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Introduction: Cri-du-Chat Syndrome (CdCS) is a genetic condition due to deletions showing different
breakpoints encompassing a critical region on the short arm of chromosome 5, located between p15.2
and p15.3, first defined by Niebuhr in 1978. The classic phenotype includes a characteristic cry, peculiar
facies, microcephaly, growth retardation, hypotonia, speech and psychomotor delay and intellectual
disability. A wide spectrum of clinical manifestations can be attributed to differences in size and local-
ization of the 5p deletion. Several critical regions related to some of the main features (such as cry,
peculiar facies, developmental delay) have been identified. The aim of this study is to further define the
genotype-phenotype correlations in CdCS with particular regards to the specific neuroradiological
findings.
Patients and methods: Fourteen patients with 5p deletions have been included in the present study.
Neuroimaging studies were conducted using brain Magnetic Resonance Imaging (MRI). Genetic testing
was performed by means of comparative genomic hybridization (CGH) array at 130 kb resolution.
Results: MRI analyses showed that isolated pontine hypoplasia is the most common finding, followed by
vermian hypoplasia, ventricular anomalies, abnormal basal angle, widening of cavum sellae, increased
signal of white matter, corpus callosum anomalies, and anomalies of cortical development. Chromosomal
microarray analysis identified deletions ranging in size from 11,6 to 33,8 Mb on the short arm of chro-
mosome 5. Then, we took into consideration the overlapping and non-overlapping deleted regions. The
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goal was to establish a correlation between the deleted segments and the neuroradiological features of
our patients.
Conclusions: Performing MRI on all the patients in our cohort, allowed us to expand the neuroradio-
logical phenotype in CdCS. Moreover, possible critical regions associated to characteristic MRI findings
have been identified.

© 2020 European Paediatric Neurology Society. Published by Elsevier Ltd. All rights reserved.
1. Introduction

First described by Lejeune in 1963, Cri-du-Chat Syndrome
(CdCS) (OMIM#123450) is a clinically recognizable contiguous
gene syndrome ascribed to deletions in the short arm of chromo-
some 5 (5p). Its prevalence is estimated to 1:15.000e1:50.000 live
births with a male-to-female ratio of 0.73 [1,2].

The disorder has a broad spectrum of manifestations; “classic”
phenotype includes a characteristic high-pitched cat-like cry in
infancy (hence the name of the syndrome), peculiar facies, micro-
cephaly, growth retardation, hypotonia, speech and psychomotor
delay and intellectual disability (ID) [1e5].

The clinical spectrum and the severity of the disease vary ac-
cording to the size of the deletion and the position of the break-
points. In general, a globally more severe psychomotor and
intellectual phenotype is associated to large deletions, with prox-
imal breakpoints localized in 5p14e5p13, whereas small deletions
are associated to milder manifestations [3].

Structural brain malformations have been reported in CdCS
patients, but their presence has not been studied systematically.
Thus, detailed information regarding type and frequency of brain
anomalies is still limited.

Case reports and the small case-series described by Tamraz et al.,
suggest that the most typical neuroimaging findings are brainstem
hypoplasia, most predominantly in the pons with or without
cerebellar (or vermian) hypoplasia, and cerebellar white matter
atrophy [6e19].

Other reported brain anomalies are thinning (or dysgenesis) of
the corpus callosum, Dandy-Walker malformation, middle cere-
bellar peduncles hypoplasia, dilated ventricles (lateral, fourth)
cerebellar interhemispheric cyst, arachnoid cyst, reduced myeli-
nation in anterior limbs of the internal capsule and large cisterna
magna [6e8,10,15,17e19]. One recent autopsy study, in an 18 year-
old girl with CdCS, revealed olfactory hypoplasia, focal hypoplasia
of the brainstem, partial corpus callosum agenesis, cavum septum
pellucidum, bilaterally polymicrogyria and multifocal neurode-
generative changes with intracytoplasmatic inclusions in the hip-
pocampus and cerebral neocortex [20].

Additionally, a flattened cranial base angle and malformation in
the bony contours of the sella turcica and the clivus have been
documented in a series of 23 patients with CdCS using lateral
cephalometric radiograph [21].

In order to understand the pathogenic mechanisms of CdCS, it is
important to exactly identify the deleted regions, the gene content
and their potential contribution to the observed phenotype.

To date, themajority of the studies have focused onmapping the
critical regions related to specific clinical features in CdCS, in
particular the characteristic cry, the peculiar facial phenotype,
microcephaly, language and development delay. Anyway, studies so
far do not completely agree [22e30].

Molecular studies confirmed the role of these regions identi-
fying, within them, the genes involved in different components of
the classic phenotype.

To date, no genotype-phenotype correlation was proposed
concerning neuroradiological features.
tural brain anomalies in Cri-d
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In the present study, we performed a systematic evaluation of
brain MRI (Magnetic Resonance Imaging) studies of 14 unrelated
patients with CdCS, analyzed by CMA (Chromosome Microarray
Analysis), with the aims to further characterizing the spectrum of
CNS (Central Nervous System) abnormalities found on brain MRI
studies, and investigating genotypeephenotype correlation.

We hypothesize that a subset of genes in the commonly deleted
region is dosage-sensitive and that the haploinsufficiency of one or
more of these genes interferes with the normal development of the
nervous system during embryogenesis. By comparing the size,
localization and genetic content of the 5p deletions, we thus
attempted to identify common overlapping regions between pa-
tients with the same neuroradiological phenotype and, within
these regions, to highlight putative genes associated with brain
malformations.

2. Patients and Methods

2.1. Patient cohort

A total of 14 patients (9 males and 5 females; age 0 month to 28
years), with cytogenetically confirmed diagnosis of CdCS and
available brain MRI data, were enrolled through the collaborative
effort of the contributing authors at the Medical Genetics Units,
IRCCS “Ca’ Granda e Ospedale Maggiore Policlinico” Foundation of
Milan.

Personal and family history were obtained for all patients. Refer-
ring physicians were asked to complete a standardized clinical
checklist for their patients. The form included questions about family
history, microcephaly [OFC (orbitofrontal cortex) <3rd percentile],
hypotonia, developmental progress, behavioural problems, medical
complications, minor facial anomalies (specifically with regard to Cri
du Chat facial gestalt, including broad nasal bridge, epicanthal folds,
micrognathia), other physical examinationfindings. All patientswere
clinically examined. Clinical evaluation for a dysmorphological
assessment was performed by a medical geneticist according to in-
ternational guidelines and was oriented to the detection of even mi-
nor anomalies and malformations. Some patients were regularly re-
evaluated over several years and follow up data were recorded. Psy-
chomotor development and intellectual disability assessments were
based on age-target level tests and specialist evaluations.

Table 1 shows the age, the gender and a summary of the prin-
cipal clinical information related this study cohort.

2.2. MRI study

Brain MRI was performed in all patients and neuroradiological
data were revised by the Colleagues of the Neuroradiology Unit,
IRCCS “Ca’ Granda e Ospedale Maggiore Policlinico” Foundation of
Milan. Age of patients at MRI scan ranged from 5 days to 26 years
(median value 5.5 months).

The MRI scans included T2 and T1 weighted sequences in all
patients and FLAIR (Fluid-attenuated Inversion Recovery) images
for patients older than 1 year. Images were acquired on axial, cor-
onal and sagittal planes.
u-Chat syndrome: MRI findings in 14 patients and possible genotype-
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The MRI images assessment included the qualitative and
quantitative evaluation of cerebral and skull anomalies and mal-
formations. On the basis of available literature, specific neurologic
abnormalities previously described, were intentionally sought. In
particular, the presence of brainstem, pons, cerebellar vermis hy-
poplasia and optic nerve hypoplasia, of cortical, ventricles and
corpus callosum malformations and anomalies of skull base angle
and cavum sellae were assessed [31e34].

The skull base angle is the angle formed by the line extending
across the anterior cranial fossa to the tip to the dorsum sellae and
the line drawn along the posterior margin of the clivus. In children
normal values are between 104-124� (means 113e115�) [35].

2.3. Cytogenetic and CMA studies

For each patient the diagnosis of CdCS was made on a clinical
basis and confirmed by cytogenetic analysis (karyotype and FISH
analysis).

Firstly, only a few patients (those more recently enrolled), were
analyzed by CMA; then, new samples were collected, and CGH-
array was performed on all patients.

Genomic DNA was isolated from peripheral blood sample using
Gentra PuregeneBloodKit fromQiagen (Qiagen, Venlo, Netherlands),
following the protocols provided by the manufacturers. A CGH-array
analysis was performed using SurePrint G3 CGH 8�60 K Kit (Agilent
Technologies, Santa Clara, CA, USA). Raw data were generated using
Agilent Feature extraction and analyzed by Cytogenomics 4.0.3.12
software using ADM-2 algorithm (Agilent Technologies, Santa Clara,
CA, USA). To improve the accuracy of the results, the Diploid Peak
Centralization algorithmwas applied. Aberrations were considered if
at least three adjacent probes were involved and the Minimum Ab-
soluteAverageLogRatio (MAALR)was±0,25. Copynumbervariations
were not reported if they coincided with the published DNAvariants
listed in the Database of Genomic Variants (http://projects.tcag.ca/
variation/). Genomic coordinates were defined according to the Hu-
manGenomebuild 37 (March 2009). Cytogenetic and FISHanalysis of
peripheral bloodwas carriedout according to the standard laboratory
procedure. Conventional karyotyping and FISH were performed ac-
cording to theEuropeanGeneralGuidelines andQualityAssurance for
Cytogenetics [36] and genetic results were reported in accordance
with the International System for Human Cytogenomic Nomencla-
ture - ISCN [37].

All samples analyzed in this study were collected after adequate
informed consent.

2.4. Ethical compliance

Informed consent was obtained from all parents/guardians
before enrollment and after a full study description. The study was
performed in accordance with the Declaration of Helsinki (1964)
and was approved by the IRCCS “Ca’ Granda Ospedale Maggiore
Policlinico” Foundation Scientific Board and, in agreement with
Italian regulations, it does not require a specific ethical approval
because it only uses anonymous data collected during routine pa-
tient care.

3. Results

3.1. Brain MRI findings

The neuroradiological findings observed at the brain MRI of the
14 patients are detailed in Table 2.

All enrolled patients showed malformation of the posterior
fossa, formerly reported as a distinctive CdCS brain anomaly in
literature.
Please cite this article as: R. Villa et al., Structural brain anomalies in Cri-d
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Specifically, 7/14 cases displayed pontine and vermian hypo-
plasia and 6/14 cases showed isolated pontine hypoplasia. Isolated
vermian hypoplasia was observed in 1/14 cases (Patient #6) who
also had cerebellar vermis rotation (Fig. 1).

Corpus callosum abnormalities were observed in 11/14 pa-
tients. Specifically, MRI showed hypoplasia with dysmorphic or
thin corpus callosum in 10 cases and a complete agenesis in 1
patient (Patient #9). Ten out of fourteen (10/14) cases displayed
ventricular anomalies. Lateral ventricle enlargement was evident
in 4 patients.

Cortical development abnormalities disorders were observed in
6/14 cases. Bilateral frontoparietal polymicrogyria was found in the
imaging studies of 4/14 cases. Patient #7 exhibited right frontal
lobe polymicrogyria. One case (Patient #11) had cortical nodular
heterotopy.

Other findings included optical nerve hypoplasia in 3/14 cases,
diffuse bilateral and symmetric increase of signal of white matter
on T2 weighted images in 2/14 cases and bilateral hyppocampus
malrotation in (only) one case.

Basilar investigation showed widening of cavum sellae in 8/14
cases and basal angle anomalies in 4/14 cases.

Representative examples of brain MRI findings are provided in
Fig. 2.
3.2. Cytogenetic and CMA results

All patients underwent CGH-array analysis to define size and
localization of the deleted region on chromosome 5, as reported in
Table 3. Eleven out of fourteen (11/14) patients showed terminal
deletions, whereas 3 cases displayed interstitial deletions. The
extension of the deleted region was variable from 11,6 to 33,8 Mb.

The Patient #12, showed a mosaic 14 Mb deletion in 5p. The
mosaicismwas confirmed by FISH using specific probe, with 60% of
examined metaphases showing the deletion. The patient had a
monozygotic twin found to have the samemosaic 5p deletion but in
lower proportion (around 25% of examined cells). Chromosomal
Mosaicism in CdCS is not uncommon compared to other structural
aberrations. We speculate that the mosaicism of this case could
result from a postzygotic unequal crossing-over event, occurred
between repeated sequence on the short arm of chromosome 5,
that caused a deleted 5p cell line. This might have happened early
in development, before twinning.

None of the parents had clinical features of CdCS, suggesting
that almost all cases were de novo events; FISH analysis was per-
formed on all parents (except for Patient #11, #12 and #14, whose
parents were not available for analysis) to investigate the presence
of cryptic rearrangements.

The Patient #5, indeed, showed an unbalanced translocation
determining a deletion on 5p and a duplication on 10q (18,3 Mb).
Karyotype analysis of the parents revealed a balanced translocation
between the short arm of chromosome 5 and the long arm of
chromosome 10 in the father of the proband being the karyotype
46,XY,t(5;10)(p13.2;q25.3).

Moreover, in 3/14 cases the CMA analysis identified a second/
third deletion or duplication involving another chromosome
(Table 3). Patient #7 and #8 carried two small extra Copy
Number Variations (CNVs) of likely benign and unknown clinical
significance respectively. In Patient #11 a large terminal CNV of
5,2 Mb duplication on chromosome 15 has been identified, sug-
gesting the presence of an unbalanced translocation between
chromosome 5 and chromosome 15 of unknown origin. Indeed,
parents’ blood samples were not available for the cytogenetic
analysis.
u-Chat syndrome: MRI findings in 14 patients and possible genotype-
//doi.org/10.1016/j.ejpn.2020.07.002
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Table 1
Clinical features of the 14 patients with CdCS.

Patient Sex Age at
diagnosis

Peculiar
facies

Microcephaly* Hypotonia Developmental
delay

Intellectual
disability

Behavioural
disorders

Heart
anomalies

Ocular anomalies Hearing
impairment

Skeletal
anomalies

Others

1 F 13 years þ e e þ mild anxiety disorder e myopia bilateral
moderate mixed
deafness

kyphoscoliosis menstrual irregularities, idiopatic
hirsutism; lower limbs dysmetria

2 F Birth þ þ þ þ severe e IVD, PDA e e e GERD
3 M 8months þ e þ þ moderate hyperactivity,

aggressivity,
irritability

e strabismus,
hypermetropia,
astigmatism

e bilateral pes
planus

4 F Birth þ þ þ þ moderate aggressivity,
irritability

IVD, PFO astigmatism e bilateral pes
planus-valgus

anorectal malformation

5 M Birth þ þ þ þ n.a. e pulmonary
stenosis

papillae hypoplasia,
retinal
depigmentation

e e Hirschprung disease, GERD,
aspecific EEG anomalies

6 M 14
months

þ þ þ þ severe hyperkinesia,
hyperactivity

prenatal
atrial flutter

e monolateral AABR
fail

bilateral pes
cavus-varus

hypertrophic pyloric stenosis

7 M Birth þ þ þ þ n.a. e pulmonary
insufficiency

mild strabismus e e cyanotic breath-holding spell

8 M 3 years þ e þ þ n.a. e strabismus e e

9 M 1 month þ þ e þ mild aggressivity,
irritability

IAD hypermetropia,
astigmatism

e bilateral pes
varus-adductus

10 F 3months þ þ þ þ severe aggressivity,
irritability

IVD astigmatism, myopia e kyphoscoliosis

11 F 9months þ þ þ þ n.a. e e strabismus, mild
palpebral ptosis

e e laryngomalacia

12 M 2months þ þ þ þ n.a. sleep disturbances e e e e congenital hypothyroidism
13 M 4months þ þ þ þ n.a. n.a. mild tricuspid

regurgitation
right side hyaloid
remnant

monolateral AABR
failed

bilateral
metatartus
adductus

14 M 12
months

þ þ þ þ n.a. n.a. IVD, PFO e e e

“þ”¼ present; “-”¼ absent; “n.a.”¼ not applicable, “IVD”¼ inter-ventricular defect; “PDA”¼ patent ductus arteriosus; “PFO”¼ patent foramen ovale; “IAD”¼ interatrial defect; “AABR”¼ automatic auditory brainstem response,
“GERD” ¼ gastroesophageal reflux disease. * Microcephaly: a OFC <3rd centile for age.
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Table 2
Brain MRI imaging findings for each patient. “þ” ¼ present; “-” ¼ absent.

Patient Age at
MRI

Pontine
hypoplasia

Vermian
hypoplasia

Ventricles
anomalies

Basal
angle
anomalies

Widening
of cavum
sellae

Increased T2
signal fromwhite
matter

Corpus
callosum
anomalies

Cortical anomalies Others

1 26
years

þ e dysmorphic >120� dysmorphic e dysmorphic e

2 80 days þ þ dysmorphic
and
widened

>120� dysmorphic e dysmorphic bilateral perisylvian
polymicrogyria

optic nerves
hypoplasia

3 5 days þ e normal normal dysmorphic þ dysmorphic e optic nerves
hypoplasia

4 53 days þ þ dysmorphic >120� dysmorphic þ dysmorphic e

5 61 days þ þ dysmorphic >120� dysmorphic e dysmorphic bilateral perisylvian
polymicrogyria

hyppocampus malrotation; optic
nerves hypoplasia; reduction of
white matter

6 14
months

e þ dysmorphic normal normal e dysmorphic e cerebellar vermis rotation

7 5 days þ þ dysmorphic normal normal e dysmorphic right frontal lobe
polymicrogyria

8 19
months

þ e normal normal dysmorphic e dysmorphic e

9 8 years þ e dysmorphic
and
widened

normal normal e absent bilateral perisylvian
and parietal
polymicrogyria

10 4 years þ þ dysmorphic
and
widened

normal normal e dysmorphic bilateral perisylvian
polymicrogyria

11 9
moths

þ e normal normal normal e normal cortical nodular
heterotopy

12 30 days þ þ normal normal dysmorphic e normal e

13 30 days þ þ dysmorphic normal dysmorphic e normal e

14 12
months

þ e dysmorphic
and
widened

normal normal e dysmorphic e

Fig. 1. Patient #6 brain MRI findings. Sagittal T2-weighted image showed normal
brainstem morphology and small upward-rotated vermis, thus the IV ventricle
appearing widened and opened inferiorly.
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3.3. Genotype and neuroradiological findings correlation

As shown in Fig. 3, CMA analysis of our cohort allowed us to
identify four regions displaying a possible association between the
gene content and the specific neuroradiological anomalies:

� Smallest region of overlap (SRO) of 9,6 Mb spanning nucleotides
2,119,511 and 11,723,616, related to pontine hypoplasia;

� Critical region 1 (CR1) of 1,96 Mb spanning nucleotides 151,737
and 2,119,511, involved in the development of the CdCs brain
structural abnormalities;

� Critical region 2 (CR2) of 2,4 Mb spanning nucleotides
11,723,616 and 14,153,620, related to vermian hypoplasia and
ventricular anomalies;

� Critical region 3 (CR3) of 3,9 Mb spanning nucleotides
14,153,620 and 18,149,415, correlated to polymicrogyria.

4. Discussion

In the present study 14 patients, with different breakpoints of
deletion of the short arm of chromosome 5, were evaluated from a
clinical, neuroradiological and genetic point of view, using standard
assessment criteria (clinical evaluation, neuroradiological investi-
gation by brain MRI, genetic analysis by CGH-array). The aimwas to
investigate the presence of brain abnormalities detectable by nu-
clear magnetic resonance imaging and to establish a possible cor-
relation with the size, position and gene content of the deletion.

Our series represent, to date, the largest cohort of patients with
CdCS studiedwithMRI; moreover, it is the only cohort of patients in
which a genotype-phenotype correlation focused on neuroradio-
logical aspects has been proposed while, in the previous literature,
critical regions have been identified related to other clinical fea-
tures (e.g. characteristic cry or language delay) [23e30]. On the
u-Chat syndrome: MRI findings in 14 patients and possible genotype-
//doi.org/10.1016/j.ejpn.2020.07.002



Fig. 2. Brain MRI findings. A, B, C) Patient #3: 5 days old with deletion of 11.6 Mb of the p15.33p15.2 region in the chromosome 5; sagittal T1 weighted image (A) shows pontine
hypoplasia (white arrow); axial T2 weighted image (B) shows normal brain findings, with regular ventricular morphology and size; sagittal T2 weighted image (C) shows the
widening of cavum sellae (white arrowhead). D) Patient #4: 53 days old with deletion of 12 Mb of the p15.33p15.2 region. The sagittal T2 image (D) shows platybasia with skull base
angle of 129� (normal reference for children 114� ±10�).E, F, G, H) Patient #2: 3 months old with deletion of 30.5 Mb of the p15.33p15.3 region in the chromosome 5. Sagittal T1
weighted image (E) shows pontine hypoplasia (white arrow) and thin corpus callosum (white arrowhead). Axial T2 weighted image (F) shows dysmorphic and enlarged ventricular
system (white arrow) and bilateral perisilvian polymicrogyria (white arrowhead). Coronal T2 weighted imaged show (G) the optic nerve hypoplasia (black arrow) and (H) the
hippocampus malrotation (black arrowhead).

Table 3
Genomic findings of the study cohort.

Patient Deleted
region

Proximal
Breakpoint
(hg19)

Distal
Breakpoint
(hg19)

Deletion
size

Terminal/
Interstitial

Inheritance Additional CNVs (size)

1 5p15.33p15.2 151,737 12,699,724 12,5 Mb T De novo no
2 5p15.33-

p13.3
151,737 30,601,184 30, 5 Mb T De novo no

3 5p15.33-
p15.2

151,737 11,723,616 11,6 Mb T De novo no

4 5p15.33p15.2 2,119,511 14,153,620 12 Mb I De novo no
5 5p13.2 151,737 34,043,636 33,8 Mb T t(5;10)pat arr[hg19] 10q25.3q26.3 (117059747_135404523)x3

(18,3 Mb)
6 5p15.2p14.1 13,779,728 26,594,000 12,8 Mb I De novo no
7 5p15.33p15.1 2,119,511 18,149,415 16 Mb I De novo arr[hg19] 10p13(12245205_12447468)x3 unk (202 Kb); arr[hg19] 6q22.31

(120195680_120308440)x1 unk (112 Kb)
8 5p15.33p15.2 151,737 11,723,616 11,6 Mb T De novo arr[hg19] 6q15q16.1 (92723771_93609085)x3 unk (885Kb);

arr[hg19] 19q13.2(41052830_41223762)x3 unk (171 Kb)
9 5p15.33p14 151,737 21,451,716 25,1 Mb T De novo no
10 5p15.33p13.3 151,737 32,991,435 32,8 Mb T De novo no
11 5p15.33p15.2 151,737 11,723,616 11,6 Mb T Unknown arr[hg19] 15q26.2q26.3 (97257751_102531392)x3 unk

(5,2 Mb)
12 5p15.33p15.2a 151,737 14,153,620 14 Mb T Unknown no
13 5p15.33p14.1 151,737 28,542,840 28,4 Mb T De novo no
14 5p15.33p15.1 151,737 16,057,707 15,9 Mb T Unknown no

a Mosaic in 60% of cells.
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other hand, the described cases in which neuroradiological char-
acteristics are highlighted, are quite rare and no genotype-
phenotype correlation has been proposed. Moreover, in the previ-
ously described cases (collected in the 1990s) [6,7] and in more
recent case reports [7e19], the deletion of the short arm of chro-
mosome 5 was identified mainly by classical cytogenetic analysis
or, in one case, by FISH.

Data emerging from our analysis allowed us to expand and to
specify the neuroradiological phenotype of CdCS, confirming the
Please cite this article as: R. Villa et al., Structural brain anomalies in Cri-d
phenotype correlations, European Journal of Paediatric Neurology, https:
presence, in the enrolled subjects, of the anomalies already
described (hypoplasia of the brainstem and in particular of the
pons, hypoplasia of the cerebellar vermis, increase of the basal
angle and widening of the cavum sellae, dysmorphism or agenesis
of the corpus callosum, dysmorphisms of the ventricles [38], and
alterations of the white matter) [6e19]. Our data identified other
features, such as polymicrogyria [reported only byDmetrichuk et al.,
20] and hypoplasia of the optical nerves, which has never been
reported. Interestingly, there is a probable connection between the
u-Chat syndrome: MRI findings in 14 patients and possible genotype-
//doi.org/10.1016/j.ejpn.2020.07.002



Fig. 3. Size and position of 5p deletions in our cohort and genotype and neuroradiologic findings correlation: SRO (Smallest region of overlap) of 9,6 Mb spanning nucleotides
2,119,511 and 11,723,616, related to pontine hypoplasia; CR1 (Critical region 1) of 1,96 Mb spanning nucleotides 151,737 and 2,119,511, probably contribute to development of the
CdCs brain structural abnormalities; CR2 (Critical region 2) of 2,4 Mb spanning nucleotides 11,723,616 and 14,153,620, related to vermian hypoplasia and ventricular anomalies.
Filled-in black bar represent patients with the presence of vermian hypoplasia and ventricular anomalies; black bar with white cross represent patients with only ventricular
anomalies; black bar with grey lines represent patient with only vermian hypoplasia; CR3 (Critical region 3) of 3,9 Mb spanning nucleotides 14,153,620 and 18,149,415, correlated to
polymicrogyria. Filled-in black bar represent patients with polymicrogyria: filled-in grey bar represent patients without polymicrogyria.

R. Villa et al. / European Journal of Paediatric Neurology xxx (xxxx) xxx 7
skull base anomalies depicted and the brainstem and cerebellar
anomalies. The clivus and the cavum sellae are embryologically
connected to the brainstem and cerebellar malformations, as the
notochord is responsible for the development of the CNS and also of
the axial skeleton [39e41]. Additionally, Kessel et al. [42] pointed
out a tight developmental relationship between the hindbrain-
spinal cord, the basisphenoid part of the axial skeleton and the
glossopharyngealevagal ganglia that innervate the human larynx,
suggesting a link between the brain and skull base anomalies and
the characteristic cat-like cry typical of the Cri-du-Chat Syndrome.

By the comparison in size and location of the 5p deletions of our
14 patients (Fig. 3), it was possible to identify a SRO, shared by all
cases showing pontine hypoplasia, with the exception of Patient
#6.

Patient #6 displayed an interstitial deletion of 12.8 Mb, not
included in the SRO, and showed microcephaly, hypotonia, psy-
chomotor and language delay and health problems related to Cri-
du-Chat Syndrome. His neuroradiological findings included hypo-
plasia and rotation of the cerebellar vermis, dysmorphic aspect of
the ventricles and of corpus callosum. The absence of pontine hy-
poplasia suggests that the SRO gene content may contribute to
pathogenesis of this abnormality.

Patient #5 and Patient #11 show large CNVs involving other
chromosomes: a 18,3 Mb duplication of chromosome 10q and a
5,2 Mb duplication of chromosome 15q. In these regions map a very
large number of genes, among them 22 OMIM Morbid genes on
chromosome 10 and 7 on chromosome 15. Since genes involved in
brain development and function are wide spread on the whole
genome, some of them probably impact also on our findings,
making the correlation with the 5p deletion features in these pa-
tients a challenge, while the small CNVs identified in Patient #7 and
Patient #8 probably do not affect the clinical manifestations.

Several OMIM genes map in the SRO. Among them, the IRX1
(OMIM*606197) and the IRX2 (OMIM *606198) genes belong to the
same family (Iroquois Homeobox) of the IRX4 gene, which is situated
distally and not included in the SRO. The IRX1 gene is highly
expressed in the diencephalon; Bosse et al., 1997 showed that the
group of the IRX genes is involved in several embryogenic processes,
in particular in ventral-dorsal and antero-posterior patterning of
specific regions of the CNS and in the regionalization of the auricular
vesicle, branchial epithelium and cerebellum [43].

The SEMA5A gene (OMIM*609297) codes for a membrane pro-
tein that regulates axonal guidance and neuronal migration during
Please cite this article as: R. Villa et al., Structural brain anomalies in Cri-d
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neural development [44]. Studies on themouse and in particular on
the expression pattern of Sema5a during brain development led to
hypothesize a role of this gene in neuronal migration. Its hap-
loinsufficiency could therefore cause development issues, intel-
lectual disability and microcephaly observed in Cri du Chat
individuals. Knockout mice for Sema5a have an increased number
of excitatory synapses and, in behavioral studies, show an altered
pattern of social interaction and, in particular, one reduction of
interactions with other mice compared to control subjects [45,46].
Since alterations in the balance between excitatory and inhibitory
synapses have been associated with neurobehavioral disorders
such as autism [47], these data are consistent with the increase in
the incidence of autism in hemizygous subjects for SEMA5A. The
deletion of this gene is described in association with cerebral ab-
normalities, autism and ID [45,47,48].

The CTNND2 gene (OMIM*604275) encodes for an adhesion
protein with cell motility control function; it is expressed early in
neurons during the development of the nervous system and it's
thought to have a role in regulating neuronal migration. It could be
implied in neuronal migration defects, such as those identified in
our series. In the definition of genotype-phenotype correlations in
patients with deletions of the short arm of chromosome 5, it was
observed that subjects carrying deletions including CTNND2 have
more severe cognitive impairment [49], while studies in mice
[50,51] indicate a possible relevance of CTNND2 in maintaining the
stability of dendritic structures. Further studies [52] seem to sug-
gest a role of CTNND2 in cerebellar Purkinje cell morphology.

In addition to the SRO, we pointed out other three possible
critical regions (CR), correlated to pontine hypoplasia, poly-
microgyria, vermian hypoplasia and ventricles abnormalities
(Fig. 3).

In CR1 map at least 20 OMIM genes. Any of these show a direct
association with brain structural abnormalities. Among them, the
IRX4 gene (OMIM*606199) shows involvement in several embry-
onic developmental processes, particularly of the specific region of
central nervous system in mice [42].

Anyway, SLC6A3, SLC6A19 and SLC6A18 genes belong to the so-
lute carrier 6 (SLC6) family. These genes’ family encode neuro-
transmitter transporters, thus an altered expression could be
associated with an altered neurotransmission and could contribute
to the neurologic function [53].

TERT is commonly deleted in CdCs, but its direct role is unclear,
as well as those of CEP72 gene. CEP72 is involved in regulation of
u-Chat syndrome: MRI findings in 14 patients and possible genotype-
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centrosomal proteins and mutations of this gene have been
described to be associated with neurodevelopmental disorders
[54]. Together, CEP72, MRPL36, NDUFS6 and TPPP have been asso-
ciated to hyperactivity and impulsiveness. TPPP gene and SLC6A3
gene are described to mutually interact leading changes of pattern
in neuronal activity in CdCs [55].

At present, the specific contribution given by this region to the
brain structural abnormalities is unclear and additional research
are needed to confirm the potential role of this region to the
development of the CdCs brain structural abnormalities.

CR2 involves two genes: the 50 side of TRIO and the DNAH5. The
TRIO gene (OMIM*601893) is highly expressed in the developing
brain and it has been reported as a possible causative gene for in-
tellectual disability and microcephaly. The index cases, originally
described by Pengelly et al., 2016, had mild cognitive impairment,
microcephaly and minor facial abnormalities, in association with
behavioral problems, such as autistic traits, hyperactivity and
aggressiveness [56]. Anyway, CR2 region harbours just the exon 1-
intron 1 of the TRIO gene. The 5’ side of the gene lies within the
spectrin repeats, while Trio-mediated Rac1 activation, the highly
conserved Dbl homologyePleckstrin homology (DHePH) domains,
is not included in this region. Mutations of the spectrin repeats do
not seem to involve the Trio-mediated Rac1 activation, and the Trio
function is not reported to be affected [56].

The DNAH5 gene (OMIM*603335) encodes for the heavy chain
of the assonemic dineine 5 and is one of the genes associated with
Primary Ciliary Dyskinesia (OMIM #608644). The recessive status
of DNAH5 is described, in the mouse model, to be related to the
onset of triventricular hydrocephalus by alteration of the ependi-
mal flow. The high incidence of hydrocephalus in patients with
ciliary defects demonstrates a possible role of this mechanism in
humans [57]. The presence of widened and dysmorphic ventricles
in patients #2, #9, #10 and #14, all showing the deletion of this
gene could be related with this condition.

Haploinsufficiency of DNAH5 could play a role in the genesis of
vermian hypoplasia since its formation implies the involvement of
genes associated to the ciliary functions [58]. Impaired cilia func-
tions are known to disrupt neural circuitry and are also described in
association with vermian hypoplasia has well as in other defects of
brain development and neuronal migration [59].

CR3, correlated to polymicrogyria, encompasses MYO10, BASP1
and the highly conserved domain of TRIO.

Cellular studies of the function of TRIO gene on rat neurons have
demonstrated the effect of suppressing gene expression on dendritic
structure formation and synapse development [60] and studies on
micewithneural specificknock-outofTrio, showed that thisgenemay
be a key signal module for the orchestrated regulation of neuronal
migration and morphogenesis during cerebellar development [61].
Recently, a family with a novel TRIO gene mutation associated with
the phenotype of cerebellar ataxia has been described [62].

The MYO10 gene (OMIM*601481) encodes for myosin 10, an
atypical member of the myosin family located at the end of the
philopods, which is an important regulator of the cytoskeleton and
affects cell motility and adhesion, although its effects in vivo are still
largelyunknown.Cellular studieshave shownthat several isoformsof
myosin 10 are involved in radial migration of cortical neurons during
the embryogenesis of the cerebral cortex [63] and that the knock-
down ofMYO10 in neuronal cell lines causes a deficit in motility, cell
orientation and matrix adhesion capacity [64]. Moreover, the sup-
pression of theMYO10 could cause an alteration of the expression of
N-cadherinbydamaging theabilityofneurons toadhere to radial glial
fibers in the development of the cerebral cortex [65].

It is also important to mention the BASP1 gene (OMIM*605940),
which encodes for a presynaptic membrane protein that acts on
axonal growth, neuronal regeneration and synaptic plasticity
Please cite this article as: R. Villa et al., Structural brain anomalies in Cri-d
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[66e68] and might play a role in the morphogenesis and devel-
opment of brain structures.

Polymicrogyria have been described as a result of abnormal late
cortical organization and associated with abnormal neuronal
migration [69], the haploinsufficiency of the aforementioned genes
have already be described in the genesis of this malformations.

5. Conclusions

Taking into account the limits due to the low number of patients
examined, we can nonetheless speculate the existence of the
smallest region of overlap in 5p15.33-15.2, which extends from the
nucleotides 2,119,511 to 11,723,616 and is associated with the
characteristic neuroradiological findings of brainstem, and in
particular the pontine hypoplasia.

Although less evident, other possible genotype-phenotype cor-
relations can be made with regard to ventricular anomalies, ver-
mian hypoplasia and polymicrogyria.

The study of the gene content of these critical regions has pin-
pointed a few genes (such as IRX4, SEMA5A, CTNND2, IRX1 and IRX2,
DNAH5,MYO10, TRIO and BASP1) which could possibly play a role in
the morphogenesis of specific cerebral structures. Microdeletions
can act through different mechanisms: unmasking a recessive
mutation, - a dosage sensitive gene may have a major effect, - a
number of underexpressed dosage sensitive genes may show a
cumulative effect.

Some of the genes included in the SRO, such as SEMA5A and
CTNND2, are already classified as dosage sensitive, leading to hap-
loinsufficiency, as well as TERT in CR1, while SLC6A3, in CR1, is a
conditionally haploinsufficient gene acting together with others
factors [70].

Overall, although some genes could play a primary role in the
neuroradiological phenotype, the cumulative effect of dosage sen-
sitive genes has a major impact on phenotype.

More data are however necessary to expand and confirm the
genotype-phenotype correlations, in particular with the collection
of more cases in which deletion size and position are identified by
means of CMA analysis and the brain phenotype is investigated
systematically by MRI scan with particular focus on the character-
istic anomalies reported in CdCS patients. Identification of “outlier”
patients, presenting less common features both in the genotype (i.e.
interstitial deletions mapping more proximally and not including
the critical regions correlated to specific MRI findings) and in the
brain phenotype (i.e. patients presenting unreported anomalies or
not presenting the more common ones) is obviously essential, but
difficult when working on rare diseases. Thus, despite recent ad-
vances, our understanding of these heterogeneous neuroradiolog-
ical malformations related to 5p deletions remains a challenge. It
makes difficult to give an accurate genetic and prognostic coun-
seling, and to provide the most appropriate management.

Further multicentric studies examining more wide case series
will be necessary to deepen the genotype-brain phenotype
correlations.
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