affected fetuses, 9-10 to families with single fetus and relevant family medical history (affected parent) and 11-13 to families with single
fetus and lack of relevant family history. Cases 3 and 4 were previously reported by Berkenstadt et al. (2018) and Greenbaum et al. (2019), respectively.
*Mother — Prominent facial dysmorphism (synophrys, small mouth and ears, mid-facial hypoplasia, prominent philtrum, dental crowding), head circumference in 10th percentile, hirsutism, menstural abnormalities and
Intact cognition. She is probably a manifesting carrier. The fetus was male.
**Mother — syndactyly (hands), hypotonia at infancy.

Abbreviations: AD, autosomal dominant; AR, autosomal recessive; ARSA, aberrant right subclavian artery; het, heterozygous; hom, homozygous. IUFD, intrauterine fetal death; IUGR, intrauterine growth restriction;
MIM, Mendelian inheritance in man; NT, nuchal translucency, SUA, single umbilical artery; VSD, ventricular septal defect; XL, X-linked.
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TABLE 3 | Referral indications and WES yield, according to US findings in specific organ or body systems (among 41 families with US abnormalities).

Organ/body system Number of families referred due to indication (N, %) Families with molecular diagnosis (N,%)
Brain 10 (24.4%) 6/10 (60%)

Renal 14 (34.1%) 6/14(42.9%)
Musculoskeletal (*) 18 (43.9%) 10/18 (55.6%)

Cardiac malformation 6 (14.6%) 1/6 (16.7%)

Increased NT(**)/edema/hydrops signs 11 (26.8%) 3/11 (27.3%)

Part of the families were classified to more than single organ/body system group, while others to none.
*Distal limbs anomalies (e.g., polydactyly, syndactyly, clubfoot etc.) were included in this group, but not orofacial malformations.

**Increased NT was defined as above 3 mm.

of Pitt-Hopkins syndrome. The fetus facial dysmorphism and
the short corpus callosum supported the diagnosis. This variant
creates a premature stop codon, and was previously reported in
this disorder (Maduro et al.,, 2016). In a following pregnancy,
amniocentesis was performed to exclude mutation in the fetus,
due to option of germline mosaicism.

DISCUSSION

In this retrospective study, representing a clinical experience
and practice within a tertiary referral hospital in Israel, we
investigated the yield of fetal WES, from terminated and
ongoing pregnancies.

The overall yield of molecular diagnosis was 28.9% (13 out
of 45 families), and in families with US abnormalities, the
yield was 31.7%. We noticed a significantly higher diagnostic
rate in families with abnormal prenatal US findings and
positive relevant family history (mainly an affected fetus from
previous pregnancies), compared to families without a relevant
history. This shows the importance of fetal WES indication for
pregnancies with US abnormalities and positive family history,
suggesting an underlining genetic disease.

Our diagnostic rate is within the range of 21-32%, seen
in several studies of diagnostic yield for exome sequencing
performed on fetal samples (Drury et al., 2015; Fu et al., 2018;
Normand etal., 2018; Daum et al., 2019), and close to a diagnostic
rate of 36.7% from exome sequencing of 278 infants in an
intensive care unit (Meng et al., 2017). However, it is substantially
higher than 8.5% and 10.3% found in two recent large scale fetal
WES studies (Lord et al., 2019; Petrovski et al., 2019). This gap
may be explained by enrichment of cases with positive family
history in our cohort, and indeed our diagnostic rate in families
without such history was only 13%. Interestingly, a study of 146
fetal exomes (Normand et al., 2018) has not found difference in
diagnostic rate between sporadic cases and cases with significant
family history. Therefore, the effect of medical family history on
fetal WES yield should be further studied.

In addition, WES yield was in the range of 42.9-60% among
families with involvement of brain, renal or musculoskeletal
US abnormalities (higher than the overall diagnostic rate),
and lower among families with cardiac malformations
or increased NT/edema/hydrops signs (16.7 and 27.3%,
respectively). However, since our sample size is relatively small,
any interpretation of this sub-analysis should be cautious.

The resolved cases resulted in identification of causative
variants in 12 genes. Some of the diagnoses are relatively
common in the setting of prenatal diagnosis, such as osteogenesis
imperfecta, while others are rare and include novel variants
neither previously reported nor found in the databases. The latter
are challenging to interpretate, due to the uncertain impact of
the variants. As expected in the clinical setting, due to time and
budget restrictions, no functional analysis at the molecular level
was available for our cases. Thus, segregation of the variant in
other family members was crucial to support diagnosis. In light
of these limitations, we cannot definitely exclude that some of
the molecular diagnoses are false positive. Two illustrative cases,
families with molecular diagnosis of Meckel-Gruber type 8 and
Pitt-Hopkins syndromes, demonstrate the clinical and genetic
work-up during pregnancy and after termination, the utility of
fetal WES, and its contribution for future family planning.

Well-described in the postnatal setting, prenatal WES also
harbors special challenges, including numerous ethical issues
which should be contemplated and addressed (Hillman et al.,
2015; Jelin and Vora, 2018). The potential identification of
secondary findings (also designated as incidental) and/or VUS,
may have profound effect when found in ongoing pregnancies,
either on parental decision making with regard to termination
of pregnancy, or on the parental psychological burden following
the birth of an affected child (Hillman et al.,, 2015; van den
Veyver and Eng, 2015). One suggested strategy to circumvent
some of these concerns in the prenatal setting is targeted exome
testing, in which a premeditated and limited list of genes is
analyzed (Pangalos et al., 2016; Chandler et al., 2018). On the
other hand, according to the ACMG guidelines, no incidental
findings in its selected list of actionable genes should be reported
in prenatal samples.

Other concerns include issues related to turnaround time,
lack of full coverage of potentially relevant genes, and inaccurate
and limited phenotyping capabilities for fetuses, resulting in
insufficient data for the WES interpretation (Aarabi et al., 2018;
Best et al., 2018). Postnatal clinical evaluations or autopsies
may be of great value, improving the diagnostic accuracy
and yield, with new data not observed in US examination
(Aarabi et al., 2018).

Our study is based on a cohort of consecutive (non-selected)
series of families for which WES was performed in certified
clinical laboratories, on a clinical base (not for research purpose
as the main goal), and fully paid for, usually by families. In this
regard, the study represents a real-world situation in prenatal
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counseling practicality, where the diagnosis is pursued due to
a clinical need, and not within a research setup. Of note, most
families with US abnormalities and lack of relevant family
history asked to perform WES during ongoing pregnancy (14/23,
60.9%), while most families with positive history sent it after
TOP (14/18, 77.8%). Four families asked to perform fetal WES
during ongoing pregnancy even when no US abnormalities were
found, mainly for detection of de novo pathogenic variants or
recessive disorders. Three of the four families had offsprings
affected by a severe single-gene condition. In these cases, WES
was sent even when the specific pathogenic variant in the family
was excluded in the fetus prior to WES submission (by Sanger
sequencing), since families asked to search for other potential
genetic disorders in the fetus.

The current study population is relatively homogenous in
terms of demographic characteristics, composed of 45 families
from Jewish ancestry, without consanguinity (except one family),
all living in Israel and followed by a single prenatal genetic
clinic. For most families in our cohort, genetic evaluation in
addition to WES included CMA as well as parental screening
for common genetic diseases in the Jewish population. In this
aspect, the reported cohort might not be representative of other
patient populations. For example, it is plausible that diagnostic
yield may be even higher in WES pursued for fetuses of
consanguineous couples.

The majority of families with fetal abnormal US findings
seen in our clinic (several hundred each year), decided not to
perform fetal WES, due to multiple considerations, including
financial issues. Therefore, our study is biased toward families
with high motivation to reach molecular diagnosis and available
financial resources. An additional limitation of the present
study is that WES was sent to three different clinical services.
Therefore, sequencing was performed using different protocols
and kits, and diverse bioinformatics pipelines were used for
data analysis, potentially affecting the diagnostic yield due to
inter-laboratory differences. Uniform sequencing and analysis
in one laboratory, applied to all families, may have been an
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Mutations of SATB2 (OMIM#608148) gene at 2033.1 have been associated with
the autosomal dominant SATB2-associated syndrome (SAS), which is still short of
comprehensive diagnosis technologies for small deletions and low-level mosaicism. In this
Chinese Han family, single nucleotide polymorphism array identified a 4.9-kb deletion in
the SATB2 gene in two consecutive siblings exhibiting obvious developmental delay and
dental abnormalities but failed to find so in their parents. Prenatal diagnosis revealed that
their third child carried the same deletion in SATB2 and the pregnancy was terminated.
To determine the genetic causes behind the inheritance of SATB2 deletion, gap-PCR
was performed on peripheral blood-derived genomic DNA of the family and semen-
derived DNA from the father. Gap-PCR that revealed the deletions in the two affected
siblings were inherited from the father, while the less intense mutant band indicated the
mosaicism of this mutation in the father. The deletion was 3,013 bp in size, spanning
from chr2: 200,191,313-200,194,324 (hg19), and covering the entire exon 9 and part of
intron 8 and 9 sequences. Droplet digital PCR demonstrated mosaicism percentage of
13.2% and 16.7% in peripheral blood-derived genomic DNA and semen-derived DNA of
the father, respectively. Hereby, we describe a family of special AT-rich sequence-binding
protein 2-associated syndrome caused by paternal low-level mosaicism and provide
effective diagnostic technologies for intragenic deletions.

Keywords: SATB2-associated syndrome, chromosome microarray analysis, mosaicism, droplet digital PCR,
gap-PCR

INTRODUCTION

Special AT-rich sequence-binding protein 2 (SATB2) encodes a nuclear matrix DNA-binding
protein that is involved in transcription regulation and chromatin remodeling. The SATB2 gene
spans 195.6 kb of genomic DNA (chr2:200,134,223-200,329,831, hg19) and is located at chromosome
2q33.1. SATB2 protein is composed of 733 amino acids, weighing approximately 82.5 kDa. The
functional domains of SATB2 consist of two CUT domains (CUT1 and CUT2) that bind to the
matrix attachment region and a homeodomain at the C-terminus (Fitzpatrick et al., 2003). All these
domains are highly conserved across the vertebrate taxa (Sheehan-Rooney et al., 2010).

The SATB2-associated syndrome (SAS), which is a relatively newly described syndrome, is an
autosomal dominant disorder also caused by alterations in the SATB2 gene (Docker et al,, 2014).
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SAS is characterized by neurodevelopmental disabilities
(intellectual disability and absent or severely impaired speech),
behavioral abnormalities (hyperactivity, sleeping difficulties,
autistic features, obsessive tendencies, and/or aggressiveness),
craniofacial anomalies (cleft palate or high-arched palate,
dental abnormalities), and skeletal anomalies (tibial bowing,
osteomalacia, osteopenia, or osteoporosis) (Docker et al., 2014;
Bengani et al, 2017; Zarate and Fish, 2017; Zarate et al.,
2017; Zarate et al., 2018b).The major features of SAS can
be summarized by the acronym S.A.T.B.2: S, severe speech
anomalies; A, abnormalities of the palate; T, teeth anomalies; B,
behavioral issues with or without bone or brain MRI anomalies;
and age of onset before 2 years of age (Docker et al., 2014).
Dr. Yuri Zarate, one of the most famous experts in the SAS area,
gave recommended diagnostic evaluation and health surveillance
for SAS at the website www.satb2gene.com.

In this study, we report the first occurrence of phenotypically
normal father with low-level mosaicism of intragenic deletion
in the SATB2 gene, which was identified in his two children
with SAS. This deletion was initially hinted by chromosomal
microarray (CMA) in affected children but failed to diagnose in
their father, while mosaicism in father was ascertained by gap-
PCR, and the percentages of mosaicism in both the peripheral
blood and semen were determined by droplet digital PCR
(ddPCR). Our study provided a novel diagnostic method for
those intragenic deletions in families having more than two
consecutive births carrying similar abnormalities.

MATERIALS AND METHODS
Clinical Report

The 33-year-old pregnant woman was at 16 weeks of gestation.
Her husband, 38 years old, has a normal phenotype as his wife
does. No family history of mental or behavioral abnormalities
or any other intellectual disability were reported. They came to
our hospital for prenatal diagnosis because their two children
had severe developmental delay. The husband’s mother was
diagnosed with esophageal cancer, and she died of multiple
tumors at the age of 50.

The proband, male, 11 years old, weighed 28.6 kg (10th
percentile), 136.6 cm tall (10th percentile), and had a low bone
density (1st percentile). Main clinical manifestations consist
of intellectual disability, no speech, high-arched palate, dental
abnormalities (crowding and abnormal shape), small jaw, short
tongue strap (surgically corrected), hypotonia, poor appetite,
salivation, behavior abnormality (aggressiveness), and hydrocele.
The head MRI examination showed brain demyelinating disease
at the age of 3. He started walking at 4 years of age.

His sister, female, 8 years old, weighed 19.0 kg (3th
percentile), 1152 cm tall (3th percentile), and low bone
density (11th percentile). Main clinical manifestations consist
of intellectual disability, severely impaired speech (can only
call dad and mom), high-arched palate, dental abnormalities
(crowding and abnormal shape), small jaw, short tongue strap
(received surgery), hypotonia, poor appetite, and salivation.
She started walking at the age of 2. She started showing epilepsy

since 6 years of age, even though her head MRI showed normal
results at the age of 6. Her intellectual abilities were below an
average 7 years old.

The karyotype analysis of G-banding in the peripheral blood of
two siblings and parents showed a standard chromosomal pattern
(data not shown). CMA result of both the proband and his sister
using CytoScan™ HD whole genome SNP array (Affymetrix,
USA) showed two copy number variations (CNVs): arr[hgl9]
2q33.1(200,192,328-200,197,269)x1,2q35(218,105,663-
218,816,675)x3. They have a 4.9-kb deletion in the 2q33.1 region
of chromosome 2 (Figure S1). The deletion spans the exon 9
of the SATB2 (OMIM: 608148) gene. They also have a 711-kb
duplication (arr[hgl9] 2q35(218,105,663-218,810,908)x3) in the
2q35 region, which contains DIRC3 (OMIM: 608262) and TNSI
(OMIM: 600076) genes. There has been no clear disease-related
report on the duplication of this fragment or on these two genes.
The mother’s CMA result: arr[hg19] 5q31.3q33.1 (141,383,108-
151,756,016)x2 hmz. The father’s CMA results: arr[hgl9] 2q35
(218,105,663-218,810,908)x3. The couple did not carry the
4.9-kb deletion at 2¢33.1, while the 711-kb duplication at 2¢35 of
the children should have been inherited from their father. However,
the possibility of a low-level somatic or gonadal mosaicism was
not excluded. Meanwhile, the exact breakpoints were yet to
be determined.

The pregnant woman received amniocentesis at 19 weeks of
gestation. The karyotype of the fetus was normal, but CMA result
was the same as those of the affected children. In addition, the
B-ultrasound showed that the fetus had ventricular septal defect.
After genetic counseling and through consideration, the couple
chose to terminate the pregnancy at 23 weeks of gestation.

This study was carried out in accordance with the
recommendations of the Ethics Committee of Women’s Hospital,
School of Medicine Zhejiang University. All subjects gave written
informed consent in accordance with the Declaration of Helsinki,
and written informed consent was also obtained from the
guardians of the two affected siblings for the publication of this
case report. The protocol was approved by the Ethics Committee
of Women’s Hospital, School of Medicine Zhejiang University.

Peripheral Blood DNA Extraction

Peripheral blood samples were collected from the family
members including the husband’s father (I1), the couple (II1
and I12), and their two children bearing SAS (III1 and III2)
(Figure 1A). Genomic DNA was extracted from peripheral
blood samples using the QIAGEN spin columns on a QIACube
(QIAGEN GmbH) according to the manufacturer’s instructions.
All DNA samples were dissolved in water and stored at —20°C.

Gap-PCR and Primer Walking

Gap-PCR was chosen for locating exact breakpoints of the
deletion. Three sets of primers (Gap2500-F/R, Gap1000-F/R,
Gap500-F/R, Table 1) were designed according to the CMA
results. Gap2500-F/R primer set worked well using TaKaRa LA
Taq™ (TaKaRa Bio Inc.) and two-step procedure. The procedure
of the PCR was as follows: 94°C for 1 min followed by 30 cycles at
98°C for 10 s, 68°C for 8 min, and a final extension step at 72°C
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FIGURE 1 | Pedigree of the family and the characterization of the deletion breakpoints by gap-PCR. (A) Pedigree of this family. The arrow refers to the proband.

The solid square (male) and circle (female) represent the two affected siblings; (B) Gap-PCR of family members using the peripheral blood-derived genomic DNA
and primer sets (4334-F/R). Lanes 1-7: Marker, 112, II1, 1lI1, 1112, I3, and I1. The expected SATB2 wild allele band of ~4.3 kb is seen in members of 112, II1, lllI1, 1112,
113, and I1. A lower band, consistent with the size of mutant allele, is seen in I11, lll1, and li2 but not in 112 or I1. Notice that the father (II1) has a much less intense
band of about 1.3 kb in size, which is the same size as his two children (llI1 and I112). (C) Sequencing results of the ~4.3-kb band and 1.3-kb band. The intragenic
deletion border is chr2: 200,191,313-200,194,324 (hg19), which includes the entire exon 9 and its franking intronic sequences of the SATB2 gene. Blue arrows refer
to gap-PCR primer set (4334-F/R) used to detect the breakpoints of the 3kb deletion.
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TABLE 1 | Gap-PCR primers.

Primer Direction Sequence (5’-3’) Product
length (bp)

Gap2500-F F ATCAAATTGTCATTGTTGTGCC 9,376

Gap2500-R R CCATCTAAACCTCAGTTCCCTC

Gap1000-F F ATAATACCTTCTCCTTCCCATC 6,575

Gap1000-R R TTAACAACTTGCCCAACTTACT

Gap500-F F GTTAAAGGCCCATCAAAGGTAA 5,667

Gap500-R R GTTCGAGACCAGCATGGACAAC

6666-F F GATAATCAATGGGAGATAATGG 6,666

6666-R R CCTTGTAAGTCAGTCTGGCACT

5335-F F TCTTTCCCATAATAAACTCCAC 5,335

5335-R R TCTAAACCTCAGTTCCCTCATC

4334-F F AAATGTCTTTGGCATCTGTTC 4,334

4334-R R CCATCTAAACCTCAGTTCCCT

3442-F F ACAATTCTTCCCAAGTGCCTAC 3,443

3442-R R CATCTAAACCTCAGTTCCCTCA

for 10 min. Based on this result, another four primer sets (6666-
F/R, 5335-F/R, 4334-F/R, 3442-F/R, Table 1) were designed
to amplify more suitable size of fragments for sequencing. The
procedure of the PCR was as follows: 94°C for 1 min followed by
30 cycles at 98°C for 10 s, 68°C for 4 min, and a final extension
step at 72°C for 10 min.

Sperm Preparation and Genomic DNA
Extraction

The semen sample of the father was obtained by masturbation
following 5 days of sexual abstinence and then was allowed to
liquefy for 60 min at 37°C before processing. Semen sample
was diluted 1:2 in Earle’s solution, centrifuged at 500xg for
5 min. Then sperm pellets were washed twice with Earle’s
solution, and the final pellets were preserved immediately in
liquid nitrogen for DNA extraction. Pellets were homogenized,
and genomic DNA was extracted using the QIAGEN spin
columns on a QIACube (QIAGEN GmbH) according to the
manufacturer’s instructions.

Real-Time Quantitative PCR

Three pairs of primers (Figure 2A) were designed to detect
potential deletions in this family, including two primer sets
outside the deletion region and one primer set inside the
deletion. The design of primers is in accordance with the
following standard: the length of the amplified product is less
than 300 bp, and annealing temperature is close to 60°C. The
three pairs of primers were designed by Primer-BLAST software
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) (see Table 2).
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FIGURE 2 | Quantitative PCR (qPCR) of family members using the peripheral blood-derived genomic DNA. (A) Schematic diagram of location of gPCR primers.
Blue arrows refer to gPCR primers; (B) Comparison of gene dosage ratios for the family members using the SATB2-exon 9 primers; (C) Comparison of gene
dosage ratios for the family members using the SATB2-intron 8 primers; (D) Comparison of gene dosage ratios for the family members using the SATB2-intron 9
primers. F, normal female; C, control (normal male).
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TABLE 2 | Quantitative PCR (qPCR) primers.

Primer Direction Sequence (5’-3’) Product
length (bp)

Intron 8-F F ATGGAAATAGACCTGCACCTAC 186
Intron 8-R R TGACTCACCCAAATAGAAAGAT

Exon 9-F F GATTCTGCGTAAGGAAGAAGACC 158
Exon 9-R R AGACCATGCTCACATTGGGATT

Intron 9-F F ACCTAATAGCTTTCAGTGCCAGAC 130
Intron 9-R R TTCCCTGCTACACCTATCCCTA

Specificity and effectiveness have been examined in preliminary
experiment. Furthermore, B-globin was chosen as reference
gene (forward primer: 5-ACACAACTGTGTTCACTAGC-3;
reverse primer: 5-CAACTTCATCCACGTTCACC-3’). The
reaction was performed on a LightCycler 480 II real-time PCR
system (Roche) in a final volume of 20 ul containing 10 ul of
SYBR Premix Ex Taq Polymerase (TaKaRa), 0.4 pl each of the
forward and reverse primers (10 umol/l), and 2 ul of the genomic
DNA (20 ng). Each sample was tested in triplets. The procedure
of the PCR was as follows: 95°C for 10 s, followed by 40 cycles at
95°C for 5 s, 58°C for 30 s, and a final extension step at 72°C for
10 min. The dosage ratio of the tested samples was calculated by
the AACt method for each test sample according to Livak and
Schmittgen (2001).

Droplet Digital PCR

The somatic and gonadal mosaicism levels of the father were
estimated using the Pilot Droplet Digital PCR system [Pilot
Gene Technologies (Hangzhou) Co., Ltd. China]. The primer set
SATB2Del-F:CAGAAAGTATCTGGGCCTATCAT/SATB2Del-R:
GTACAAAAGAGCTGAAAACAAATACA, which was located
on each side of the breakpoint, were used along with the 6-carboxyl-
x-rhodamine (ROX)-labeled fluorescence probe SATB2Del-P:
ROX-AGGTGACTTCTGCTTGTT-MGB, which spanned the
deletion region to detect the copy number of the mutation. Another
primer-probe set PARP2-F: GCGGAGGGAAGCTCATCAGTG/
PARP2-R: CCCTAGTCTCAGACCTTCCCAA/PARP2-P: 6-
FAM-ACATGGGAGTGGAGTGACAGG-BHQI1 was employed
to detect the single copy reference gene Poly (ADP-ribose)
polymerase 2 (PARP2) in this study. The mosaic ratio was
calculated as the copy number of mutation/the copy number of
the reference gene.

The droplet generation, PCR amplification, and chip scanning
were performed according to the manufacturer’s instructions.
Briefly, 20 pl of PCR mixture containing 1x PCR buffer, 1 ul each
of the genomic DNA, 150 nM of 6-FAM-labeled probe, 600 nM
of ROX-labeled probe, and 600 nM of each primer were loaded
into Pilot droplet chips. Droplets were automatically generated
in the Pilot droplet generator. Chips were then transferred
into the Pilot iThermall.0, and samples were amplified using
the following cycling settings: initial denaturation at 95°C for
10 min, followed by 40 cycles of 95°C for 30 s, and 55°C for
60 s. Post-PCR chips were scanned using Pilot iScanner5 chip
scanner, and results were analyzed using the GenePMSvl.1
software.

RESULTS

The Deletion Is of Paternal Origin and
Includes Part of Intron 8, the Entire Exon
9, and Part of Intron 9 of SATB2

By the clinical diagnosis and CMA, we narrowed down the
target of interest to SATB2. To make sure the exact breakpoints
of SATB2 mutation, three primer sets were designed outside the
region indicated by the CMA result. One of the three gap-PCR
primer sets (Gap2500-F/R) worked well, and gel electrophoresis
results showed both father, and the two siblings share two
amplified bands (Figure S2). The larger band is about 10 kb in
size, and the smaller band is about 7 kb in size. The 7-kb band
of the father is less intense than that of the two siblings. Based
on this result, another four primer sets were designed to amplify
fragments with proper lengths for Sanger sequencing. Gap-PCR
products using primers (4334-F/R) of all the family members
shared the 4.3-kb band, while gap-PCR products of II2 (father),
II1 (the proband), and III2 (the sister) have another smaller
band (~1.3kb) (Figure 1B). The Sanger sequencing result of
the smaller band of the father and the two siblings revealed that
the breakpoints were located at chr2: 200,191,313-200,194,324
(hg19) when blasted with genomic sequence (NM_001172517).
The deleted region includes part of intron 8, the entire exon 9,
and part of intron 9 (Figure 1C). Given that the father has no
phenotype and the father carries a smaller band of lower intensity
comparing with those of the two siblings, the father might have a
low level of mosaicism.

Deletion Is Present in Peripheral Blood
and Semen of the Father

In order to know the likelihood of recurrence of the deletion
in the next pregnancy of the mother, gap-PCR using primers
4334-F/R was performed on semen-derived DNA of the father.
Gel electrophoresis results that showed both amplified products
of semen-derived DNA and peripheral-blood DNA of the
father share two amplified bands with same sizes (Figure S3).
We compared the smaller mutant band between the amplified
products of both DNA samples by Sanger sequencing, and the
sequencing results showed they were all deleted mutant (data not
shown). We found that the father has not only somatic deletion
but also germline deletion (since it is found in the semen);
hence, the risk of the fetus carrying the same deletion in the next
pregnancy still exists.

The Two Siblings Had One Copy in the
Deletion Region by Quantitative PCR

Since CMA and gap-PCR are having conflicting results regarding
the deletion of father, quantitative PCR (qPCR) was carried out
using three primer sets (Figure 2A) in the family members to
determine which test result is correct. Because of the deletion
region including part of intron 8, the entire exon 9, and part
of intron 9, we examined the exon 9 (representative of deletion
region) and intron 8 and 9 (representative of non-deletion
region) of the SATB2 gene by the qPCR. The level of exon 9 in
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the two siblings is about half of the normal level in other family
members (Figure 2B). The result of intron 8 and 9 showed no
obvious differences in the family members (Figure 2C and D).
The above results confirmed that both CMA and gap-PCR were
right about the level of deletion in the two siblings but failed
to justify the gap-PCR results about the father’s deletion level.
Further confirmation on father’s deletion level is required.

The Father Was Low-Level Somatic and
Gonadal Mosaicism in the SATB2 Gene

In order to check the level of somatic and gonadal mosaicism of
the SATB2 gene in the father, ddPCR was used to estimate the
frequencies of the mutant allele in this study. As shown in Figure 3
and Table 3, compared with the frequencies of no-template control
(Figure 3A), the mutant frequencies of the proband and his sister

were 52.88% (Figure 3C) and 52.11% (Figure 3D), respectively,
indicating heterozygosity on the detected site for both of them,
while their mother has zero mutant frequency (Figure 3B),
signifying wild type on the detected site. Two DNA samples from
peripheral blood and semen of the proband’s father were analyzed
by ddPCR in this study, which showed the mutant frequencies of
13.16% (Figure 3E) and 16.68% (Figure 3F), respectively. Above
results confirmed the low-level mosaicism in the SATB2 gene of
the father. Gap-PCR and ddPCR together provide an effective
diagnostic technique for this intragenic deletion.

DISCUSSION

Glasssyndromeor2q33.1 microdeletion syndrome (OMIM#612313)
was first described by Glass et al. (1989) in a 16-year-old male with

Proband

Father (blood)

FIGURE 3 | Droplet digital PCR analysis for the mutant frequencies of SATB2 gene. ROX-labeled probe detects the delete mutation of SATB2 gene (red dots).
6-FAM-labeled probe detects the reference gene PARP2 (blue dots). Green dots, ROX and 6-FAM double positive. Yellow dots, no amplification. (A) No-template
control, NTC; no amplification on both fluorescence channels. (B) wild type, DNA from the proband’s mother; normal amplification on FAM channel, while no
amplification on ROX channel. (C, D) heterozygosity, DNA from the proband and his sister, respectively; the ratios of ROX/FAM were close to 0.50. (E, F) mosaicism,
DNA from the proband’s peripheral blood and semen of the father; the ratios of ROX/FAM were 13.16% and 16.68%, respectively.

Sister

Father (Semen)
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TABLE 3 | Mutant frequencies of SATB2 gene detected by Droplet Digital PCR.

Subject PARP2 concentration SATB2 concentration Mutant frequency
(FAM) copies/pl (ROX) copies/pl (ROX/FAM, %)

Father (blood) 48.080 6.326 13.16

Father (semen) 21.978 3.667 16.68

Mother 147.06 0 0

Proband 65.415 34.595 52.88

Sister 62.813 32.733 52.11

cytogenetically visible deletion of 2q32.2-q33.1, and he had severe
intellectual disability, cleft palate, short stature, and craniofacial
dysmorphism (Glass et al., 1989). This syndrome has a large
deletion of 2q33.1 that includes the disease-causing gene SATB2
and other genes. To reduce confusion and unify the nomenclature,
anew term SATB2-associated syndrome (SAS) emerged. To date,
intragenic deletions and duplications, point mutations involving
SATB2 gene have been reported as pathogenic SAS mutations in
the literature (Zarate and Fish, 2017; Zarate et al., 2017; Zarate
etal., 2018a).

To our knowledge, deletions have been reported in 22 patients
thus far and ranged from 10 to 317 kb in size and with only SATB2
included in the region (Rosenfeld et al., 2009; Balasubramanian
et al., 2011; Zarate et al., 2018a; Zarate et al., 2019). Herein, the
3-kb intragenic deletion in the family of this study might be the
smallest reported deletion in the SATB2 gene thus far, and it is
also covered within the 10-kb deletion reported in case ID 49 by
Zarate et al. (Zarate et al., 2018a). ID 49 was an 18-year-old male
carrying a 10-kb deletion (chr2:200,190,560-200,200,832, hg19)
including the entire exon 9 and part of intron 8 and 9 sequences
within the SATB2 gene. He had growth retardation, cleft palate,
feeding difficulties during infancy, sialorrhea, and abnormal
MR, and he started walking at the age of 12. We note that cleft
palate and feeding difficulties during infancy were absent in
our case, indicating that these characteristics may be variable in
individuals affected by heterozygous deletion of SATB2 exon 9.
Sequence of exon 9 (coding 393-461 amino acids) covers
C-terminal part of CUT1 domain (355-434). Among all SAS
families with trio analysis by whole-exome sequencing or panels,
Zarate and colleagues found that the most frequent pathogenic
variant were missense mutations, and most of these variants
localized to the CUT1 domain (Zarate et al., 2018a). That might
suggest the importance of CUT1 (including exon 8 and 9) for
the function of SATB2 protein. On the other hand, Bengani
et al. constructed several mutant SATB2 plasmids and then
transfected to Hela and human fibroblast cell lines. They found
that cells with p.Arg389Cys change in CUT1 domain displayed
more diffuse patterns of nuclear localization than the wild type,
and the authors proposed that CUT1 domain may be required
to initiate interaction with chromatin or matrix (Bengani et al.,
2017). Therefore, considering the significance of CUT1 domain,
exon 9 may be crucial to SAS symptoms.

Of the SAS-affected families reported thus far with trio
analysis, two instances of mosaicism have now been documented
in the literature. One case was presumed to be gonadal
mosaicism because two affected siblings had the same mutation
(c.582-2A>G), but none was detected in the leukocyte DNA

of either parent (Bengani et al., 2017). Another case was also
suspected to be gonadal mosaicism for the two affected siblings
share an identical 2.9-Mb micro-duplication that was not present
in either parent (Bengani et al., 2017; Zarate et al., 2018a). In the
present study, the father with normal phenotype in this family
was proved to have a low-level somatic and gonadal mosaicism
rather than both siblings carrying de novo mutations in the SATB2
gene. The deletion in our case failed to detect due to low level of
resolution in this specific region by SNP array (Figure S1); more
details were only revealed with the help of gap-PCR and ddPCR.
We recommend paternal semen sample testing as the first step
because the acquisition of semen sample is easy and safe. If the
results are negative, mutation from maternal germline origin
could not be ruled out.

The real-time qPCR is another common method to determine
copy number of target genes in addition to CMA; however,
it does have several limitations such as failure to detect low-
level mosaicism variations. This limitation can be overcome by
ddPCR due to its ability to precisely quantify mosaic genomic
copy number variations when compared with qPCR (Fujiki et al.,
2016; Taylor et al., 2017; Zhou et al., 2018). The proband’s father
was mosaic in SATB2, estimated to be 13.16% in the peripheral
blood and 16.68% in the semen by ddPCR. With mosaicism
detected in semen as well, recurrence risks are higher compared
with those phenotypes occurring from de novo variants. It is
difficult to estimate an accurate recurrence risk if the percent
mosaicism in the gonad is unknown.

Our study further validates the need to perform trio analysis if
two phenotypically normal parents had two or more consecutive
pregnancies with similar SAS phenotypes. In terms of parental
testing, CMA and traditional qPCR are not sensitive enough as
exemplified in our study. Gap-PCR and ddPCR are more sensitive
for detecting low-level mosaicism, and ddPCR may further
be used for estimation of mutant frequencies, if needed. The
different results have greatly different reproductive recurrence
risks, that is, apparently, de novo SATB2 pathogenic variants
confer very low recurrence risk versus paternal mosaicism that
confers up to a 50% recurrence risk.

In conclusion, CMA is recommended as the first-tier test
followed by gap-PCR and ddPCR if a similar situation is
arising. We highlighted the importance of detailed genetic
testing, testing method, and counseling for cases of somatic or
gonadal mosaicism in an unaffected parent of children with SAS
syndrome. Due to inconclusiveness of CMA results alone, we
suspect that this inheritance might be underreported and the
results would have a direct impact on reproductive planning and
prenatal diagnosis.
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Infantile spasm (IS) is an early-onset epileptic encephalopathy that usually presents with
hypsarrhythmia on an electroencephalogram with developmental impairment or regression.
In this study, whole-exome sequencing was performed to detect potential pathogenic de
novo mutations, and finally we identified a novel damaging de novo mutation in SEMASA and
acompound heterozygous mutationin CLTCL 1 in three sporadic trios with IS. The expression
profiling of SEMASA in the human brain showed that it was mainly highly expressed in the
cerebral cortex, during the early brain development stage (8 to 9 post-conception weeks and
0to 5 months after birth). In addition, we identified a close protein-protein interaction network
between SEMA5A and candidate genes associated with epilepsy, autism spectrum disorder
(ASD) or intellectual disability. Gene enrichment and function analysis demonstrated that
genes interacting with SEMASA were significantly enriched in several brain regions across
early fetal development, including the cortex, cerebellum, striatum and thalamus (g < 0.05),
and were involved in axonal, neuronal and synapse-associated processes. Furthermore,
SEMASA and its interacting genes were associated with ASD, epilepsy syndrome and
developmental disorders of mental health. Our results provide insightful information indicating
that SEMA5A may contribute to the development of the brain and is associated with IS.
However, further genetic studies are still needed to evaluate the role of SEMA5A in IS to
definitively establish the role of SEMASA in this disorder.

Keywords: epileptic encephalopathy, infantile spasms, de novo mutations, SEMA5A, whole-exome sequencing

INTRODUCTION

Epileptic encephalopathies (EEs) are a group of complex brain disorders characterized by intractable
and early-onset epilepsy with or without developmental delays, which are highly genetically
heterogeneous (Berg et al., 2010; Scheffer et al., 2017). Infantile spasms (IS, also known as West
syndrome) are considered a subset of EEs that are characterized by the early onset of epileptic
spasms, typically in the first year of life, and are always accompanied by a hypsarrhythmia pattern
on the electroencephalogram (EEG) and developmental impairment (Nabbout and Dulac, 2003;
Pavone et al.,, 2014). Moreover, EEs are caused by a variety of etiologies that are not yet fully
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understood. However, recent studies have provided evidence that
genetic factors have a tremendous impact on the pathogenesis
of EEs (McTague et al., 2016; Shbarou and Mikati, 2016). The
discovery of candidate genes will further our understanding of
the mechanisms underlying epileptogenesis.

The development of next-generation sequencing techniques,
such as whole-exome sequencing (WES), has greatly facilitated gene
discovery in EEs, and these approaches have been widely used to
detect pathogenic mutations (Dimassi et al., 2016; Jin et al,, 2018).
Furthermore, recent genetic studies have used trio exome sequencing
to confirm that many pathogenetic de novo mutations (DNM:s) are
critical genetic components in the pathogenesis underlying EEs
(Claesetal., 2001; Carvill etal., 2013; Epi4K Consortium and Epilepsy
Phenome/Genome Project, 2013). DNMs are the most damaging
form of rare genetic mutations and occur mainly in the germline
(Veltman and Brunner, 2012). Most genes with pathogenetic DNMs
in EE encode voltage-gated ion channels or receptors associated with
neurotransmitter, including sodium channels, potassium channels,
GABA receptors, glutamate receptors and NMDA receptors
(Fukata and Fukata, 2017; He et al., 2019), and are often involved
in a variety of functional pathways related to neuronal excitability
or synaptic and neuronal connectivity (Pardo et al., 2014).

Axon guidance proteins, including semaphorins, ephrins, slits,
repulsive guidance molecules, and netrins, can act as attractants or
repellents during axon branching, synapse formation and plasticity
(Shen and Cowan, 2010; Van Battum et al., 2015). In the central
nervous system, semaphorins play a role in synaptic plasticity
including the regulation of synaptic structures and synaptic
transmission (Pasterkamp and Giger, 2009). Moreover, both
NMDA and AMPA receptors participate in synaptic plasticity (Song
and Huganir, 2002; Lau and Zukin, 2007). Strikingly, DNMs have
been identified in the GRINI and GRIN2B genes, which encode
the proteins that form the subunits of the NMDA receptor, in
individuals with West syndrome and a severe developmental delay
(Epi4K Consortium and Epilepsy Phenome/Genome Project, 2013;
Lembke et al., 2014). Because appropriate brain function and mental
health rely on the accurate regulation of the central nervous system
synapse density, an imbalance between excitatory and inhibitory
synaptic transmission is partly responsible for neurodevelopmental
disorders such as schizophrenia and autism spectrum disorder
(ASD) characterized by impairments in social interactions and
restricted behaviors and interests (Penzes et al., 2011).

In this study, we performed WES on three individuals with IS
as well as their unaffected parents and identified a novel damaging
DNM in SEMAS5A. Asa member of the semaphorin gene family with
bifunctional axon guidance activities, the discovery of a mutation in
SEMAS5A may further strengthen the role of axon guidance proteins
in EEs. In addition, we also detected a DNM in PLEKHG4B and a
compound heterozygous mutation in CLTCLI in patients with IS.

MATERIALS AND METHODS

Subjects

Three probands with IS and their healthy parents were enrolled
in the study from the Second Affiliated Hospital and Yuying
Children’s Hospital of Wenzhou Medical University, after study

approval was provided by the Hospital Ethics Committee.
Moreover, written informed consent of all participants was
obtained from their parents or guardians at the time of
recruitment. All probands were referred with typical seizure
presentation and were diagnosed with IS by an experienced
pediatric neurologist.

Whole-Exome Sequencing

Peripheral blood (2 ml) was drawn from the three affected
probands and their unaffected family members. Genomic DNA
was isolated using a QIAGEN DNeasy Blood & Tissue Kit
(Qiagen, Valencia, CA, USA) from the peripheral blood of each
included individual. The DNA was then subjected to an additional
quality and quantity evaluation step using a NanoDrop 2000
spectrophotometer (Thermo Scientific, Wilmington, DE, USA).
Subsequently, exome-coding DNA was captured with an Agilent
SureSelect Human All Exon v6 Kit (Agilent Technologies, Santa
Clara, CA, USA), and the libraries were sequenced on an Illumina
HiSeq2000 sequencer (San Diego, CA, USA), which produced
150-bp paired-end reads.

All raw sequencing data obtained from these three trios
were analyzed in a similar manner according to a customized
bioinformatics pipeline (Wang et al., 2013). After quality filtering
was performed on the raw sequence data using the Trim Galore
program, the cleaned sequences were aligned to the human
reference genome (GRCH37/hgl9) using Burrows-Wheeler
Aligner (BWA). Picard was performed to realign the reads and
remove any reads that were duplicated or mapped to multiple
genome locations. Variant and genotype calling were performed
using the Genome Analysis Toolkit (GATK) (McKenna et al.,
2010),and DNM:s were detected by two software tools [Forest DNM
(Michaelson et al., 2012) and mirTrios (Li et al., 2015)].

Mutation Annotation

ANNOVAR was used to annotate all called variants. The minor allele
frequency (MAF) of the detected sequence variants was estimated
in various publicly available databases, including ExAC, UK10K,
dbSNP147, 1000 Genomes, and ESP6500. If a detected variant was
presented with a MAF > 0.1% in any database, it was eliminated.
Subsequently, the effects of the detected variants were predicted
according to SIFT (https://sift.bii.a-star.edu.sg/, a variant with SIFT
score < 0.05 predicted damaging), VEST3 (https://karchinlab.org/
apps/appVesthtml, a variant with VEST3 score > 0.5 indicated
damaging), Polyphen2 (http://genetics.bwh.harvard.edu/pph2/,
a variant with a score of 0.909 to 1.0 indicated probable damage,
while those with scores between 0.0 to 0.446 meant benign), and
GERP++ (http://mendel.stanford.edu/SidowLab/downloads/
gerp/, a variant with a GERP++ score > 2 indicated conserved). All
potential damaging DNMs were visualized by Splicing Viewer (Liu
etal,, 2012) and confirmed by Sanger sequencing.

Gene Expression

The RNA sequencing data for human tissue-derived SEMA5A
were obtained from the human protein atlas (HPA) (https://www.
proteinatlas.org). In addition, data were obtained from the human
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brain transcriptome at HBT (http://hbatlas.org/) to evaluate the
spatial and temporal expression pattern of SEMA5A in human
brain tissues. Furthermore, a digital atlas of gene expression
patterns in mouse tissues at embryonic day 14.5 was selected and
assessed in GenePaiant (www.genepaint.org). Expression patterns
were defined by non-radioactive in situ hybridization (ISH), and
selected images were annotated in detail.

Construction of the Protein-Protein
Interaction Network and Enrichment
Analysis of Genes in the Network

A critical assessment and integration of protein-protein
interaction (PPI) information was obtained from the STRING
database to create the PPI networks. Then, we selected genes that
interacted with SEMAS5A and that had interaction scores greater
than 200. Specific expression analysis (SEA) was performed on
a developed online tool (http://genetics.wustl.edu/jdlab/csea-
tool-2/) to explore whether SEMA5A and the identified interacting
genes were highly enriched in a particular human brain region.
In addition, R package clusterProfiler and DOSE were used to
further explore the functions of the interacting genes in the PPI
network. There were 43 SEMA5A-interacting genes that were
shared by neuropsychiatric disorders and used to construct the
interconnected PPI network. Random simulations of 100,000
permutations for genes and connections were performed to
verify the non-random nature of the networks. Moreover, fisher’s
exact test was used to evaluate the enrichment of 43 genes in the
postsynaptic density (PSD) proteins (Collins et al., 2006) and genes
under evolutionary constraint (Samocha et al., 2014).

RESULTS

Identification of Potential Mutations

To detect candidate pathogenic DNMs, we recruited three trios
with IS for WES. After low-quality reads and adapters were
removed, approximately 5.2-11.03 GB of clean reads were
obtained for each individual. All samples passed the quality
control measures, and more than 99% of the qualified bases were
aligned to the human reference genome (hgl9) with an average
sequencing depth of 74.91-fold. It is important to note that a
mean of 87.49% of the target regions was covered at 20x and
that more than 90% of the exonic regions were sequenced at 10x
coverage (Supplementary Table S1). Following alignment and
variant annotation, we detected a total of five de novo SNVs and
three de novo indel mutations in coding regions. We confirmed
that two DNMs and a compound heterozygous mutation were
present among the three trios. In addition, all of the identified
mutations were confirmed by Sanger sequencing, and the
deleteriousness of mutations were predicted by SIFT, VEST3,
Polyphen2, and GERP++.

Candidate Genes for Infantile Spasms

Patient 1, who was born at term following an uneventful
pregnancy to healthy non-consanguineous parents with no
pertinent family history, had seizure symptom onset at the

age of 7 months with the EEG displaying hypsarrhythmia
(Figure 1A), a characteristic feature of IS. Additionally, the
magnetic resonance imaging (MRI) of patient 1 at 7 months old,
revealed brain dysplasia and agenesis of the corpus callosum
(Figures 1B, C). The patient carried one missense mutation
(c.1201C > T) in the SEMA5A gene that was identified by WES
and confirmed as a DNM by Sanger sequencing (Figure 2A). At
the structural level, the de novo missense mutation caused an
arginine to cysteine substitution at amino acid 401 in the Sema
domain [p.(Arg401Cys)], a conserved domain containing 450
amino acids (Figure 2B). The Sema domain serves as a repulsive
guidance cue and might prevent axons from branching into
surrounding myotome regions (Hilario et al.,, 2009). Then we
predicted the structural model of the SEMAS5A and there was no
hydrogen bond between Arg-401 of SEMAS5A and other residues.
However, Cys-401 forms three hydrogen bonds with Phe-402,
Asp-425, and GIn-292, respectively (Supplementary Figure S1).
Hence, the substitution of arginine by cystine at amino acid 401
of SEMAS5A may affect the structural stability.

In addition, we found that the identified DNM is evolutionarily
conserved across various vertebrates (Figure 2C). Moreover,
in silico prediction programs (SIFT, VEST3, Polyphen2 and
GERP++) indicated that the de novo missense mutation in
SEMAS5A identified in this study is likely to be damaging and
conserved in the protein (Table 1). Furthermore, the missense
Z score of SEMA5A is 1.6794, which means that it tended to
be intolerant of functional genetic variation (Lek et al., 2016).
It should be mentioned that five different mutations, including
a de novo missense mutation [c.2852C > G, p.(Ser951Cys)], a
nonsense mutation [¢.586C > T p.(Argl196*)] and three missense
mutations, have been found in SEMAS5A in individuals diagnosed
with ASD (Figure 2B) (lossifov et al., 2014; D’Gama et al., 2015;
Mosca-Boidron et al., 2016). Additionally, SEMA5A has not been
reported to be involved in epilepsy and is absent in any gene
database related to epilepsy (Ran et al., 2015).

We additionally identified a compound heterozygous mutation in
CLTCLI in patient 2 (Supplementary Figure S2A). In this patient,
one missense mutation was inherited from the mother [c.3946A > G,
p-(Met1316Val)], and was predicted to be damaging and conserved
by VEST3, Polyphen2 and GERP++. Another missense mutation
[c.3493C > T, p.(Argl165Cys)] that was inherited from the father
was predicted by four prediction tools (SIFT, VEST3, Polyphen2,
and GERP++) to be damaging and conserved (Supplementary
Figure S2B, Table 1). Both mutations were located in a highly
conserved domain (Supplementary Figure S2C).

In patient 3, we identified a missense mutation in PLEKHG4B
[c.2740G > A, p.(Ala914Thr)] that was regarded as a DNM and
confirmed by Sanger sequencing. Nevertheless, the SIFT, VEST3
and Polyphen2 tools predicted that this mutation is tolerable
and benign, and GERP++ predicted that it is non-conserved.
Therefore, it was not considered as a possible candidate mutation
in further analyses.

The Expression Profiles of SEMASA

Considering that IS can give rise to severe cognitive and
behavioral impairments, we attempted to determine the
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FIGURE 1 | Clinical presentation. (A) The electroencephalogram obtained in patient 1 when he was 7 months old. (B) Axial T1-weighted brain MRI obtained in
patient 1 when he was 7 months old. (C) Axial T2-weighted brain MRI obtained in patient 1 when he was 7 months old.

role of SEMA5A in the development of brain tissues by
evaluating its expression pattern. RNA sequencing data were
available for 36 tissues in the HPA database and indicated that
SEMASA acts in a variety of tissues. It is important to note
that SEMAS5A is highly expressed in the cerebral cortex, in
which it showed its fourth-highest expression level in the 36
tissues (Figure 3A). To affirm this finding and to gain a higher-
resolution spatiotemporal view of SEMA5A expression in the
human brain, we analyzed RNA-seq data across various brain
regions and developmental stages in HBT. The results showed
that SEMA5A expression is extensively scattered across different
developmental periods and regions of the human brain.
Interestingly, SEMA5A is preferentially highly expressed in 11
areas of the neocortex, as well as several other brain regions
such as the hippocampus (HIP), amygdala (AMY), and the
striatum (STR), during early embryonic development (8 to 9
post-conception weeks, Figure 3B). In addition, SEMA5A was
also highly expressed in almost all human brain tissues at 0 to 5
months after birth, which also represents an important stage of
human brain development (Figure 3B).

Furthermore, we investigated the spatiotemporal expression
pattern of SEMA5A in the mouse embryo at embryonic day 14.5,
on images of ISH from GenePaint. Consistent with the findings
mentioned above, it showed that SEMA5A was strongly expressed
in the neocortex of the embryonic mouse brain (Figure 3C). The
expression profiles of SEMA5A in the brain indicates that this gene
may play an essential role in the development of the brain and that
dysfunctional SEMA5A may lead to human neurodevelopmental
disorders such as EEs.

PPl Network and Gene Function Analyses

To gain insight into the biological function of SEMA5A and
those genes that interact with SEMAS5A, we extracted genes with
interaction scores greater than 200 from the STRING database,
and then constructed a PPI network. In the resulting PPI network,
we found 196 nodes, among which 43 genes were known candidate
genes in neurodevelopmental disorders. These 43 genes included 16
ASD candidate genes, six epilepsy candidate genes, six intellectual
disability (ID) candidate genes, three candidate genes shared by

Frontiers in Genetics | www.frontiersin.org

July 2019 | Volume 10 | Article 605


https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org

Wang et al. De Novo Mutation in SEMAS5A

A
GGAAAAG GCTATTGT
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Reverse strand of Sanger sequencing in this trio
B p.R196* p-R6§6C p.S951C p.S956G
- Sema e 1
p-R401C p-R995W
C 391 — 4! 1
Homo sapiens TVPSFMEDNS R FSHV AVDVVQ
SEMASA in proband TVPSFMEDNS [C| FSHV AVDVVQ
Mus musculus TVPSFMEDNS |R| FSHL AVDVVQ
Canis familiaris SVPSFMEDSS |R| FFHMVVDVVQ
Equus caballus AVPSFMEDNS |[R|FSHL AVDVVQ
Gallus gallus PIYFFMEDNS |R|FSHV VVDVVQ
Ficedula albicollis PIYFFMEDNS R|FSHVVVDVVQ
FIGURE 2 | De novo mutations (DNMs) in SEMASA. (A) Sanger sequencing of patient 1. The filed symbol indicates the affected individual. (B) Protein schematic
of SEMAS5A. Red indicates the DNM identified in this study, and black indicates mutations detected in ASD. (C) The conservation of the DNM in SEMA5A among
various vertebrates.

TABLE 1 | Mutations detected by WES in this study in patients with IS.

Trio Chr Gene Mutation Inheritance Protein SIFT VEST3 Polyphen2 GERP++
change (score) (score) (score) (score)
Patient1 chrb SEMASBA missense De novo p.(Argd01Cys) Damaging Damaging Probably damaging Conserved
0) (0.944) (0.998) (5.75)
Patient 2 chr22 CLTCL1 missense inherited p.(Met1316Val) Tolerable Damaging Probably damaging Conserved
(0.14) (0.634) (0.994) 3.5
Patient2 chr22 CLTCL1 missense inherited p.(Arg1165Cys) Damaging Damaging Probably damaging Conserved
0) (0.765) (0.961) (3.16)
Patient3 chr5 PLEKHG4B missense De novo p.(Ala914Thr) Tolerable Tolerable Benign Non-conserved
(0.51) (0.118) (0.364) 0.11)
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FIGURE 3 | The expression profile of SEMASA. (A) The expression of SEMASA in 36 tissues in the human protein atlas (HPA) database. (B) Spatiotemporal expression
profile of SEMAS5A in HBT. A1C, primary auditory cortex; AMY, amygdala; CBC, cerebellar cortex; DFC, dorsolateral prefrontal cortex; HIP, hippocampus; IPC, posterior
inferior parietal cortex; ITC, inferior temporal cortex; M1C, primary motor cortex; MD, mediodorsal nucleus of the thalamus; MFC, medial prefrontal cortex; OFC, orbital
prefrontal cortex; S1C, primary somatosensory cortex; STC, posterior superior temporal cortex; STR, striatum; V1C, primary visual cortex; VFC, ventrolateral prefrontal
cortex. (C) The expression of SEMAS5A in a mouse embryo at embryonic day 14.5 was analyzed by situ hybridization. The arrow indicates the neocortex.

10

20

ASD and epilepsy, nine shared by ASD and ID, one shared by ID
and epilepsy and three shared by ASD, ID and epilepsy (Figure
4A). To evaluate the interconnectivity among these 43 genes, we
performed an interconnected PPI analysis and observed a non-
random interaction connectivity with 100,000 permutation tests
(q =1 x 107 for genes, q = 1 x 10~ for connections). Moreover,
we discovered that these genes were significantly enriched in
PSD (q = 7.50 x 107°) and genes under evolutionary constraint
(q=2.04 x 10°) (Supplementary Figure S3 and S4).

Furthermore, when we performed a specific spatiotemporal
expression analysis to further explore the expression patterns
of the interacting genes, as expected, we observed that SEMA5A
and its interacting genes were significantly enriched in the cortex,
cerebellum, striatum and thalamus from early fetal to early infancy
periods (q < 0.05) (Figure 4B). Next, a Gene Ontology (GO)
enrichment analysis was performed to determine whether the genes
in the PPI network were enriched in neurodevelopment-associated
GO terms. The results showed that SEMA5A and its interacting
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FIGURE 4 | Protein—protein interaction (PPI) network and specific expression analysis (SEA) enrichment analysis. (A) PPI network of genes found to interact with
SEMASA in the STRING database and to have interaction scores greater than 200. The nodes represent genes, and edges represent the intersection between gene
pairs. The thickness of an edge denotes the interaction scores between gene pairs. (B) SEA of genes in the PPI network. Each hexagon shows different stringency

genes were significantly enriched in axon-, neuron- and synapse-
associated GO terms, such as axon development (q = 2.05 x 10~%),
axon guidance (q = 5.22 x 10-%), the regulation of neuron projection
development (q = 4.86 x 107°!), and synapse organization (q =
2.73 x 107%°) (Figure 5A). Moreover, it is important to note that
genes in the PPI network were relevant to ASD (q = 1.88 x 10713),
developmental disorders of mental health (q = 2.48 x 10712),
Parkinson’s disease (q = 1.61 x 107°) and epilepsy syndrome (q =
8.92 x 10-°) based on Disease Ontology (DO) analysis (Figure 5B).

DISCUSSION

In this study, we performed WES on three trios and presented
evidence showing that a de novo missense mutation in SEMA5A
was likely associated with IS. Considering the potential role of
recessive inheritance in EEs, we also tried to detect homozygous
inherited SN'Vs or indel mutations in other genes in our samples.
However, there were no candidate damaging compound mutations
or homozygous mutations in all patients except a compound
heterozygous mutation in CLTCLI in patient 2. SEMA5A belongs
to the semaphorin gene family, the members of which serve as
canonical axon guidance proteins and function in pathological
conditions of the nervous system (Yaron and Zheng, 2007). It is
now clear that semaphorins and their receptors play many crucial
roles in the development of neural circuits (Pasterkamp, 2012),
including roles in neuronal migration (Hernandez-Miranda et al.,

2011), axon bundling (Van Battum et al., 2015), axon pruning
(Pasterkamp, 2012) and synaptic transmission (Sahay et al., 2005;
Carrillo et al., 2010). Moreover, some alterations in the expression
of axon guidance proteins, such as semaphorins and ephrins,
have been observed in animal models of epilepsy (Barnes et al.,
2003; Xia et al., 2013). It is generally accepted that semaphorins
that can act as axon guidance proteins are involved in a variety of
neurological diseases, including ASD (McFadden and Minshew,
2013), epilepsy (Xia et al., 2013), Parkinson’s disease (Lin et al.,
2009) and Alzheimer’s disease (Good et al., 2004).

Moreover, semaphorins are sensitive to electrical activity and
experience and form a large family consisting of eight classes,
among which class 5 semaphorins (SEMA5A and SEMAS5B)
play essential roles in the functions of the developing nervous
system (Mann et al., 2007). SEMAS5A, as an integral membrane
protein, acts as a bifunctional guidance cue that could be
directly implicated in both attractive and inhibitory processes
during axon development (Kantor et al., 2004). Furthermore,
Sema5A was shown to be essential for the proper development
of fasciculus retroflexus in a rat model (Kantor et al., 2004). A
separate study showed that Sema5A functions as a negative
regulator of synaptogenesis during early brain development and
synaptic transmission (Duan et al., 2014).

Cumulative evidence obtained from various sources shows that
SEMAS5A is a transmembrane protein that has been identified as an
autism susceptibility gene in humans according to a genome-wide
association study (Weiss et al., 2009), cDNA microarray technology
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(Melin et al., 2006) and expression quantitative trait locus mapping
(Cheng et al., 2013). Notably, a de novo microdeletion in SEMA5A
was identified in a patient with ASD and ID (Mosca-Boidron
et al,, 2016). It is worth noting that ASD and EEs often occur
together and share some common genetic etiologies (Srivastava
and Sahin, 2017). Abnormal synaptic plasticity may represent a
common pathophysiological mechanism in ASD and epilepsy
that can lead to an imbalance between excitatory and inhibitory

neurotransmission in the developing brain (Brooks-Kayal, 2010).

knockout mice were found to have a lowered seizure threshold
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and were more sensitive to chemical challenges aimed at inducing
epileptogenesis (Gant et al., 2009). Notably, several studies have
demonstrated that SEMA3C and SEMA3F, which are homologous
to SEMA5A, are candidate genes for EEs (Barnes et al, 2003;
Mefford et al., 2011). The patient carrying damaging DNM in
SEMAS5A in this study was diagnosed with IS at the age of only
7 months, though there was no behaviors or phenotypes related
to ASD based on clinical diagnosis, which may be due to the very
young age of the patient. Therefore, it is necessary to continue
examinations or follow-up surveys for this patient as they become
older, to evaluate whether ASD develops.

CLTCL1, a clathrin heavy chain protein in humans, is
associated with the neuromuscular system (Towler et al., 2004),
and neuropeptide degradation and secretion during neuronal
development (Nahorski et al., 2018). The homozygous R125C
mutation in CLTCLI, inherited from heterozygous parents, was
predicted to be damaging and has been identified in patients with
autism (Chahrour et al., 2012). A mutation in CLTCLI located on
chromosome 22q11.2 has also been associated with susceptibility
to schizophrenia (Karayiorgou et al., 2010; Chahrour et al., 2012).
DiGeorge syndrome is usually associated with the deletion of
chromosome 22q11.2, which is linked with cognitive impairments,
susceptibility to schizophrenia and neuroanatomical changes
(Karayiorgou et al.,, 2010). It is worth noting that an interruption
in the CLTCL gene observed in a patient with DiGeorge syndrome
was found to contribute to the patient’s phenotype, including a
seizure disorder, ID and facial dysmorphia (Holmes et al., 1997).
However, whether the compound mutation in CLTCL identified
in this study was associated with IS still required further genetic
evidence or functional studies to support it.

CONCLUSIONS

To our knowledge, this is a novel DNM of SEMA5A found in
an individual with IS. Our results provide genetic and functional
evidence showing that SEMA5A plays a significant role in the
development of the brain and might be involved in several
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of Guangzhou Medical University, Guangzhou, China, ¢ Department of Molecular and Cellular Biology, Baylor College of
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Background: Increased nuchal translucency (NT) is an important biomarker associated
with increased risk of fetal structural anomalies. It is known to be contributed by a wide
range of genetic etiologies from single-nucleotide variants to those affecting millions
of base pairs. Currently, prenatal diagnosis is routinely performed by karyotyping
and chromosomal microarray analysis (CMA); however, both of them have limited
resolution. The diversity of the genetic etiologies warrants an integrated assay such
as genome sequencing (GS) for comprehensive detection of genomic variants. Herein,
we aim to evaluate the feasibility of applying GS in prenatal diagnosis for the fetuses
with increased NT.

Methods: We retrospectively applied GS (> 30-fold) for fetuses withincreased NT (=3.5 mm)
who underwent routine prenatal diagnosis. Detection of single-nucleotide variants, copy
number variants, and structural rearrangements was performed simultaneously, and
the results were integrated for interpretation in accordance with the guidelines of the
American College of Medical Genetics and Genomics. Pathogenic or likely pathogenic
(P/LP) variants were selected for validation and parental confirmation, when available.

Results: Overall, 50 fetuses were enrolled, including 34 cases with isolated increased
NT and 16 cases with other fetal structural malformations. Routine CMA and karyotyping
reported eight P/LP CNVs, yielding a diagnostic rate of 16.0% (8/50). In comparison,
GS provided a twofold increase in diagnostic yield (32.0%, 16/50), including one mosaic
turner syndrome, eight cases with microdeletions/microduplications, and seven cases with
P/LP point mutations. Moreover, GS identified two cryptic insertions and two inversions.
Follow-up study further demonstrated the potential pathogenicity of an apparently
balanced insertion that disrupted an OMIM autosomal dominant disease-causing gene
at the insertion site.
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Conclusions: Our study demonstrates that applying GS in fetuses with increased
NT can comprehensively detect and delineate the various genomic variants that are
causative to the diseases. Importantly, prenatal diagnosis by GS doubled the diagnostic
yield compared with routine protocols. Given a comparable turnaround time and less
DNA required, our study provides strong evidence to facilitate GS in prenatal diagnosis,
particularly in fetuses with increased NT.

Keywords: increased nuchal translucency, genome sequencing, prenatal diagnosis, genomic variants, structural

rearrangement

INTRODUCTION

Detection of fetuses with increased nuchal translucency (NT) in
routine first-trimester ultrasound screening has been widely used
as a sensitive indication for fetal chromosomal abnormalities
and/or fetal structural anomalies, such as congenital heart
disorders or neurodevelopmental anomalies detected in later
gestations (Leung et al., 2011; Huang et al., 2014; Socolov et al,,
2017; Sinajon et al, 2019). Fetuses with increased NT and
structural malformations are frequently contributed by genetic
abnormalities and have poor prognoses. However, more than
80% of such cases do not obtain a causative result with the current
routine prenatal diagnostic tests (Leung et al., 2011; Huang et al,,
2014; Yang et al., 2017; Sinajon et al., 2019), challenging genetic
counseling and clinical management. In addition, pathogenic
copy number variants (CNVs) only account for 0.8% to 5.3% of
these fetuses with isolated increased NT (with/without other soft
markers) (Leung etal., 2011; Huang et al., 2014), and part of these
cases would also have poor outcomes. Therefore, a test for the
comprehensive detection of disease associated genomic variants
including numerical disorders, structural rearrangements,
CNVs, and point mutations in this prenatal cohort is warranted.

In prenatal diagnosis, quantitative fluorescent PCR
(QF-PCR) is routinely conducted for the detection of maternal
cell contamination (MCC) and common aneuploidy [such as
Trisomy 21 (Choy et al., 2014; Sinajon et al., 2019)]. In addition,
since 2010, chromosomal microarray analysis (CMA) has been
recommended as the first-tier test for high-risk pregnancies in
identification of microscopic or submicroscopic CNVs (Leung
et al,, 2011; Huang et al,, 2014; Chau et al.,, 2019; Sinajon et al.,
2019). However, this approach is limited by its resolution and
it cannot detect single-nucleotide variants (SNVs) and small
insertions/deletions (InDels). Owing to the breakthrough of
molecular technologies such as next-generation sequencing and
its reduction of costs over the years, whole-exome sequencing
(or exome sequencing, WES) has been applied for both research
purposes and clinical use (Druryetal., 2015; Fuetal., 2018; Leung
etal,,2018; Normand etal., 2018; Lord et al., 2019; Petrovski et al.,
2019). Emerging studies show that WES has the ability to provide
genetic diagnoses ranging from 9.1% to 32% for the fetuses with
a structural anomaly (Drury et al., 2015; Fu et al., 2018; Leung
et al,, 2018; Normand et al,, 2018; Lord et al., 2019; Petrovski et al.,
2019), while among these cases, WES yielded diagnoses in 3.2%
to 21% of the fetuses with increased NT with/without structural

malformations (Drury et al., 2015; Lord et al., 2019; Petrovski
et al., 2019). However, most of these studies were conducted on
prenatal cohorts after the exclusion of abnormal karyotypes and/
or CMA results attributed to the cost and the limited ability of
WES in CNV detection (Belkadi et al., 2015). These studies show
the clinical utility of WES and CMA in prenatal diagnosis and
warrants a combination of these two approaches for each case.
Meanwhile, both WES and CMA are unable to detect apparently
balanced structural rearrangements (or structural variants, SVs),
a common limitation of the current methods, but some of these
rearrangements have been demonstrated to be disease-causing
(Talkowski et al., 2012a). The wide spectrum of genetic etiologies
in fetuses with increased N'T ranging from single-base mutations
to those affecting millions of base pairs and numerical disorders
warrants a holistic approach for comprehensive detection of the
disease-causing genetic variants.

Our previous studies have demonstrated the feasibility and
potential diagnostic utility of applying low-pass whole-genome
sequencing (or genome sequencing, GS) analysis for the detection
of CNVs (Dong et al., 2016; Dong et al., 2017) and chromosomal
structural rearrangements (Dong et al., 2014) including balanced
translocations and inversions in both clinical cohorts and
presumably normal populations in the 1000 Genomes Project
(Dong et al., 2018a; Dong et al., 2018b). By increasing the read
depth to a minimal of 30-fold for the purpose of including SNV/
InDel detection, GS is able to provide comprehensive detection
of various genomic variants, thus providing a unique platform
for gene discovery and potential clinical application. However,
evaluation of its clinical utility is warranted.

Herein, we aimed to apply GS for the investigation of genetic
contributions to fetuses with increased NT with/without
structural malformations and to evaluate the possibility for its
potential clinical application.

MATERIALS AND METHODS

Ethics, Consent, and Permissions

The study protocol was approved by the Ethics Committee of the
Joint Chinese University of Hong Kong-New Territories East
Cluster Clinical Research Ethics Committee (CREC Ref. No.
2016.713), Jinan University and Guangzhou Medical University.
From year 2014 to 2018, 50 pregnant women, whose fetus was
diagnosed with increased NT (3.5 mm) with/without structural
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malformations (Leung et al., 2011; Huang et al., 2014) and had
undergone prenatal diagnosis by CMA (and karyotyping if
available) after a negative finding from QF-PCR (Choy et al,
2014), were recruited in this study. The recruitment criteria
included fetuses with increased NT detected, and CMA results
were available without the selection of 1) whether any fetal
malformation was detected, 2) the results from CMA and/or
karyotyping, 3) the timing for sample collection (CVS or AF),
and 4) the pregnancy outcome (such as terminated pregnancies
or live births) (Figure 1). Written informed consent was obtained
from each participant for the purpose of this study, and any
findings from the genome sequencing would not be disclosed to
the patients. Routine CMA results were available in all cases and
90.0% (45/50) of them also had G-banded chromosome analysis
results. Among them, chorionic villus sampling (CVS) was
conducted for 37 cases at the time of first-trimester ultrasound
screening, while amniotic fluid (AF) was obtained in the

other 13 cases during the second trimester. Parental peripheral
blood samples were collected at the time of prenatal sample
retrieval if available.

DNA Preparation

Genomic DNA from chorionic villi or amniotic fluids (AF) were
extracted using the DNeasy Blood & Tissue Kit (Cat No./ID:
69506, Qiagen, Hilden, Germany) at the time of routine CMA
testing. DNA was quantified with the Quant-iT dsDNA HS Assay
kit (Invitrogen, Carlsbad, CA), and DNA integrity was assessed by
agarose gel electrophoresis and subsequently subjected to QF-PCR.

CMA and Karyotyping for Routine Prenatal
Diagnosis

Two CMA platforms were routinely used in our three prenatal
genetic diagnosis centers: CytoScan 750K (Applied Biosystems,
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(37 CVS and 13 AF)
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Affymetrix, Inc., Santa Clara, CA) and a well-established 8x60K
fetal DNA chip (Agilent Technologies, Santa Clara, CA).

For the CytoScan 750K SNP-based platform, 250 ng of DNA
samples was required and the experiment was conducted based
on the manufacturer’s protocol (Lin et al., 2015). Aberration
analysis was performed with the ChAS 2.0 software (Affymetrix)
(Lin et al., 2015). For fetal DNA chip array-based comparative
genomic hybridization (aCGH) platform (Leung et al., 2011),
the experiment was conducted with a total of 300 ng of DNA
after treatment with RNase A (Qiagen) as input, and data analysis
was performed with CytoGenomics software according to the
manufacturer’s protocol (Leung et al., 2011).

In 90.0% (45/50) of the cases, routine G-banded chromosome
analysis of the CVS or AF was also performed by certified Medical
Technologists/Cytogeneticists following international guidelines
[Standards and Guidelines for Clinical Genetics Laboratories
(Section 5.1) of the American College of Medical Genetics
and Genomics (ACMG) and Requirements for Cytogenetic
Testing of the National Pathology Accreditation Advisory
Council]. A minimum of two independent cultures were set
up for each specimen and 15-20 metaphases were analyzed
with two metaphases karyotyped at a resolution of 400 bands.
In cases suspected of mosaicism, at least 30 metaphases were
analyzed. Karyograms were interpreted by at least two Medical
Technologists/Cytogeneticists and diagnoses were reported
according to the International System for Human Cytogenomic
Nomenclature (ISCN) 2016.

GS for Fetal DNA

First, 100 ng of genomic DNA from each sample was sheared
to fragment sizes ranging from 300 to 500 bp by the Covaris S2
Focused Ultrasonicator (Covaris, Inc., Woburn, MA). Library
construction including end repairing, A-tailing, adapter ligation,
and PCR amplification was conducted subsequently. The PCR
products were then heat-denatured to form single-strand DNAs,
followed by circularization with DNA ligase. After construction
of the DNA nanoballs, paired-end sequencing with 100 bp at
each end was carried out for each sample with a minimal read
depth of 30-fold on the MGISEQ-2000 platform (BGI-Wuhan,
Wauhan, China) (Huang et al., 2017).

Data Analysis and Variants Detection

QC for the paired-end reads was assessed via FastQC (https://
www.bioinformatics.babraham.ac.uk/projects/fastqc/) and
subsequently aligned to the human reference genome (hgl9)
by Burrows-Wheeler Aligner (BWA) (Li and Durbin, 2009)
and reformatted with SAMtools (Li et al., 2009). SNV and
InDel detection was performed with HaplotypeCaller v3.4
from the Genome Analysis Toolkit (GATK, Broad Institute)
(Mckenna et al., 2010) and annotation by ANNOVAR (Wang
etal, 2010) and InterVAR (Li and Wang, 2017) with public and
our in-house databases.

CNV detection and SV analyses were performed by our
previously published methods (Dong et al., 2014; Dong et al,,
2016; Dong et al, 2018a) with uniquely aligned reads/read
pairs. For CNV analysis, all aligned reads were classified into

each adjustable sliding window (50 kb with 5-kb increments)
for identifying the candidate region(s) with CNVs and then
they were classified again into each non-overlapping window
(5 kb) for detection of the precise breakpoints with the module
of Increment Rate of Coverage. The rare CNVs (U test, P <
0.0001) were then selected for further interpretation. For SV
analysis, all chimeric read pairs, which were aligned to different
chromosomes or to the same chromosome but with a distance
larger than expected (> 10 kb), were selected for identification of
translocations, inversions, insertions, or complex rearrangements.
Briefly, 1) clustering: the chimeric read pairs were clustered by
sorting the aligned coordinates; 2) systematic error filtering: each
event was filtered against a control data set for the elimination of
potential systematic errors; 3) random error filtering: each event
was filtered with a cluster property matrix with the reported
parameters; and 4) aligned orientations: each event was filtered
based on p/q arm genetic exchange (joining type). Results of
SNV, CNV, and SV analyses were integrated and reviewed for
classification and interpretation of pathogenicity. The final results
were also provided based on ISCN 2016.

Data Interpretation and Validation
The clinical significance of the detected SNVs, InDels, and
CNVs were interpreted in accordance with the guidelines of
the American College of Medical Genetics and Genomics
(ACMG) and were classified into five categories: pathogenic,
likely pathogenic, variant of uncertain significance, likely
benign, or benign. Prioritization of SNVs/InDels in each
sample was based on the following criteria: 1) whether reported
by ClinVAR or HGMD (human mutation gene database);
2) with a minor allele frequency <5% in the databases of ExXAC
(http://exac.broadinstitute.org) and gnomAD (https://gnomad.
broadinstitute.org); 3) located in coding region and exon-intron
junctions; 4) with damaging/intolerant or splicing-change effect
suggested by multiple biological algorithms (SIFT, Polyphen-2,
MutationTaster, Human Splicing Finder, and MaxEntScan);
and 5) located in an OMIM disease-causing gene. For known
mutations, correlation of ultrasound finding(s) with the reported
phenotype(s) was conducted. For novel variants, the priority
of further classification was conducted as 1) located gene was
reported to be in autosomal dominant or X-linked dominant
manner; 2) affecting gene was in autosomal recessive or X-linked
recessive manner, and a homozygous variant or more than one
variant (suspected compound heterozygosity) were found. CNV
interpretation was conducted based on our reported study
(Dong et al., 2016). Potential disease-causing mutations were
selected for validation and parental confirmation when available.
No guidelines were available for SV interpretation; thus, gene
disruption or potential gene dysregulation by the disruption
of regulatory elements or topological associated domains
were used for further interpretation. Parental confirmation
was conducted if available for determination of the mode of
inheritance of the variants.

SNV/InDel/SV  were validated by Sanger sequencing.
Genomic reference sequences (hg19) from each putative variant/
breakpoint region were used for web-based primer design with
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Primer3 (http://primer3.ut.ee/) and NCBI Primer-Blast (http://
www.ncbi.nlm.nih.gov/tools/primer-blast/). PCR amplification
was performed with each pair of primers (Supplementary
Table S1) in cases and control (in-house DNA from a
presumably normal male subject) simultaneously. PCR products
were sequenced by Sanger sequencing on an ABI 3730 machine
(Applied Biosystems, Thermo Fisher Scientific, Wilmington,
DE) and sequencing results were aligned with BLAT (https://
genome.ucsc.edu/cgi-bin/hgBlat?command=start) for
confirmation of the mutations or re-arranged DNA sequences
(Dong et al., 2016).

For CNV validation, quantitative PCR (qPCR) was conducted
for additional disease-causing CNVs identified by GS. Genomic
reference sequences (hgl9) of each deleted/duplicated region
were used for web-based primer design with Primer3 and NCBI
Primer-Blast. Melting curve analysis was carried out for each
pair of primers, and the PCR efficiency ranging 95% to 105% was
determined by using the standard curve method. Each reaction
was performed in 10 pl of reaction mixture simultaneously
in cases and control in triplicate on a StepOnePlus Real-Time
PCR System (Applied Biosystems) with SYBR Premix Ex Taq
Tli RNaseH Plus (Takara Biotechnology, Dalian, China) and
default setting of the reaction condition. The copy number in
each sample was determined by using the AACt method, which
compared the ACt (cycle threshold) of the target and a copy
number neutral region [an ultra-conserved region (https://ccg.
epfl.ch/UCNEbase/view.php?data = ucne&entry = 5530)] in the
case with that of the control. Two independent primer pairs were
used for each validation (Dong et al., 2018a).

RESULTS

Overall, we recruited 50 pregnancies with fetus with increased
NT in the first-trimester Down syndrome screening. Thirty-
seven CVS samples were collected from the first trimester, and
AF samples were collected in later gestational weeks in the
other 13 cases. Thirty-four cases were reported to have isolated
increased NT with/without other soft markers (68.0%), and 16
cases were diagnosed with syndromic abnormalities (increased
NT and fetal structural malformations, Table 1). All cases have
undergone routine prenatal diagnosis by CMA, and 90% of these

cases also have G-banded chromosome results available. CMA
with/without karyotyping yielded diagnoses in eight cases,
with pathogenic/likely pathogenic (P/LP) CNVs, providing a
diagnostic yield of 16.0% (Figure 1 and Table 1).

Numerical Disorders and CNVs

In this study, karyotyping identified four microscopic deletions/
duplications, while CMA reported eight cases with P/LP CNVs
and seven with variants of uncertain significant (VOUS or VUS,
Supplementary Table S2). Compared with CMA results, GS not
only detected all P/LP CNVs and VOUS detectable by CMA but
also defined additional findings including a case of mosaic turner
syndrome, a case of comprehensive delineation of CNV in one
case with 16p11.2 recurrent deletion syndrome (Table 2), and
two additional VOUS (Supplementary Table S2).

In 17NTO0005, a fetus at the 12th gestational week with NT
>14.3 mm presented with cystic hygroma. Normal CMA results
were reported by the SNP-based platform and no karyotyping
results were available (Figures 2A, B and Supplementary
Figure S1). GS reported a mosaic turner syndrome with mosaic
level around 40% (Figure 2C). Further validation by aCGH-
based platform confirmed this finding and with consistent
mosaic level estimated (Figure 2D). Mosaic turner syndrome
was known to be the causative finding for the fetus with
cystic hygroma, but it was missed by the original CMA in this
study (Alpman et al., 2009). In the original CMA result, no
decrease of copy ratio of the Y chromosome was indicated by
the allele difference data (copy ratio as around 1, Figure 2A),
although it was slightly decreased compared with the one
of the X chromosome based on the coverage difference data
(Figure 2B). It indicated that SNP-based platform might not be
sensitive enough for detection of mosaicism on chromosome
Y. Since the DNA source of this sample was from CVS, we
could not exclude the fact that the possibility of this mosaic
turner syndrome was due to confined placental mosaicism.
However, further confirmation by testing with AF sample was
not possible as the pregnancy was terminated due to the severe
presentation in the fetus (cystic hygroma).

In total, GS identified one mosaic turner syndrome and eight
cases with P/LP microdeletions/microduplications (Table 2) in
this group.

TABLE 1 | Prenatal detection rates of the fetuses with increased NT by CMA/Karyotyping and GS.

Clinical indications Number of CMA with/without karyotyping GS P value
Case
Diagnostic 95% C.I. (%)* Diagnostic 95% C.l. (%)#
yield yield

Isolated (increased NT with/without 34 (68%) 5/34 (14.7%) 5.0-31.1 10/34 (29.4%) 15.1-47.5 0.1448
other soft markers)

Syndromic (increased NT with other 16 (32%) 3/16 (18.8%) 4.0-45.6 6/16 (37.5%) 15.2-64.6 0.433*
fetal structural malformations)

Overall 50 8/50 (16%) 7.2-29.1 16/50 (32%) 19.5-46.7 0.061¢

#95% confidence interval was calculated by binomial exact calculation.
$Pearson chi-square.
*Fisher’s exact test.
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chr1:9.157878750_176611630del

1023.1925.2(158043081_176445395)x1 dn

(921025)

ventricle with a large ventricular

septal defect dilated sigmoid colon

seq[hg19] trp(2)(g11.2g21.1)dn

arrlhg19]

aCGH

46,XY,dup(2)
(911.2g21)
46,XY,del(7)
(921922)

46,XX

7.4

17C0070

chr2:9.98070117_131452568trp
seqlhg19] del(7)(@21.3922.3)dn

2q11.2q21.1(97782763_131015556)x4 dn

arrlhg19]

TOP

aCGH

Absent nasal bone and possible
congenital heart disease

4.1

17C0608

chr7:9.96777381_107062981del
seqlhg19] del(22)(q11.21)

7021.3022.3(96787493_107041142)x1 dn

Miscarriage

arrlhg19] 22q11.21(18909032_21357982)x1

aCGH

54 Pleural effusion and umbilical
hernia

17C0963

chr22:9.18912476_21471029del

seqlhg19] del(22)(g11.21)dn

TOP

arrfhg19] 22911.21(18909032_21357982)

aCGH
x1dn

46,XY

Right aortic arch

4.4

17C1660

chr22:9.18912979_21443877del

*TORP refers to termination of pregnancy.

SNV Detection and Interpretation

To demonstrate the ability of detecting SNVs and InDels by
GS, we reported seven cases with P/LP point mutations by GS
following the ACMG guidelines (Table 3).

The first line of our detection was to report the cases with known
disease-causing mutations. In case 16C1953, a male fetus presenting
with increased NT (10.9 mm), cystic hygroma and bilateral large
jugular lymphatic sacs, absence of ductus venosus a-wave, and
bilateral bifid thumbs in the 12th gestational week was reported
with normal CMA and karyotyping. GS detected a pathogenic
heterozygous point mutation NM_004333:c.G1411T(p.V471F) in
BRAF gene, which was reported to cause Cardio-Facio-Cutaneous
Syndrome (Abe et al., 2012) and Noonan Syndrome (Nystrom
et al.,, 2008; Croonen et al., 2013) in an autosomal dominant
manner (Table 3). In 18NT0003, a female fetus with increased
NT, hydrosarca, and short limbs at the 12th week of gestation
was reported with normal CMA and karyotyping findings. A
heterozygous point mutation NM_001844.4:c.G2950A(p.G984S)
was detected in an autosomal dominant disease-causing gene
COL2A1byGS. A different base change NM_001844.4:¢.G2950C(p.
G984R) in the same location was reported to cause achondrogenesis
and type II (OMIM: #200610) or type II collagenopathies (Barat-
Houari et al., 2016); in addition, the variant was confirmed to be
a de novo mutation (Figure 3A); thus it was classified as a likely
pathogenic causative variant for the fetal phenotype (Table 3).

In addition, we also identified five novel mutations in four
samples, including variants in three autosomal dominant genes and
one autosomal recessive gene (Table 3). For instance, I8NT018 is a
female fetus with increased N'T, absent nasal bone, and reversea-wave
ductus venosus observed in the first-trimester ultrasound screening
with both normal karyotyping and CMA. Morphology scan in
the second trimester revealed complex congenital heart disease
(single atrium and ventricle) and polycystic kidneys. GS identified
a novel heterozygous deletion, NM_003482:c.16474delG(p.
D5492fs), which resulted in a frameshift in the KMT2D gene.
Mutations in KMT2D have been known to cause Kabuki syndrome
(OMIM: #147920) in an autosomal dominant manner, commonly
resulting in heart defects and renal malformations consistent with
the presentation of this fetus. Therefore, it was further classified
as likely pathogenic (Table 3). Compound heterozygous point
mutations were found in the fetus 14C1232: a paternally inherited
frameshift deletion NM_018076:c.1614_1615del(p.P538fs) and a
maternally inherited nonsynonymous mutation NM_018076:c.
C2306A(p.P769H) were detected by GS and further confirmed
by Sanger sequencing (Supplementary Figure S2). Mutations
in gene ARMC4 in an autosomal recessive manner are known to
cause ciliopathies such as ciliary dyskinesia, primary, 23 (OMIM:
#615451). The couple decided to keep the pregnancy and resulted in
a live birth. Follow-up study is ongoing.

Furthermore, GS also detected 23 VOUS in 18 cases
(Figures 3B, C, Supplementary Table S3).

SV Detection and the Potential
Pathogenicity

Apart from detecting CNV and point mutations, GS was able to
identify structural rearrangements by utilizing paired-end reads.
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FIGURE 2 | Mosaic Turner syndrome detected by GS. In 17NT0005, CytoScan 750K CMA platform reported (A) a copy number as 1 for chromosome Y (indicated
by a red arrow) and (B) apparently normal male fetus (partial figure of weighted Log2 ratio across each chromosome), although a slight decrease of Log?2 ratio of
chromosome Y was observed compared with the Log2 ratio of chromosome X (manifested by a red arrow). (C) GS reported a 40% decrease of the copy number
of chromosome Y and confirmed by the aCGH CMA platform shown in (D). In figure (C), the copy ratio of each window is indicated by a black dot and the average
copy ratio of chromosome VY is reflected by a red vertical line. Karyogram of chromosome Y is shown on the left. In figure (D), dots in red, in black, and in blue
indicate copy number lost, copy number neutral, and copy number gained, respectively. The average Log2 ratio is indicated by a black vertical line.

Overall, two inversions and two insertions were detected among
these 50 cases (Supplementary Table S4).

In 18NT0003 described above, GS also reported a cryptic
balanced complex insertion seq[hgl19]ins(2;12)(q33.2;q24.31)
g.[chr2:203384219_203384293inschr12:122757221_122907
271cx]chr12:¢.122757221_122907271del carrying a partial
segmentof gene CLIPI from chromosome 12 to the site of BMIPR2
in chromosome 2 (Supplementary Table S4, Figure 3D).
The original fragment from chromosome 12 (seq[hgl9]
chr12:122757221_122907271) was 150.1 kb in size, but it was
divided into 11 fragments with five segments lost when inserted
to chromosome 2 (Supplementary Figure S3). There were 18
consecutive thymines (Ts) found in the breakpoint junction
of the inserted site, not belonging to either chromosomes (2
and 12) (Figure 3D), indicating that the breakpoint repairing
mechanism might be caused by non-homologous end joining
with a cryptic insertion (Carvalho and Lupski, 2016). Parental
confirmation by PCR and Sanger sequencing established this
insertion to be a paternally inherited event. Regarding the
potential pathogenicity, it has been known that mutations
leading to loss of function in BMPR2 would cause Primary
Pulmonary Hypertension 1 and/or Pulmonary Venooclusive
Disease 1 (OMIM: #600799). However, we were unable to
determine whether the disruption of BMRP2 was one of the
causal factors of the fetal phenotype, since the pregnancy was
terminated. We further followed up with the father (31 years
old) and found sinus bradycardia by routine electrocardiograph.
Although pulmonary hypertension may be later onset, sinus

bradycardia might be one of the markers indicating pulmonary
hypertension (Rajdev et al., 2012). Further follow-up is
also ongoing.

For the other cryptic insertion and two inversions
(Supplementary Table S4), since no OMIM genes were involved
and no topological associated domains were disrupted, they were
further classified as polymorphisms.

Overall Diagnostic Yield for Fetuses With
Increased NT by GS

For these 50 cases, 68.0% of these cases had isolated increased
NT with/without other soft markers. However, no significant
difference of the diagnostic yields was found between isolated
and syndromic groups (Table 1, chi-square test, P = 0.5674). In
addition, GS provided a twofold diagnostic yield in all 50 cases
compared with the routine test by CMA and/or karyotyping.

Comprehensive Detection and Delineation
of the Variants in Individuals

In addition to the identification of individual variants (i.e.,
SNVs, CNVs and SVs), another advantage of using GS is to
delineate the aberration regions involving various types of
aberrations. For example, in 18NT0018, a male fetus with
isolated increased NT, CMA reported a 259.0-kb de novo
heterozygous deletion arr[hg19] 16p11.2(29832358_30091372)
x1, which was diagnosed as 16pl1l1.2 recurrent deletion
syndrome (Lin et al., 2018). GS refined the breakpoints of the
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TABLE 3 | Summary of pathogenic or likely pathogenic mutations revealed by GS.

Case NT Other sonographic findings Gene Mutation and het/hom* Consequence Inheritance Disease Pregnancy outcome Inheritance
(mm) mode association(s) confirmation*
[MIM #]
14C1232 3.73 Mild ventricular disproportion ARMC4 NM_018076:c.1614_1615del Frameshift AR Ciliary dyskinesia, Live birth Pat
(p.P538fs) primary, 23 (615451)
het
NM_018076: ¢.C2306A Missense AR Ciliary dyskinesia, Live birth Mat
(p.P769H) primary, 23 (615451)
het
15C0337 418 - ANKRD11 NM_001256182: ¢.2404dupC Frameshift AD KBG syndrome Live birth; newborn De novo
(p.L802fs) (148050) exam: low set ears,
het increased nuchal
fold; right hand single
transverse crease;
bilateral clinodactyly;
postnatal follow-up at
three years old showed
bilateral hearing loss
(40 db)
15C0802 5.03 - GATA4 NM_002052:¢c.C1325T(p. Missense AD Atrial septal defect 2 Live birth Mat
A442V) (607941); Tetralogy of
het Fallot (187500)
18NT019 3.5 - NSD1 NM_022455:¢c.3797-2A > G Splicing site AD Sotos syndrome - -
het 1(117550)
16C1953 10.9 Large jugular lymphatic sac; BRAF NM_004333: c.G1411T Missense AD Noonan syndrome TOP -
cystic hygroma; absent ductus (p.V471F) 7 (613706);
venosus a-wave; bilateral hand het Cardiofaciocutaneous
with bifid thumb. syndrome (115150)
18NT0003 12 Hydrosarca; cystic hygroma; COL2AT1 NM_001844: c.G2950A Missense AD Achondrogenesis, TOP De novo
short long bones (0.G984S) type I (200610)
het
18NT018 3.5 Reverse “a” wave in DV, absent KMT2D NM_003482: ¢.16474delG Frameshift AD Kabuki syndrome TOP -

nasal bone and possible
congenital heart disease: single
atrium, single ventricle, bilateral
renal volume increased with
polycystic changes

(p.D5492fs)
het

1(147920)

*het/hom refer to heterozygous mutation or homozygous.
#Mat and Pat refer to maternally and paternally inherited, respectively.
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FIGURE 3 | Comprehensive definition of the genetic etiologies in 18NT0003. GS with parental confirmation reported (A) a de novo heterozygous mutation
NM_001844:¢.G2950A(p.G984S) in COL2A1, (B) a paternal heterozygous mutation NM_015662:¢.A3089G: (p.D1030G) in IFT172, and (C) a maternal
heterozygous mutation NM_015662:¢c.G449C: (p.G150A) in IFT172. All the mutated sites are highlighted in yellow. (D) Distributions of copy ratios in chromosome

2 and chromosome 12 are shown in the top and the bottom, respectively. The inserted site in chromosome 2 and the rearranged segments in chromosome 12 are
indicated by red arrows with the band numbers; both of these two regions were copy number neutral. Dots in black indicate the copy ratio in each window across
different chromosomes. X axis and Y axis represent the genomic coordinates and the copy ratios. Dotted lines in gray indicate the copy number 0, 1, 3, and 4,
respectively. Sanger sequencing results of the breakpoints are shown in the middle. Forward sequencing is shown on the top, while the reverse complementary
sequencing result of the reverse sequencing is shown at the bottom. The breakpoint coordinates in chromosome 2 and chromosome 12 are shown with the aligned
orientation, while the inserted sequence is remarked in between and highlighted in yellow in both Sanger sequencing results.

CNV to a 751.9-kb de novo deletion seq[hgl9] del(16p11.2)
chr16:2.29538256_30290160del (Figure 4A) that involved
the TBX6 gene (T-Box 6, Figure 4B) not covered by the CNV
reported by CMA. Heterozygous deletion of TBX6 was further
confirmed by qPCR experiment (Figure 4C) in the proband
and the parents. The smaller CNV reported by CMA was
contributed by the absence of probes in the region next to
the reported region (Figure 4B). TBX6 is currently involved
in 16p11.2 recurrent deletion syndrome (Lin et al., 2018) and
is highly correlated with scoliosis if there was a presence of
a hemizygous T-C-A haplotype (Wu et al., 2015; Liu et al,
2019a). However, there was no mutant allele detected for each
of these three common single-nucleotide polymorphisms
(SNPs: rs2289292, rs3809624, and rs3809627) in the fetus.
Further follow-up with the family: the pregnancy was kept
and no scoliosis was found in the infant, echoing lower risk
of having scoliosis in the absence of a hemizygous T-C-A
haplotype in patient with 16p11.2 recurrent deletion syndrome
(Wu et al., 2015; Liu et al., 2019a).

DISCUSSION

In this study, we applied GS for 50 fetuses with increased
NT with/without other fetal structural malformations. In
comparison, GS provided an overall diagnostic rate of 32.0%,
which was a twofold increase compared to the current prenatal
diagnosis tests (16.0%). Additional diagnoses include one mosaic
turner syndrome, eight cases with P/LP CNVs (Table 2), and
seven cases with P/LP point mutations (Table 3). In addition,
GS reported two cryptic insertions and two inversions, and we
further demonstrated the potential pathogenicity of disrupting
OMIM disease-causing gene by the inserted site in the follow-up
study. Overall, GS demonstrates the ability to detect the various
disease-causing variants in human diseases such as fetuses with
increased NT (Figure 5).

For the detection of numerical disorders and CNVs, GS
detected additional findings including one case of mosaic turner
syndrome and one case of comprehensive delineation of 16p11.2
recurrent deletion syndrome, compared with CMA (Table 2).
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del(16)(p11.2) chr16:9.29538256_30290160del (indicated by a red arrow) and a polymorphism deletion (population-based U test P > 0.01, indicated by a purple
arrow) in chromosome 16p11.2; (B) original CMA reported a 259.0-kb heterozygous deletion arr[hg19] 16p11.2(29832358_30091372)x1 highlighted in yellow and
without a probe locating in gene TBX6; (C) quantitative PCR two independent pairs of primers targeting TBX6 shows approximately 0.5 copy ratio in 18NT0018
compared with normal control (Q25). The parental experiments confirmed that the heterozygous deletion in 18NT0018 is in de novo manner.
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a heterozygous SNV [NM_004333: ¢.G1411T (p.V471F) in 16C1953], a heterozygous deletion (seqlhg19] del(16)(p11.2)dn chr16:9.29538256_30290160del

in 18NT0018), a triplication (seq[hg19] trp(2)(q11.2g21.1)dn chr2:9.98070117_131452568trp in 17C0070), and a heterozygous SV (seq[hg19]ins(2;12)
(938.2;024.31)g.[chr2:203384219_203384293inschr12:122757221_122907271cx] chr12:9.122757221_122907271del in 18NT0003), respectively, commonly
affecting a disease-causing gene in autosomal dominant manner; (G-L) show that the disease was contributed by compound heterozygosity, a combination of
two or more variants. (G) The typical mode of compound heterozygosity (NM_018076:c.1614_1615del (p.P538fs) and NM_018076: ¢.C2306A (p.P769H) from
different parental origin in 14C1232). A gene content is indicated by a green bar. SNV/InDel, deletion, duplication, and SV are indicated by a red cross, a white bar
(with red slashes), an elongated green bar (with red dotted line), and a pair of opposite blue arrows, respectively.

For the case with the mosaic turner syndrome (~40% mosaic
level) additionally detected by GS (Figure 2), it was undetected
by CMA possibly due to the algorithm employed for calling
the copy number changes by calculating the allele differences.
Further confirmation of this mosaic finding by using aCGH-
based CMA platform shows the cross-platform differences of
CMA testing (Haraksingh etal., 2017; Wang et al., 2019). Of note,
in a routine setting, QF-PCR experiment was conducted prior
to CMA for the detection of MCC and common aneuploidy.
However, the missed detection of decreased copy ratio of the Y
chromosome by QF-PCR in this case might be due to the low-
level mosaicism presented (Shin et al., 2016). In addition, GS was
able to delineate the 16p11.2 recurrent deletion, which included
the disease-causing gene TBX6, the missed detection of which in
this customized CMA platform was owing to the lack of probes

located in the target region (Figure 4B). In this study, the detection
results from only two CMA platforms were used for comparison
and the missed detections and delineations described might
be limited to these specific CMA platforms. A large-scale and
systematic comparison of the performance of different currently
available CMA platforms in prenatal diagnosis is warranted as
certain platforms such as CytoScan HD and CytoSNP 850K have
demonstrated to provide accurate breakpoints of CNV's detected
and reliable detection of mosaicism, with a level greater than
20-30% (Haraksingh et al., 2017; Wang et al., 2019).

On top of the scope of current prenatal genetic diagnosis by
karyotyping and CMA, GS also detected seven cases with P/LP
SNVs and InDels, including three known pathogenic mutations/
sites and five novel mutations (in four cases). The incidence of
P/LP mutations in this study was 14.0%, which was higher than
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the newly reported studies utilizing trio-based WES (Lord et al.,
2019; Petrovski et al., 2019). A possible reason is the limited
sample size or echoing the message that GS is more powerful
than WES for detecting exome variants, particularly for SNVs
and InDels (Belkadi et al., 2015). However, no WES data were
available for comparison in our study.

Current clinical guidelines for variants interpretation are
available for SNVs/InDels and CNVs, but there are no guidelines
available for SV interpretation. Our study demonstrates the
feasibility of detecting SVs by utilizing paired-end reads
from GS. With that, we were able to identify inversions and
insertions and to show the potential pathogenicity in a paternally
inherited insertion disruption of gene BMRP2. Follow-up
study conducted in the father indicated a sinus bradycardia
from routine electrocardiograph. Detection of such cryptic
rearrangements would help us explore a “blind spot” using the
routine methods. However, CNVs and SVs are predominantly
mediated by repetitive elements [commonly >1 kb (van Heesch
et al,, 2013)], which causes difficulty in the identification of the
flanking unique sequences by standard GS with small-insert
libraries employed in this study (Chen et al., 2008; Carvalho
and Lupski, 2016; Dong et al., 2018a). Further study with other
approaches such as mate-pair sequencing might be an alternative
method for identifying additional pathogenic SVs (Talkowski
et al., 2012a; Dong et al., 2019), which is enriched in the disease
groups (Talkowski et al., 2012b). Overall, apart from identifying
individual genomic variants, GS also shows its advantages in
comprehensively defining different mutation types in different
alleles. It is supported by the absence of a hemizygous T-C-A
haplotype in the region of 16p11.2 recurrent deletion syndrome
(Wuetal., 2015; Liu et al., 2019a) (Figure 5).

Opverall, by taking together the various genomic variants, the
diagnostic rates of GS were not significantly different between
the isolated and syndromic groups (Table 1). For the isolated
group, GS provided a diagnostic yield as 29.4%, which was
significantly higher than previously reported (Lord et al., 2019).
One of the reasons might be owing to the small sample size.
Nonetheless, our current data truly show a higher diagnostic
yield. Further study with a larger sample size is warranted.
However, there were still 34 cases without a positive diagnosis
by genome sequencing. Pregnancy outcomes were available for
18 cases, 7 (38.9%) of which were terminated pregnancies due to
severe fetal malformations, such as pleural effusion, multicystic
dysplastic kidneys, and complex congenital heart disease. It
indicates that genome sequencing is still not revealing all the
causative variants and the clinical decision of continuing or
termination of pregnancy is largely dependent on the severity of
fetal malformation(s) found in each particular case. Nonetheless,
reanalysis of the GS data frequently upon updating literatures
might be able to increase the genetic diagnosis (Liu et al., 2019b)
and, thus, provide the causative answers for the family.

In this study, we aimed to evaluate the feasibility of applying
GS for prenatal diagnosis in fetuses with increased NT. Apart
from the increased diagnostic yield, the requirement of DNA
amount as input for GS (100 ng) was less, compared with
CMA (250 ng for CytoScan 750K or 300 ng for the 8x60K fetal
chip), which would further facilitate GS in prenatal diagnosis,

particularly for the AF samples from early gestational weeks. In
addition, in comparison with the methods for routine prenatal
diagnosis (CMA and karyotyping), GS would be able to provide
a comparable turnaround time of 10 working days from DNA
preparation to variant validation (Figure 1). Although the
reagent cost of GS is less than 1000 USD per case, the demands
of computational resources and labor costs for data analysis and
interpretation are still higher than routine methods (Figure 1).
Parental confirmation is important for determination of the
variants’ pathogenicity. In this study, we applied GS only for
the proband and conducted parental confirmation by Sanger
sequencing, which was laborious. Although applying trio-based
GS testing would be helpful for variant filtering in initial data
analysis, it would triplicate the cost, thus preventing the value of
clinical application.

Regarding the interpretation of genomic variants, similarly
with the prenatal studies by WES, even with parental confirmation,
GS study would still yield a number of VOUS, the pathogenicity
and clinical significance of which are still uncertain. One of the
reasons would be lack of clinical symptom(s) in early pregnancy;
follow-up with detailed diagnosis would be warranted. For
instance, in 18NT0003, a fetus with increased NT, hydrosarca,
and short limbs, GS reported a known LP mutation in COL2A1
that might already explain the malformation. In addition, GS
with parental confirmation also reported another two variants
in a compound heterozygosity manner, including a paternally
inherited heterozygous variant NM_015662:c.A3089G(p.
D1030G) and a maternally inherited heterozygous variant
NM_015662:¢.G449C(p.G150A) in gene IFT172 (Figures 3B, C).
Mutations in IFT172 are known to cause retinitis pigmentosa
(OMIM: #616394) or short-rib thoracic dysplasia (OMIM: #
615630); the latter might be also be partially correlated with
the fetal phenotype but might only present in later gestation.
However, further confirmation of the pathogenicity by correlating
the phenotype in later gestational weeks was not possible as the
pregnancy was terminated. Nonetheless, GS still provides a
comprehensive foundation for gene discovery. Moreover, one
limitation of this study was the retrospective approach and the
limited sample size, a prospective back to back in comparison
of GS’s performance with routine prenatal diagnosis approaches
with a larger sample size, and other clinical indications are
warranted in the near future.

In conclusion, our study demonstrates that applying GS in
fetuses with increased N'T can provide comprehensive detection
of various disease-causing genomic variants, including SNV,
InDels, CNVs, and structural rearrangements. Compared with
current routine prenatal diagnosis approaches, GS not only
shows increased sensitivity for detecting mosaic numerical
disorders and comprehensive delineation of P/LP CNVs but also
provides the ability of identifying causative point mutations and
balanced structural rearrangements that are beyond the detection
scope of current prenatal diagnosis protocols. Although future
prospective studies with larger sample sizes are warranted,
given the comparable turnaround time and less DNA required
in addition to the increased diagnostic yield, our study provides
the first strong evidence to facilitate GS in prenatal diagnosis,
particularly in fetuses with increased NT.
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Several recurrent microdeletions and microduplications in the proximal, central, and distal
regions of chromosomal 22g11.2 have been identified. However, due to a limited number
of patients reported in the literature, highly variable clinical phenotypes, and incomplete
penetrance, the pathogenicity of some microdeletions/microduplicationsin22q11.2 central
and distal regions is unclear. Hence, the genetic counseling and subsequent pregnancy
decision are extremely challenging, especially when they are found in structurally normal
fetuses. Here, we reported 27 consecutive cases diagnosed prenatally with 22q11.2
microdeletions or microduplications by chromosomal microarray analysis in our center.
The prenatal ultrasound features, inheritance of the microdeletions/microduplications,
and their effects on the pregnancy outcome were studied. We found that fetuses
with 22g11.2 microdeletions were more likely to present with structure defects in the
ultrasound, as compared with fetuses with 22g11.2 microduplications. Both the prenatal
ultrasound findings and the inheritance of the microdeletions/microduplications affected
the parent’s decision of pregnancy. Those with structure defects in prenatal ultrasound
or occurred de novo often resulted in termination of the pregnancy, whereas those with
normal ultrasound and inherited from healthy parent were likely to continue the pregnancy
and led to normal birth. Our study emphasized that proximal, central, and distal 22g11.2
deletions or duplications were different from each other, although some common features
were shared among them. More studies are warranted to demonstrate the underlying
mechanisms of different clinical features of these recurrent copy-number variations,
thereby to provide more information for genetic counseling of 22g11.2 microdeletions
and microduplications when they are detected prenatally.
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Prenatal Diagnosis of 22g11.2 Microdeletions/Microduplications

INTRODUCTION

Low copy repeats (LCRs), also known as segmental duplications,
are highly homologous sequence (greater than 95% sequence
identity) and comprise approximately 4-5% of the human
genome (Bailey et al, 2001). Misalignment of LCRs during
meiosis through the well-established mechanism of nonallelic
homologous recombination (NAHR) can lead to recurrent
copy-number variations (CNVs), including microdeletions and
microduplication. When dosage-sensitive gene(s) involved, the
microdeletions or microduplications may result in abnormal
phenotypes (Dittwald et al, 2013). Eight LCRs, naming
LCR22A-H, have been identified in chromosome 22q11.2, one
region showing high frequency of genomic rearrangement
(Shaikh et al., 2007). Several recurrent microdeletions and
microduplications in chromosome 22q11.2 have been identified,
including chromosome 22q11.2 deletion syndrome [also known
as DiGeorge syndrome (#188400) or velocardiofacial syndrome
(#192430), hereafter “22q11.2DS”], chromosome 22ql11.2
deletion syndrome, distal (#611867), chromosome 22q11.2
duplication syndrome (#608363), and some others not recorded
in the Online Mendelian Inheritance in Man database (22q11.2
central deletion or duplication, 22q11.2 distal duplication, etc.)
(Table 1 and Figure 1) (Burnside, 2015).

The 22q11.2DS is the most common recurrent microdeletions
in humans with a frequency estimated at 1:4,000 to 1:8,000 live
births (McDonald-McGinn et al., 2015). The clinical features of
patients with 22q11.2DS are variable and include cardiac defects,

palatal abnormalities, characteristic facial features, learning
difficulties, and immune deficiencies (Bassett et al., 2011).
Approximately 85-90% of patients with 22q11.2DS result
from a 3-Mb deletion extending from LCR22A to LCR22D,
while 10-15% of the patients have a smaller “nested” ~1.5-Mb
deletions involving LCR22A to LCR22B (McDonald-McGinn
et al., 2015). The TBXI (*602054) gene, located between the
LCR22A and LCR22B, is the main candidate gene responsible
for most of the features of 22q11.2DS, and the phenotypes of
patients with LCR22A-B and LCR22A-D deletions are clinically
indistinguishable (Carlson et al., 1997). Microduplications of
the same region as 22q11.2DS have also been reported and are
defined as chromosome 22q11.2 duplication syndrome (#608363)
(Ensenauer et al., 2003; Hassed et al., 2004). The phenotypes of
individuals with chromosome 22q11.2 duplication syndrome are
highly variable, which range from apparently normal to severe
malformations with developmental delay (Hassed et al., 2004;
Wentzel et al., 2008). Some rare atypical deletions/duplications of
shorter size, mainly involved LCR22B-D or LCR22C-D and not
encompassed the TBX1 gene, have been reported and now are
proposed as “central” 22q11.2 deletions/duplications (Burnside,
2015; Rump et al, 2014). The “distal” 22ql1.2 deletions/
duplications, mediated by NAHR of the five distal LCR22s,
LCR22D-H, have also been demonstrated (Ben-Shachar et
al., 2008). Although the patients with central or distal 22q11.2
deletions/duplications share some characteristic features with
22q11.2DS, they have unique clinical characterizes with high
phenotypic variability (Burnside, 2015; Rump et al., 2014).

TABLE 1 | Reported microdeletions or microduplications in chromosomal 22q11.2.

LCR Chromosome physical OMIM syndrome Haploinsufficiency/ Classification of
location (hg19) Triplosensitivity score 2 pathogenicity
22q 11.2 microdeletion
Proximal A-B/D 18,912,231- Chromosome 22qg11.2 deletion 3 Pathogenic
20,287,208/21,465,672 syndrome: DGS (#188400) or VCFS
(#192430)
Central B/C-D 20,731,986-21,465,672 / 2 VOUS-LP
Distal Type | D-E/F 21,917,117-23,649,111 Chromosome 22q11.2 deletion 3 Pathogenic
syndrome, distal (#611867)
Type Il E-F 23,119,414-23,649,111 / 2 VOUS-LP
Type lll F-G 23,831,202-24,632,821 / NA VOUS
E-H 23,119,414-24,994,433 / NA VOUS
D-H 21,917,117-24,994,433 Chromosome 22q11.2 deletion NA Pathogenic
syndrome, distal (#611867)
22qg11.2 microduplication
Proximal A-B/D 18,912,231- Chromosome 22qg11.2 duplication 3 Pathogenic
20,287,208/21,465,672 syndrome (#608363)
Central B/C-D 20,731,986-21,465,672 / 1 VOUS
Distal Type | D-E/F 21,917,117-23,649,111 / 3 Pathogenic
Type Il E-F 23,119,414-23,649,111 / 1 VOUS
Type lll F-G 23,831,202-24,632,821 / NA VOUS
E-H 23,119,414-24,994,433 / NA VOUS
D-H 21,917,117-24,994,433 / NA Pathogenic

aHaploinsufficiency score (for deletions) and triplosensitivity score (for duplications) of the region curated in the ClinGen Dosage Sensitivity Map (https.//www.ncbi.nlm.nih.gov/

projects/dbvar/clingen).

LCR, low copy repeats; DGS, DiGeorge syndrome; VVCFS, velocardiofacial syndrome; NA, not available; VOUS, variant of unknown significance; LP, likely pathogenic; OMIM, Online

Mendelian Inheritance in Man (www.omim.org).
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FIGURE 1 | Schematic representation of chromosome 22q11.2 region (A), the recurrent copy number variations reported in this region (B), and the 27 cases
included in this study (C). VOUS, variant of unknown significance; LP, likely pathogenic.

Chromosomal microarray analysis (CMA) is a high-
resolution technology capable of detecting aneuploidy, as well as
microduplications and microdeletions, throughout the genome.
The use of CMA in prenatal diagnosis has been recommended by
the American College of Obstetricians and Gynecologist in 2013
(American College of Obstetricians and Gynecologists Commitee

on Genetics, 2013). With the wide use of CMA in prenatal
diagnosis, more and more fetuses with 22q11.2 microdeletions or
microduplications with variable sizes have been identified. It has
been reported that the prevalence of 22q11.2DS in fetuses with
congenital heart defects is as high as 7% (Mademont-Soler et al,
2013). However, due to a limited number of patients reported in
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the literature, highly variable clinical phenotypes, and incomplete
penetrance, the pathogenicity of microdeletions/microduplications
in 22q11.2 central and distal regions (types II and III) is unclear
(variants of unknown significance) (Figure 1 and Table 1). Hence,
the genetic counseling and subsequent pregnancy decision are
extremely difficult, especially when they are found in structurally
normal fetuses.

Here, we reported 27 consecutive cases diagnosed prenatally
with 22q11.2 microdeletions or microduplications by CMA from
December 2015 to September 2018 in our center. The prenatal
ultrasound features, inheritance of the CNVs, and their effects on
the pregnancy outcome were studied. Our study will provide more
information for genetic counseling of 22q11.2 microdeletions and
microduplications in prenatal diagnosis.

METHODS
Study Population

This study was conducted in the Reproductive Genetic Center
of International Peace Maternal and Child Health Hospital
(IPMCH) of Shanghai Jiao Tong University School of Medicine.
From December 2015 to September 2018, 5,464 pregnant women
received an invasive prenatal diagnostic test for CMA analysis
in our center. Among them, 16 fetuses of 22q11.2 microdeletion
(0.29%) and 11 fetuses of 22ql11.2 microduplication (0.20%)
were detected by CMA. According to the gestational age (range:
12-28 weeks, median: 22 weeks), fetal samples were obtained
using chorionic villus sampling (n = 1), amniocentesis (n = 21),
or cord blood sampling (n = 5). All cases diagnosed with 22q11.2
microdeletions or microduplications were further consulted
regarding the prognosis and additionally followed up for the clinical
outcome. Written informed consent was obtained from the parents
in accordance with the Declaration of Helsinki, and the study was
approved by the Ethics Committee of the IPMCH (number of
Institutional Review Board approval: GJEC-A-2015-11-1).

Chromosomal Microarray Analysis and
Quantitative Real-Time PCR

Genomic DNA was isolated according to standard procedures
(Li et al, 2019). CMA was performed using Agilent 4X180K
SurePrint Prenatal Research Array (Agilent Technologies, Santa
Clara, CA,USA) from December 2015 to August 2016 (n = 2) and
using Affymetrix CytoScan 750K Array (Affymetrix, Inc., Santa
Clara, CA, USA) from September 2016 to September 2018 (n =
25). CNVs were determined using Agilent CytoGenomics (Agilent
Technologies, Santa Clara, CA, USA) or Affymetrix Chromosome
Analysis Suite software 3.2 (Affymetrix, Inc., Santa Clara, CA,
USA), depending on the platform that was used. All results were
evaluated using the University of California Santa Cruz human
Genome Browser release of February 2009 (GRCh37/hgl9).
When parental blood samples were available, the inheritance of
the detected microdeletions or microduplications of 22q11.2 was
determined using CytoScan® 750K Array or real-time quantitative
PCR (qPCR). The qPCR was performed in a LightCycler 480 II
(Roche Applied Science, Mannheim, Germany) qPCR machine

according to the manufacturer’s instructions. The HBB gene was
used as housekeeping gene, and the qPCR primers were shown in
Table S1. Each sample was analyzed in triplicate. The temperature
condition for qQPCR was 95°C for 5 min; followed by 40 cycles
consisting of 95°C for 15 s and 60°C for 1 min.

Cytogenetic Analysis

A G-banding karyotype analysis was also performed in
all 27 fetal samples. Twenty metaphase cells were checked
for numerical abnormalities of chromosomes, and five
metaphase cells were carefully examined to detect structural
chromosomal abnormalities.

Statistical Analysis

Categorical variables were summarized as number (percent) and
were compared using chi-square test or Fisher’s exact test. All
analyses were performed using SAS statistical software (release
9.3, SAS Institute Inc., Cary, NC, USA), and P value < 0.05 was
considered to be statistically significant.

RESULTS

Chromosomal Microarray Analysis and
Karyotyping Result

Among the 16 cases diagnosed with 22q11.2 microdeletions,
10 of them were diagnosed with 22q11.2DS (proximal 22q11.2
region, LCR22-A to -D deletion, patient 1-10), and 6 others
had deletions in the central 22q11.2 region 4 of LCR22-B to -D
deletions (patients 11-14) and 2 of LCR22-C to -D deletions
(patients 15-16). With respect to the 11 cases of 22qll.2
microduplications, 7 cases were detected with duplications in
the proximal 22q11.2 region (LCR22-A to -D duplications,
patient 17-23), 2 cases had duplications in the central 22q11.2
region (LCR22-B to -D duplications, patient 24-25), and 2 cases
had duplications in the distal 22q11.2 region 1 of LCR22-F to
-G duplications (patient 26), 1 of LCR22-E to -F duplications
(patient 27). All the prenatal samples revealed normal karyotypes
(Table 2, Table S2, and Figure 1).

Prenatal Ultrasound Findings

Compared with fetuses with 22q11.2 microduplications, fetuses
with 22q11.2 microdeletions were more likely to present with
structure defects in the ultrasound. As shown in Table 2 and
Table S2, all the 10 fetuses (100%) with 22q11.2DS had abnormal
prenatal ultrasound findings, including congenital heart defect
(n =7), multiple congenital abnormalities (n = 2), and congenital
renal agenesis (n = 1). Abnormal ultrasound findings were also
observed in four of the six fetuses (66.7%) with central 22q11.2
deletion, including congenital heart defect (n = 2), congenital
anomaly of nervous system (n = 1), and multiple congenital
abnormalities (n = 1). In contrast, only one of the seven fetuses
(14.3%) with proximal 22q11.2 microduplications was detected
with defects by prenatal ultrasound scan. Moreover, three of the
seven fetuses with proximal 22q11.2 microduplications showed
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TABLE 2 | Characteristics of cases with prenatally diagnosed microduplications or microdeletions of 22q11.2 in this study.

LCR N abnormal USz?, De novo®, TOP,
n (%) n (%) n (%)
22g11.2 microdeletion
Proximal A-B/D 10 10 (100) 8 (80) 10
(100)
Central B/C-D 6 4 (66.7) 0 (0p 4 (66.7)
22q11.2 microduplication
Proximal A-B/D 7 1(14.3) 4 (57.1)p 4(57.1)
Central B/C-D 2 00 0(0) 0(0)
Distal type Il+ Il E-F/F-G 2 0(0) 0 (0P 0(0)

adefined as structure defects.

bthe inheritance was unknown in 6 fetuses, including 3 fetuses with central deletions, 2 fetuses with proximal duplications, and 1 fetus with distal duplications.

US, ultrasound; TOF, termination of pregnancy.

increased nuchal translucency in the first trimester ultrasound
(23.0mm), and one of the two fetuses with distal 22q11.2
microduplications presented with echogenic bowel in the second
trimester ultrasound. All the other cases were presented with
normal ultrasound.

Inheritance

The parental samples were available in 21 cases, including 13
cases with microdeletions and 8 cases with microduplications
(Table 2 and Table S2). Eight of 10 cases (80%) with proximal
deletions and 4 of 7 cases (57.1%) with proximal duplications
occurred de novo. While, all other cases, including two fetuses
with proximal deletions (one paternal and one maternal), one
fetus with proximal duplications (paternal), three fetuses with
central deletions (maternal), two fetuses with central duplications
(one paternal and one maternal), and one fetus with proximal
duplications (paternal) were inherited from parents. All the
parents of the fetuses with inherited 22q11.2 microdeletions/
microduplications were phenotypic normal, except the father
of fetus 10 who presented with congenital atrial septal defect
and mild developmental delay. In the remaining six cases, the
inheritance could not be established, as the parents were not
available for (or did not agree to) testing.

Pregnancy Outcome
Eighteen cases resulted in the induced termination of pregnancy
(TOP), including 10 cases (100%) with proximal 22ql11.2
deletions, 4 of 6 cases (66.7%) with 22q11.2 central deletions,
and 4 of 7 cases (57.1%) with proximal 22q11.2 duplications
(Table 2). The effect of abnormal ultrasound findings and the
inheritance of the deletions or duplications on the rate of TOP
were examined. As shown in Table 3, the rate of TOP in the
cases with abnormal ultrasound was significantly higher than
that in the cases presented with normal ultrasound (100 vs 25%,
P = 4 x 107). Before the decision was made, the inheritance of
the CNVs was available in only nine fetuses (Table S2). In these
fetuses, the rate of TOP was associated with the inheritance of the
deletions or duplications (100% in the de novo group vs 25% in
the inherited group, P = 0.02) (Table 3).

To clarify the independent effect of the inheritance on the
pregnancy outcome, the TOP rate was further analyzed in fetuses

TABLE 3 | Effect of ultrasound features, inheritance of the microdeletions, or
microduplications on pregnancy outcome.

N TOP, n (%) P*
Ultrasound Abnormal® 15 15 (100) 4x10°
Normal 12 3 (25)
Inheritance De novo 4 4 (100) 0.02
Inherited 5 1(25)

*chi-square test or Fisher’s exact test.
#defined as structure defect.
TOR, termination of pregnancy.

with normal ultrasound. We found that all the four fetuses with
normal ultrasound and inherited from healthy parent were born
normally, whereas all the two fetuses with normal ultrasound
and occurred de novo resulted in induced TOP (Table S2).

DISCUSSIONS

The application of CMA in prenatal diagnosis has greatly
improved the detection rate of recurrent microdeletions and
microduplications, which are common causes of congenital
anomalies and neuropsychiatric disorders (Cooper et al., 2011;
Gratietal., 2015). However, it is also accompanied by the detection
of some CNVs with uncertain clinical significance, which may lead
to great challenges in genetic counseling and parental anxiety. In
this study, we reported on 27 new prenatally diagnosed cases of
microdeletions or microduplications in the proximal (10 deletions
and 7 duplications), central (6 deletions and 2 duplications), and
distal (2 duplications) of chromosome 22q11.2, with particular
attention being paid to the prenatal ultrasound findings and the
pregnancy outcome of these fetuses.

Numerous studies about 22q11.2DS have been reported.
Although the phenotypes of patients with 22q11.2DS are
variable, the penetrance is nearly complete (McDonald-McGinn
et al,, 2015). In our study, all fetuses with 22q11.2DS presented
with abnormal ultrasound findings. In contrast, only one of the
seven fetuses (14.3%) with proximal 22q11.2 duplications was
detected with structure defects, demonstrating the milder and
highly variable phenotypes of proximal 22q11.2 duplications.
The milder clinical phenotypes may contribute to the less

Frontiers in Genetics | www.frontiersin.org

64

August 2019 | Volume 10 | Article 813


https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org

Lietal

Prenatal Diagnosis of 22g11.2 Microdeletions/Microduplications

number of duplication cases reported in literature compared
with 22q11.2DS, although they are complementary to each other
and predicted to occur at the same frequency (Portnoi, 2009).
Recently, a case-cohort study in Danish population found that
the prevalence of 22q11.2 microduplications was 1 in 1,606, about
twice of 22q11.2 microdeletions, demonstrating distinct selective
pressures on these rearrangements (Olsen et al., 2018). Of note,
increased nuchal translucency was detected in three fetuses with
proximal 22q11.2 duplications, which was in accordance with
the study conducted by Celine and coworkers (about 37% fetuses
presented with increased nuchal translucency) (Dupont et al,
2015). Previous studies had demonstrated that more than 90%
of 22q11.2DS occurred de novo, and this was confirmed in our
study (McDonald-McGinn et al,, 2001). Our study also found
57.1% of proximal 22ql1.2 microduplications were de novo,
which was different from the previous reports (Van Campenhout
et al,, 2012). One reason for the inconsistency may be the small
sample size in our study.

Compared with the well-defined 22q11.2DS, the reports
of fetuses with central or distal 22q11.2 microdeletions/
microduplications are limited. Previously, the central 22q11.2
deletions were recognized as “atypical/nested deletions” of
22q11.2DS (Rump et al., 2014; Verhagen et al., 2012; Garcia-
Minaur et al., 2002). However, the TBXI gene, which was
considered to be the major candidate gene for the main
features of 22q11.2DS, was not included in the central 22q11.2
region, and recent studies proposed that the central 22q11.2
deletions were distinct form the 22q11.2DS (Burnside, 2015;
Rump et al., 2014). Compared with patients with 22q11.2DS,
patients with central 22q11.2 deletions had a lower prevalence
of congenital heart defects while nearly equal prevalences
of renal and urogenital anomalies, developmental delays,
cognitive impairments, and behavioral problems (Rump et al.,
2014; Verhagen et al.,, 2012). The CRKL (*602007) gene was
thought to be the candidate gene in the pathogenesis of the
22q11.2 central deletion (Lopez-Rivera et al., 2017; Haller et al.,
2017; Breckpot et al., 2012). Six 22q11.2 central deletions were
detected in our study, indicating that central 22q11.2 deletions
were common recurrent CNVs (Burnside, 2015). However,
the prevalence of 22ql1.2 central deletions in the general
population has not been reported. To date, very few cases
with central 22q11.2 duplications have been reported (Pebrel-
Richard et al., 2012; Fernandez et al., 2009). The phenotypes
of individuals with central 22q11.2 duplications were variable,
ranging from clinically normal to severe developmental
delay with profound intellectual disability. One recent study
supposed the gene PI4K as a candidate gene responsible for the
neurodevelopmental phenotypes in individuals with central
22ql11.2 duplications (Woodward et al,, 2019). Compared
with the 22q11.2DS, most central deletions/duplications were
familial in the reported cases, and our study was consistent
with this (Rump et al., 2014; Clements et al., 2017). However,
as the reported cases are limited, the proportion of de novo
occurrence of this CNV needs to be studied further.

The four distal LCRs, LCR22E-H, were smaller than LCR22A-D,
and the distal 22q11.2 deletions and duplications resulted from
NAHR of them were less common compared with the 22q11.2DS

(Coppinger et al., 2009). It was confirmed in our study that no
fetus with distal 22q11.2 deletions and only two fetuses with
22q11.2 distal duplications were detected. The distal 22q11.2
microduplications or microdeletions were enriched in clinical
population (Coe et al., 2014), and the phenotypes of individuals
with distal 22q11.2 microdeletions or microduplications were
variable with incomplete penetrance (Wincent et al., 2010; Tan
et al,, 2011). Mikhail et al. suggested the recurrent distal 22q11.2
microdeletions do not represent a single clinical entity and
proposed to categorize them into three types with unique clinical
features and risks according to their genomic position (Mikhail
etal, 2014). Most of cases reported as distal 22q11.2 CNVs were in
the region D-E/F and can be classified into type I microdeletions
or microduplications (Mikhail et al, 2014). In contrast, few
cases with type II/III microdeletions or microduplications
have been reported, and the pathogenicity of distal type II/III
22q11.2 microdeletions or microduplications is unclear, calling
for more case reports. In addition, the causal genes responsible
for the phenotypes of the 22q11.2 distal microdeletions and
microduplications are still unknown.

In our hospital, counseling on the 22q11.2 microdeletions
or microduplications was provided by a geneticist in prenatal
diagnosis center. We observed that 66.7% of the parents decided to
terminate the pregnancy. Those with structure defects in prenatal
ultrasound or occurred de novo often led to TOP, whereas those
with normal ultrasound and inherited from healthy parent were
likely to continue the pregnancy and led to normal birth. However,
as 22ql1.2 deletions/duplications were associated with many
neuropsychiatric disorders including developmental delay, long-
term monitoring and follow-up of these carriers were necessary.

In conclusion, our results exhibited the extreme variability
ofthe22q11.2 recurrent microdeletions and microduplications.
Compared with the fetuses with 22q11.2 microduplications,
fetuses with 22q11.2 microdeletions were more likely to present
with structure defects in the ultrasound. Both the prenatal
ultrasound findings and the inheritance of the CNVs affected
the parent’s decision of pregnancy. Our study emphasized that
proximal, central, and distal 22q11.2 deletions or duplications
were different from each other, although some common
features were shared among them. More studies are warranted
to demonstrate the underlying mechanisms of different clinical
features of these recurrent CNVs, thereby to provide more
information for genetic counseling of 22q11.2 microdeletions
and microduplications in prenatal diagnosis.
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X-linked hydrocephalus (XLH), a genetic disorder, has an incidence of 1/30,000 male
births. The great proportion of XLH is ascribed to loss-of-function mutations of L1 cell
adhesion molecule gene (L7CAM), but silent mutations in L7TCAM with pathogenic
potential were rare and were usually ignored especially in whole-exome sequencing (WES)
detection. In the present study, we describe a novel silent L7CAM mutation in a Chinese
pregnant woman reporting continuous five times pregnancies with fetal hydrocephalus.
After fetal blood sampling, we found ¢.453G > T (p.Gly151 =) in the L7TCAM gene of the
fetus by WES; RT-PCR of the messenger RNA (mRNA) from cord blood mononuclear
cells and subsequent sequence analysis identified the mutation created a potential
5’ splice site consensus sequence, which would result in an in-frame deletion of 72 bp
from exon 5 and 24 amino acids of the L7CAM protein. Heterozygous mutations were
confirmed in analyzing DNA and mRNA from peripheral blood mononuclear cells of the
woman, and a severe L1 syndrome was confirmed by fetal ultrasound scan and MRI.
Our study first indicated ¢.453G > T (p.Gly151 =) in LTCAM could be disease causing
for hydrocephalus, which would aid in genetic counseling for the prenatal diagnosis of
hydrocephalus. Meanwhile, it suggested some silent mutations detected in WES should
not be ignored; splicing predictions of these mutations were necessary.

Keywords: hydrocephalus, L1CAM, whole-exome sequencing, silent mutation, splicing mutation

INTRODUCTION

The L1 cell adhesion molecule gene (L1CAM) is a neuronal cell adhesion molecule belonging to the
immunoglobulin superfamily; it possesses key functions in the development of the nervous system
(Itoh and Fushiki, 2015). Mutations in L1 CAM have been related to X-linked neurological syndromes,
which are summarized as L1 diseases. They are classified as follows: X-linked hydrocephalus (XLH)
due to stenosis of the aqueduct of Sylvius (HSAS), MASA syndrome (intellectual disability, aphasia,
shuffling gait, adducted thumbs), spastic paraparesis type 1 (SP1), and X-linked agenesis of corpus
callosum (ACC) (Weller and Gartner, 2001; Itoh and Fushiki, 2015).
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Silent Mutation in the L1CAM

About 282 disease-causing mutations (DMs) in the LICAM
gene have been reported in HGMD® Professional 2019.2
(https://portal.biobase-international.com/hgmd/pro/all.php).
Alterations in the LICAM gene are varied; mutation data analyses
from 282 patients disclose 51% missense and nonsense mutations,
25% deletions, 5% insertions, and 19% splice site changes, but
silent mutations in LICAM with pathogenic potential were rare,
and silent mutations were often ignored especially in whole-
exome sequencing (WES) detection.

In this study, using WES, we screened the fetal DNA of a
Chinese pregnant woman who has reported five continuous
pregnancies with fetal hydrocephalus; we only found a novel
silent mutation ¢.453G > T (p.Glyl151 =) in the LICAM gene.
Interestingly, through further analysis, we indicated the silent
mutation created a potential 5 splice site consensus sequence,
which would result in an in-frame deletion of 72 bp from exon 5
and 24 amino acids of the LICAM protein.

CASE PRESENTATION

A 28-year-old healthy woman was referred to our clinic
after four voluntary terminations of pregnancy due to fetal
hydrocephalus at other hospitals. All fetuses were male.
When arriving at our hospital (Women’s Hospital, School of
Medicine, Zhejiang University, Zhejiang, China), she was
already on her fifth pregnancy at 24 weeks of gestation, with
a fetal hydrocephalus by image examinations. To explore
the genetic cause, fetal blood sampling was conducted at 26
weeks of gestational age. Conventional cytogenetic studies
were performed for both fetal and parental samples, and
the fetal sample was further analyzed by single-nucleotide
polymorphism (SNP) array and WES.

This study was carried out in accordance with the
recommendations of the Ethics Committee of Women’s Hospital,
School of Medicine Zhejiang University, and informed consent
was acquired from all the participants of this study in accordance
with the Declaration of Helsinki. The study protocol was
approved by the Review Board of the Women’s Hospital, School
of Medicine, Zhejiang University in China.

MATERIALS AND METHODS

Karyotype and SNP Array

The karyotypes of fetal cord blood and peripheral cord blood
were determined by conventional karyotyping of at least 30
blood lymphocytes, which were arrested at metaphase by
colchicines. G-banding karyotypes of cultured cells were
performed at the 320-400-band level with a resolution of
around 10 Mb. SNP array was performed by the CytoScan™
HD array (Affymetrix, USA) according to the manufacturer’s
instruction, with around 2,600,000 markers including 750,000
SNP probes and 1,900,000 non-polymorphism probes for
comprehensive whole-genome coverage. Data were analyzed by
the Chromosome Analysis Suite (ChAS) software (Affymetrix,
Santa Clara, CA) based on the GRCh37/hg19 assembly. The
reporting threshold of the copy number result was set at 500 kb

with a marker count of 250 for gains and at 200 kb with a
marker count of 250 for losses.

Whole-Exome Sequencing

The main part of WES was provided by the Beijing Genomics
Institute. Genomic DNA was extracted by a DNeasy Blood
Kit (Qiagen, CA) and then was fragmented by Covaris
LE220 (Massachusetts, USA) to generate a paired-end library
(200-250 bp). All amplified libraries were performed on the
BGISEQ-500 platform, the single-strand DNA was mixed with
MGIEasy™ DNA Library Prep Kit V1 (BGI, Shenzhen, China)
and then sequenced using 100SR chemistry with BGISEQ-500RS
high-throughput sequencing Kit (BGI, Shenzhen, China).

Clean reads (with a length of 90 bp) derived from targeted
sequencing and filtering were then aligned to the human genome
reference (hgl9) using the Burrows-Wheeler Aligner (BWA)
Multi-Vision software package (Li and Durbin, 2009). After
alignment, the output files were used to perform sequencing
coverage and depth analysis of the target region, single-nucleotide
variants (SNVs), and indel calling, we used the GATK software
to detect SNVs and indels (McKenna et al., 2010), all SNVs
and indels were filtered and estimated via multiple databases,
including the National Center for Biotechnology Information
(NCBI) Single-Nucleotide Polymorphism Database (dbSNP),
HapMap, 1000 Genomes Project dataset, and database of 100
Chinese healthy adults. We used Condel, SIFT, PolyPhen-2,
LRT, Mutation Taster, and PhyloP to predict the effect of
variants. Pathogenic variants are assessed under the protocol
issued by the American College of Medical Genetics and
Genomics (ACMG) (Richards et al., 2015). The Human Gene
Mutation Database (HGMD) was used to screen mutations.
All potential pathogenic variants were validated using Sanger
sequencing methods.

RNA Extraction, PCR, and Sequencing

Peripheral blood mononuclear cells (PMBCs) and cord blood
mononuclear cells (CBMCs) were isolated by Ficoll density
gradient separation. Total RNA was extracted from PMBCs and
the CBMCs using TRIzol (Takara, Japan). Extracted total RNAs
were reverse-transcribed using RT Kit (Takara, Japan). PCR was
performed using GoldStar Best Master Mix (CWBIO, Beijing).
Primer sequences are listed: LICAM-DNA-5F, CCCACCCGTC
CTTTCCTA;LICAM-DNA-5R, CGCTCGTCCTGCTTGATGT;
L1ICAM-mRNA-4-6-F, GGTGTCCACTTCAAACCCAA; and
L1CAM-mRNA-4-6-R, GCGGCTTCCTGTCAATCA. Sanger
sequencing was performed by an ABI 3130 DNA analyzer.

RESULTS

A 28-year-old healthy woman was referred to our clinic
after four voluntary terminations of pregnancy due to
fetal hydrocephalus. All fetuses were male (Figure 1A).
The familial pedigree seemed to show XLH. She was
already on here fifth pregnancy at 26 weeks of gestation.
Fetal ventriculomegaly was detected by fetal ultrasound
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| Q_ﬂ) C: GGAAGGGGAGTCAGTGGTT
A1 ol

TOP 2 GGAAGGGGAGTCAGTGGTT

FIGURE 1 | (A) Pedigree of the family. TOP, termination of pregnancy. (B) Imaging examinations of the fetus. Fetal ultrasound scan and fetal MRI showed there was
severe hydrocephalus in the fetus. (C) Sequence analysis of genomic DNA from family members. The genotypes of L1CAM were wild type, ¢.453G > T Het, and
€.453G > T Hom, in I:1 (husband), I:2 (pregnant woman), and II:5 (fetus). The mutation is indicated by the red arrows.

scan and MRI, which consistently demonstrated the presence  blood and peripheral blood in the couple by Sanger sequencing
of hydrocephalus. They showed that the bilateral cerebral (Figure 1C). The woman carried the heterozygous mutation,
ventricle and the third ventricle were obviously dilated, and  and her husband was a wild-type genotype.

there was severe hydrocephalus in the intracerebral and With Mutation Taster (http://www.mutationtaster.org/),
agenesis of the corpus callosum (Figure 1B). c.453G > T was scored as “disease causing” It showed that

In order to explore the possible genetic cause, we performed  protein features might be affected and the splice site might be
karyotype analysis and SNP array to analyze the fetal  changed; we were curious about the potential splicing effects of
blood sampling and found no positive findings. Choroidal  the LICAM function in this silent mutation. The silent mutation
neovascularization (CNV) result has been deposited in the  was tested using the following online software products:
Gene Expression Omnibus (GEO); the accession number is NetGene2  (http://www.cbs.dtu.dk/services/NetGene2/) and
GSE133063, as appended below (https://www.ncbi.nlm.nih.gov/ ~ NNSplice (http://www.fruitfly.org/seq_tools/splice.html);
geo/query/acc.cgi?acc=GSE133063). 5’ potential splice site was also predicted to be created in the

Then, we detected the fetus by WES. The analytic strategy =~ LICAM ¢.453G > T mutation using the software products
for finding likely pathogenic variant identification was shown in  (Figure S2). The results showed that this silent mutation created
Figure S1. A list of variants (Table S1) were obtained through the = a potential 5’ splice site 72 bp upstream from the normal exon
screening of variant frequencies, mutation status, and inheritance ~ 6/intron 6 splice site (Figure 2A). If this is the case, we can find
mode. Taking the hydrocephalus-associated genes (HP:0000238,  the length change of LICAM messenger RNA (mRNA) between
http://compbio.charite.de/hpoweb/showterm?id=HP:0000238 I:2 and II:5 (Figure 2A). RT-PCR was performed using primers
#1id=HP_0000238) (Table S2) into consideration, there was no designed to amplify exons 4-6 in LICAM mRNA. Indeed,
additional notable mutation except for the silent mutation of  the results showed a short band of truncation in fetal cDNA
¢.453G > T in exon 5 of the LICAM gene (NM_000425.3). c.453G PCR (IL:5), while the band amplified from LICAM mRNA
> T was not reported in HGMD and ClinVar and was not foundin ~ contained the expected long band in husband ¢cDNA PCR
dbSNP, gnomAD, and other datasets. According to the standards ~ (I:1) and long/short bands in the pregnant woman cDNA PCR
and guidelines of the ACMG (Richards et al,, 2015), it had not yet ~ (I:2) (Figure 2B). Direct sequencing of the amplified fragment
reached the criterion of “pathogenic” or “likely pathogenic,” but ~ showed that the deletion involved the last 72 bp of exon 5 in
there was no other potential mutations; we had no choice but to male fetal cDNA (the woman was a carrier) (Figure 2C). We got
make a further analysis of the silent mutation found. the crucial pathogenic evidence.

According to traditional thinking, this base substitution This silent mutation resulted in 24 amino acids of LICAM
occurred in the third base in codon 151, which encodes a protein (residues 151-174); Lys (K) was substituted by Glu (E) at
glycine, thereby creating a neutral mutation (p.Glyl51 = ).  codon 175 (Figure 2A). There were alignment of multiple LICAM
This variant was confirmed in DNA extracted from fetal cord  protein sequences across several species and conservation of the
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A
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Protein sequence E G ESVVLPCNPPPSAEPLRIYWM N S K | L
24 aa |
LICAM c.453G>T Splice site Splice site
l . Exon 5 l Exon 6
Genomic sequence ————— GAAGGT ————————————————— AAC AGC A|gtgggt —— — ag|AG ATC TTG ——
Protein sequence E E | L
B C
Marker 1 1:2 I1:5
11 TGGAGGAAGGGGAGTCAGTGG
2000 bp I I
[\ \‘ \ | \
A | ‘ Il A | A /\
/ | RV A \ N
AW WY i b
1000 bp { ! [ | AN \ AN
750 bp 2 TGGAGGAAGGGAAGTCGGTGG
500 bp
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FIGURE 2 | (A) Schematic representation of exon 5, intron 6, and exon 6 organization in L1CAM. (B) RT-PCR analysis of exons 5 and 6 of the L 1TCAM cDNA from
peripheral blood mononuclear cells (PMBCs) and cord blood mononuclear cells (CBMCs). Agarose gel electrophoresis of RT-PCR products generated from 1:1
(husband), I:2 (pregnant woman), and II:5 (fetus). (C) Sequence analysis of the RT-PCR product from PMBCs of the couple and CBMCs of the fetus.

missing amino acids in LICAM across mammals: Hormo sapiens,
Pan troglodytes, Bos taurus, Mus musculus, and Rattus norvegicus
(Figure 3A). Wild-type and ¢.453G > T splicing mutation LICAM
proteins were predicted by the software CPHmodels-3.2 Server
(http://www.cbs.dtu.dk/services/ CPHmodels/) (Figure 3B).
Immunoglobulin-like (Ig-like) domain 2 (residues 134-230) of
wild-type and splicing mutation LICAM proteins is shown in
Figure 3C. LICAM c453G > T splicing mutation altered the
protein structure, especially the Ig-like domain 2.

DISCUSSION

Silent mutations were often detected by WES, but insufficient
attention has been paid, leading to the omission of DMs. In
this study, we employed WES to explore the genetic cause of a
Chinese family with hydrocephalus but only found a novel silent
mutation in LICAM, which forced us to make a further analysis.
Fortunately, we proved that the silent mutation created a new 5’
splice site and was a DM.

Mutations in LICAM can cause an X-linked L1 disease, but
clinical symptoms are variable; mutations produce unexpected

phenotypes. In the study, the five suffering fetuses are all males,
which is consistent with an inheritance pattern. The fetal
ultrasound scan and MRI show a typical L1 disease, including
XLH and agenesis of the corpus callosum. It improves our
understanding on the genotype-phenotype correlation
of LICAM.

LICAM c453G > T (p.Gly151 = ) was initially thought to have
no effect on the protein sequence. But other silent mutations,
c924C > T (p.Gly308 = ) and c.645C > T (p.Gly215 =), in the
LI1CAM gene have been reported to be DMs (Du et al., 1998; Vos
et al., 2010). The ¢.924C > T mutation resulted in the activation
of a new splice site 69 bp 5’ to the normal exon 8/intron 8 donor
splice site, and it has been declared as a “disease-causing” site
for hydrocephalus (Du et al., 1998). For ¢.645C > T in LICAM,
51 bp was deleted with the activation of a new exon 6/intron
6 donor splice (Vos et al., 2010). Our present study was similar; the
mutation of ¢.453G > T created a potential 5’ splice site upstream
from the normal exon 5/intron 5 splice site. All these silent
mutations created new donor splice sites, resulting in the exon
being skipped. It reminded us to pay close attention to these silent
mutations, which may affect splicing of proteins.
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L1CAM protein

Ig-like domain 2 of L1CAM protein (residues 134-230)

wild type

(residues 134-230) of wild-type and splicing mutation L1CAM protein.

¢.453G>T splicing mutation

FIGURE 3 | (A) Alignment of multiple L1CAM protein sequences across species. The L1CAM ¢.453G > T resulted in 24 amino acids of L1CAM protein (residues
151-174) missing in the conserved amino acid region in different species. The black column shows the missing amino acids. (B) The structures of wild-type and
€.453G > T splicing mutation L1CAM protein as predicted by the software CPHmodels-3.2 Server. (C) The structures of immunoglobulin-like (Ig-like) domain 2

wild type ¢.453G>T splicing mutation

As a transmembrane glycoprotein and a member of the
immunoglobulin superfamily of cell adhesion molecules, the LICAM
protein can interact at the cell surface with a number of different
glycoproteins, and homophilic binding is probably its principal
mode of interaction (Wei and Ryu, 2012). The studies on the crystal
structure of Ig-like domains 1-4 in neurofascin suggested that many
pathological L1 mutations affect conserved amino acid residues within
these domains and interfere with homophilic interactions (Liu et al.,
2011), especially as verified by the function research of Ig-like domain
2 (Zhao et al., 1998). In our study, we speculated that LICAM c.453G
> T altered Ig-like domain 2 in the extracellular part of the LICAM
protein, leading to the abnormal extracellular interaction, failing to
start initiating downstream the signaling pathway. A further study
dedicated to the mass spectrometry of this LICAM variant would
clarify specifically what molecular ensemble is produced in the cell.

In summary, through WES, we reported a novel silent mutation
¢.453G > T in LICAM which produces a 5’ splice site responsible for
hydrocephalus. This abnormal protein variant was predicted to alter
Ig-like domain 2, which might affect LICAM protein homophilic
binding. In addition, we performed prenatal genetic diagnosis for
the pregnant woman reporting five continuous pregnancies with
hydrocephalus. Meanwhile, it suggested some silent mutations
detected in WES should not be ignored; splicing predictions of these
mutations were necessary. It provided a new genetic basis for prenatal
diagnosis and pre-implantation prenatal diagnosis of hydrocephalus.
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Polyhydramnios is sometimes associated with genetic defects. However, establishing an
accurate diagnosis and pinpointing the precise genetic cause of polyhydramnios in any
given case represents a major challenge because it is known to occur in association with
over 200 different conditions. Whole exome sequencing (WES) is now a routine part of
the clinical workup, particularly with diseases characterized by atypical manifestations and
significant genetic heterogeneity. Here we describe the identification, by means of WES,
of novel compound heterozygous truncating variants in the LMOD3 gene [i.e., c.1412delA
(p.Lys471Serfs*18) and ¢.1283dupC (p.Gly429Trpfs*35)] in a Chinese family with two
successive fetuses affected with polyhydramnios, thereby potentiating the prenatal diagnosis
of nemaline myopathy (NM) in the proband. LMOD3 encodes leiomodin-3, which is localized
to the pointed ends of thin filaments and acts as a catalyst of actin nucleation in skeletal and
cardiac muscle. This is the first study to describe the prenatal and postnatal manifestations
of LMOD3-related NM in the Chinese population. Of all the currently reported NM-causing
LMOD3 nonsense and frameshifting variants, c.1412delA generates the shortest truncation
at the C-terminal end of the protein, underscoring the critical role of the WH2 domain in
LMODS3 structure and function. Survey of the prenatal phenotypes of all known LMODS3-
related severe NM cases served to identify fetal edema as a novel presenting feature that
may provide an early clue to facilitate prenatal diagnosis of the disease.

Keywords: LMOD3, nemaline myopathy, polyhydramnios, prenatal diagnosis, truncating variant, whole exome sequencing

INTRODUCTION

Polyhydramnios, an excess of amniotic fluid in the amniotic sac, is diagnosed if the single
deepest pocket (SDP) is of 28cm or the amniotic fluid index (AFI) is of 225cm (Moore and
Cayle, 1990; Magann et al., 2007). It is present in 1-3% of pregnancies (Maymon et al., 1998;
Biggio et al., 1999; Magann et al., 2007) and may occur as a consequence of both environmental
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(e.g., perinatal exposure to TORCH infections, maternal
gestational and pregestational diabetes) and genetic factors
(Bartha et al., 2003; Keshavarz et al., 2005; Touboul et al., 2007;
Kishoreetal.,2011; Kollmann et al., 2014). Indeed, a search for
polyhydramnios in the Human Phenotype Ontology database
(https://hpo.jax.org/app/browse/term/HP:0001561) yielded
204 different conditions and 143 different genes. Nearly one
half of all pregnancies with polyhydramnios are associated
with varying degrees of fetal abnormality, including fetal
death (Kollmann et al., 2014). Therefore, it is extremely
important to identify the genetic causes of polyhydramnios in
affected families with a view to providing genetic counselling
and prenatal diagnosis for subsequent pregnancies.

With the decreasing cost of next generation sequencing, whole
exome sequencing (WES) has been increasingly employed as an
important diagnostic tool for clinical purposes (Boycott et al.,
2013; Lee et al., 2014; Posey et al., 2017), especially in the case of
diseases characterized by atypical manifestations and significant
levels of genetic heterogeneity (Ku et al., 2012). Here we describe
the use of WES to identify the genetic cause of polyhydramnios
in two successive fetuses in a Chinese family.

CASE PRESENTATION

A 35-year-old woman was referred to our centre at the First
Affiliated Hospital of Sun Yat-Sen University after her third
fetus (I1:3; Figure 1A) had been found to have polyhydramnios
(SDP of 9.5 cm and an AFI of 30.7 cm) and hydrocele of testis at
29 gestational weeks (GW). Prior to this, her second fetus (I1:2)
had presented with polyhydramnios and generalized edema
(pleural effusion, ascites, skin edema of the chest, abdomen,
and scalp) at 34 GW (Figures 2A-D) and was then terminated
at 36 GW. Her first child (II:1) is a healthy girl, now aged 6 years.
Both parents were of south Chinese origin, healthy and non-
consanguineous. Exposure to known mutagenic or teratogenic
agents during pregnancy was not reported.

In the case of II:2, only standard G-banding karyotyping
(using cord blood cells taken at 35 GW) followed by
chromosomal microarray analysis were performed at the
time, yielding negative findings. In the case of fetus II:3,
molecular genetic analysis including WES was performed at
31 GW. The WES results were returned to us 6 weeks later,
confirming a diagnosis of nemaline myopathy (NM) (see
below). Genetic counselling was provided to the couple, who
opted to continue the pregnancy. The boy was born by full-
term vaginal delivery at 37 GW; his Apgar scores were 5 and
6 (normal, 10) at 1 and 5 min of life, respectively. He showed
stiffness of limbs, little movement and scrotal swelling, and
died of respiratory failure 2 days after birth.

Clinical findings in the two affected fetuses (II:2 and II:3) are
illustrated in Figure 2 and summarized in Table 1.

Abbreviations: AFI, amniotic fluid index; GW, gestational weeks; NM, nemaline
myopathy; SDP, single deepest pocket; WES, whole exome sequencing.

MATERIALS AND METHODS
Subjects

This study was carried out in accordance with the
recommendations of “ethical regulations of biomedical research
involving humans, Ethics Committee of the First Hospital
affiliated to Sun Yat-sen University” with written informed
consent from all subjects. All subjects gave written informed
consent in accordance with the Declaration of Helsinki. The
protocol was approved by the “Ethics Committee of the First
Hospital affiliated to Sun Yat-sen University”. Prenatal diagnosis
was undertaken through ultrasound-guided umbilical cord
blood puncture in accordance with standard practice.

Karyotype and Chromosomal Microarray
Analysis

Standard G-banding karyotyping was performed according to
standard laboratory procedures. The chromosomal microarray
experiments were conducted using the high-resolution
Affymetrix CytoScan HD arrays (Affymetrix Inc., Santa Clara,
CA) according to the manufacturer’s protocols. Detected
copy number variants were evaluated for clinical significance
by comparing them with data in the scientific literature and
publicly available databases: UCSC (Ku et al., 2012), DECIPHER
database (https://decipher.sanger.ac.uk/), Database of Genomic
Variants (DGV, http://dgv.tcag.ca/dgv/app/home), the
International Standards for Cytogenomic Arrays (ISCA, https://
www.iscaconsortium.org/), and Online Mendelian Inheritance
in Man (OMIM, https://www.omim.org/). The results were then
analyzed by the Chromosome Analysis Suite software version
3.3.0; the reporting threshold of copy number variants was set
at 10 kb, with marker count at over 50, as previously reported
(Wang et al., 2015).

Whole Exome Sequencing (WES)

WES was performed in fetus II:3 and its parents. Genomic
DNA was randomly fragmented and then purified by means
of the magnetic particle method. Sequences were captured
by Agilent SureSelect version 4 (Agilent Technologies, Santa
Clara, CA) according to the manufacturer’s protocols. After
enrichment and purification, the DNA libraries were sequenced
on a NextSeq500 sequencer following the manufacturer’s
instructions (Illumina, San Diego). The reads were aligned
to hgl9/GRCh37.p10 using the Burrows-Wheeler Aligner
(version 0.59) (Li and Durbin, 2009). Base quality recalibration
and local realignment of the Burrows-Wheeler aligned reads
were then processed by means of GATK IndelRealigner
(https://software.broadinstitute.org/gatk/documentation/
tooldocs/current/org_broadinstitute_gatk_tools_walkers_
indels_IndelRealigner.php) and GATK BaseRecalibrator
(https://software.broadinstitute.org/gatk/documentation/
tooldocs/current/org_broadinstitute_gatk_tools_walkers_
bgsr_BaseRecalibrator.php), respectively. Single nucleotide
variations and small indels were revealed by the GATK
UnifiedGenotyper  (https://software.broadinstitute.org/gatk/
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FIGURE 1 | Identification of the genetic basis of polyhydramnios in a Chinese family. (A) Family pedigree and DNA sequencing results. Filled triangle with oblique
line indicates the fetus with polyhydramnios terminated by therapeutic abortion. Filled square with oblique line indicates the affected boy who died after birth.

Arrow indicates the proband. Open symbols indicate clinically unaffected family members. LMOD3 genotypes are provided for all subjects. Red arrows indicate

the mutation positions. wt, wild-type. (B) lllustration of the LMODS structure and all currently reported severe NM-causing LMODS3 variants. The two novel variants
identified in the current study are highlighted in red. Previous reported variants (in black) were from (Yuen et al., 2014; Berkenstadt et al., 2018; Michael et al., 2019).

See Supplementary Table S1 for variant descriptions at the nucleotide sequence level.

documentation/tooldocs/current/org_broadinstitute_gatk_
tools_walkers_genotyper_UnifiedGenotyper.php). Variants
were finally annotated employing the Consensus Coding
Sequences Database at the National Centre for Biotechnology
Information (https://www.ncbi.nlm.nih.gov/CCDS/).
Putative causal variants were sought in an unbiased and
hypothesis-free manner. Trio sample strategy was applied to
remove the bias that may arise by proband-only sequencing.
Literature and population databases were used for variant
annotation, including 1000 Genomes, dbSNP, GenomAD,
Clinvar, HGMD, and OMIM. The synonymous and common
SNPs (MAF > 5%) were filtered out, and rare variants with high
confidence were considered as disease-causing candidates for
further genetic evaluation. Multiple computational algorithms
were applied to assist the genetic evaluation of pathogenicity,
including SIFT, Polyphen-2, and MutationTaster. Variants
occurring in known phenotype-causing or -associated genes

as well as in candidate genes selected on the basis of known
biological, physiological or functional relevance to phenotype
were considered with priority. The interpretation of variants
was managed according to the American College of Medical
Genetics (ACMG) guidelines.

Sanger Sequencing

All family members were subjected to Sanger sequencing of exon
2 of the LMOD3 gene. PCR primers were designed by Oligo 6.0
(http://www.oligo.net/downloads.html). Primer sequences and
PCR conditions are available upon request.

Reference Sequence and Variant
Nomenclature

NM_198271.4 was employed as the LMOD3 mRNA reference
sequence. Nomenclature for the description of LMOD3 variants
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TABLE 1 | Summary of prenatal feature in 24 LMOD3 mutation-positive cases of nemaline myopathy.

Case Reference Gender  Ethnicity Polyhydramnios Decreased Arthrogryposis/ Fractures Fetal Other Preterm Age at death LMODS3 genotypet
fetal contracture edema anomalies delivery (or current
movements age if alive)
1 Yuen et al., 2014 F Algerian + - + + - + neonatal p.S47fs*13 homozygote
2 M Belgian - + + - - - 10 months p.S47fs*13 homozygote
3a F Portuguese + + + - - - neonatal p.M52* homozygote
3b F Portuguese + + - - - 1 months, alive
4 F Japanese + + - - - - 2 months, alive  p.[T101Rfs*4]; [D201Efs*9]
5 F Japanese + + + - + Subdural + 10 months, p.Q117* homozygote
hematoma alive

6 F Japanese + + - - - microcephaly - 1 year, alive p.[Q117%]; [K40BNfs*11]
7 F [talian + + + - - + 4 months p.F287Sfs*3 homozygote
8 M Ecuadorianmn + + + + - + 6 weeks p.[G326R]; [Q458*]
9 M Swedish + - + - - - 5 months p.E357* homozygote
10 M Afghan - + + - - + neonatal p.N367Qfs*11 homozygote
1 M Afghan . - + = - + 2 months p.N367Qfs*11 homozygote
12 F Pakistani + - - - - - 3 months p.N367Qfs*11 homozygote
13 F Pakistani + + - - - - neonatal p.N367Qfs*11 homozygote
14 F Australian + + - - - - 10 years, alive  p.[N367del]; [R4017]
15 F Australian + - - - - - 4 years, alive p.IN367del]; [R401%]
16a Abbott et al., F Turkish - + - + + + neonatal p.S47fs*13 homozygote
16b 2017 F Turkish - + - + - + 2 months
16¢c F Turkish + - - + + + neonatal
17 Berkenstadt F Moroccan + + + - - NE induced p.[E121Rfs*5]; [L245del]

etal., 2018 abortion
18 Michael et al., F Turkish + + + - + atrial septum - 8 years, alive p.D295Rfs*2 homozygote

2019 defect
19 M NE + + + - - atrial septum - 5 months p.E357* homozygote

defect
20a This study Unknown  Chinese + + - - + NE induced p.[G429Wfs*35];
abortion [K471Sfs*18]
20b M Chinese + + - - + - neonatal
Total 19/24 17/24 13/24 5/24 6/24 9/22
(79.2%) (70.8%) (54.1%) (20.8%)  (25.0%) (40.9%)

+, present; —, absent; F, female; M, male; NE, not evaluated.
tSee Supplementary Table S1 for variant descriptions at the nucleotide sequence level.
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testis (G) (yellow arrow).

FIGURE 2 | Ultrasound photographs of the 2 fetuses with polyhydramnios. (A-E) Ultrasound images of the first affected fetus (II-2) at 34 GW. Two-dimensional
ultrasound showing polyhydramnios (amniotic fluid deep, AFD, 12.2 cm) (A) and fixed limbs (E). Bilateral pleural effusion (B, yellow arrow), ascites (C, yellow arrow),
skin edema of chest (B, white arrow), abdomen (C, white arrow), and scalp (D, white arrow) were detected by ultrasound. (F, G) Ultrasound pictures of the second
affected nemaline myopathy fetus (II-3) at 33 GW. Two-dimensional ultrasound revealed polyhydramnios (@amniotic fluid deep, AFD, 11.5cm) (F) and hydrocele of

and genotypes followed the Human Genome Variation Society
(HGVS) recommendations (den Dunnen et al., 2016).

Currently Reported Variants in the

LMODS3 Gene

Currently reported variants in the LMOD3 gene were obtained
from the Professional version of the Human Gene Mutation
Database (HGMD; https://www.qiagenbioinformatics.com/
products/human-gene-mutation-database/) (Stenson et al,
2017) and augmented by a manual literature search.

RESULTS

Karyotyping of fetus II:3 indicated the presence of a normal
set of chromosomes. Chromosomal microarray analysis also
failed to identify any pathogenic copy number variants. We
then screened II:3 and his parents by WES to search for putative
causal variants in an unbiased and hypothesis-free manner.

Variants detected were then prioritized based on sequencing
quality, allele frequency in the normal population, gene product
damage potential, zygosity and mode of inheritance. The mean
depth of coverage for the coding regions targeted with the WES
was 267x. A mean of 99.2% of bases in the targeted coding
regions were covered by at least 10 reads and 99.0% of bases in
the targeted coding regions were covered by more than 20 reads.
Compound heterozygous truncating variants, c¢.1283dupC
(p.Gly429Trpfs*35) and c.1412delA (p.Lys471Serfs*18), were
identified in exon 2 of the LMOD3 gene (NM_0198272) in
II:3; ¢.1283dupC was inherited from the mother whereas
c.1412delA was inherited from the father (Figure 1A). The
genotypes in II:3 and his parents were confirmed by Sanger
sequencing of exon 2 of the LMOD3 gene. We also sequenced
exon 2 of the LMOD3 gene in II:1 and II:2. Neither variant was
found in the former while both variants were found in the latter
(Figure 1A). Neither ¢.1283dupC nor c.1412delA have been
previously described in the literature and are also absent from
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the Genome Aggregation Database (gnomAD, http://gnomad.
broadinstitute.org/).

Homozygous or compound heterozygous variants
(predominantly truncating and nonsense) in the LMOD3 gene
have recently been identified to be a cause of autosomal recessive
NM (Yuen et al, 2014). Our identification of novel compound
heterozygous truncating variants in the LMOD3 gene in the two
fetuses with polyhydramnios therefore firmly established the
diagnosis of NM.

All LMOD3 variants so far reported to be causative for
severe NM are illustrated in the context of the LMOD3 protein
structure (Figure 1B). The structure of LMOD?3 is in accordance
with Chereau et al. (2008), UniProt (http://www.uniprot.org/)
and InterProScan 4 (Zdobnov and Apweiler, 2001). Additionally,
we collated prenatal features in all 22 known LMOD3 mutation-
positive severe NM cases (Table 1).

DISCUSSION

Employing WES, we have successfully identified two novel
compound heterozygous truncating variants, c¢.1283dupC
and c.1412delA, in the LMOD3 gene in two successive fetuses
from the same family with polyhydramnios. LMOD3 encodes
a member of the leiomodin family of proteins, leiomodin-3,
which is localized to the pointed ends of thin filaments and acts
as a catalyst of actin nucleation in skeletal and cardiac muscle
where it is expressed (Conley et al., 2001; Chereau et al., 2008;
Qualmann and Kessels, 2009; Campellone and Welch, 2010;
Tsukada et al., 2010; Cenik et al., 2015). In 2014, Yuen et al.
(2014) identified LMOD3 as a new causative gene for autosomal
recessive NM. NM is a disorder that is characterized by
muscle dysfunction and electron-dense protein accumulations
(nemaline bodies) in myofibers (Sandaradura and North, 2015).
Patients with mutations in LMOD3 often present with a severe
congenital form of early-onset generalized muscle weakness and
hypotonia with respiratory insufficiency and feeding difficulties;
they usually die in early infancy (Yuen et al, 2014). NM is
clinically and genetically heterogeneous, making it difficult
to establish a correct diagnosis from clinical features alone.
Fetuses with NM usually display decreased fetal movements
and polyhydramnios without any particular disease-defining
features. The identification of compound heterozygous LMOD3
variants in our family therefore provided a definite diagnosis of
the disease that could not otherwise have been made merely on
the basis of clinical findings in the fetus.

To date, a total of 25 LMOD3 variants have been reported in
the literature (Supplementary Table S1). Of these, 4 missense
variants, p.Arg83His, p.Glul42Asp, p.Lys282Glu, p.Pro552His,
have been reported to cause Kleine-Levin syndrome (Al Shareef
et al, 2019); a further two missense variants, p.Leu550Phe
and p.GIn335Arg, have been associated with a mild form
of congenital NM (Schatz et al., 2018) whereas a truncating
variant, ¢.112delG (p.Glu38Lysfs*15), has been detected in a case
without a definite clinical diagnosis (Theunissen et al., 2018). By
contrast, the remaining 18 variants (i.e., variants highlighted in
black in Figure 1B) were reported to be causative for severe NM

(Yuen et al., 2014; Abbott et al., 2017; Berkenstadt et al., 2018;
Michael et al., 2019). Notably, 83% (n = 15) of these latter 18
variants represent truncating variants (nonsense or frameshift).
The addition of our two newly identified truncating variants
increased this figure to 85% (17/20). Moreover, most previous
studies analyzed patients with a diagnosis or suggestive diagnosis
of NM (Yuen et al,, 2014). Only very recently have LMOD3
variants been described in any detail in fetuses (Berkenstadt
et al,, 2018). Our study is the first to describe the prenatal and
postnatal manifestations of LMOD3-related NM in the Chinese
population.

LMOD3 contains three actin-binding domains, which
are actin-binding helix [A-h], residues 69-79; leucine-rich
repeat domain [LLR], residues 237-402; and Wiskott-Aldrich-
syndrome protein homology 2 domain [WH2], residues 534-
553 (Yuen et al., 2014). It should be noted that 1 of our 2 novel
LMOD3 mutations, c.1412delA, led to the shortest C-terminal
truncation among the LMOD3 nonsense and frameshifting
variants reported to date (Figure 1B). This, together with
the fact that c.1412delA is associated with a severe form of
NM, serves to highlight the indispensable role of the WH2
domain in LMOD3 protein and function. Current models
and in vitro assays support the view that the WH2 domain,
an actin nucleator, stabilizes actin monomers in the trimer
conformation, thereby promoting nucleation (Qualmann and
Kessels, 2009; Cenik et al., 2015).

Finally, we evaluated the prenatal features of LMOD3-related
severe NM reported elsewhere (Yuen et al., 2014; Abbott et al.,
2017; Berkenstadt et al., 2018; Michael et al., 2019) as well as in
this study. As shown in Table 1, the most frequently observed
anomaly is polyhydramnios (79.2%), followed by decreased
fetal movements (70.8%), arthrogryposis/contracture (54.1%),
fetal edema (25.0%), and fractures (20.8%). This survey
identified fetal edema, which has an even higher frequency than
fracture (Abbott et al., 2017), to be a new noteworthy feature
of LMOD3-related severe NM in the fetal period. Fetal edema
could be explained as follows: decreased fetal movement allows
accumulation of subcutaneous fluid and causes subsequent
atony in the diaphragm, leading to a change in thoracic pressure
and a disturbance of lymphatic circulation (Vardon et al., 1998).
Taken together, we suggest that LMOD3-related severe NM
should be considered in cases of prenatal diagnosis of fetal
edema and polyhydramnios.

This is the first report of NM-causative LMOD3 variants, and
the first example of prenatal diagnosis of NM, in the Chinese
population. The identification of a novel LMOD3 variant (i.e.,
c.1412delA) generating the shortest LMOD3 truncation reported
to date underscores the critical role of the WH2 domain in LMOD3
structure and function. Further, survey of the prenatal phenotypes
of LMOD3-related severe NM identified fetal edema as a new
presenting feature that may provide an early clue to facilitate prenatal
diagnosis of the disease. Finally, we demonstrate once again the
power of WES as an effective means to deliver a timely molecular
diagnosis in a genetically and clinically highly heterogeneous
disorder. We anticipate that the availability of genetic testing for
NM will also allow clinicians to offer more reliable prognostic and
recurrence risk information to families at risk.
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McCune-Albright syndrome (MAS) is a rare congenital disorder characterized by the
association of endocrine and nonendocrine anomalies caused by somatic activating
variants of GNAS. The mosaic state of variants makes the clinical presentation extremely
heterogeneous depending on involved tissues. Biological samples bearing a low level of
mosaicism frequently lead to false-negative results with an underestimation of causative
molecular alterations, and the analysis of biopsies is often needed to obtain a molecular
diagnosis. To date, no reliable analytical method for the noninvasive testing of blood is
available. This study was aimed at validating a novel and highly sensitive technique, the
digital PCR (dPCR), to increase the detection rate of GNAS alterations in patients with a
clinical suspicion of MAS and, in particular, in blood. We screened different tissues (blood,
bone, cutis, ovary, and ovarian cyst) collected from 54 MAS patients by different technical
approaches. Considering blood, Sanger was unable to detect mutations, the allele-
specific PCR and the co-amplification at lower denaturation temperature had a 9.1% and
18.1% detection rate, respectively, whereas the dPCR reached a 37.8% detection rate. In
conclusion, the dPCR resulted in a cost-effective, reliable, and rapid method allowing the
selective amplification of low-frequency variants and able to improve GNAS mutant allele
detection, especially in the blood.

Keywords: McCune-Albright’s syndrome, bone fibrous dysplasia, precocious puberty, GNAS, mosaicism, digital PCR

INTRODUCTION

The McCune-Albright syndrome (MAS, MIM #174800) is a rare congenital disorder that comprises
the clinical triad of endocrinopathies, café-au-lait pigmented skin lesions (SP), and fibrous
dysplasia of bone (FD). The endocrine dysregulation may include various autonomous hormonal
hyperfunctions, such as precocious puberty, hyperthyroidism, growth hormone excess, adrenal
hyperplasia, hypophosphatemic osteomalacia, and GH- and/or PRL- secreting pituitary tumors
(McCune, 1936; Albright et al., 1937; Robinson et al., 2016; Boyce et al., 2017). In particular, the more
frequent and studied alterations of the endocrine glands are the gonadal hyperfunction (characterized
by episodes of hyperestrogenism with a consequent reduction in gonadotropin secretion), thyroid
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abnormalities (nodular goiter with nodules >lcm), and the
GH-IGF1 axis hyperactivity (Matarazzo et al., 2006; Tessaris et al.,
2012; Tessaris et al., 2006).

The disease demonstrated sporadic occurrence, phenotypic
heterogeneity, variable involvement of different endocrine
glands, and a pattern of skin and bone lesions following the lines
of the embryologic development, thus it was proposed that MAS
derived from a postzygotic genetic defect, leading to a mosaic
distribution of mutated cells. Such hypothesis was confirmed
by the identification of somatic activating variants affecting
the alpha subunit of the stimulatory G protein (Gsa, encoded
by GNAS, MIM*139320) (Landis et al., 1989; Weinstein et al.,
1991; Schwindinger et al., 1992; Candeliere et al., 1997). Most
gain-of-function GNAS genetic variants occurred at the Arg202
residue (historically and still frequently reported as Arg201)
and determined the constitutional activation of the stimulatory
G protein and, consequently, of adenylyl cyclase (Landis et al.,
1989). The tissue-by-tissue study by droplet digital PCR (ddPCR)
of autopsy samples from a patient confirmed that MAS can affect
a wider range of tissues, leading to extraskeletal manifestations,
such as gastrointestinal reflux and/or polyps, pancreatitis,
hepatobiliary disease, cardiac disease (sudden death, tachycardia,
high output heart failure, and aortic root dilatation), platelet
dysfunction, and cancer (bone, breast, testes, and thyroid)
(Salpea and Stratakis, 2014; Vasilev et al., 2014).

The mosaic state of MAS/FD-associated variants determines an
extremely heterogeneous presentation of clinical manifestations
in patients, depending upon the extent to which affected tissues
are involved, and makes establishing the correct molecular
diagnosis a real challenge. As a matter of fact, the investigation of
biological samples, such as peripheral blood that typically bears a
low level of mosaicism, leads to high rates of false-negative results
and the underestimation of causative molecular alterations in
MAS/FD patients (Hannon et al., 2003; Karadag et al., 2004;
Lumbroso et al., 2004; Lietman et al., 2005; Kalfa et al., 2006;
Kuznetsov et al., 2008; Liang et al., 2011; Narumi et al., 2013).

A real help to overcome the underestimation of mosaic
variants will possibly arrive by the development of single-cell
sequencing technologies that, actually, are under development as
a liquid biopsy tool to investigate cancer patients noninvasively.
In particular, limits, such as elevated costs and obtaining enough
genetic material for library preparation, make these methods still
far from the adoption by the health care system, but, in the next
future, they could represent a promising tool for somatic variants
analysis (Wei et al., 2017; Zhu et al., 2018).

Different technical approaches, each with its pros and cons,
had been developed in the past years with the aim to detect MAS/
FD-associated variants. The first attempt dates back to 1997
when Candeliere and colleagues, (1997) combined consecutive
and repeated cycles of PCR amplification with site-directed
mutagenesis to generate a PCR product from the normal allele
susceptible to restriction nuclease digestion. Other researchers
tried to overcome the problem by using a peptide nucleic
acid (PNA) primer to inhibit the amplification of the normal
allele, combining PNA probes with the fluorescence resonance
energy transfer (FRET) technique, pyrosequencing, next-
generation sequencing (NGS), or ddPCR (Hannon et al., 2003;

Karadag et al,, 2004; Liang et al, 2011; Narumi et al., 2013;
Vasilev et al., 2014). Selective enrichment methods reached good
levels in low-abundance variants detection, but they presented
several limits as being expensive, time-consuming, and leading
to an elevated risk of generating PCR artifacts and cross-
contamination (Qin et al., 2016). In particular, the NGS approach
with deep sequence coverage enhances sensitivity and allows for
accurate quantification of the level of mosaicism, but the use of
a customized DNA probe library followed by deep NGS analysis
with a mean coverage depth per base of approximately 800x
translates into a cost-per-patient analysis too high for the health
care system.

The improvement in the sensitivity of genetic tests for defects
in mosaic state associated with MAS/FD is an important step to
improve the diagnosis of patients, thus the aim of the present
study was to set up and validate a novel technique, digital
PCR (dPCR), to increase the detection rate of activating GNAS
alterations in different tissue samples. The dPCR is a method
used for absolute quantification of nucleic acids based on the
amplification of single molecules of template with target-specific
fluorescent-labeled assays. The subsequent analysis yields the
relative or absolute quantification results from the raw imaging
data. It was conceived in 1992 and applied to the quantification
of KRAS mutations in DNA from colorectal cancer patients.
This approach has many potential applications, including the
detection and quantification of low-level pathogens, rare genetic
sequences, copy number variations (CNVs), gene expression in
single cells, and quantification of circulating miRNA expression.
It works by partitioning a sample of DNA or cDNA into many
individual parallel PCR reactions and allows the detection of
sequence variants present at a very low frequency in a pool of
wild-type background (Sykes et al., 1992; Vogelstein and Kinzler,
1999). According to the manufacturer’s specification, optimized
dPCR assays should detect and quantify rare mutant prevalence
to <0.1%.

In this study, we evaluated the usefulness of a novel technique,
the dPCR, to obtain a molecular confirmation in patients with a
clinical suspicion of MAS/FD by the screening of different tissues
collected from a case series of 54 MAS/FD patients using and
comparing different technical approaches. In particular, thanks
to the expected ability of dPCR to detect low-abundance somatic
single-nucleotide alterations, our main aim was to find GNAS
mutant alleles in blood samples from MAS/FD patients.

MATERIALS AND METHODS

Patients and Biological Samples

The present study included 54 patients with a clinical diagnosis
of MAS/ED. For 41 patients, a single tissue only was available
for the analysis [24 blood samples (BL) and 17 biopsies: 10 bone
(BO), 4 cutis (CB), 3 ovarian tissue (OT), and/or ovarian cyst
(OCQ)], whereas for 13 patients, we investigated and compared
the DNA extracted from different tissues (2 BL+BO, 6 BL+CB/
fibroblasts from cutaneous biopsy, and 4 BL+OT/OC). Overall,
79 different samples were tested for the presence of MAS/
FD-related activating variants within GNAS exon 8. The MAS
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clinical suspicion was based on the presence of at least persistent
and/or recurrent ovarian cysts associated with peripheral
precocious puberty or another typical sign of MAS between
café-au-lait skin spots or fibrous bone dysplasia. Clinical details,
including some patient-specific additional features, and the
molecular diagnosis are resumed in the Supplementary Table 1.
Wild-type controls were healthy people, whereas mutant controls
were MAS patient-derived GNAS mutated tissues. Informed
consent for genetic studies was obtained from all subjects
involved in the study.

DNA samples were extracted from peripheral blood in EDTA
collection tubes (Flexigene DNA kit, Qiagen, Germany) and
fresh or FFPE tissue samples (GentraPuregene tissue kit, Qiagen,
Germany), according to the manufacturer’s instructions.

Techniques for the Detection of GNAS
MAS-Related Genetic Variants

To investigate the presence of heterozygous gain-of-function GNAS
variants ¢.604C > T/p.Arg202Cys and c.605G > A/p.Arg202His,
commonly reported in the literature as Arg201 (in accordance with
the guidelines recommended by the Human Genome Variation
Society (HGVS), http://www.hgvs.org/mutnomen/, for a uniform
and an unequivocal description of sequence variants in DNA and
protein sequences, the nucleotide and protein numbering used
in the present article was based on the Locus Reference Genomic
(LRG) sequence, https://www.lrg-sequence.org/, covering the
GNAS transcript NM_001077488.2; the GNAS mutations database
available at http://databases.lovd.nl/shared/genes/GNAS) associated
with the MAS/FD phenotype, different experimental techniques
were used: Sanger sequencing, allele-specific PCR (AS-PCR), allele-
specific PCR-based TagMan genotyping with co-amplification at
lower denaturation temperature (COLD-MAMA PCR), and dPCR.

Detection limits (LOD) of each method, defined as the lowest
concentration that can be reliably distinguished from healthy
controls, are a consequence of assay specificity, sample quality/
handling, and PCR inhibitors. For the empirical determination
of detection limits, we applied the strategy of analyzing no DNA
template controls (NTCs, contamination monitors), wild-type
negative controls (WTCs, false-positive monitors), and a serial
dilution of mutant positive controls in a background of wild-
type DNA (MTCs, positive controls for thresholding and making
limit of detection calls).

The GNAS exon 8 was amplified using the specific couple of
primers 5’-ACTCTGAGCCCTCTTTCCAA-3’ and 5-GGTAAC
AGTTGGCTTACTGG-3’ (thermal conditions: 94°C/5’, 40 cycles
at 94°C/30%, 58°C/30”, and 72°C/30%, 72°C/5’). Sanger sequencing
was performed using the AmpliTagBigDye Terminator kit and
the 3110x] Genetic Analyzer (Applied Biosystems, Foster City,
CA, USA).

Amplicons subjected to sequencing were also used as template
for AS-PCRs, visualized and analyzed on 3% agarose gels, that
was shown to be able to discriminate wild-type and mutant
alleles using sequence-specific primers (c.604C 5'-GATTCCAG
AAGTCAGGACACG-3',¢.604T 5'-GATTCCAGAAGTCAGGA
CACA-3', c. 605G 5'-GATTCCAGAAGTCAGGACAC-3', and
€.605° 5'-GATTCCAGAAGTCAGGACAT-3") under stringent

thermal conditions (94°C/3} 40 cycles at 94°C/15”, 67°C/15”, and
72°C/15, 72°C/3)).

The GNAS locus fragment bearing MAS/FD -associated
variants was investigated by COLD-MAMA PCR, as previously
described (de Sanctis et al., 2017).

The dPCR was performed with the QuantStudio™ 3D Digital
PCR System platform (all products by ThermoFisher Scientific,
Carlsbad, CA, USA) and predesigned FAM-labelled TagMan®
Mutation Detection Assays, GNAS_27895_mu (c.605G > A),
and GNAS_27887_mu (c.604C > T). Briefly, 1 ul of 5 ng/ul DNA
(A260/280 ratios between 1.7 and 1.9) diluted in 14 pl of reaction
mixture (8 pl QuantStudio™ 3D Digital PCR Master Mix, 1.6
ul TagMan® Mutation Detection Assay, and 4.4 pl nuclease-free
water) were loaded into QuantStudio™ 3D Digital PCR 20K
Chips and amplified (thermal conditions: 1 cycle at 96°C/10;,
40 cycles at 66°C/1;, and 98°C/45 1 cycle at 60°C/1’). Fluorescence
on chips was revealed by the QuantStudio™ 3D Instrument,
and collected raw data were analyzed by the QuantStudio™ 3D
AnalysisSuite™ Software. The software assesses reliable data and
displays quality indicators, based upon loading, signal, and noise
characteristics, for each chip. This quality control is based on
the number of partitions that exceed the total number of wells
filled correctly, and to get a precise quantification, we settled a
threshold of 10,000 data points with a manually fixed quality
threshold over 0.6. Performance experiments conducted for both
assays determined the appropriate fluorescence thresholds in
FAM relative fluorescence units (RFU) to discriminate between
positive calls (blue dots) and no target control calls (yellow dots)
(Figure 1): GNAS_27,895_mu RFU > 3,000 and GNAS_27,887_
mu RFU > 5,000. The output data are reported as copies/pl
(cpm) detected on the chip by the instrument that represents
the number of observed mutant alleles in the reagent mixture
plus DNA. The absolute quantification of mutated alleles can be
deduced from the cpm by applying the following formula: cpm X
0.0033 ng (mass of the human genome) X 3.34 (dilution factor
for 15 pl of sample plus reaction mixture) = ng/ul.

The specificity and the sensitivity of the dPCR technique were
assessed testing NTCs, WTCs, and MTCs, previously identified
by Sanger sequencing, and a calibrator curve, in triplicate, of
serially diluted mutated samples (representing 100% MTCs),
ranging from 50% to 3% and from 25% to 1.5% of c.604 or c.605
heterozygously mutated samples, respectively, representing the
relative mutation abundance (RMA). Cutoff values, or rather
copies of mutated DNA per 1 ul of the tested sample, cpm, to
diagnose the presence of a mutation and the RMA in each
patient’s sample were then inferred by comparing observed cpm
values with those detected by the calibrator curve.

RESULTS

The bulk of experiments performed allowed to obtain a molecular
diagnosis in MAS/FD subjects that were still missing because of
the low detection rate of the Sanger sequencing, thanks to the
setup of the dPCR, a highly sensitive and specific technique
to detect low-abundance somatic single-nucleotide GNAS
alterations. To validate results produced with the dPCR, we also
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FIGURE 1 | Representative 2-D scatterplots obtained from the raw imaging data analysis of rare mutation detection analysis using the QuantStudio™ 3D
AnalysisSuite™ Software (upper panel: GNAS_27895_mu assay; lower panel: GNAS_27877_mu assay). Blue dots represent the FAM™ reporter dye signal that
allows to identify and count mutant alleles present in the nanoscale-sized reaction wells of the chip. Yellow dots are the assay control signal and represent the
absence of FAM™ signal in part of the nanoscale-sized reaction wells of the chip.

compared this novel approach with additional available methods
to search for somatic genetic alterations, the AS-PCR and the
COLD-MAMA PCR.

We started our investigation with a careful analysis of Sanger
electropherograms obtained by both calibrator curves and MAS/
FD patients, showing that the mutated allele was clearly detectable

only in case of samples containing elevated amounts of mutated
DNA (LOD > 0.1 ng/ul) but only conceivable for lower RMAs
(Figure 2; Table 2). As a matter of fact, the high background
noise was a side effect that made it impossible to discriminate
real calls from nonspecific signals, thus leading to the failure to
establish patients’ genotype conclusively.
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FIGURE 2 | Representative electropherograms of the GNAS ¢.605G > A mutation screening by Sanger sequencing of a mutant control (MTC), a wild-type control
(WTC), and selected patients (pt37-BO-RJ and pt50-OC). Red arrows highlight the position of the ¢.605A nucleotide.

In particular, the Sanger sequencing detected somatic
mutations only in 6 of 79 tested DNA samples (5/15 BO, 33.3%;
0/16 CB/FB, 0%; 1/11 OC/OCL/OT, 9%; 0/37 BL, 0%) belonging
to 4 of 54 different patients (7.4% detection rate) (Supplementary
Table 2; Tables 1 and 2 panel A). No patient affected by the
¢.604C > T variant was found. On the other hand, four patients
(pt2-BO, pt3-BO, pt37-BO-LJ+M+R], and pt46-OC) obtained a
positive diagnosis for the ¢.605G > A variant. The pathogenetic
variant was found by Sanger only in DNA samples extracted from
affected biopsies. These data further highlighted the technical
limitations in performing a rare mutation investigation by Sanger
in DNA samples from whole blood.

The use of allele-specific primers allowed to slightly improve
the detection threshold of MAS/FD-related variants (LOD >
0.03 ng/ul) as it discovered 13 samples/66 with the c.605A
variant, belonging to 7 of 46 different patients: pt2-BO, pt3-BO,
pt28-BL, pt37- BO-LJ (left jaw)+R]J (right jaw), pt52-BL+CB,
pt46-OC, and pt48-BL+OC), but the sensitivity of the AS-PCR
(19.6% detection rate) was still too low to perform an accurate
molecular diagnosis of MAS in most patients (Supplementary
Table 2; Tables 1 and 2 panel A; Figure 3). All Sanger-positive
samples were confirmed, and three novel positive patients were
found. It is noteworthy that, contrary to Sanger, this method
allowed to discover a mutation even in three blood samples (5/10
BO, 40%; 1/16 CB/FB, 6.25%; 4/10 OC/OCL/OT, 40%; 3/33 BL,
9.1%) (Table 2 panel A). No false-positive/negative results were
obtained, and the interindividual and intraindividual, or rather
different tissues from the same patient, differences in RMAs were
the same as observed by dPCR, thus excluding an artifact or
carryover contamination.

Forty samples from 24 patients were prepared for the COLD-
MAMA PCR but, because of the insufficient amount of available
DNA, only 24 samples from 14 patients for the c.604C > T and
26 samples from 14 patients for the c.605G > A were successfully
analyzed, demonstrating the presence of the T-mutated allele in
2/24 samples (pt41-BL and pt44-OCL) and of the A-mutated allele
in 12/26 samples (pt6-BO, pt37-BL+BO-LJ+R], pt46-OC+OT,
pt47-OT, pt48BL+OC, pt49-OC, pt50-OC+OCL), showing the
presence of a MAS/FD causative genetic variant in 9 of 14 patients
with an overall detection rate of 64.3% (3/3 BO, 100%; 0/2 CB/
FB, 0%; 7/10 OC/OCL/OT, 70%; 2/11 BL, 18.1%) and a LOD >
0.02 ng/ul (Supplementary Table 2; Tables 1 and 2 panel A).

The first phase of dPCR data analysis, performed using the
QuantStudio™ 3D AnalysisSuite™ Software, relied on manual
examination and thresholding 2-D scatterplots from control
samples (NTCs, WTCs, and MTCs) (Figure 1). Neither false-
positive nor false-negative was observed among tested WTCs
(c.604T n =9, c.605A n = 13) and MTCs (c.604T n = 3, c.605A
n = 6), confirming the good performance of both assays. Thus,
the dPCR allowed to discriminate all tested MTCs from WTCs.

From calibrator curves of serially diluted MTCs, mimicking
various RMAs, we determined the LOD of 0.01 ng/pl, reference
cpm values were used as cutoffs for inferring the presence of a
GNAS somatic mutation in patients and the RMA in each patient’s
sample (Figure 4). According to the ¢ test (95% CI), all points
of the serial curve resulted differently from 0% RMA samples,
and statistically significant cutoffs to detect the positiveness of a
sample were 0.391 + 0.074 (P = 0.0028) for the c.604T and 0.464 +
0.012 (P = 0.0004) for the c.605A alleles. Note that TagMan®
Mutation Detection Assays showed distinct lower detection
thresholds, 3% RMA for the GNAS_27887_mu (p.Arg202Cys)
and 1.5% RMA for the GNAS_27895_mu (p.Arg202His), but the
best fitting explanation for this slightly contrasting performance
was the use of DNA serial dilutions prepared from MTCs with
a different starting concentration and, consequently, a different
RMA (0.13 ng/ul and RMA 12.11 + 0.023 and 0.19 ng/ul and
RMA 17.47 + 0.177, respectively) rather than a different conduct
of assays or a setup failure.

During the analysis of patient samples, the short way to call a
positive sample was by visualizing the 2-D plot and comparing
cutoff cpm values, considering nonoverlapping error bars,
between WTCs and unknown samples, whereas a t-test was used
to determine the correct RMA subcluster attribution of positive
samples.

The dPCR allowed identification of the mutation in 36/79
samples (10/15 BO, 66.6%; 3/16 CB/FB, 18.75%; 10/11 OC/OCL/
OT, 90.9%; 14/37 BL, 37.8%) in 23/54 patients (42.6% detection
rate), of whom 2 patients (pt41-BL and pt44-BL+OCL+OT)
carried the c.604T variant and 21 patients (ptl-BO, pt2-BO,
pt3-BO, pt5-BO, pt6-BO, pt12-BO, pt19-BL, pt22-BL, pt25-BL,
pt28-BL, pt51-BL, pt53-BL, pt37-BL+BO, pt39-BL+CB,
pt52-BL+CB, pt43-BL+FB, ptd6-OC+OT, pt47-OC+OT, pt48-
BL+OC, pt49-BL+OC, and pt50-OC+OCL) the c.605A variant
(Supplementary Table 2; Tables 1 and 2 panel A). In particular
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TABLE 1 | Table resuming molecular data of the studied cohort of MAS patients. Cpm, copies/ul. Abs quant, absolute quantification.

€.604C>T

¢.605G>A

PTID TISSUE SANGER AS-PCR dPCR dPCR dPCR absquant dPCR COLD-MAMA COLD-MAMA SANGER AS-PCR dPCR

dPCR dPCR absquant dPCR COLD-MAMA COLD-MAMA

cpm (ng/l) RMA PCR RMA cpm (ng/pl) RMA PCR RMA
1 BO WT WT WT  0.181 0.00 WT WT MUT 0.892 0.01 >6
2 BO WT WT WT  0.000 0.00 MUT MUT MUT 8.712 0.10 >50
3 BO WT WT WT  0.095 0.00 MUT MUT MUT 17.626 0.19 100
4 BO WT WT WT  0.000 0.00 WT WT WT  0.169 0.00
5 BO WT nd WT  0.000 0.00 nd WT nd MUT 6.594 0.07 50 nd
6 BO WT WT WT  0.000 0.00 WT WT MUT MUT 3.604 0.04 25 MUT 3
7 BO WT WT WT  0.000 0.00 WT WT WT  0.000 0.00
8 BO WT WT WT  0.086 0.00 WT WT WT  0.353 0.00
12 BO WT nd WT  0.260 0.00 nd WT nd MUT 3.196 0.04 25 nd
9 BO WT nd WT  0.255 0.00 nd WT nd WT  0.084 0.00 nd
BL WT WT WT  0.166 0.00 WT WT WT MUT 0.622 0.01 >6 MUT 6
BO-LJ WT WT WT  0.195 0.00 WT MUT MUT MUT 32.654 0.36 100 MUT >40
37 BO-M WT nd WT  0.000 0.00 nd MUT nd MUT 22.108 0.24 100 nd
BO-RJ WT WT WT  0.169 0.00 WT WT MUT MUT 2121 0.02 <25 MUT 3
BO-S WT nd WT 0.188 0.00 nd MUT nd MUT 22.904 0.25 100 nd
45 BL WT WT WT  0.087 0.00 WT WT WT 0.312 0.00
BO WT WT WT  0.092 0.00 WT WT WT  0.105 0.00
10 CB WT WT WT  0.152 0.00 WT WT WT  0.343 0.00
11 CB WT WT WT  0.237 0.00 WT WT WT  0.436 0.00
13 CB WT WT WT  0.105 0.00 WT WT WT  0.100 0.00
14 CB WT WT WT  0.000 0.00 WT WT WT  0.185 0.00
BL WT WT WT  0.000 0.00 WT WT WT  0.178 0.00
38 CB-WT WT WT WT  0.183 0.00 WT WT  0.233 0.00
CB-YT WT WT WT  0.105 0.00 WT WT  0.416 0.00
CB-GT WT WT WT  0.173 0.00 WT WT  0.191 0.00
39 BL WT WT WT  0.319 0.00 WT WT MUT 0.509 0.01 6
CB WT WT WT  0.000 0.00 WT WT MUT 1.251 0.01 <125
52 BL WT WT WT  0.112 0.00 nd WT MUT MUT 0.598 0.01 6 nd
CB WT WT WT  0.000 0.00 nd WT MUT MUT 6.208 0.07 50 nd
40 BL WT WT WT  0.000 0.00 WT WT WT WT  0.096 0.00 WT
CB WT WT WT  0.320 0.00 nd WT WT WT  0.139 0.00 WT
BL WT WT MUT 2.249 0.02 <125 MUT <25 WT WT WT  0.254 0.00 WT
a CB-GT WT WT WT  0.104 0.00 WT WT WT  0.078 0.00
CB-WT WT WT WT  0.000 0.00 nd WT WT WT  0.336 0.00 nd
CB-YT WT WT WT  0.000 0.00 WT WT WT  0.180 0.00
4 BL WT WT WT  0.223 0.00 WT WT WT WT  0.083 0.00 WT
FB WT WT WT  0.265 0.00 WT WT WT WT  0.190 0.00 WT
BL WT WT WT  0.188 0.00 WT WT MUT 0.873 0.01 >6
43 CB WT WT WT  0.000 0.00 WT WT WT  0.089 0.00
FB WT WT WT  0.000 0.00 WT WT MUT 1.633 0.02 >12.5
(Continued)
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TABLE1 | Continued

c.604C>T c.605G>A
PTID TISSUE SANGER AS-PCR dPCR dPCR dPCR absquant dPCR COLD-MAMA COLD-MAMA SANGER AS-PCR dPCR dPCR dPCR absquant dPCR COLD-MAMA COLD-MAMA
cpm (ng/pl) RMA PCR RMA cpm (ng/ul) RMA PCR RMA
35 oT WT nd WT  0.000 0.00 WT nd WT  0.244 0.00
BL WT WT MUT 0.777 0.01 <3 WT WT WT WT  0.293 0.00 WT
44 oCL WT WT MUT 4.995 0.06 <25 MUT <25 WT WT WT  0.256 0.00 WT
oT WT WT MUT 1.485 0.02 >6 WT WT WT WT  0.184 0.00 WT
46 ocC WT WT WT  0.083 0.00 WT MUT MUT MUT 2969 0.03 <25 MUT 10
oT WT WT WT  0.182 0.00 WT WT WT MUT 0.520 0.01 6 MUT <0.5
BL WT WT WT  0.000 0.00 WT WT WT WT  0.299 0.00 WT
47 ocC WT WT WT  0.102 0.00 WT WT WT MUT 1.135 0.01 <12.5 WT
oT WT WT WT  0.084 0.00 WT WT WT MUT 1.164 0.01 <12.5 MUT 3
48 BL WT WT WT  0.334 0.00 WT WT MUT MUT 5.347 0.06 <50 MUT 16
oC WT WT WT  0.000 0.00 WT WT MUT MUT 10.169 0.11 >50 MUT >40
49 BL WT WT WT  0.101 0.00 WT WT WT MUT 0.465 0.01 3 WT
ocC WT WT WT  0.192 0.00 WT WT WT MUT 1.578 0.02 >12.5 MUT 26
50 oC WT WT WT  0.412 0.00 WT WT MUT MUT 3.312 0.04 25 MUT <0.5
oCL WT WT WT  0.205 0.00 WT WT MUT MUT 7.275 0.08 >50 MUT 25
15 BL WT WT WT  0.000 0.00 WT WT WT 0.191 0.00
16 BL WT WT WT 0.115 0.00 WT WT WT  0.000 0.00
17 BL WT WT WT  0.154 0.00 WT WT WT  0.264 0.00
18 BL WT WT WT  0.101 0.00 WT WT WT  0.000 0.00
19 BL WT WT WT  0.117 0.00 WT WT WT MUT 0.815 0.01 >6 WT
20 BL WT WT WT  0.097 0.00 WT WT WT  0.119 0.00
21 BL WT WT WT  0.089 0.00 WT WT WT  0.308 0.00
22 BL WT WT WT  0.000 0.00 WT WT MUT 0.644 0.01 6
23 BL WT WT WT  0.000 0.00 WT WT WT  0.219 0.00
24 BL WT WT WT  0.000 0.00 WT WT WT  0.000 0.00
25 BL WT WT WT  0.000 0.00 nd WT WT MUT 2.252 0.02 >12.5 nd
26 BL WT WT WT  0.026 0.00 WT WT WT  0.000 0.00
27 BL WT WT WT  0.000 0.00 WT WT WT  0.000 0.00
28 BL WT WT WT  0.000 0.00 nd WT MUT MUT 2.170 0.02 >12.5 nd
29 BL WT WT WT  0.000 0.00 WT WT WT  0.285 0.00
31 BL WT WT WT  0.095 0.00 WT WT WT WT  0.383 0.00 WT
32 BL WT WT WT  0.277 0.00 nd WT WT WT  0.000 0.00 WT
33 BL WT WT WT  0.000 0.00 WT WT WT  0.190 0.00
34 BL WT WT WT  0.000 0.00 WT WT WT  0.000 0.00
51 BL WT nd WT  0.000 0.00 nd WT nd MUT 1.216 0.01 125 nd
53 BL WT nd WT  0.258 0.00 nd WT nd MUT 1.043 0.01 <125 nd
54 BL WT nd WT  0.000 0.00 nd WT nd WT  0.246 0.00 nd
30 BL WT nd WT  0.000 0.00 nd WT nd WT 0171 0.00 nd
36 BL WT WT WT  0.150 0.00 WT WT WT  0.202 0.00

RMA, relative mutation amount; BO, bone; BL, blood; LJ, left jaw; M, maxilla; RJ, right jaw; S, symphysis; CB, cutaneous biopsy; FB, fibroblast; OCL, ovarian cyst liquid; OC, ovarian cyst; OT, ovarian tissue; nd, not determined; WT, wild-type.
Bold data highlight results obtained in mutated patients.
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TABLE 2 | Tables resuming the detection rate of MAS-related ¢.604T and ¢.605A GNAS activating variants.

Sanger AS-PCR COLD-MAMA PCR dPCR
A
BO 5/15; 33.3% 5/10; 50% 3/3; 100% 10/15; 66.6%
CB/FB 0/16; 0% 1/16; 6.25% 0/2; 0% 3/16; 18.75%
OC/OCL/0OT 1/11; 9% 4/10; 40% 7/10; 70% 10/11; 90.9%
BL 0/37; 0% 3/33; 9.1% 2/11;18.1% 14/37; 37.8%
Patients (overall DR) 4/54;7.4% 9/46; 19.6% 9/14; 64.3% 23/54; 42.6%
B
BO 0/3; 0% 3/3; 100% 3/3; 100% 3/3; 100%
CB/FB 0/2; 0% 0/2; 0% 0/2; 0% 0/2; 0%
OC/OCL/OT 1/10; 10% 4/10; 40% 7/10; 70% 10/10; 100%
BL 0/11; 0% 1/11; 9% 2/11;18.1% 6/11; 54.5%

Patients (overall DR) 2/14;14.3%

5/14; 35.7%

9/14; 64.3% 10/14; 71.4%

BO, bone; CB/FB, cutaneous biopsy/fibroblasts; OC/OCL/OT, ovarian cyst/ovarian cyst liquid/ovarian tissue; BL, blood; DR, detection rate.
Panel A reports all patients whereas panel B reports only patients tested by all of the four available techniques. Percentages values are highlighted in bold.

Primary PCR
Allele G-specific PCR

FIGURE 3 | Representative agarose gels of the AS-PCR for the detection of the ¢.605G > A variant showing both the aspecific primary PCR on top and the allele-
specific nested PCR below amplicon bands. In the upper gel, as expected, the G-specific amplicon was appreciable for each sample, whereas in the lower gel,
the A-specific amplicon was detectable only in samples bearing the mutant A allele. Samples 1-9 were MAS patients (1-2 = pt46-OC+OT; 3-5 = pt47-BL+OC+OT,
6-7 = pt48-BL+OT; 8-9 = pt49-BL+OT), whereas samples 10 and 11 were WTCs.

and importantly, the technique was able to identify a mutation in
37.8% of peripheral blood samples.

The comparison of data obtained in seven mutated patients
from whom we collected both blood and affected tissues (pt37,
pt39, ptd3, pt 44, pt48, pt49, and pt52) ensured the ability of
dPCR to detect MAS/FD-associated alleles in gDNA extracted
from blood samples with an RMA sufficient to be ascertained by
the system.

Curiously, patient 41’s cutaneous biopsy resulted negative for
alterations, but we found the mutation in two independently
collected blood samples by both dPCR and COLD-MAMA PCR.
In patient 43, we found the mutated allele both in the blood and
in cultured fibroblasts but not in the DNA extracted from the
cutaneous biopsy (Supplementary Table 2; Table 1).

DISCUSSION

The work presented in this paper aimed at setting up a novel
technology, the dPCR, to perform the molecular diagnosis of MAS/
FD by the identification of rare somatic activating variants of the

GNAS gene. The detection of low-level somatic variants in MAS/
FD patients is a challenge for the laboratory because it relies on the
discrimination between two highly similar sequences, of which
the wild-type one is significantly more abundant in the sample.
Molecular procedures currently used in our laboratory, such as
Sanger sequencing and AS-PCR, do not reach the needed sensibility,
thus failing to detect rare mutations. For this reason, most MAS/FD
patients often lack a molecular confirmation of their disease.

Up to now, scientists developed several methods to overcome
technical limitations associated with performing a successful
genetic diagnosis of MAS/FD (i.e., enrichment methods with
subsequent restriction enzyme digestion, RFLP, or with peptide
nucleic acid probes, PNA, and next-generation sequencing, NGS,
with or without PNA) (Schwindinger et al., 1992; Liang et al,,
2011; Hannon et al., 2003). Selective enrichment methods reached
good levels in low-abundance variant identification, but their
execution is particularly cumbersome and time-consuming, as
the requirement of a large number of PCR cycles for the selective
amplification of the mutated allele leads to an elevated risk to
create PCR artifacts and cross-contamination. An opportunity
to overcome these limitations would be an approach such as the
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FIGURE 4 | Graphs of dPCR cpm calibrator curves. On the Y-axis, the copies per pl (cpm) of mutated allele are reported, whereas on the X-axis, the sample
type (no template ctrls - NTCs. wild-type template ctrls - WTCs and mutated template ctrls - MTCs). Observed reference cpm (mean of triplicates + SD/% RMAS)
were 0.102 + 0.017/0%, 0.391 + 0.074/3%, 0.563 + 0.052/6%, 1. 321 + 0.157/12.5%, 3.035 + 0.411/25%, 6.855 + 0.494/50%, and 12.11 + 0.023/100% for
the ¢.604T variant and 0.068 + 0.06/0%, 0.464 + 0.012/1.5%, 0.976 + 0.189/3%, 1.171 + 0.181/6%, 2.44 + 0.346/12.5%, 5.17 + 0.873/25%, and 17.47 +
0.177/100% for the ¢.605A variant. All points of the serial dilution resulted significantly different (Cl 95%) from the 0%MTC.

deep-sequencing NGS (depth of sequence coverage approximately
800X) with molecular bar code technique, although it is more
expensive and still far from clinical settings.

During the setup phase, the dPCR allowed to discriminate all
tested WTCs and MTCs. It showed an extremely high sensitivity,
being able to detect even few copies of mutated alleles in DNA
samples extracted from different tissues, including blood samples.

To validate the dPCR approach, we analyzed our samples
also by Sanger sequencing, AS-PCR, and COLD-MAMA PCR.
Positive results obtained by Sanger, AS-PCR, and COLD-MAMA
PCR were in full agreement with those by dPCR.

As expected, the direct sequencing of GNAS exon 8, confirmed
to be the less sensitive method, was able to reach in our cohort only
a 7.4% detection rate, which means in only 4 of the 54 analyzed
patients. Mutated alleles were found exclusively in a small subset of
biopsies, mainly from bone, whereas no mutation was detected in
blood samples. The AS-PCR allowed to slightly improve the overall
detection rate, raising it to 19.6% (7 of 46 analyzed patients) and to
identify three positive patients directly from the blood-extracted
DNA, two of them confirmed in the affected tissue as well. The
COLD-MAMA PCR reached an overall 64.3% detection rate (9 of
14 analyzed patients) but needed, as the AS-PCR, a large amount
of starting material with respect to the dPCR that limited the
opportunity to test all of the patients of our cohort and to compare
final diagnoses. This method identified almost all mutated tissue
samples but in only 2 of the 11 blood-extracted samples (18.1%

detection rate). Finally, the dPCR obtained an overall 42.6%
detection rate by finding 23 mutated patients of the 54 tested
ones. In particular, this latter technique discovered low amounts
of mutated alleles in 14/37 blood samples, with a detection rate
of 37.8%. (Table 2 panel A). We consider noteworthy to show the
success rate of the dPCR because of the fact that this technique
allowed to find false-negative (FN) patients by the other methods
(19 Sanger EN, 10 AS-PCR FN, and 1 COLD-MAMA PCR EN).

In the present work, we investigated the two most common
mutations affecting the amino acid residue R202 (previously
reported as R201), the p.R202H and p.R202C, that account for
most of diagnosed MAS-associated genetic defects. In ultra-rare
cases, additional substitutions have been reported at position 202,
p-R202S/L/G, and at position 228, p.Q228L/R/K/H (Candeliere
etal.,, 1997; Riminucci et al., 1999; Lietman et al., 2005; Idowu et al.,
2007). The existance of such exceptional variants and the possibility
to discover novel activating GNAS defects might explain for the
portion of MAS patients still missing a confirmative molecular
diagnosis that includes both true- and false-negative patients.

To compare the efficiency of the different analytical methods
in detecting mutated MAS/FD patients, we analyzed separately
the cluster of samples and patients investigated by all four of
them and determined the detection rate for patients and by
single sample type. This analysis showed an increase in sensitivity
leading to the improvement of the detection rate in the considered
subcohort of 14 cases (14.3% for Sanger, 35.7% AS-PCR, 64.3%
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for COLD-MAMA PCR, and 71.4% for dPCR), indicating dPCR
as the most performing approach. When we considered the
testing of specific tissues, we observed that all techniques, but
Sanger, found the mutated allele in bone samples, whereas in
ovarian tissues and blood, we noticed a progressive improvement
in finding rare variants from the lowest by Sanger to the highest by
dPCR (Table 2 panel B). Moreover, the dPCR approach showed
to be less susceptible to poor sample quality and to the presence
of inhibitors because it demonstrated to be able to successfully
analyze all of the cohort of samples, including very small amounts
of DNA after long-term storage and FFPE-extracted DNAs. In
particular, the other methods failed in some cases, which were
reported as “not determined” in Table 2, because of the reduced
amount or the poor quality of material available for testing.
Detecting mutated alleles from blood sample was the final
and more important goal of our study because we wanted to
obtain an analytical method for the noninvasive testing of MAS/
FD patients, overcoming the need for invasive procedures like
biopsies. Checking the detection rates in the subcohort of DNAs
from peripheral blood, dPCR achieved the highest performance
with respect to the other techniques (54.5% dPCR versus 18.1%
COLD-MAMA PCR versus 9% AS-PCR versus 0% Sanger)
(Table 2 panel B). In seven patients, results were cross-confirmed
by the genotype found in tissue specimens (pt37, pt39, pt43, pt44,
pt48, pt49, and pt52) (Supplementary Table 2; Table 1). We agree
with Narumi and colleagues’ (2013) observation that the relative
mutation abundance in blood is strikingly variable, it does not
reflect distribution and extension of affected lesions, and it does
not correlate with disease severity and progression, as already
observed in other congenital syndromes caused by somatic
genetic variants (i.e., Proteus and megalencephaly syndromes)
(Lindhurst et al., 2011; Riviere et al., 2012; Narumi et al., 2013).
Our calibrator curves, being derived from a serial dilution of
mutated patients and not cloned DNA, allowed a relative rather
than an absolute quantification of the RMA in samples, and we used
them to define reference cutoff cpm values to discriminate between
wild-type and mutated samples. We do not consider this fact as a
limit of the present study that was aimed at improving the number
of successful molecular diagnosis of MAS/FD because the absolute
RMA showed no real utility from a clinical point of view and it
did not affect the dPCR performance because this method carries
out an absolute quantitation of nucleic acid samples based on PCR
amplification and absolute count of single template molecules.
Data from previously published papers showed that the dPCR
is an extremely competitive method. For example, Lumbroso
and colleagues (2004) studied a very big series of MAS patients
and determined the frequency of observed mutated patients in
several different tissues by RFLP analysis. The dPCR reached
a better performance in the blood (37.8% dPCR versus 21%
RFLP) and ovarian tissues (90.9% by dPCR versus 65% by RFLP)
(Lumbroso et al., 2004).
If we consider ours and Lumbroso’s data on tissue samples, 10 of
15 (66.6%) and 9 of 11 (82%) bone biopsies, 2 of 14 (14.3%) and
3 of 11 (27%) cutaneous biopsies, 1 of 2 (50%) and 0 fibroblasts,
5 of 5 (100%) and 3 of 8 (38%) ovarian cysts, 2 of 2 (100%) and
13 of 19 (68%) ovarian cyst liquids and 3 of 4 (75%) and 10 of
13 (77%) ovarian tissues were positive by RFLPs and dPCR,

respectively (Narumi et al., 2013). Even if ours and Lumbroso’s
are different techniques, this comparison allowed to appreciate
the different detection rates of mutated alleles related to the
specific tested tissue and to confirm, in accordance with Vasilev
and colleagues (2014), that tissues atypically/rarely involved
in MAS may have the GNAS mutation in mosaic distribution
(Narumi et al., 2013; Vasilev et al., 2014).

Bone was the best tissue to identify MAS/FD rare variants,
which were found both in patients showing isolated FD and the
classic MAS triad. In both our samples of ovarian cystic fluid,
we identified the mutated allele, confirming its usefulness also in
case of isolated precocious puberty. The systematic study of the
ovarian cystic fluid would be advisable for its major implications
for both disease progression and treatment.

Our data are also in line with the observation that some
samples may remain apparently negative because the biopsy
missed loci where mutated cells are confined, and that
specimens like skin presented an additional difficulty because
of the low proportion of melanocytes (Weinstein et al., 1991;
Schwindinger et al, 1992; Lumbroso et al, 2004; Vasilev
et al., 2014). In our series, this hypothesis is confirmed by the
unexpected results obtained in two intriguing cases presenting
discrepancies between blood and cutaneous biopsies. In
patient 41, the cutaneous biopsy resulted in negative but
blood-extracted DNA was positive for a GNAS mutation. An
artifact was excluded as we confirmed this positive result in two
independently collected and extracted blood samples by both
dPCR and COLD-MAMA PCR. The best explanation for this
finding is the coring of a tissue mainly composed of normal
cells. This is further supported by our findings in patient
43 where a mutated allele was detected both in blood and in
cultured fibroblasts but not in the skin.

This work included a wide and heterogeneous case series,
reflecting different clinical presentations, as well as various
sample types. Even if a negative genetic investigation does not
rule out the clinical diagnosis of MAS/FD, the detection of
pathogenetic variants associated with MAS/FD is fundamental,
in particular in partial forms, as it allows early diagnosis.

In conclusion, our data clearly confirm the difficulty
encountered in performing a successful molecular diagnosis of
GNAS somatic activating variants, even from tissue specimens. The
strengths of the dPCR approach were 1) being less susceptible to
poor quality sample issues (short amplicons), leading to successful
amplification also of degraded DNA; 2) being less sensitive to the
presence of inhibitors (sample dilution); 3) very low associated
risk of cross-contamination (no preamplification cycles required);
and 4) being cost-effective (1-day processing time and appropriate
cost of reagent). Overall, the dPCR demonstrated to be a sensitive,
accurate, and specific analytical tool that we propose should be
used as the first-line choice for the molecular diagnosis of MAS/FD.
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Skewed X-chromosome inactivation (XCI) plays an important role in the phenotypic
heterogeneity of X-linked disorders. However, the role of skewed XCI in XCl-escaping
gene SHOX regulation is unclear. Here, we focused on a heterozygous deletion of SHOX
gene enhancer with clinical heterogeneity. Using SNP array, we detected that the female
proband with Leri-Weill dyschondrosteosis (LWD) carried an 857 kb deletion on Xp22.3
(encompassing SHOX enhancer) and a 5,707 kb large-fragment deletion on Xg25926. XCl
analysis revealed that the X-chromosome with the Xg25926 large-fragment deletion was
completely inactivated, which forced the complete activation of the other X-chromosome
carrying SHOX enhancer deletion. While the Xp22.3 deletion locates on the escaping
XCl region, under the combined action of skewed XCI and escaping XCl, transcription of
SHOX gene was mainly from the activated X-chromosome with SHOX enhancer defect,
involving in the formation of LWD phenotype. Interestingly, this SHOX enhancer deletion
was inherited from her healthy mother, who also demonstrated completely skewed
XCI. However, the X-chromosome with SHOX enhancer deletion was inactivated, and
the normal X-chromosome was activated. Combing with escaping XClI, her phenotype
was almost normal. In summary, this study was a rare report of SHOX gene enhancer
deletion in a family with clinical heterogeneity due to skewed inactivation of different
X-chromosomes, which can help in the genetic counseling and prenatal diagnosis of
disorders in females with SHOX defect.

Keywords: SHOX gene enhancer, Leri-Weill dyschondrosteosis, skewed X-chromosome inactivation (XCI),
clinical heterogeneity, HUMARA assay, escaping X-chromosome inactivation (XCI)

INTRODUCTION

The short stature homeobox gene (SHOX), locating in the pseudoautosomal region (PAR1) of the
short arm of the X and Y chromosomes, is one of the major growth genes in humans. In 1997, the
SHOX gene was linked with the occurrence of short stature in Turner syndrome for the first time (Rao
etal., 1997). Subsequently, SHOX haploinsufficiency has been demonstrated in individuals exhibiting
different phenotypes, ranging from idiopathic short stature (ISS) to Léri-Weill dyschondrosteosis
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(LWD) (Fukami et al., 2016). In LWD, the classic clinical features
observed are short stature and Madelung deformity, which are
also characterized by abnormal alignment of the radius, ulna,
and carpal bones of the wrist (Seki et al., 2014). Additionally, a
loss of both copies of SHOX results in the occurrence of Langer
mesomelic dysplasia (LMD), which is a more severe disorder
(Shears et al., 2002; Zinn et al., 2002).

The genetic defects underlying SHOX haploinsufficiency
include copy-number variations (CNVs) and mutations, which
not only occur in the coding region, but also in the regulatory
elements of the SHOX gene (Binder, 2011). Among the regulatory
elements, highly conserved non-coding DNA elements (CNEs)
located several hundred kilobases downstream of SHOX, they
have previously been identified as enhancers (Sabherwal et al.,
2007). Numerous studies have shown that the SHOX gene
enhancer plays an important role in the regulation of this gene to
achieve optimal transcriptional efficiency. Furthermore, certain
defects in the coding region along with deletions in the SHOX
gene enhancer can also cause ISS or LWD, but the combined
proportion in which both need to occur has not been well
defined, since highly variable phenotypes are observed even if
the same mutations run with in a family (Binder et al., 2004).
Thus, a detailed study to determine the cause of these phenotypic
differences was required.

X-chromosome inactivation (XCI) plays an important role in
the phenotypic heterogeneity of X-linked disorders in females
(Plenge et al., 2002; Renault et al., 2011; Sankaran et al., 2015;
Torres and Puig, 2017; Juchniewicz et al., 2018). Due to skewed
XCI, the same mutation in X-linked genes may result in the
different phenotypes (Orstavik, 2009). While it was reported that
skewed XCI might affect the phenotypes of patients with Xp22.3
complex rearrangement (Suzuki et al., 2016). However, the role of
skewed XCI in the XCI-escaping gene SHOX was unclear. In this
study, we have evaluated a case in which deletion of the SHOX
enhancer was observed among members of a family with clinical
heterogeneity due to differently skewed XCI. In this family, the
proband with heterozygous deletion of the SHOX enhancer was
a patient with LWD, although her mother harboring the same
deletion was found to be almost healthy.

CASE PRESENTATION

The proband II2 is a 35-year-old Chinese woman with a short
stature (150 cm, —1.1SD), bilateral Madelung deformity, bowing
of the radius, and mesomelia affecting the arms, in particular,
which was a typical LWD phenotype (Figure 1A). However, her
parents and other family members were found to be healthy. It
was observed that the mother was healthy with a height of 163cm
(+1.1SD) and completely normal arms (Figure 1B).

The proband II2 arriving at our hospital was a pregnant female
who was in her 14th week of gestation requesting for a non-
invasive prenatal testing (NIPT). Triple tests on chromosomes 13,
18, and 21 showed a low risk in NIPT; however, a 6 Mb deletion
in the long arm of the X-chromosome (Z-score was —19.43) was
detected, which was anticipated to have a maternal origin (Figure
2A). In order to confirm the risk of this genetic disorder to the

fetus, amniocentesis was subsequently conducted. Karyotyping
and SNP array were performed and showed the presence of an
857 kb deletion in Xp22.33 (chrX: 784,064-1,640,746) in the male
fetus III1. To verify the results, SNP array was also performed
on samples of the pregnant woman II2 and her husband II1.
Surprisingly, not only a deletion of 857 kb in Xp22.33, but also a
5,707 kb deletion (chrX: 127,915,006-133,621,667) in Xq25q26.3
was observed in the woman, the location of which was
consistent with the result of the fetal NIPT (Figures 2B, C and
Supplementary Table 2). SNP array results have been deposited
in Gene Expression Omnibus (GEO), the accession number is
GSE138489, as appended below: https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgitacc = GSE138489. To explore the reason
underlying the phenotypic differences between the proband I12
with LWD and her healthy mother 12, we also performed a PCR-
based HUMARA assay to assess XCI patterns.

Finally, the fetus ITI1 with Xp22.33 deletion was born, his length
was 50cm (0.2 SD), weight 3.3 kg (+0 SD). On the latest examination
at 8 months, his developmental milestones were almost normal, and
his length was 72 cm (+0.3 SD), weight 11.7 kg (+2.2 SD).

This study was carried out in accordance with the
recommendations of Ethics Committee of Women’s Hospital,
School of Medicine Zhejiang University, and an informed
consent was acquired from all the participants of this study in
accordance with the Declaration of Helsinki. The study protocol
was approved by the Review Board of the Women’s Hospital,
School of Medicine, Zhejiang University in China.

MATERIALS AND METHODS

Materials and methods were in Supplementary Materials and
Supplementary Table 1.

RESULTS

In order to explore the possible causes of the disease, we analyzed
the two deletions (857 kb and 5,707 kb).The 5,707 kb deletion
in Xq25q26.3 included 29 Online Mendelian Inheritance in Man
(OMIM) genes. Among these, 9 genes (bold) were found to be
morbid and might be associated with many X-linked diseases
(Supplementary Table 2) but not with skeletal development.
Additionally, the 857 kb deletion in Xp22.33 included 11 OMIM
genes in the pseudoautosomal region (PAR1) of the X and Y
chromosomes (Figures 2B-D and Supplementary Table 2).
Interestingly, the SHOX gene enhancer, which is closely associated
with skeletal development, was also located in the deletion region
of Xp22.33. Further analysis revealed that it was located 164 kb
downstream of the SHOX gene (chrX: 585,079-620,146) and
included the evolutionarily conserved non-coding DNA element
9 (CNE9), which was the SHOX gene enhancer. We speculated
that the 857 kb deletion in Xp22.33 had contributed to the SHOX
gene mutation resulting in the LWD phenotype in case of the
proband.

Although no other patients were exhibiting the LWD
phenotype in her family, we detected the gene dosage of CRLF2
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FIGURE 1 | Photograph of the forearm of the proband 112 and mother 12. (A). Photograph of the forearm of the proband 112 showing a Madelung deformity and
bowing of the radius (blue and red arrows). This photograph shows the curve and shortening of the forearm, hand and wrist, the structure of which appears like that
of a dinner fork. (B). Photograph of the forearm of the mother 12 showing a normal phenotype.

and CNE9 (the SHOX gene enhancer in the deletion region of
Xp22.33), AIFM1 and FRMD?7 (deletion region of Xq25q26.3)
of the female proband and her parents by qPCR (Figure 3).
The Xp22.33 regions were both located in PAR1 of the X and
Y chromosomes. Data obtained from a normal female was
used as the control, and the dosages of CNE9 and CRLF2 were
normal in I1 and II1, and half in 12, II2, and III1 (Figures 3A,
B). On the other hand, the Xq25q26.3 region existed only in the
X chromosome. The gene dosages of AIFM1 and FRMD?7 were
normal in female 12, and half in I1, II1, 112, and III1 (Figures
3C, D). Above all, the Xp22.33 deletion in the proband II2

was inherited from her healthy mother 12, and the Xq25q26.3
deletion occurred de novo.

We further explored the reason underlying the phenotypic
differences between the proband II2 with LWD and her healthy
mother 12. As presented in Figure 4, a PCR-based HUMARA
assay was performed to assess XCI patterns in II2 and I2. After
digestion with the methylation-sensitive restriction enzyme
Hpall, it was found that only the inactive X-chromosome
could synthesize PCR products. The origin of the inactivated
X-chromosome was determined by segregation analysis. The
undigested PCR product of II2 gave two peaks of 274 bp and 280
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FIGURE 2 | Characteristics of the 5,707 kb and 857 kb deletions of Xq25q26.3 and Xp22.33, respectively. (A). Results of cfDNA screening of the pregnant
proband. cfDNA screening study of the maternal plasma, illustrating an uncertain 6 Mb deletion in the long arm of the X-chromosome (128M-133M),

Z score = —19.43. (B and C). SNP array analysis of the fetus (Ill1) and the couples (lI1, 112). (B). The red bar indicates a heterozygous 5,707 kb deletion

in Xg25026.3 (chrX: 127,915,006-133,621,667) in the fetus (IlI1). (C). The red bar indicates a heterozygous 857 kb deletion in Xp22.33 (chrX: 784,064—
1,640,746) in the fetus (/1) and the pregnant proband (I12). (D). Pseudoautosomal region (PAR1) of the X and Y chromosomes. The 857 kb deletion in
Xp22.33 (red bar) was located 164 kb downstream of the SHOX gene (chrX: 585,079-620,146), including the evolutionarily conserved CNE9 (blue bar),
which was the SHOX gene enhancer. (E). For the proband 112, FISH experiment showed that the Xp22.3 deletion (detected by the probe RP11-1119018,
Spectrum Green) and the Xg25q26 deletion (detected by the probe RP11-313D19, Spectrum Red) located on the different X chromosomes, respectively.
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FIGURE 3 | Relative ratio of the Xp22.33 (CNE9 and CRLF2) and Xq25026.3 (AIFM1 and FRMD?) regions in the family by gPCR. (A and B). Xp22.33 region (CNE9
and CRLF2) was located in PAR1 of the X and Y chromosomes, including the SHOX enhancer. Dosages in normal female were equal, Xp22.33 region dosages in

11 and 111 were normal, and those in 12, 112, lll1 with Xp22.33 deletion were half. (C and D) The AIFM1 and FRMD?7 were present only in the X-chromosome. The
AIFM1 and FRMD?7 dosage in 12 were normal, while that in I1, 111, 112, llI1 with Xq25026.3 deletion was half. From the above data, it was elucidated that the Xp22.33
deletion in the proband 112 was inherited from her healthy mother 12, and the Xq25026.3 deletion occurred de novo.

Frontiers in Genetics | www.frontiersin.org 98 November 2019 | Volume 10 | Article 1086


https://www.frontiersin.org/journals/genetics
http://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Sun et al.

SHOX Defect and XCI

A B C
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260 270 280 290 260 270 280 290 260 270 280 290
A
274 280 283 274 280
1 Hpall (+) 12 Hpall (+) 12 Hpall (+)
260 270 280 290 260 270 280 290 260 270 280 290
280 274
D
— Xp22.33 deletion
| (SHOX enhancer deletion)
®
HUMARA HUMARA
PCR producation 274 1 2 283 —280  pCR producation
XY Xa Xi
— Xp22.33 deletion
1] (SHOX enhancer deletion)
Q ] / 5 74 HUMARA
~280  pcr producation
Xq25q26.3
- deletion
XY Xi Xa
Xp22.33 deletion
Il ” (SHOX enhancer deletion)
1
Xi: inactive X chromosome
Xa: active X chromosome
Y X
FIGURE 4 | X-chromosome inactivation (XCl) pattern and linkage analyses were based on the polymorphic CAG repeat in exon 1 of the gene for androgen receptor
(HUMARA). (A). A peak of 274 bp for HUMARA was observed by assaying the undigested PCR product of 11 and no peaks were observed for the Hpall digested
product. (B). The undigested PCR product of 12 gave two peaks of 280 and 283 bp, each, while only one peak of 280 bp was observed with the Hpall digested
product. 12 exhibited 100% skewing of XCl, and the inactivated X-chromosome was linked with the 280 bp peak of the HUMARA PCR products.
(C). The undigested PCR product of the proband |12 gave two peaks of 274 and 280 bp. One X-chromosome linked with the 280 bp peak of HUMARA was
inhibited from the mother 12 and the other from the father 1. The product of Hpall digestion gave only one peak of 274 bp. 112 also demonstrated 100% skewing
of XCl, but the inactivated X-chromosome was linked with the 274 bp peak of AR, which is different from that of the mother 12. (D). Schematic diagram of Xp22.33
and Xg25g26.3 deletions, and HUMARA PCR products in the pedigree. It can be seen that Xp22.33 and Xg25026.3 deletions in 112 are located on different
X-chromosomes. Xp22.33 deletion (SHOX enhancer deletion) of 12 occurred in the X-chromosome, whose allele was linked with the 280 bp peak of HUMARA PCR.
The X-chromosome was inactivated and delivered to the proband 12, but her X-chromosome was activated.
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bp, respectively. A single peak representing 274 bp was observed
for the Hpall-digested product (Figure 4B), which indicated
the inactivated allele inherited from her father I1, in whose
samples one peak of 274 bp was assayed by PCR. The assay of the
undigested PCR product of the mother 12 gave two peaks of 280
bp and 283 bp. A single peak of 280 bp was obtained by assaying
the HpalI-digested product, which was different from that of the
inactivated allele of I12. The above results showed that complete
(100%) skewing of XCI was found in the proband II2 and her
mother 12, which was different from that of the inactivated
X-chromosome (Figures 4C, D). Segregation analysis revealed
that the normal X-chromosome from her father I1 was completely
inactivated (Figure 4A).

Figure 4D gives aschematic diagram of Xp22.33 and Xq25q26.3
deletions, and PCR product of HUMARA in the pedigree. Only
Xp22.33 deletion (not Xq25q26.3 deletion) derived from II2
was seen in III1. Meanwhile, the FISH detection showed that
the deletions of Xp22.33 and Xq25q26.3 in II2 were located on
different X-chromosomes (Figure 2E). Both, Xp22.33 deletion
(SHOX enhancer deletion) and 280 bp peak of HUMARA PCR
products in II2, were derived from 12, which were linked to the
same X-chromosome. However, the allele which gave a peak of
280 bp after HUMARA PCR was found to be activated in II2, but
inactivated in 12 (Figures 4B, C).

DISCUSSION

Microdeletions in the region downstream of SHOX have been
reported as the most common genetic defects in patients
with LWD (Benito-Sanz et al., 2006; Marchini et al., 2016).
Several evolutionarily conserved non-coding elements located
downstream of SHOX (for example CNE4, CNE5, ECR1, and
ECS4/CNE9), are known to act as enhancers (Benito-Sanz et al.,
2005; Fukami et al., 2006; Huber et al.,, 2006; Rappold et al,
2007), and interactions between the SHOX gene and CNEs
have been verified using in vitro and in vivo assays (Kenyon
et al., 2011; Verdin et al., 2015). Moreover, the deletion of our
case also included the limb enhancer with 563 basepair (bp)
(chrX: 827,128-827,691), which had specific activity in the limb
regions where SHOX functions, and it also contributed to the
pathogenicity of deletions downstream of SHOX (Skuplik et al.,
2018). In addition, microdeletions in the region that is further
downstream of the previously known CNEs have recently been
identified in patients with LWD features or short stature (Chen
et al., 2009). Therefore, we concluded that the Xp22.33 deletion
resulted in SHOX gene defect and contributed to the manifestation
of abnormal skeletal phenotype in the proband. Interestingly, the
proband was a patient with LWD, but her mother harboring the
Xp22.33 deletion was almost normal.

Individuals with SHOX defect (for example CNE9 deletion)
have a phenotype ranging from normal to LWD (Benito-
Sanz et al., 2012; Bunyan et al.,, 2013; Marchini et al., 2016).
Phenotypic differences have been explained by several
hypotheses. For example, as a genetic modifier, CYP26CI
variants can effect clinical manifestations of SHOX deficiency
(Montalbano et al, 2016). For another example, it has

described skewed X-inactivation patterns, which were caused
by X-chromosomal rearrangements, can also effect phenotypes
of Xp22.3 defect (Suzuki et al., 2016; Ogushi et al., 2019), which
gives us an inspiration.

This further indicated the presence of differently skewed XCI
in the proband and her mother, which suggested that clinical
heterogeneity resulting from the deletion of the SHOX gene
enhancer was caused by the skewed XCI. While SHOX is also
an XCl-escaping gene (Carrel and Willard, 2005; Blaschke and
Rappold, 2006; Sun et al., 2017). Skewed XCI and escaping XCI
are both involved in our case. Expressions of the XCI-escaping
genes on two X chromosome were not always equal, XCI-escaping
genes in active X chromosome (Xa) were frequently in the state
of preferential expression. LAURA CARREL et al. has indicated
that the XClI-escaping gene REP1 was also expressed from the
inactive chromosome (Xi), but the level of expression relative
to Xa was reduced, it showed that skewed XCI were also existed
in XCI-escaping genes (Carrel and Willard, 1999). In addition,
Nathalie Fieremans et al. has also indicated that escaping XCI
was often partial and incomplete with a lower expression from
the inactive X chromosome. Skewed XCI of the XCI-escaping
genes DDX3X and SMCIA were revealed in intellectual disability
female patients (Fieremans et al., 2016). So we speculated that
the SHOX enhancer was similar, based on the skewed XCI and
escaping XCI theory, we can explain the current case reasonably.

According to one-hit of skewed XCI, defect in a single
X-chromosome results in its inactivation, in order to remedy the
defect. A large proportion of female carriers of severe X-linked
disorders are asymptomatic and have severely skewed XCI,
probably because of selectively mediated favorable skewing, thus
suggesting preferential X-inactivation against the chromosome
that harbors the mutation (Orstavik, 2009), for example ATR-X
syndrome (Gibbons et al., 1992), dyskeratosis congenital (Ferraris
et al,, 1997), X-linked agammaglobulinemia (Moschese et al.,
2000), and severe combined immunodeficiency (Li et al., 1998).
In our study, X-chromosomes with deletion of the SHOX gene
enhancer were completely inactivated in the proband’s mother
12, and the activated chromosomes were normal. Meanwhile, due
to XClI-escaping, we speculated that transcription of SHOX was
mainly from the activated X chromosome, which was normal. So
it was observed that 12 was almost healthy and did not exhibit
severe LWD phenotype.

According to the two-hit model of skewed XCI, if both the
X-chromosomes are defective, the mutated X-chromosome with
a more harmful mutation will be completely inactivated to avoid
its adverse reaction, forcing the other to become active (Plenge
et al,, 2002; Orstavik, 2009). The hypothesis of “female X-linked
two-hit model” has been used to support studies on multiple
disorders, including X-linked intellectual disability (Plenge et al.,
2002), MECP2 duplication (Fieremans et al., 2014), and the
Wiskott-Aldrich syndrome (Daza-Cajigal et al., 2013).

In our study, a deletion of 857 kb (including deletion of the SHOX
gene enhancer) was found on one of the X-chromosomes of the
proband 112, and another 5,707 kb deletion on the other. The larger
deletion was likely more harmful. Hence, the X-chromosome with
the 5,707 kb deletion was totally inactivated, and the other one with
the SHOX gene enhancer deletion (857 kb deletion) was completely
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activated. Meanwhile, due to locating on XCl-escaping region,
transcription of SHOX was partially from the inactive chromosome,
but it was mainly origin from the active X-chromosome with SHOX
gene enhancer deletion. Combing effect of skewed XCI and escaping
XClI, the proband I12 presented severe LWD phenotype.

No skewed XCI were observed in the male. Perhaps the fetus
III1 was too young to present abnormal phenotypes. It was
reported that, during childhood, there was probably no relevant
additional loss of height in patients with SHOX defect (Binder and
Rappold, 1993), while mesomelic disproportion of the skeleton
with shortening of the extremities can be evident first until in
school-aged children and increase with age in frequency and
severity (Ross et al., 2001). Although the phenotype of III1 is now
normal, it doesn’t mean that it would be always normal, and final
phenotype should be observed for long time.

XClI values depend on the tissues, but a general concordance of
XCI patterns was observed among tissues from the same person
(Bittel et al., 2008). Recently, Wen-Bin He et al. indicated that XCI
pattern of amniocytes can predict the risk of dystrophinopathy in
fetal carriers of DMD mutations (He et al., 2019). Therefore, we
speculated XCI analysis in amniocytes cells may also contribute to
predicting the phenotype of fetus with SHOX defect.

In summary, here we described a rare case of XCI-escaping
gene SHOX enhancer deletion in a family with obvious
clinical heterogeneity due to skewing inactivation of different
X-chromosomes. Furthermore, we underlined the key role of
skewed XCI and escaping XCI in the phenotype of X-linked
disorders in females. It can help in the genetic counseling and
prenatal diagnosis of disorders in females with SHOX defect.
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Premature ovarian insufficiency (POI) is a severe clinical syndrome defined by ovarian
dysfunction in women less than 40 years old who generally manifest with infertility,
menstrual disturbance, elevated gonadotrophins, and low estradiol levels. STAG3 is
considered a genetic aetiology of POI, which facilitates entry of REC8 into the nucleus
of a cell and plays an essential role in gametogenesis. At present, only six truncated
variants associated with POl have been reported; there have been no reports of an
in-frame variant of STAG3 causing POI. In this study, two novel homozygous in-frame
variants (c.877_885del, p.293_295del; ¢.891_893dupTGA, p.297_298insAsp) in STAG3
were identified in two sisters with POl from a five-generation consanguineous Han
Chinese family. To evaluate the effects of these two variants, we performed fluorescence
localization and co-immunoprecipitation analyses using in vitro cell model. The two
variants were shown to be pathogenic, as neither STAG3 nor RECS8 entered nuclei, and
interactions between mutant STAG3 and REC8 or SMC1A were absent. To the best of
our knowledge, this is the first report on in-frame variants of STAG3 that cause POI. This
finding extends the spectrum of variants in STAG3 and sheds new light on the genetic
origins of POI.

Keywords: premature ovarian insufficiency, STAG3 gene, in-frame variant, fluorescence localization,
co-immunoprecipitation

INTRODUCTION

Premature ovarian insufficiency (POI), also known as premature ovarian failure, refers to
hypergonadotropic hypogonadism in women younger than 40 years and is one of the major causes
of female infertility, affecting at least 1-3% of adult women in the world (Bannatyne et al., 1990).
Apart from menstrual disturbance (amenorrhea or oligomenorrhea for at least 4 months), the main
symptoms of POI are reduced levels of estradiol and elevated plasma levels of follicle stimulating
hormone (FSH) (>25 mIU/ml on two occasions, > 4 weeks apart) (Shelling, 2010; Gowri et al.,
2015; Tucker et al., 2016; Webber et al., 2016). The etiology of POI is complex, such as that for
autoimmune diseases, chemotherapy, and pelvic surgery, among which genetic defect was reported
to be related to POI (Franca et al., 2019).

POI is a condition with extremely high genetic heterogeneity. A set of genes has been reported
to be responsible for POI, including X-linked genes (e.g., BMP15 and FMRI) and autosomal genes
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(e.g., HEMI, FIGLA, FOXL2, STAG3, and FSHR) (Rossetti et al.,
2017). Stromal antigen 3 (STAG3) is a meiosis-specific gene that is
restrictedly expressed in testes and ovaries in humans, and it plays
an important role in gametogenesis and fertility (Houmard et al.,
2009; Nogues et al., 2009; Garciacruz et al., 2010; Caburet et al.,
2014). Variants of STAG3 are rare, and only six truncated variants,
three frameshift variants, two nonsense variants, and one splicing
variant (Caburet et al., 2014; Stabej et al., 2016; Colombo et al., 2017;
He et al., 2018a; Franca et al., 2019) (Table 1) associated with POI
have been reported to date. However, it remains enigmatic whether
in-frame variants of STAG3 can cause POI and female infertility.
In this study, we identified two novel homozygous in-frame
variants of STAG3 in a consanguineous Han Chinese family with
POI by whole-exome sequencing (WES). Moreover, we performed
in silico and in vitro functional analyses to reveal the relationship
between the two variants and POL To the best of our knowledge,
this is the first report of in-frame variants of STAG3 associated
with POJ, and the first example of performing in vitro functional
analyses to functionally characterize in-frame variants of STAG3.

MATERIALS AND METHODS
Patients and Blood Sampling

Four members of a five-generation consanguineous Han Chinese
family with POI, namely, two affected sisters (V-1; V-2, Figure
1A) and two unaffected second-cousin parents (IV-1;IV-2, Figure
1A) participated in this study. Peripheral blood samples from the
four individuals were collected, and genomic DNA (gDNA) was
extracted using a QIAamp DNA Blood Midi Kit (Qiagen, Hilden,

Germany). The four family members provided their written
informed consent to participate in this study and agreed with
the publication of this case report. This study was reviewed and
approved by the ethics committee of the Reproductive & Genetic
Hospital of CITIC-Xiangya of Central South University, China.

WES, Variant Filtering, and Sanger
Sequencing

The gDNA from the proband was subjected to WES following
protocols described previously (He et al., 2018b). Whole exomes
were captured using Agilent SureSelect version 4 (Agilent
Technologies, Santa Clara, CA) and sequenced on a HighSeq2000
sequencing platform (Illumina, San Diego, California, USA). WES
data analysis was performed using the Genome Analysis Toolkit
(GATK) and consisted of removing adaptors, mapping WES raw
reads to a reference human genome sequence (NCBI GRCh37,
reference genome Hgl9) using the Burrows-Wheeler Aligner
(BWA), eliminating PCR duplicates, and sorting sequences
using Picard (http://broadinstitute.github.io/picard/). Variant
identification was performed using the GATK package according
to the recommended best practices, including base recalibration
variant calling with Haplotype Caller and variant quality score
recalibration and annotation using ANNOVAR software.

All candidate variants needed to meet the following criteria: (i)
absentoroccurringatafrequencyless than 0.01 inany of the following
databases: 1,000 Genomes Variant Database, Exome Aggregation
Consortium (ExAC), or NHLBI-GO Exome Sequencing Project
(GO-ESP); (ii) homozygous variants were considered with priority;
(iii) predicted to be deleterious; and (iv) relevant to the phenotype

TABLE 1 | The currently reported phenotypes and genotypes of STAG3 gene in POI patients with 46,XX.

Patients  Genotype Phenotype References
Menstrual FSH LH Estradiol Ultrasonographic Age at
history (mIU/mi) (mIU/mi) (Pg/ml) examination diagnosis
(years)
1 €.877_885del (p.293_295del) Primary 51 11.08 <10 Uterus and ovaries 18 This study
(Hom) ¢.891_893dupTGA amenorrhea not visualized
(p.297_298insAsp) (Hom)
2 €.877_885del (p.293_295del) Primary 7219 18.58 <10 Small uterus and 21 This study
(Hom)c.891_893dupTGA amenorrhea small ovaries
(p.297_298insAsp) (Hom)
3 €.291dupC (p.Asn98GInfs*2) Primary 89 37 <13 Infantile uterus; ovaries 21 (Franca et al.,
(Het)c.1950C > A (p.Tyr650%) amenorrhea were not visualized 2019)
(Het)
4 c.677C > G (p.Ser227*) (Hom) Primary 48 23 19 NA NA (Colombo et al.,
amenorrhea 2017)
5 c.1573+5G > A Primary 48.69 26 normal Streak gonads and 19 (He et al., 2018a)
(p.Leu490Thrfs*10) (Hom) amenorrhea small uterus
6 c.1573+5G > A Primary 48.38 25.51 normal NA NA
(p.Leud90Thrfs*10) (Hom) amenorrhea
7 €.1947_48dupCT Primary 136 31 <37 Normal uterus; bilateral NA (Stabej et al.,
(p.Tyr650Serfs*22) (Hom) amenorrhea streak gonads 2016)
8 ¢.1947_48dupCT Primary 130 62 <37 Small uterus; streak NA
(p.Tyr650Serfs*22) (Hom) amenorrhea gonads
9-12 €.968delC (p.GIn188Argfs*8) Primary >45 >18 <22 Bilateral streak 1720 (Caburet et al.,
(Hom) amenorrhea gonads (4 sisters) 2014)

POI, premature ovarian insufficiency; FSH, follicle stimulating hormone; LH, luteinizing hormone; Hom, homozygote variant; Het, heterozygote variant; NA, data not available.
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FIGURE 1 | Pedigree of the consanguineous Han Chinese family with POI-associated STAG3 variants. (A) Two second cousins (IV-1; IV-2) in generation four married
each other and had two daughters (V-1; V-2) with POI. The number of siblings is written inside each symbol. The proband is marked with a black arrow. Filled
symbols indicate other affected members. Open symbols indicate unaffected members. Heterozygous carriers are indicated with a dot in the middle of each symbol.
Numbers are allotted to the family members whose DNA samples were used in this study. (B) Based on sequence chromatograms for STAG3 (NM_001282716:
€.877_885del; ¢.891_893dupTGA) in this family, the unaffected parents (IV-1; IV-2) are heterozygous carriers of two variants of STAG3, whereas the two affected
sisters (V-1; V-2) are homozygous. (C) Homozygosity mapping of the proband. Homozygous regions with a remarkable signal are indicated in red. The asterisk
indicates the location of STAGS. (D) Cross-species alignment reveals strong evolutionary conservation at positions 293_295 and 297_298 in STAG3 (NP_036579.2).
(E) The STAGS protein consists of 1,225 amino acids, including a STAG domain and an ARM-type domain. The two variants discovered in this study are shown at
the top of the figure, whereas previously reported variants are displayed at the bottom of the figure.

shared by the patients based on comprehensive expression data
(expression in ovary), and model organism data (a female-lacking-
oocytes phenotype presented in animal models).

Specific PCR primers targeting two variants of the STAG3 gene
(NM_001282716) were designed and validated. The sequences
were as follows: 5'-AACCACATGCAGAGGGGTTAT-3" and
5'-TCCAGCTGCATTAATTCTGGGA-3.

Plasmid Construction

The full-length coding sequence of STAG3 was amplified
from control human blood ¢cDNA, and the STAG3 product
was cloned into pDsRed2-N1, resulting in STAG3 followed
by DsRed2 protein, as STAG3-WT-DsRed2. Additionally, the
cDNA encoding FLAG,-STAG3 was cloned into pcDNA3.1,
namely, FLAG;-STAG3-WT. Variants c¢.877_885del and
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c.891_893dupTGA were separately or simultaneously
introduced into the STAG3-WT-DsRed2 and FLAG;-
STAG3-WT plasmid vectors using a Mut Express II Fast
Mutagenesis Kit V2 (Vazyme, Guangzhou, China) to
achieve site-directed mutagenesis. Altogether, six mutants
were generated (Mut 1 indicates STAG3-p.293_295del-
DsRed2 or FLAG;-STAG3-p.293_295del; Mut 2 indicates
STAG3-p.297_298insAsp-DsRed2 or FLAG,;-STAG3-p.297_
298insAsp; Mut 3 indicates STAG3-p.293_295del and
p-297_298insAsp-DsRed2 or FLAG;-STAG3-p.293_295del
and p.297_298insAsp). Moreover, cDNAs encoding RECS8
and SMCI1A were separately cloned into pEGFP-N1 and
pcDNA3.1-HA. All expression constructs were sequenced to
exclude unintended PCR-generated variants and confirm the
presence of the desired variants.

Cell Culture

Chinese hamster ovary (CHO) cells and human embryonic
kidney (HEK) 293 cells were cultured in Dulbeccos modified
Eagle medium nutrient mixture F-12 (Ham) (DMEM/F12)
(Gibco, Gaithersburg, MD, USA) with 10% fetal bovine serum
(FBS) (Gibco, Gaithersburg, MD, USA) at 37°C in a humidified
5% CQO, incubator.

Fluorescence Localization

According to the manufacturer’s instructions for Lipofectamine
3000 (Thermo Fisher Scientific, Carlsbad, CA, USA), CHO cells
were transfected with expression vectors containing wild-type
STAG3-DsRed2 and REC8-EGFP plasmids or mutated STAG3-
DsRed2 and REC8-EGFP plasmids. CHO cells transfected with
empty vector (EV; without STAG3) and REC8-EGFP plasmids
were used as negative controls. CHO cells were fixed for
fluorescence localization after culture for 48 h. 4,6-Diamidino-2-
phenylindole (DAPI) (Beyotime) was used to visualize DNA. All
fluorescent images were captured on an orthostatic fluorescence
microscope (Olympus, Japan).

Co-Immunoprecipitation (Co-IP)

Co-IP was performed as described previously (Wolf et al.,
2018). Briefly, HEK293 cells were transfected with expression
vectors containing wild-type FLAG;-STAG3 and REC8-EGFP
plasmids (or SMCIA-HA plasmids) or mutated FLAG;-
STAG3 and REC8-EGFP plasmids (or SMCI1A-HA plasmids),
according to the manufacturer’s instructions for Lipofectamine
3000 use. Untransfected HEK293 cells were used as a negative
control. After incubation for 36 h, the culture medium was
supplemented with 0.2 pg/ml nocodazole (Sigma, Louis, MO,
USA) for prometaphase arrest of the cells. Total protein was
extracted using RIPA lysis buffer (Thermo Fisher Scientific)
after 12 h, and then, western blotting was performed to detect
the expression of STAG3, RECS8, and SMCIA using anti-FLAG,
anti-GFP, and anti-HA (Proteintech) antibodies, respectively, at
a 1:1,000 dilution. Next, immunoprecipitation was performed
using Dynabeads Protein G (Invitrogen) following the
manufacturer’s instructions.

RESULTS

Clinical Features of the Affected
Individuals

The proband (V-2, Figure 1A) initially went to the clinic because
of primary amenorrhea and was diagnosed with POI at 18 years
old. Her breast development was at Tanner stage I, although she
had a normal height (160 cm) and weight (50 kg). The results
of hormonal studies showed that her serum FSH level was high
(51 mIU/ml, normal range 2-22 mIU/ml), whereas her serum
estradiol level was low (< 10 pg/ml, normal range 30-190 pg/ml),
and her anti-Miillerian hormone (AMH) level was too low to be
detected. She had a normal level of luteinizing hormone (LH;
11.08 mIU/ml, normal range 1-19 mIU/ml). Her uterus and
ovaries were not visualized upon ultrasonographic examination,
and she had an abnormal vulva without labia minora. The
proband did not accept hormonal replacement therapy (HRT)
because of the increased prevalence of invasive breast cancer
after HRT (Biscup, 2003).

The proband’s affected elder sister (V-1, Figure 1A) showed
normal growth and development but presented with POI when
she was 21 years old. Similar to the proband, she went to the
hospital because of primary amenorrhea. Her serum FSH level
was elevated (72.19 mIU/ml, normal range 2-22 mIU/ml),
whereas her serum estradiol level was low (< 10 pg/ml, normal
range 30-190 pg/ml), and her LH level was normal (18.58
mIU/ml, normal range 1-19 mlIU/ml). Ultrasonographic
examination showed that her uterus was anteflexed and small
(23x10x20 mm). Both ovaries were also small: the left ovary
was 14x10x11 mm, and the right one was 15x11x13 mm,
consistent with the size of streak gonads. After receiving HRT
with progesterone for 3 months, she showed normal menses,
and her uterus grew (36x20x35 mm) to a size close to that of a
normal adult-sized uterus.

Additionally, both sisters had a normal karyotype (46, XX)
and FMR1 CGG repeats, and no associated adrenal or thyroid
autoimmune disorders were found.

Identification of Two Homozygous
In-Frame Variants of STAG3
WES of the proband (V-2, Figure 1A) resulted in approximately
139,631,574 raw reads with a mean 182.73-fold depth in the target
regions, revealinghigh-quality sequencing (SupplementaryTable
1). Forrareinherited diseases, the frequency of possible pathogenic
variants should be very low in a healthy population. Therefore,
the results were screened against minor allele frequency (MAF)
> 1% in public SNP and indel databases for variants predicted
to be deleterious or to result in loss of function. Homozygous
variants were preferentially considered candidates because the
patients were from a consanguineous family. Finally, we focused
on the phenotypic relevance for POI in the proband. Only two
homozygous variants of STAG3 (NM_001282716: c.877_885del,
P-293_295del; ¢.891_893dupTGA, p.297_298insAsp) fulfilled
these criteria (Supplementary Table 2).

The two homozygous in-frame STAG3 variants were confirmed
by Sanger sequencing and were also detected in her affected sister

Frontiers in Genetics | www.frontiersin.org

106

November 2019 | Volume 10 | Article 1016


https://www.frontiersin.org/journals/genetics
http://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Xiao et al.

In-Frame STAG3 Mutations Cause POI

(Figure 1B). Their unaffected parents were heterozygous carriers
of the two variants (Figure 1B). In addition, homozygosity
mapping indicated that the two STAG3 variants were not
located in heterozygous regions (Figure 1C) and that positions
P-293_295 and p.297_298 are highly conserved across different
species (Figure 1D).

According to the American College of Medical Genetics
and Genomics (ACMG) standards and guidelines for the
interpretation of variations (Richards et al, 2015), the two
in-frame variants of STAG3 (c.877_885del, p.293_295del;
c.891_893dupTGA, p.297_298insAsp) are both classified as
likely pathogenic variants. Therefore, we speculated that both
homozygous STAG3 variants were candidates as causes of POL

Effects of Mutant STAG3 Proteins on REC8
Localization in CHO Cells

Co-expression of wild-type STAG3 and REC8 is necessary
for REC8 to enter nuclei. A fluorescence localization analysis
was performed to evaluate the effects of the two variants. As
expected, REC8 localized to nuclei, as did the will-type STAG3
protein, when CHO cells were transfected with expression
vectors containing wild-type STAG3 and RECS plasmids; (Figure

(Figure 2A) when CHO cells were co-transfected with the REC8
construct and empty vector or mutant STAG3 construct. In the
latter scenario, nearly all of the mutant STAG3 proteins were
excluded from nuclei (Figure 2A).

Lack of Interactions Between Mutant
STAG3 and REC8 or SMC1A

We then performed a Co-IP analysis to determine the
pathogenicity of the two variants. As shown, wild-type
STAGS3 interacted with both REC8 and SMCI1A as previously
reported (Prieto et al., 2001; Wolf et al., 2018) (Figure 2B).
Additionally, when we directly examined the ability of the three
transiently expressed mutant STAG3 proteins (p.293_295del;
P-297_298insAsp; p.293_295del, and p.297_298insAsp) to
associate with REC8 or SMCI1A, the results revealed that there
was no interaction between the three mutant STAG3 proteins
and REC8 or SMCI1A (Figure 2B).

DISCUSSION

In the present study, two novel homozygous in-frame

2A). In contrast, REC8 localized exclusively in the cytoplasm variants (c.877_885del, p.293_295del; ¢.891_893dupTGA,
A B
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FIGURE 2 | Fluorescence localization and Co-IP analyses of the two in-frame variants of STAG3. (A) CHO cells were transiently transfected with a plasmid

encoding STAG3-DsRed2 and REC8-EGFP, mutant STAG3-DsRed2 and REC8-EGFP, or an empty vector and REC8-EGFP. After culture for 48 h, cells were fixed
for fluorescence localization. Blue fluorescence indicates DAPI staining in nuclei. The three mutant STAGS proteins were restricted to the cytoplasm and could not
assist REC8 in entering nuclei, resulting in aberrant localization of REC8. (B) HEK293 cells were transiently transfected with the plasmid encoding FLAG;-STAG3
(or mutant FLAG;-STAGS) and REC8-EGFP, or FLAG;-STAG3 (or mutant FLAG;-STAGS3) and SMC1A-HA. Untransfected HEK293 cells were used as the negative
control. The culture medium was supplemented with nocodazole for prometaphase arrest of the cells after 36 h. Total protein was extracted after 12 h for Co-IP
analysis. Wild-type STAG3 interacted with both REC8 and SMC1A, whereas there was no interaction between the three mutant STAG3 proteins with REC8 or
SMC1A. WT indicates the plasmid encoding the wild type STAG3, Mut 1 indicates the plasmid encoding c.877_885del (p.293_295del) STAG3, Mut 2 indicates
the plasmid encoding ¢.891_893dupTGA (p.297_298insAsp) STAG3, Mut 3 indicates the plasmid simultaneously encoding ¢.877_885del (p.293_295del) and
€.891_893dupTGA (p.297_298insAsp) STAGS, and EV indicates the empty vector (without STAG3).
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p.297_298insAsp) of STAG3 were identified in a consanguineous
Han Chinese family with POI. A fluorescence localization
analysis was employed to evaluate the effects of the two variants
and revealed that the mutant STAG3 proteins led to aberrant
localization of REC8. Furthermore, interactions between the
mutant STAG3 proteins and REC8 or SMC1A were absent, which
was confirmed by Co-IP analysis. Therefore, both in-frame
variants were shown to be deleterious and associated with POI
in this family.

The STAG3 protein contains two domains: the STAG
domain and the armadillo (ARM)-type domain. The ARM-type
domain is located after the STAG domain, which is predicted
to interact with nucleic acid or another protein (Caburet et al.,
2014) (Figure 1E). At present, six STAG3 variants have been
reported in five families with POI (Caburet et al., 2014; Stabej
et al., 2016; Colombo et al., 2017; He et al., 2018a; Franca et
al., 2019) (Table 1). All six variants are truncated variants that
severely disrupt the STAG domain and/or ARM-type domain.
Even c.1573+5G > A is a splice site variant, with RT-PCR
revealing that the resulting mutant STAG3 protein is truncated
(p.Leu490Thrfs*10) (He et al., 2018a), leading to destruction
of the ARM-type domain. In our study, both variants
(p.293_295del and p.297_298insAsp) are in-frame variants,
and neither localizes to the STAG or ARM-type domain; both
variants are positioned between these two domains (Figure
1E). Therefore, the STAG and ARM-type domains are not
disrupted, in theory. However, the p.293_295 and p.297_298
sites are highly conserved across species (Figure 1D), and non-
truncating variants located between two domains have also
been reported to impair protein function and lead to disease
(Xia et al., 2015). Therefore, we postulate that the two variants
are pathogenic, and that the region connecting the STAG and
ARM-type domains is significant for STAG3 function.

To verify the pathogenicity of the two variants, we performed
in vitro functional analyses to determine whether STAG3
protein function was impaired. STAG3 encodes a meiosis-
specific subunit of cohesin, a multiprotein complex that plays
an essential role in the proper pairing of chromosomes, sister
chromatid cohesion, and chromosome segregation (Caburet
et al., 2014; Wolf et al., 2018). Furthermore, STAG3 has been
reported to interact with the cohesion subunits REC8 and
SMCI1A, and the entry of REC8 into nuclei requires STAG3
(Prieto et al., 2001; Wolf et al., 2018). The results of the
fluorescence localization analysis in this study showed that
none of the three mutant STAG3 proteins could assist REC8
in entering nuclei and that nearly all of the STAG3 mutants
were restricted to the cytoplasm. In addition, there were no
interactions between the mutant STAG3 proteins and REC8
or SMC1A observed in the Co-IP analysis. Therefore, we
propose that the two in-frame variants of STAG3 lead to
STAG3 dysfunction and are responsible for POI in the two
study patients.

The proband’s affected sister is sterile and has a small uterus
and streak gonads, which is consistent with patients with POI
caused by other STAG3 variants (Table 1). In contrast, the uterus
and ovaries of the proband in our study were not visualized by
ultrasonography (Table 1). The difference in phenotype between

the proband and her affected sister might be explained by the
proband’s affected sister receiving HRT before coming to our
hospital. Her uterus became larger after 3 months of HRT, which
is consistent with patients with POI caused by variants in MCM8
and BRCA2 (Tenenbaumrakover et al., 2015; Weinbergshukron
et al., 2018). Both MCM8 and BRCA2 have been shown to be
associated with meiosis and female infertility (Moynahan et al.,
2001; Rodriguezmari et al., 2011; Gambus and Blow, 2013), and
STAGS3 is a meiosis-specific gene involved in female infertility.
Furthermore, MCMS8 and BRCA2 have been associated
with ovarian dysgenesis in humans (Moynahan et al., 2001;
Rodriguezmari et al.,, 2011; Gambus and Blow, 2013). Female
stag3~'~ mice also present with severe and very early ovarian
dysgenesis (Caburet et al, 2014). Therefore, we suggest that
STAG3 might also be related to ovarian dysgenesis in humans.

In summary, to the best of our knowledge, we are the first
researchers to report in-frame variants of STAG3 that cause
POI and to verify the role of in-frame STAG3 variants in POI
pathogenicity through in vitro functional analyses of cell model.
Our findings extend the mutational and phenotypic spectrums of
STAG3 and have important implications for genetic counseling of
patients with POIL. However, to confirm the relationship between
STAG3 and ovarian dysgenesis in humans, further study with a
large sample size is needed.
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Agenesis of the corpus callosum (ACC) is a birth defect in which the corpus callosum
is either partially or completely missing. With recent advances in prenatal ultrasound,
detection of ACC in obstetric practices is becoming more common. Etiologies of ACC
include chromosome errors, genetic factors, prenatal infections, and other factors related
to the prenatal environment. In an effort to elucidate more about the genetic influence in
the pathogenesis of ACC, we identified, through whole-exome sequencing (WES), two
gene mutations in two families with complete agenesis of the corpus callosum. These
two mutations are located on chromosome X: one is a hemizygous missense mutation
c.3746T>C (p. L1249P) in the gene mediator complex subunit 12 (MED12); the other one
is a heterozygous missense mutation ¢.128+5G>C in gene ephrin B1 (EFNBT). Historically,
early diagnosis of complete ACC during pregnancy has been difficult; however, WES
has provided us with a creative avenue of diagnosis, combining identification of genetic
mutations with prenatal imaging.

Keywords: whole-exome sequencing, de novo mutation, fetal agenesis of the corpus callosum, Sanger
sequencing, prenatal diagnosis

INTRODUCTION

The corpus callosum (CC) is one of the five main cerebral commissures connecting the left and right
cerebral hemispheres. Corpus callosum abnormalities are separated into three categories: complete
agenesis, partial agenesis, and dysgenesis (Palmer and Mowat, 2014). The prevalence of agenesis of
the corpus callosum (ACC) is around 1.4 per 10,000 live births (Glass et al., 2008). ACC may be
associated with intellectual disabilities, epilepsy, behavioral difficulties, and cognitive impairments
(Moutard et al., 2003). Many couples decide to terminate the pregnancy on the basis of ultrasound
(US)/magnetic resonance imaging (MRI) findings in ACC. However, follow-up studies indicate that
71.2% of isolated ACC cases have normal intelligence, 13.6% have borderline or moderate intellectual
disabilities, and 15.2% have severe intellectual disability (Santo et al., 2012). These findings highlight
the importance of improving the precision of the diagnosis of ACC as well as moving the window of
diagnosis earlier in pregnancy.

Studies have shown that the majority of ACC cases are caused by de novo dominant mutations
(De Ligt et al., 2012). The Netrin receptor DCC (Deleted in colorectal cancer) gene is a critical factor
in corpus callosum development in mice and works through orienting callosal axons at the midline
(Fazeli et al., 1997). DCC mutations have been shown to cause isolated ACC, including the reported
mirror movement (MM) phenotype, in humans (Marsh et al., 2017). Additionally, studies have
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shown that fibroblast growth factor receptor/glial fibrillary acidic
protein (Fgfrl/Gfap) play an important role in corpus callosum
formation (Smith et al., 2006). Recently, whole-exon sequencing
has provided the opportunity for molecular genetic screening of
rare human diseases.

In the present study, we performed whole-exome sequencing
in two families who had children who were affected by complete
ACC. With whole-exon sequencing and Sanger sequencing, we
identified two single-nucleotide missense mutations which are
likely related to the pathogenesis of ACC.

CLINICAL REPORT

Proband 1

A fetal ultrasound of a 21-year-old G1P0 female at 26 weeks
gestation revealed agenesis of the corpus collosum and a right
lateral ventricle about 1.0 cm in width. A subsequent brain MRI
performed at 28 weeks and 5 days gestation, determined by last
menstrual period (LMP), confirmed complete callosal agenesis
and showed mild ventriculomegaly. Both lateral ventricles had
a width of approximately 11 mm, were parallel, and teardrop-
shaped. The third ventricle was slightly widened and uplifted.
No obvious corpus callosum signals were observed in each
section. The cisterna magna was about 9 mm in width, and the
vermis cerebelli was present (Figures 1A-C). A female fetus
was delivered at 31 weeks. There is no anatomic pathology data
for the fetus.

FIGURE 1 | Three different sections of the two cases. (A-C) Case 1. (D-F)
Case 2. 1) (A) and (D) are coronal images from fetal MRI. 2) (B) and (E) are
axial images from fetal MRI. 3) (C) and (F) are sagittal images from fetal MRI.

Proband 2
A 33-year-old G1P0O female presented at 26 weeks gestation
for a fetal ultrasound which demonstrated agenesis of the
corpus callosum. A subsequent brain MRI performed at 27
weeks, determined by LMP, confirmed complete callosal
agenesis complicated by variant Dandy-Walker malformation.
Specifically, the posterior horn was about 0.6 cm in width, the
bilateral lateral ventricles were parallel, and the third ventricle
was widened and uplifted. There was no obvious corpus callosum
in each section. The posterior cranial fossa was about 0.8 cm in
width and the fourth ventricle was about 0.9 ¢cm in width. The
superior vermis was present while the lower vermis was absent
(Figures 1D-F). The male fetus was delivered at 27 weeks, 5 days
gestation. There is no anatomic pathology data for the fetus.
Chromosomal array (CMA) result of both the probands using
CytoScan™ HD whole-genome SNP array (Affymetrix, USA)
showed no disease-related copy number variations (CNVs).
The reporting threshold of the copy number result was set at
500 kb with marker count >50 for gains and 200 kb with marker
count >50 for losses.

MATERIALS AND METHODS

Ethics Approval for the Investigation

The Ethics Committee of the Women’s Hospital, Zhejiang
University, School of Medicine (Hangzhou, China) approved
our study. The investigation conforms to the principles outlined
in the Helsinki Declaration. Written informed consent was
obtained from the patients and their spouses whose child’s tissue
was collected.

DNA Extraction

A 5-ml aliquot of peripheral whole blood was collected from the
parents and EDTA was added for anticoagulation. Additionally,
a1 x 1 x 1-cm medial thigh muscle sample was gathered from
the induced fetus. Genomic DNA from 2 ml of peripheral
whole blood was extracted using a Qiagen Blood DNA mini kit
(Qiagen®, Hilden, Germany). DNA from muscle was extracted
with a Genomic DNA Purification Kit (Invitrogen, cat. K0512,
USA) and then preserved at -20°C. The remaining samples were
stored at -80°C.

Whole-Exome Sequencing and Data
Analysis

Target enrichment of target region sequences was carried out by
the Agilent SureSelect Human Exon Sequence Capture Kit. The
sequencing libraries were quantified using the Illumina DNA
Standards and Primer Premix Kit (Kapa Biosystems, Boston,
MA, USA), massively parallel sequenced using the Illumina
HiSeq 2500 platform (Illumina, San Diego, CA, USA), and then
massively parallel sequenced again using the Illumina HiSeq 2500
platform (Illumina, San Diego, CA, USA). After sequencing and
filtering out low-quality reads, high-quality reads were compared
to the human genome reference sequence (GRCh37.p12, hgl9).
The GATK software was used to call variants.
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Data Filtering

In our study, we selected variants in fetuses by complying
with the following criteria: 1) mutation frequency 20.01,
quality <300, and alt/depth <25%; 2) MAF > 0.02 when
referring to dbSNP (https://www.ncbi.nlm.nih.gov/projects/
SNP/), the 1000 Genomes Project (http://www.1000genomes.
org/), and the ExAC Browser (http://exac.broadinstitue.org/);
3) variants located in deep intron regions; 4) variants reported
benign by ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/);
and 5) depth >20 and alt/all <0.1. Subsequently, the variants
left were further selected according to the following criteria:
1) deleterious protein or splicing predictions; 2) variants in a
gene responsible for an Online Mendelian Inheritance in Man
(OMIM) disease/phenotype associated with the probands;
and 3) disease inheritance models: genes associated with
autosomal-recessive disease (AR), defined as variants in
homozygous or compound heterozygous fetuses with parents
who are both heterozygous carriers; genes associated with
autosomal-dominant disease (AD), defined as de novo variants
in fetuses or variants inherited from either of the parents
for non-lethal or late-onset diseases; genes associated with
X-linked recessive disease (XLR), characterized by hemizygous
male fetuses with heterozygous mothers; and genes associated
with X-linked dominant disease, characterized by de novo
variants in fetuses or variants in fetuses that were inherited
from either of the parents in the case of non-lethal or late-
onset disease. The identified novel mutations were further
assessed for possible pathogenicity using PolyPhen-2, SIFT,
PROVEAN, HSFE regSNP-intron, and MutationTaster. The
selected variants were classified by following the American
College of Medical Genetics and Genomics/Association
for Molecular Pathology (ACMG/AMP) guidelines. All
putative disease-causing variants detected by new-generation
sequencing (NGS) were confirmed in probands and their
parents by Sanger sequencing. Sequencing was performed on
ABI 3500xL (Applied Biosystems, Foster City, CA, USA), and
the results were analyzed using DNASTAR software.

RESULTS

Identification of Variants on Two Probands
In proband 1, with the average coverage of 132.28X on
targeted regions, we confirmed 95,687 novel genetic variants
(GVs) through whole-exome sequencing (WES), while for
proband 2, under mean coverage of 71.63X, we identified
79,974 GVs. The summary of WES for the two probands is
shown in Table 1.

Pathogenic Mutations on Two Probands

In proband 1, we identified 23 SNPs in callosum agenesis-
related genes compared to 11 SNPs identified in proband 2.
Two pathogenic mutations were identified: chrX: 70349584: T:C
(c.3746T>C) in exon 25 (Figure 2A) and chrX: 68049752: G:C
(c.128+5G>C) in intron 1 (Figure 2C); These two mutations
were further confirmed by Sanger sequencing (Figures 2B, D).

TABLE 1 | Summary of whole-exome sequencing on these two probands.

Proband 1 Proband 2
Total captured region size 60 M 60 M
On-Target Reads (%) 73.98 72.6
% of captured regions with coverage >20 98.6 96.26
Mean coverage of target region 132.28 71.63
Total number of SNPs 348,832 218,408
Total number of INDELs 37,565 21,246
Total number of novel GVs not listed in 95,687 79,974
dbSNP
Total number of SNPs in a panel of corpus 23 11

callosum agenesis-related genes
Total number of INDELs in a panel of 1 3
corpus callosum agenesis-related genes

SNR, single-nucleotide polymorphism; INDEL, insertions and deletions; GV, genetic variants.

MEDI12: ¢.3746T>C of proband 1 was inherited from his healthy
mother (Figure 2B), while EFNBI: ¢.128+5G>C of proband 2
appeared de novo (Figure 2D).

The T-to-C transversion at position 3746 resulted in a leucine-
to-proline substitution at codel249 in the mediator complex
subunitl2 (MEDI2) protein (p. L1249P) (Figure 3), a gene
which is highly conserved between different species. However,
the missense mutation of EFNBI located in intron 1 did not
result in amino acid transversion; however, it was located 5 bp
behind exon 1 of EFNBI. The HSF database strongly supports
the pathogenicity of EFNBI: c.128+5G>C, indicating it might
influence the RNA splicing.

DISCUSSION

In this report, we described two families whose fetuses were
diagnosed with complete agenesis of the corpus callosum. With
whole-exon sequencing, we identified one hemizygous missense
mutation in exon 27 of MEDI2 on the X chromosome and one
de novo heterozygous missense mutation in intron 1 of EFNBI on
the X chromosome.

Currently, fetal MRI and ultrasound are useful tools in
the diagnosis of complete ACC (cACC) in second- and third-
trimester pregnancies (Tang et al, 2009). Genetic diagnosis
with whole-exon sequencing offers the potential for an earlier
diagnosis of cACC accompanied by the option for earlier
termination of pregnancy. Though autosomal-dominant,
autosomal-recessive, and X-linked patterns have been described
as causes of ACC (Edwards et al., 2014), there has been no clear
inheritance model found in the majority of cases, Therefore, it is
likely that most cases arise from a de novo mutation. Some cases
of partial ACC (OMIM, 304100) follow an X-linked recessive
pattern caused by a mutation in the L1 cell adhesion molecule
(LICAM) gene on chromosome Xq28, which only affects
male fetus. Additionally, Bassuk and Sherr reported a de novo
mutation c¢.427T>G (S143A) of gene PRICKLE] in fetal agenesis
of the corpus callosum without other possible mutations (Bassuk
and Sherr, 2015).

In our study, we identified another X-linked recessive
mutation in the MEDI12 gene associated with cACC. MEDI2
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FIGURE 2 | Pedigree and mutation analysis of the family. (A, C) Alignment of exon sequences to Hg19 showing SNP in exon 25 of MED12 and intron 1 of EFNBT.
(B, D) Chromatogram identified by Sanger sequencing. The top chromatograms are from the fetus, the middle two are from the father, and the bottom two are from

the mother.
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FIGURE 3 | Conserved amino acid sequence of MED12 and predicted amino acid transversion at position 3746 caused by missense mutation identified in this proband.

encodes one of the subunits of the Mediator complex, and
MEDI2 has a role in RNA polymerase II transcription
(Donnio etal.,, 2017). Hong et al. showed that med12-deficient
zebrafish embryos showed defects in brain, neural crest, and
kidney development (Hong et al., 2005). To date, at least 39
different mutations of MED12 have been identified in patients
with X-linked intellectual disability (XLID), including Lujan—
Fryns syndrome (c.3020A>G, p. N1007S) [OMIM 309520],
Opitz-Kaveggia or FG syndrome (FGS1)(c.2881C>T, p.
R961W) [OMIM 305450], and the X-linked Ohdo syndrome
[OMIM 300895] (Schwartz et al., 2007; Prontera et al,

2016).While these syndromes are caused by mutations along
different positions of the MEDI2 gene, they may be related
with a deficient or absent corpus (Graham and Schwartz,
2013). The EFNBI mutation in our study follows an X-linked
dominant inheritance pattern and has been mostly described
in patients with craniofrontonasal syndrome (CFNS; OMIM
304110) (Wallis et al., 2008; Hogue et al., 2010). Features
of the disease include frontonasal dysplasia, craniofacial
asymmetry, craniosynostosis, bifid nasal tip, grooved nails,
and abnormalities of the thoracic skeleton. It has been shown
that EFNBI plays an important role in defining the position of
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the coronal suture (Twigg et al., 2004). Yet, to our knowledge,
these two mutations have not been reported in literature.
Our study expended the clinical spectrum of abnormalities
associated with mutations in the X chromosome in humans.
Since both of these two mutations are located in chromosome
X, we inferred that male fetuses are more likely to develop
complete agenesis of the corpus callosum. This finding is in
accordance with a previous large cohort study on patients
with agenesis of the corpus callosum that showed a slightly
increased prevalence in males (56% vs. 44%) (Romaniello
et al., 2017).

Since we collected samples from the expired fetuses in utero,
there is no information regarding the intellectual function
of these probands. Therefore, it was difficult to connect the
mutation identified closely to intellectual disabilities, epilepsy,
behavioral difficulties, or cognitive impairments in childhood or
adulthood. In future studies, we are planning to carry out a large
cohort analysis of agenesis of the corpus callosum with these
mutations to further confirm our results and establish a scientific
significance for genotype—phenotype correlation.

CONCLUSION

Fast development of high-throughput sequencing provides
our clinicians with a new pathway to explore the potential
for genetic diagnosis of fetal ACC. Whole exon sequencing
combined with Sanger sequencing demonstrated mutations
of MEDI2 and EFNBI associated with cACC and strongly
implicates these two genes as one causative explanation for
fetal cACC.
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