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Abstract
Background: Corpus callosum agenesis (ACC) is one of the most frequent Central 
Nervous System (CNS) malformations. However, genetics underlying isolated forms 
is still poorly recognized. Here, we report on two female familial cases with partial 
ACC. The proband shows isolated partial ACC and a mild neurodevelopmental phe-
notype. A fetus from a previous interrupted pregnancy exhibited a complex pheno-
type including partial ACC and the occurrence of a de novo 17q12 microduplication, 
which was interpreted as probably disease-causing.
Methods: A trio-based clinical exome sequencing (CES) was performed.
Results: Clinical exome sequencing data analysis led to identifying a heterozy-
gous nonsense variant (NM_139058.3:c.922G>T; NP_620689.1:p.Glu308Ter) 
in the aristaless related homeobox gene (ARX) in the proband, with a putative de 
novo occurrence, producing a hypothetical protein lacking two essential domains. 
Sanger analysis confirmed the wild-type status of both parents in different tissues, 
and disclosed the occurrence of the nonsense variant in the fetus of the interrupted 
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1  |   INTRODUCTION

Agenesis of the corpus callosum (ACC) is one of the most 
frequent Central Nervous System (CNS) malformations, with 
an estimated prevalence of 2.56 per 10,000 births (Stoll, Dott, 
& Roth,  2019). ACC, which can be complete or partial, is 
frequently associated with other cerebral or extra-cerebral 
malformations (e.g., in musculoskeletal, urogenital, cardio-
vascular and digestive systems [Stoll et al., 2019]) and pres-
ent in recognized syndromes. In these cases, the prognosis is 
often unfavorable, especially when additional cerebral mal-
formations are observed (Sotiriadis & Makrydimas,  2012). 
Differently, isolated ACC usually has a more favorable out-
come, as a normal neurological development is described in 
more than 70% of cases (D'Antonio et al., 2016). However, 
the remaining patients manifest a highly heterogeneous phe-
notype, which includes different levels of neurodevelopmen-
tal and/or cognitive disabilities and/or behavioral problems 
(D'Antonio et al., 2016). Chromosomal rearrangements and 
point mutations in genes with pleiotropic effect have been 
identified as causative of severe phenotypes including ACC. 
Instead, the molecular bases of isolated ACC still lack elu-
cidation. To date, only very few genes have been reported 
as causative of isolated ACC. Monoallelic incompletely 
penetrant mutations in DCC (DCC netrin 1 receptor, MIM 
120470) have been associated with isolated ACC and/or mir-
ror movements in several families with variable expressivity 
(Marsh et al., 2017, 2018; Sagi-Dain et al., 2020). Moreover, 
hypomorphic biallelic missense variants in a second gene, 
CDK5RAP2 (CDK5 regulatory subunit associated protein 
2, MIM 608201), were described in three siblings present-
ing ACC (Jouan et al., 2016). The paucity of genetic bases 
characterization is predictably due to clinical heterogeneity 
of isolated ACC and the remarkable number of asymptom-
atic subjects. Moreover, the frequently moderate to mild 
neurodevelopmental manifestations and the limited number 
of long-term postnatal follow-up studies make this condition 
clinically under-characterized. Here, we describe the pheno-
type and the underlying genetics of two female familial cases, 

a fetus from an interrupted pregnancy and a 19-month-old 
child, with partial ACC. The application of a trio-based clin-
ical exome sequencing (CES) and array-CGH permitted to 
shed light on the complexity in achieving an accurate genetic 
diagnosis and appropriate counseling in cases of isolated and 
syndromic conditions including ACC.

2  |   CASE STUDY

The proband (II:3) was a 19-month-old female, born from 
healthy nonconsanguineous parents. She was referred to the 
Clinical Genetics and Neuropsychiatric Units of Polyclinic 
Umberto I Hospital for the follow-up of a prenatal diagnosis 
of partial ACC, made at 25 weeks of gestation (GW) by fetal 
magnetic resonance imaging (MRI) (Figure  1). Biological 
samples and clinical information were collected after written 
informed consent and in accordance with the principles of the 
Declaration of Helsinki.

Prenatal standard karyotype and array-CGH analy-
sis (8x60K platform; Agilent) resulted normal and fetal 
MRI scans at 32 GW did not evidence any further anomaly 
(Figure  1B). After the caesarian section at 39 GW, Apgar 
score of the newborn was 9/10, birth weight 3.200 kg (M), 
birth height 49 cm (M) and OFC 34 cm (M). MRI at 1 month 
confirmed the isolated partial ACC with a slight enlarge-
ment of posterior horns of the lateral ventricles (Figure 1B). 
Abdominal ultrasound (US) and electroencephalogram 
(EEG) at 2 months were normal. At 5 months, neurological 
and neuropsychomotor evaluations detected a mild functional 
asymmetry (left > right) and an incomplete truncus control 
with repetitive overextensions. Muscular tonus resulted in 
the normal range, except for a hypertonus of scapular gir-
dle, which limited prehension above the ocular line. A neuro-
psychomotor rehabilitation, started at 2 months, was carried 
out weekly. At 6 months, episodes of repetitive head move-
ments during the day were reported, especially upon awak-
ening; sleep and standard EEG recording resulted normal. 
Follow-up at 12  months evidenced a normal development. 

pregnancy, suggesting a formerly unrecognized contribution of the ARX mutation to 
the fetus' phenotype and gonadal or gonadosomatic mosaicism in one of the parents.
Conclusion: This study describes the phenotype associated with a heterozygous loss 
of function variant in ARX. Moreover, it highlights the importance of investigating 
both chromosomal and genetic contributions in cases of complex syndromic pheno-
types involving CNS.

K E Y W O R D S

17q12 duplication syndrome, array-CGH, ARX, clinical exome sequencing, corpus callosum, dual 
diagnosis
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At 22 months, the proband showed global attention difficul-
ties, especially in the expressive language domain (dyslalia). 
Griffith's Mental Developmental Scale (GMDS-R) showed 
a total QI of 86. Follow-up at 3  years showed good social 

contact and personal autonomy, but language was still lim-
ited. Movement Assessment Battery for Children-Second 
Edition (MABC-2) scale showed mild difficulties in some 
coordination and balance tasks and more difficulties in fine 
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motor skills. The last examination at 4 years and 3 months 
showed global improvement in language abilities and in fine 
motor skills. Proband's parents had an older healthy daughter 
(II:1) without any abnormal neurological signs and reported 
of a previous female fetus pregnancy interrupted at 22 GW, 
following a diagnosis of multiple visceral and cerebral mal-
formations (II:2, Figure 1A). Consistently, fetopsy had evi-
denced partial ACC (presence of a thin rostral portion), along 
with other severe brain abnormalities, urogenital anomalies, 
and some dysmorphic features (Table  S1). A prenatal ar-
ray-CGH (CytoChip microarrays oligo, 4x180K platform, 
BlueGnome) had disclosed the occurrence of a de novo 
17q12 microduplication [arr 17q12(31,635,490–33,323,002)
x3 (NCBI36/hg18)] in the fetus (Table S2), classified as hav-
ing “uncertain; likely pathogenic” clinical significance fol-
lowing ACMG guidelines.

In order to investigate the molecular causes of partial 
ACC phenotype in the proband, a trio-based CES was per-
formed using the TruSight One enrichment kit and a MiSeq 
platform (Illumina). Genomic DNA of the trio and unaffected 
sister (Figure 1A) was extracted from circulating leukocytes, 
hair bulbs and saliva using the Gentra Puregene Blood Kit 
(Qiagen).

Reads alignment to the reference genome (GRCh17/
hg19), variant calling and annotation were performed with 
Burrows-Wheeler Aligner (BWA-MEM V.0.7.17), GATK's 
HaplotypeCaller (V3.7), ANNOVAR (July 2017 release) 
and dbNSFP (V.3.5a), respectively. Coverage was 95.9% 
(I:1), 95.6% (I:2), and 96.8% (II:3) at 20X. A total of 42,062 
high-quality variants was identified in the subjects, 28,526 
of them occurring in the proband. Filtering variants by only 
retaining those located in the coding sequence and splice site 
regions (±10 bp) identified 4,317 variants. A further filtering 
step based on the allelic frequency of variants (MAF ≤3%) in 
a population database (gnomAD v2.1.1) identified 552 vari-
ants. Different inheritance patterns were considered. A het-
erozygous variant in ARX gene (aristaless related homeobox, 
MIM 300382), mapping on the X chromosome, was identified 
with a putative de novo occurrence. The nucleotide change 
(NM_139058.3:c.922G>T; NP_620689.1:p.Glu308Ter) in-
troduces a stop codon in the second exon, producing a pre-
dicted protein of 307 amino acids, lacking 255 amino acids. 
The variant is predicted to have a high deleterious impact 

(CADD score 36) and is not annotated in gnomAD, while it 
is reported in dbSNP153 (rs1556055108) without any allelic 
frequency information. The nonsense mutation is annotated 
on ClinVar database (ID: 522170) as “pathogenic” and clas-
sified as “pathogenic” by InterVar (Li & Wang, 2017), using 
default parameters.

Sanger sequencing (ABI BigDye Terminator Sequencing 
Kit V.3.1, ABI Prism 3130XL Genetic Analyzer, Applied 
Biosystem) confirmed the variant in the proband in all avail-
able tissues (i.e., blood and saliva, Figure 1A). The nonsense 
variant was detected neither through Sanger sequencing on 
genomic DNA of parents (in all available tissues) nor through 
manual inspection of reads alignment, using the Integrative 
Genomics Viewer (IGV).

Sanger sequencing excluded the presence of the variant in 
the unaffected sister (Figure 1A). Given the recurrence phe-
notype of partial ACC, the ARX variant was also screened 
on DNA from amniocytes of the interrupted pregnancy. 
Sequencing analysis disclosed the occurrence of the non-
sense variant also in the fetus (II:2, Figure 1A).

X chromosome inactivation levels were evaluated in 
DNA from leukocytes of patient II:3 through an Androgen 
Receptor assay (Allen, Zoghbi, Moseley, Rosenblatt, & 
Belmont,  1992), with minor protocol changes. PCR prod-
ucts' dilutions were subjected to capillary electrophoresis on 
an ABI Prism 3130XL Genetic Analyzer and analyzed with 
GeneMapper V4.0 software (Applied Biosystem). Peaks 
analysis as previously described (Bittel et  al.,  2008), dis-
closed no evidence of skewed X inactivation (43:57).

3  |   DISCUSSION

Here we report on two female familial cases with a recur-
rence of partial ACC. The first pregnancy (II:2, Figure 1A) 
was interrupted due to a severe phenotype, counting sev-
eral cerebral and extracerebral anomalies. Prenatal array-
CGH detected a de novo 17q12 microduplication (1.7 Mb), 
which was interpreted as the likely cause of the phenotype. 
In the second pregnancy (II:3, Figure  1A), the prenatal 
diagnosis of apparently isolated partial ACC (Figure 1B) 
and the exclusion of the recurrence of the duplication, 
led parents to bring the pregnancy to full term. Postnatal 

F I G U R E  1   (A) Pedigree of the family and ARX chromatograms. Black lines at the top indicate available DNAs. Black arrows indicate the 
individuals who underwent clinical exome sequencing (I:1, I:2, II:3). Clinical diagnosis of the fetus (II:2) and proband (II:3) is shown. ACC-p: 
partial agenesis of the corpus callosum. Sanger analysis confirmed the presence of the heterozygous ARX mutation (NM_139058.3:c.922G>T; 
NP_620689.1:p.Glu308Ter) in proband's DNA from blood and saliva, and in DNA from amniocytes of II:2, and the wild-type status of both parents 
and sister (tested tissues: blood, saliva, hair bulbs). (B) Fetal MRI at 25 GW (A1, B1, C1) and 32 GW (A2, B2, C2). Postnatal MRI (A3, B3, C3) at 
1 month (subject II:3). Sagittal planes (A1, A2, A3) showing partial agenesis of the corpus callosum, with thickening of the anterior part of the CC 
in the prenatal MRI (A1, A2), not visible in the postnatal MRI (A3). Coronal planes (B1, B2, B3) and axial planes (C1, C2, C3) showing thin pons 
fibers and fornix hypertrophy. No signal anomalies of the white matter neither cortical anomalies were identified in the prenatal and postnatal MRI. 
The gyration was in accordance with the gestational age and the postnatal age (1 month). MRI, magnetic resonance imaging
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MRI confirmed the isolated partial ACC (Figure 1B) and 
neurological and psychiatric monitoring disclosed mild 
neuropsychomotor problems. The application of a trio-
based CES led to identifying a truncating mutation in ARX 
(NM_139058.3:c.922G>T; NP_620689.1:p.Glu308Ter) in 
the proband, with predicted de novo occurrence. This gene 
encodes for a neuronal transcription factor essential for 
CNS and genital development (Kitamura et al., 2002). The 
same variant was subsequently detected through Sanger 
sequencing on the retrieved DNA of the fetus (II:2). The 
variant was not identified in any tested parental tissues, 
pointing out gonadal mosaicism as the most plausible event 
(Figure  1A). However, gonadosomatic mosaicism is not 
excludable. Unfortunately, given the distance larger than 
1  Mb of this mutation from the most closed informative 
polymorphisms of the proband available from CES data, 
we were not able to identify the parental haplotype of oc-
currence. Accordingly to these observations, the recurrence 
risk for the couple rises to 28.6% for a subsequent preg-
nancy (van der Meulen, van der Meulen, & te Meerman, 
1995). The high probability of transmission makes genetic 
counseling even more challenging if we consider the dev-
astating effect that this mutation would produce in a male 
fetus.

Hemizygous mutations in ARX cause a range of phe-
notypes, spanning from severe forms with genital and 
CNS anomalies such as lissencephaly (XLAG/HYDAG, 
MIM 300,215) or ACC (Proud syndrome, MIM 300004), 
to early infantile epileptic encephalopathy (EIEE1, MIM 
308350), and different forms of intellectual disability with 
or without seizures (Partington Syndrome, MIM 309510; 
MRXARX, MIM 300419). XLAG phenotype is caused by 
mutations with loss of function effect on ARX transcrip-
tionally relevant domains: the homeobox domain, which 
binds DNA and has transcriptional repression activity, and 
the OAR domain, which has been suggested to collaborate 
in ARX transcriptional activation (Mattiske et  al.,  2018; 
Shoubridge, Tan, Seiboth, & Gécz, 2012). A milder pheno-
type has been recently delineated in females with heterozy-
gous XLAG mutations, with 31 affected carriers reported 
(Mattiske et al., 2017), which is additionally influenced by 
skewed X-inactivation, at least in brain (Marsh et al., 2009, 
2016). Clinical manifestations mainly include ID and/or 
developmental delay (around half of the heterozygous fe-
male patients), partial or total ACC (around 73% of pa-
tients who underwent MRI), epilepsy (around 35%), and 
movement disorders (hypotonia/dystonia/ataxia, around 
26%) (Mattiske et al., 2017). Behavioral disturbances and 
psychiatric features are also reported, such as autistic be-
havior, depression and anxiety. The nonsense variant here 
reported introduces a stop codon in the second exon of ARX, 
producing a hypothetical protein lacking 255 amino acids 

and both the homeobox and the OAR domains, presum-
ably causing a complete loss of function effect. Nonsense-
mediated mRNA decay (NMD) could not be excluded, even 
if other reported truncating mutations have been demon-
strated to cause a reduced level of transcript and protein 
(Kato et al., 2004; Moey et al., 2016). To date, the proband 
displays isolated partial ACC and mild difficulties in fine 
motor skills and global attention, especially in the expres-
sive language domain. No sign of epilepsy was detected at 
the time of the last follow-up (4 years and 3 months), but 
this could not exclude a possible later onset.

In addition to the ARX variant, the fetus of the interrupted 
pregnancy (II:2) carried a de novo 17q12 microduplication 
(1.7Mb; Table S2). This rearrangement includes the 1.4 Mb 
17q12 duplication region, which has been associated with 
an incompletely penetrant contiguous gene syndrome (MIM 
614526) characterized by variable features including devel-
opmental delay and dysmorphisms. In a few cases, brain 
MRI evidenced abnormalities such as focal cortical dys-
plasia, ACC, and periventricular leukomalacia (Mitchell 
et al., 2015). It could be supposed that the duplication can ex-
plain at least in part the phenotype of the fetus and that both 
the genomic and the ARX nonsense mutations could exert a 
role in the delineation of its severe clinical picture that can 
be more likely considered as the result of two distinct and 
concurrent molecular causes (Table S2). Moreover, we can-
not exclude that a possible skewed X-inactivation in the fetus 
could have worsened the effect of the ARX variant, as pre-
viously demonstrated in Arx knockout mouse model (Marsh 
et al., 2016).

In conclusion, our study describes a phenotype in a fe-
male associated with a loss of function variant in ARX and 
suggests the possible role of this variant in a previously in-
terrupted pregnancy, where a concurring de novo microdu-
plication predictably contributes to causing a more severe 
and complex phenotype. This report highlights the impor-
tance of investigating additional single-gene mutations po-
tentially contributing to the phenotype when interpreting 
CNVs with variable penetrance and scarcely recognizable 
clinical features, even occurring de novo. Moreover, this 
case suggests ARX as a potential cause of the disease in 
female patients with mild neurodevelopmental signs and 
no seizures. The identification of the ARX variant in the 
interrupted pregnancy, pointing to probable gonadal mosa-
icism, changed risk recurrence for the couple, with a direct 
impact on counseling. The introduction of whole genome 
sequencing in clinical practice, enabling to investigate both 
point mutations and CNVs in a single experiment, will per-
mit a more efficient and comprehensive identification of 
molecular bases in cases of genetic and genomic mutations 
co-inheritance, allowing a more accurate genotype-pheno-
type correlation.
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