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Abstract
RAC3 is a member of the Rho GTPases family, which has important regulatory functions in aspects of neuronal
morphogenesis. Rho GTPases show a conformational change in two regions (switch I and II) through GTP binding, which
provides a platform for selective interactions with functionally diverse proteins. Missense variants in the switch I and II
regions of RAC3 were recently suggested to cause severe intellectual disability and brain malformations. Here, we report an
individual with a novel de novo RAC3 variant (c.101 C>G, p.(Pro34Arg)), which substitutes for an evolutionarily conserved
amino acid within the switch I region. The patient showed severe global developmental delay, intellectual disability,
epilepsy, and laryngeal dystonia. An imaging study revealed characteristic brain dysplasia, including coexistence of the
middle interhemispheric variant of holoprosencephaly and brainstem dysmorphism. Our study supports that RAC3 variants
cause syndromic neurodevelopmental disorders and brain structural abnormality, and expands the phenotypic spectrum of
RAC3-related disorders.

Introduction

RAC3 (Rac family small GTPase 3) encodes a small
GTPase that belongs to the RAS superfamily of small GTP-
binding proteins. RAC proteins (RAC1, RAC2, and RAC3)
are members of the Rho GTPases family, which are highly
evolutionarily conserved homologous proteins, sharing
>88% identity in their amino acid sequences. They have
important regulatory functions in aspects of neuronal mor-
phogenesis, such as proliferation, migration, and synaptic
plasticity [1]. RAC3 has been reported to be expressed in the
developing nervous system and is involved in interneuron

development and maturation [2]. In a recent study, three
missense variants in RAC3 were identified in five indivi-
duals with severe global developmental delays (GDDs) and
brain malformations [3].

Middle interhemispheric variant of holoprosencephaly
(MIH) or syntelencephaly is a rare brain malformation
characterized by an abnormal midline connection of the
cerebral hemispheres in the posterior frontal and parietal
regions [4]. MIH results from a failure of induction and
patterning along the rostrocaudal axis of the neural tube,
and leads to GDDs and seizures [5].

Here, we report an individual with a de novo RAC3
missense variant with severe GDD, intellectual disability
(ID), epilepsy, laryngeal dystonia, and MIH. We reviewed
the literature and discussed the phenotypic features of
RAC3-related disorders.

Case report

After 39 weeks and 3 days of gestation without asphyxia, a
Japanese boy was born to nonconsanguineous healthy par-
ents as their fourth child. There was no family history of
neurodevelopmental disorders. His birth weight, body
length, and head circumference were 2810 g (−0.97 stan-
dard deviation [SD]), 46.8 cm (−1.2 SD), and 32.1 cm
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(−0.88 SD), respectively. He had no dysmorphic features
(Fig. 1a). He developed seizures 5 h after birth and required
respirator support. Daily laryngeal dystonia was observed
early after birth. Irritability and rigidity of the shoulder,

elbow, knee, ankle, and hip joints were noted when he was
1 month old. He underwent gastrostomy and fundoplication
for dysphagia and gastroesophageal reflux disease when he
was 2 months old. He experienced several types of seizures

Fig. 1 Cranial and digital features in the patient. a A clinical photo-
graph at 6 years and 5 months old. b Interictal electroencephalogram at
4 years and 3 months old shows the 2–3 Hz spike-and-waves in the
bilateral central, parietal, and posterior areas with a slow wave-
dominant background. c, d Axial c and coronal d T2-weighted images
obtained at 1 day after birth. A thick supracallosal gray matter across
the midline interhemispheric fusion (arrow) and irregularly enlarged
bilateral posterior ventricles can be observed. e–h Brain MRI taken at
4 years and 3 months old. e Sagittal T1-weighted image shows a small

cortex in the surface of a corpus callosum-like structure (arrows),
which is not considered to be the corpus callosum. f Axial T2-
weighted image shows acquired cerebral atrophy. The myelinization
progressed and was completed. g A coronal T2-weighted image shows
continuity of the cortical gray matter on the interhemispheric structure
and a protrusion mimicking a gyrus over the left corpus callosum
(arrow). h An axial T1-weighted image shows dysplasia of the pons,
which shows oblong swelling and an irregular surface (arrowhead)
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that were refractory to multiple antiepileptic drugs, includ-
ing myoclonic seizures, tonic seizures, and epileptic
spasms. His interictal electroencephalogram revealed spike-
and-slow wave complexes in the bilateral central, parietal,
and posterior areas (Fig. 1b).

Severe GDD was noticed at early infancy; i.e., he could
not perform eye pursuit movements, social smiles, and head
control. Brain magnetic resonance imaging (MRI) at 1 day
after birth and a follow up study at 4 years revealed pro-
gressive cerebral atrophy, brainstem deformation, and deep
midline fusion of frontoparietal lobes (Fig. 1c–h). A dis-
organized gyral formation with deep sulci was also
observed mainly on the bilateral frontal and parietal lobes.
At 3 years, he had left orchiectomy and right orchiopexy
because of left testicular torsion. At 5 years, noninvasive
positive pressure ventilation during the night was initiated
because of his laryngeal dystonia and frequent respiratory
infections.

Upon final examination at 5 years and 7 months old, his
height, weight, and head circumference were 110 cm (−0.1
SD), 20 kg (+0.3 SD), and 51 cm (−0.2 SD), respectively.
He was bedridden with severe muscle hypertonia and was
unable to speak any meaningful words.

Genetic analyses

This study was approved by the Institutional Review Board
Committee at Hamamatsu University School of Medicine

and Showa University School of Medicine. After receiving
written informed consent, peripheral blood samples were
obtained from the patient and his parents, and their genomic
DNA was extracted from blood leukocytes. The patient’s
genomic DNA was analyzed by whole-exome sequencing
(WES). Data processing, variant calling, annotation, and
filtering were performed, as described previously [6]. At
least 95.8% of the target RefSeq coding sequences were
covered by 20 reads or more. Using the WES data, we
found a candidate variant in RAC3 (NM_005052.2:c.101
C>G, p.(Pro34Arg)). Sanger sequencing revealed that this
variant occurred de novo (Fig. 2a) and biological parentage
was confirmed by analyzing 10 microsatellite markers (data
not shown). This variant was absent in our 218 in-house
Japanese control exome data and public databases, includ-
ing the Genome Aggregation Database (gnomAD, see
http://gnomad.broadinstitute.org/; accessed on July 2019)
and the Integrative Japanese Genome Variation Database
(2KJPN, see https://ijgvd.megabank.tohoku.ac.jp/) [7]. The
small GTPases have two highly conserved regions, termed
switch I and II, whose conformational change accompanied
by GTP binding regulates the recognition and binding to
effector molecules after cell stimulation [1, 8]. All pre-
viously reported RAC3 variants were positioned in the
switch regions and the Pro34 residue was also located in the
switch I motif (Fig. 2b). This variant was predicted to be
deleterious by in silico pathogenicity prediction tools
(Supplemental Table S1) and considered as “likely patho-
genic” according to the American College of Medical

Fig. 2 RAC3 variant in the patient. a Sanger sequencing confirmation
of the RAC3 variant (NM_005052.2:c.101 C>G). Electropherograms
revealed a de novo heterozygous missense variant in the patient (red
arrow). b Schematic presentation of the RAC3 protein and location of
altered residues. Previously reported RAC3 variants (p.Pro29Leu, p.
Gln61Leu, and p.Glu62Lys) are depicted above [2]. The p.Pro34Arg

variant identified in our case is shown below. The p.Pro29Leu and p.
Pro34Arg are located in the switch I motif. The other variants are
located in the switch II motif. Multiple amino acid sequences of RAC3
were aligned using the ClustalW tool (see http://www.genome.jp/tools/
clustalw)
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Genetics Standards and Guidelines (Supplemental Table S2,
PS2, PM2, PP3). We also found three other candidate
variants in this case, two compound heterozygous variants
in HSD17B4 and one hemizygous variant in P2RY4 meeting
the autosomal recessive or X-linked models (Supplemental
Tables S1, S2). It is known that biallelic variants in
HSD17B4 cause D-bifunctional protein deficiency (OMIM#
261515), which is a disorder of peroxisomal fatty acid beta-
oxidation leading to infantile death characterized by neo-
natal hypotonia, seizures and severely impaired psycho-
motor development, however, both variants found in this
case were predicted to be tolerate. In contrast, the hemi-
zygous variant in P2RY4 predicted to be deleterious. P2RY4
encodes a purinergic nucleotide receptor coupled to G-
protein which highly expresses in small intestine and reg-
ulates various signal transduction pathways [9]. Previous
study suggested P2RY4 may play a key role in head
organizer formation in Xenopus development [10], how-
ever, there have been no obvious association with human
diseases. Moreover, we examined possible pathogenic copy
number variants (CNVs) using WES data with the eXome-
Hidden Markov Model (XHMM) [11] and the methods
developed by Nord et al. [12]; however, no possible
pathogenic CNVs were found in this case. Therefore, we
considered that the RAC3 variant was the most likely to be
causative in this case.

Discussion

Five individuals with RAC3 variants were recently descri-
bed [3]. The clinical manifestations of six individuals with
RAC3 variants are summarized in Table 1, including our
case and the other previously reported cases. All cases had
GDD, ID, abnormal muscle tone, and brain structural
abnormalities, such as corpus callosum (CC) anomaly
(agenesis or dysgenesis of the CC, thinned CC and hypo-
plasia of CC) (6/6), polymicrogyria (3/6), ventriculomegaly
(5/6), and heterotopia (2/6). Facial dysmorphisms (5/6) and
seizures (3/6) were frequently observed. Hypoplasia of the
hindbrain, Chiari type I malformations in two half-sibling
cases [3], and dysplasia of pons with cerebellar atrophy in
our case were recognized. Meanwhile, two characteristic
findings, MIH and laryngeal dystonia causing respiratory
failure, were only noted in our case. Laryngeal dystonia,
which is one form of movement disorder, is a chronic voice
disorder because of uncontrolled spasms in the vocal cords.
A case of severe motor and intellectual disabilities with
laryngeal dystonia had been reported previously [13], but it
very rarely presents with laryngeal dystonia in early
infancy. Rho GTPases regulate the actin dynamics impor-
tant for axonal growth and axonal transport [1, 14]. Axonal
defects including decreased axonal outgrowth and impaired

axonal transport are characteristic pathological changes in
some neurodegenerative diseases [15]. The axons of upper
motor neurons convey signals to the lower motor neurons to
control muscle movements; therefore, RAC3 mutants may
possibly cause impairment of muscle contractions from
early infancy.

Our case had another interestingly finding, i.e., MIH,
which is a variant of holoprosencephaly resulting from the
failure of dorsal and ventral patterning in the prosence-
phalon by gestation day 35. Individuals with variants in
RAC1 and RAC3 showed CC abnormalities and various
types of neuronal migration disorders [3, 16]. The knockout
mice models indicated that Rac1 deficiency caused midline
commissures defects [17]. These findings supported that
RAC proteins played important role in the axonal migration.
However, no one showed MIH in individuals with variants
in both RAC and RAS proteins. Holoprosencephaly is
likely to be caused by chromosomal aberrations and oli-
gogenic inheritance [18] or affected by some environmental
factors, but its etiology remains unclear. Our case suggests
that RAC3 also may have a role in the cleavage process of
prosencephalon in embryonic development, whether
another genetic or environmental factors will be involved in
its pathology. However, further investigations will be
necessary to fully elucidate its pathogenesis.

Table 1 Clinical findings of cases with the RAC3 variant

Case RAC3 variants

This case Previously reported
cases [3]

Neurologic phenotype

Global developmental delays Yes 5/5

Abnormal muscle tone Yes 5/5

Intellectual disability Yes 5/5

Structural abnormality on
brain MRI

Yes 5/5

MIH Yes 0/5

Polymicrogyria No 3/5

Heterotopia No 2/5

Ventriculomegaly Yes 4/5

Corpus callosum anomaly Yes 5/5

Macro/microcephaly in
childhood

No 0/5

Seizures Yes 2/5

Extraneurologic phenotype

Facial dysmorphism No 5/5

Feeding difficulties Yes 4/5

Respiratory failure Yes 0/5

Laryngeal dystonia Yes NA

MRI magnetic resonance imaging, MIH middle interhemispheric
variant of holoprosencephaly, NA not assessed or not available
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RAC proteins act as a binary switch of cell signaling
pathway by cycling between an inactive GDP-bound
form and an active GTP-bound state. This cycling pro-
cess is tightly regulated by multiple guanine nucleotide
exchange factors (GEFs) [19], which promote the
exchange of GDP for GTP resulting in conformational
change to activated form [2, 19]. Previous studies
revealed that amino acid alteration in the switch I regions
caused binding disability with GEFs or loss of GEF
catalysis leading to impairment of signal transduction
[20]. The altered Pro34 residue is highly evolutionarily
conserved and common in RAC proteins and RAS
oncoproteins (KRAS, NRAS and HRAS), which are
family members of small GTPase and highly homo-
logous to RAC proteins. (Fig. 2b) [1]. No alteration at
Pro34 residue in these proteins had been observed in
gnomAD, but plural somatic variants at Pro34 residue in
RAC and RAS proteins are registered in the Catalogue
Of Somatic Mutations In Cancer (COSMIC, see http://ca
ncer.sanger.ac.uk/cosmic) leading to cause various types
of carcinomas. In addition, the pathogenic germline
variants at Pro34 in RAC2, KRAS and NRAS was
identified in individuals with combined immunodefi-
ciency [21], Cardio-facio-cutaneous syndrome (OMIM#
615278) and Noonan syndrome (OMIM# 609942) [22],
respectively. These findings suggest that the amino acid
alteration in switch region may have influence on
GTPase activation and the alteration at Pro34 residue in
RAC3 is likely to cause human diseases.

In conclusion, we identified a novel de novo RAC3
variant in a case of GDD, epilepsy, and MIH. This case
expands the phenotypic spectrum of RAC3-related disorders
and may be a clue in the explication of the genetic back-
ground of holoprosencephaly.
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