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Abstract: The chromosome 17q21.31 microduplication syndrome is a rare genetic syndrome pre-
senting with craniofacial dysmorphisms, psychomotor delay, microcephaly, behavioral disorders,
and poor social interaction. Only ten patients have been reported in the literature until today. All
patients share some specific features, including psychomotor delay, behavioral disorders, and autism
spectrum disorder (ASD). Here, a new case of this syndrome is reported in an 11-year-old Caucasian
child who presented the classical clinical features of the 17q21.31 microduplication syndrome in
association with new clinical characteristics previously unreported. The Array-Comparative Genomic
Hybridization (aCGH) revealed a partial duplication of the long arm of chromosome 17. A literature
review of previously studied patients with 17q21.31 microduplication syndrome is reported.

Keywords: 17q21.31 microduplication; genetic syndrome; psychomotor delay; intellectual disability;
autism spectrum disorder

1. Introduction

The extensive use of Array-Comparative Genomic Hybridization (aCGH) highlighted
the identification of many new genomic variants due to recurrent copy number variants
(CNVs) in subjects affected by neuropsychiatric disorders like intellectual disability, be-
havior disturbances, and autism spectrum disorder (ASD). The chromosome 17q21.31
microduplication syndrome was first described in 2007. Kirchhoff et al. [1] reported a
10-year-old Moroccan girl with severe psychomotor delay who showed a de novo 485-kb
duplication located in human chromosomal region 17q21.3.1. The other cases reported in
the literature ranged in age from 6 to 18 years and shared some common clinical features
like psychomotor delay, poor social interaction, and ASD. Other phenotypic observations
were rather variable. The size of these duplications ranged from 485 to 763 kb. This site was
already known in the scientific literature, with the corresponding microdeletion syndromes
at the same chromosomal location [2]. Recently, it was reported that there are colocalized
microdeletion and microduplication syndrome sites. Furthermore, a relevant number
of new microduplication syndromes were described [3–5]. Nowadays, only ten cases of
17q21.31 microduplication syndrome have been reported in the literature [1,6–9].

The 17q21.31 microduplication syndrome is characterized by a recognizable clinical
phenotype characterized by developmental delay, intellectual disability, ASD, and other
clinical abnormalities, which include craniofacial dysmorphisms and hypotonia [6,7]. How-
ever, it must be admitted that the microduplication is associated with a very variable
phenotype, including behavioral problems and poor social interaction; this clarifies the pos-
sibility of inheriting this mutation from a parent and not sharing the same symptoms. [7].

In this study, we report an 11-year-old male with a 17q21.31 microduplication syn-
drome extended for 24,858 kb from nt 43,857,094 to nt 44,105,681, inherited from his mother.
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In addition, the patient presented a 17q21.33 duplication, extended for 272 kb from nt
48,353,803 to nt 48,625,816. However, this last region contains interspersed high-copy
repetitive sequence elements, such as short interspersed nuclear elements (SINEs), long
interspersed nucleotide elements (LINEs), long terminal repeats (LTRs), and alpha satellite
DNA repeats, which might promote chromosomal breakage [10,11].

Nevertheless, no rearrangement syndrome has been related to the 17q21.33 region, but
three cases of 17q21.33 duplication have been reported in the literature. The first patient
was reported in 1993 [12]. The 3-day-old patient presents congenital anomalies and some
dysmorphic features like upslanting palpebral fissures, a large convex nasal bridge with a
prominent nasal tip, and micrognathia. However, the lack of exact molecular breakpoint
data precludes genotype-phenotype correlations in our case. The second one was described
by Zahir et al. in 2008; the patient does not carry the same position of microduplication, and
consequently, the involved mutated genes are different. [13]. In the third case, described by
Kemeny in 2014, a-CGH showed a duplicated region of 0.9 Mb on chromosome 17q21.33
stretching from 48,013,468 to 48,960,310 (hg19). Our case presented some common clinical
features with the patient reported by Kemeny et al., including developmental delay and
mild dysmorphic elements. They also share the involvement of corresponding genes, such
as EPN3, MRPL27, SPATA20, MYCBPAP, EME1, ACSF2, LRRC59, XYLT2, TMEM92, and
CHAD [14].

Probably, both rearrangements reported in our proband may play a synergic role in
explaining the phenotype of our case. Our proband shares some common phenotypic
characteristics with previously reported patients affected by 17q21.31 microduplication
syndrome, including psychomotor delay, behavioral problems, poor verbal skills, and dys-
morphisms. On the other hand, he presents peculiar characteristics never described before,
including macrocephaly, electroencephalogram (EEG), and brain MRI anomalies. The pur-
pose of this study is to review the classical clinical features of the 17q21.31 microduplication
syndrome [1].

2. Case Report

This 11-year-old Caucasian male is the firstborn of unrelated Italian parents. The
mother had a history of mild developmental delay associated with mild intellectual dis-
ability. She was a housewife and attended compulsory education schools with poor
performance. Moderate signs of a generalized anxiety disorder were detectable, together
with autistic spectrum traits like lack of eye contact, compulsive behavior, and poor social
interaction. His father was affected by obsessive-compulsive behaviors. The child was
born at 41 weeks of gestation by caesarean section due to cephalopelvic disproportion.
The birth weight was 3850 g (75th centile), and the height was 50 cm (50th centile). At the
age of 8 months, the patient presented with her first febrile seizures, followed a few years
later by other fever-induced critical episodes. In the following months, the child showed a
delay in the stages of psychomotor development. Around 8 months of age, he achieved
trunk control, and he started to walk independently at 24 months. In addition, the child
pronounced his first word approximately at 18 months. In early childhood, the parents
also described behavior problems, characterized by difficulties in social interaction and
a tendency toward isolation. Considering the developmental delay, he was treated early
with speech therapy and psychomotor therapy. At the age of 5 years, he was admitted for
the first time to the Child and Adolescent Neurology and Psychiatry of the Medical and
Experimental Department of Catania University. His weight was 27.400 g (75th centile), his
height was 122 cm (50th centile), and his occipitofrontal circumference (OFC) was 54 cm
(>97th centile). General conditions were good. The heart, thorax, abdomen, and internal
organs were normal. He presented craniofacial dysmorphisms, consisting of distinct facial
characteristics with a prominent forehead, a long face, upslanting palpebral fissures, a
tubular shape of the nose, large ears, macrocephaly, synophrys, divergent strabismus,
a flat and long philtrum, micro-retrognathia, bilateral knee valgus, and breech flatness.
Neurologic examination revealed a lack of eye contact, language delay, and the presence
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of motor stereotypes (flapping hands, hopping) and tiptoe walking. During the following
years, several behavioral problems became evident, including aggressivity, motor rest-
lessness, severe speech impairment, and stereotypes. The Wechsler Intelligence Scale for
Children (WISC-IV) [15] was administered and revealed the presence of mild intellectual
disability (total IQ = 50). The diagnosis of ASD has been assessed using gold-standard
standardized diagnostic tests, including the Autism Diagnostic Interview-Revised (ADI-R)
and the Autism Diagnostic Observation Schedule (ADOS). ADI-R is an investigator-based
parent or caregiver interview that gives a precise description of history and, at the same
time, ongoing functioning, detecting development areas associated with autism [16]. This
test suggested a high risk of an autism spectrum diagnosis. ADOS is a semi-structured,
standardized evaluation of social affect that includes language, communication, social re-
ciprocal interaction, and restricted and repetitive behaviors for individuals presumed to be
affected by ASD [17]. ADOS showed difficulties in language and communication in social
interaction and demonstrated restricted and repetitive behaviors. Additionally, laboratory
blood testing produced normal results, including plasma and urinary amino acids, organic
acids, thyroid and celiac markers, and total cholesterol. A brain MRI performed at the age
of 5 years revealed an asymmetry of the posterior horns and of the lateral ventricles, with
associated thinning of the posterior part of the corpus callosum. Wakeful EEG and sleep
EEG showed slow and high-voltage activity.

2.1. Methods

This study was conducted at the Child and Adolescent Neurology and Psychiatry
of the Medical and Experimental Department, Catania University. Investigations were
performed as part of the routine clinical care of the patients. Prior to enrollment, written
informed consent was obtained from all participants’ parents or legal guardians. Genetic
testing through aCGH was performed. A DNA sample from the proband and their parents
was extracted from a peripheral blood sample. aCGH was performed using the Cytosure
ISCA 8 × 60K v.2 (OGT). Oxford Gene Technology (OGT, Oxford, UK) has introduced
CytoSure ISCA, an aCGH designed in collaboration with the International Standard Cy-
togenomic Array (ISCA) Consortium. The 8 × 60k CytoSure ISCA formats provide arrays
focusing on disease- and syndrome-associated genome regions, in addition to offering
whole genome coverage. Using a 60-mer probe design and multiple rounds of optimization,
the CytoSure ISCA ensures the detection of genetic aberrations with high signal-to-noise
ratios. The genomic positions of the rearrangements refer to the public UCSC database
GRCh37/hg19.

2.2. Results

aCGH revealed a microduplication located in 17q21.33 of roughly 272 kb. This region,
not yet well characterized by scientific literature, contains high gene density and a con-
siderable exuberance of SINEs [10]. In addition, a duplication of 24,858 kb in 17q21.31,
involving four genes including CRHR1, SPPL2C, MAPT, and STH (located in intron 9 of
the MAPT gene), responsible for the well-known 17q21.31 microduplication syndrome,
was displayed. The family study revealed the presence of 17q21.31 microduplication in the
mother’s proband. Based on the child’s clinical presentation and the results of aCGH, a
diagnosis of 17q21.31 microduplication syndrome was made. Research in recent years has
emphasized a possible connection between mutations in the PTEN gene, macrocephaly,
and ASD [18]. For this reason, we have proposed to the patient’s parents more deep investi-
gations, including the analysis of the PTEN gene, to exclude further associations that could
explain the clinical phenotype. Anyway, they refused any further assessment, including
PTEN gene analysis and karyotype analysis with fluorescence in situ hybridization (FISH)
of the 17 chromosomes.
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3. Discussion

The 17q21.31 microduplication syndrome represents the counterpart of the correspond-
ing 17q21.31 microdeletion syndrome, which is characterized by developmental delay,
hypotonia, facial dysmorphisms, and friendly behavior [2]. Compared to the correspond-
ing microdeletion syndrome, 17q21.31 microduplications have been seen less frequently.
Kirchhoff et al. [1] described the frequency among live births of 1/55,000 and 1/327,000 for
microdeletions and microduplications, respectively, which suggests a ratio of 6:1, lower
than expected for non-allelic homologous recombination (NAHR). Ten cases of 17q21.31
microduplication syndrome have been previously described in the literature [1,6–9]. Our
proband showed psychomotor delay, ASD, mild intellectual disability, and both craniofacial
and body dysmorphisms. In addition, his mother presented a psychiatric profile with an
unspecified intellectual disability, ASD traits, and anxiety. Despite other cases, our proband
presented with macrocephaly associated with MRI and EEG abnormalities, characteris-
tics never reported in the literature (Table 1). The duplicated sequence of our proband’s
DNA contains four genes: CRHR1, SPPL2C, MAPT, and STH. The MAPT (microtubule-
associated protein TAU) gene encodes proteins that stabilize the microtubules and, in some
mutations, could be associated with neuropsychiatric disorders. Moreover, the MAPT
gene is implicated in the mediation of autism-like behaviors by impairing myelination in
oligodendrocytes and synaptic function in neurons [19]. On the other hand, some stud-
ies have described MAPT duplication in neurodegenerative disorders. Mutations in the
microtubule-associated protein tau (MAPT) encompass multiple neurodegenerative disor-
ders, but the pathophysiological mechanisms remain unclear. A novel variant in MAPT
resulting in an alanine-to-threonine substitution at position 152 (A152T tau) has recently
been described as a significant risk factor for both frontotemporal lobar degeneration and
Alzheimer’s disease [20]. MAPT duplication is supposed to be the cause of early-onset
idiopathic neurodegenerative dementia or early-onset idiopathic atypical extrapyramidal
syndromes [21]. Chen et al. in 2019 [22] demonstrated the involvement of MAPT gene
duplication in progressive supranuclear palsy. The potential link between MAPT gene
duplication and early-onset uncommon dementia with tau accumulation should be further
investigated and may correlate with neuroimaging findings. SPPL2C, MAPT, and STH
are also involved in the development of Frontotemporal dementia (FTD), as described by
Ferrari et al. in 2017 [23]. The CRHR1 (corticotropin-releasing hormone receptor 1) gene
encodes a G-protein-coupled receptor that regulates the hypothalamic-pituitary-adrenal
pathway. A duplication of this gene could contribute to behavioral problems and poor
social interaction [24]. The CRHR-1 gene contributes to the expression of ASD symptoms;
furthermore, CRH levels are increased in the serum of children with ASD as part of a
‘brain-stress-immunity’ connection [25]. The SPPL2C (Signal Peptide Peptidase Like 2C)
gene is a protein-coding gene that enables protein homodimerization activity and is in-
volved in membrane protein proteolysis. This gene is associated with chromosome 17q21.31
microduplication syndrome [9]. The STH gene is a polymorphic gene nested within an
intron of the MAPT gene and encodes the protein Saitohin, which has been found to be
susceptible to multiple degenerative diseases and neuropsychiatric disorders [26].

Although we did not investigate TAD boundaries and the effect of their disruption,
they can play a role in the different clinical phenotypes and heterogenous manifestations
of this microduplication. TADs are genomic regions in which genes share regulatory
elements that are functionally separated by nearby domains. It is well established that
structural abnormalities spanning coding genes can have pathogenic consequences due to
gene dosage effects or alter the expression of nearby genes. However, it remains unclear
how alterations in TAD structure can lead to disease etiology [27].
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Table 1. Molecular and clinical characteristics of 17q21.31 microduplication syndrome in previously reported patients compared to our patients.

Our Case Mother of
the Case

Kirchhoff
et al.,

2007 [1]

Grisart et al., 2009 [7]
Kitiou-Tzeli

et al.,
2012 [8]

Mc Cormack
et al.,

2014 [9]

Natacci et al., 2015 [6]

Case 1 Case 2 Case 3 Case 4 Case 1 Case 2
(Mother)

Case 3
(Maternal

Uncle)

Chromosomal
Microdupli-

cation
region

GRCh37/hg19
(438,570,944–

4,105,681)
× 3

ND
GRCh37/hg19
(431,675,408–
44,159,862)

ND ND ND ND ND
GRCh37/hg19
(43,645,879–
44,292,742)

ND ND ND

Origin of the
duplication Inherited ND Inherited

paternal De novo De novo De novo ND Inherited
paternal ND Inherited

maternal Inherited Inherited

Sex M F F F F M M F F F F F

Age at report 11 years old ND ND 6 years old 6 years old 4 years old ND 18 years old 2 years and 7
months old 4 years old ND ND

Ethnicity/
Nationality Italian Italian Moroccan ND ND ND ND Greek Iraqi-Afghan Italian Italian Italian

Gestational
age At term ND 42 weeks At term At term At term At term At term At term At term ND ND

Birth Growth
Parameters:
weight (g),
length (cm),

and OFC
(cm)

3850 g (75th
centile);

50 cm (50th
centile)

ND

3070 g
(10th–25th

centile);
50 cm (25th

centile);
34 cm

(25th–50th
centile)

3570 g (50th
centile)

3500 g (50th
centile);

53 cm (90th
centile);34.2

cm
(25th–50th

centile)

2890 g
(−2SD);

50 cm (50th
centile); 34
cm (10th
centile)

5100 g
(+3SD);

58 cm (+3SD)

2500 g (10th
centile);

48 cm (25th
centile);
33 cm

(10th–25th
centile)

2490 g
(3rd–10th

centile)

3530 g (90th
centile);

48 cm (<10th
centile);

33 cm (<10th
centile)

ND ND

Developmental
Delay/ID + + + + + + + + + + + +

Autism
spectrum
disorder

+ ND - - - + + - - - - -

Hypotonia - ND + - + - + - - - - -

Behavioral
disorders + + ND - + - + + - - - +

Microcephaly - ND + + - - - - + + + -

Macrocephaly + ND - - - - - - - - - -
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Table 1. Cont.

Our Case Mother of
the Case

Kirchhoff
et al.,

2007 [1]

Grisart et al., 2009 [7]
Kitiou-Tzeli

et al.,
2012 [8]

Mc Cormack
et al.,

2014 [9]

Natacci et al., 2015 [6]

Case 1 Case 2 Case 3 Case 4 Case 1 Case 2
(Mother)

Case 3
(Maternal

Uncle)

Brain
anomalies

Asymmetry
of the

posterior
horns and of

the lateral
ventricles
and light

thinning of
the posterior

part of the
corpus

callosum

ND ND - ND - ND - ND ND ND ND

Dysmorphism

Prominent
forehead,
long face,

upslanting
palpebral
fissures,
tubular

shape of the
nose, large

ears,
synophrys,
divergent

strabismus,
flat and long

philtrum,
and micro-

retroignathia

ND

Ears with
unfolded
helixes, a
short nose

with a
prominent

nasal tip and
columella, a

smooth
philtrum, a

small mouth
with a high
vaulted and

narrow
palate, dental
malposition,

microg-
nathia, short

and broad
thumbs,
terminal

broadening
of fingers, a

long first toe,
and

hirsutism on
the back

Synophrys,
dysplastic
ears, puffy

eyelids, short
philtrum,

thin upper
lip, microg-

nathia,
clinodactyly
of the fifth

finger,
single palmar
crease on the
right hand,

partial
bilateral

syndactyly,
and slight

hirsutism on
the back

Epicanthus,
large

posteriorly
rotated ears,

short
upturned

nose, short
philtrum, flat
midface, high
arched palate,

dental
malposition,
low posterior

hairline,
thick hair,

and tapering
fingers

Brachycephaly,
open square
facies with

pointed chin,
and a

congenital
hypopig-

mented 3 × 3
cm mark on

flank

Mild malar
hypoplasia,
simple and
elongated
ears, mild

pectus
excavatum,
clinodactyly

5th, 2–3
syndactyly,
sandal gap,

and a slender
body habitus

Short nose,
prominent

nasal tip and
columella,
philtrum
smooth,

small mouth,
mild microg-
nathia, global

hirsutism,
hemangioma

of the
temporal

region, and
strabismus

Almond eyes
and small

hands

Palpebral
fissures
down,

prominent
nasal tip, flat

midface,
small mouth,

dental
malposition,
and tapering

hands

Palpebral
fissures

down, puffy
eyelids, short

nose, flat
midface
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Table 1. Cont.

Our Case Mother of
the Case

Kirchhoff
et al.,

2007 [1]

Grisart et al., 2009 [7]
Kitiou-Tzeli

et al.,
2012 [8]

Mc Cormack
et al.,

2014 [9]

Natacci et al., 2015 [6]

Case 1 Case 2 Case 3 Case 4 Case 1 Case 2
(Mother)

Case 3
(Maternal

Uncle)

Skeletal/limb
anomalies

Bilateral knee
valgus and

breech
flatness

- - ND - - - - ND ND ND ND

Growth (obe-
sity/FTT) Normal Normal FTT Mild truncal

obesity Normal Normal Normal Obesity Normal Obesity Obesity Obesity

Other

EEG: high
voltage

during the
sleep and

awake
phases

Atopic
dermatitis

and sleeping
problems

Hypogonadism Ataxic gait
and VSD

FTT: failure to thrive; ND: not determined; SD: standard deviation; “+”: trait present in the patient; “-”: trait not observed in the patient; EEG: electroencephalogram; VSD: ventricular
septal defect.
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In 2017, Arbogast et al. generated mouse models to describe the pathophysiology of
these microduplications [28]. They studied the deletion and duplication of the syntenic
region to deeply investigate the syndromes. They found a single phenotypic similarity
between patients carrying the 17q21.31 microduplication and Dup/+ mice, which is mi-
crocephaly that has been reported in a considerable number of human individuals with
this microduplication. A lot of SNPs associated with risk for Alzheimer’s disease (AD)
were identified near MAPT and KANSL1 in humans, and they appeared to be correlated
with an overexpression of both genes in different brain regions [23]. This observation
was further supported by the description of a familial form of late-onset AD due to the
microduplication of the 17q21.31 region [29].

To the best of our knowledge, this case report increases the number of reported cases
in the literature to 12 patients with 17q21.31 microduplication syndrome (Table 1). Due to
the low number of cases described, it is difficult to draw a clear picture of the characteristics
of this microduplication. Conversely, a consistent number of people with microduplication
who do not present the typical clinical features discover the microduplication after the
diagnosis in the proband. Our patient has similar characteristics to patient 3 reported
by Grisart et al. [7]. Both phenotypes present common clinical features, including tiptoe
walking, facial dysmorphism, motor delay, and an ASD diagnosis. Compared with other
reported cases, the IQ level of our child is the lowest (IQ = 50). Moreover, our case showed
behavioral problems like aggressivity, motor restlessness, and stereotypes, in line with
other reported cases, except for the proband and his mother described by Natacci et al. [6].
Our proband presented many facial dysmorphisms, like micrognathia, in common with the
patients described by Kirchhoff [1] and Kitsiou-Tzeli [8], and synophrys like patients 1 and
2 described by Grisart et al. [7]. The main differences between these cases and our proband
appeared to be MRI and EEG results, the presence of macrocephaly, and IQ level. Con-
cerning the few cases reported in the literature, no one showed EEG or MRI abnormalities.
Instead, our proband’s MRI showed asymmetry of the posterior horns and of the lateral
ventricles and a light thinning of the posterior part of the corpus callosum. In addition,
wakeful EEG and sleep EEG showed slow and high-voltage activity. Another important
difference is the size of the duplication. Previous cases reported a size between 485 and
763 kb, while our case holds a duplication size of 24,858 kb. Nevertheless, our case involves
a second rearrangement on the same chromosome, a 17q21.33 duplication. This CNV, until
today, was not associated with a specific syndrome; however, three cases were just reported
in the literature. Among these three cases, only Kemeny’s patient [14] shared some common
features with our patient, including developmental delay and mild dysmorphic elements.
This region is not well characterized by scientific literature but comprises high gene density
(including TMEM92, XYLT2, LRRC59, MRPL27, EMEL, ACSF2, CHAD, RSAD, MYCBPAP,
EPN3, and SPATA20), dosage-sensitive genes, an excess of segmental duplications, and a
relative abundance of SINEs, which predispose this chromosome to genomic rearrange-
ments and could be responsible for clinically relevant phenotypes [10]. We suggest TMEM
92 and ACSF2 (involved in brain lipidic metabolism) as possible candidate genes for central
nervous system impairment [30]. CHAD could be a possible candidate gene for muscu-
loskeletal disorders. CHAD (chondroadherin) is a non-collagenous extracellular matrix
protein important in the regulation of chondrocyte organization within cartilage [31]. The
duplicated region reported in our patient is smaller than the duplicate region of 0.9 Mb
described by Kemeny et al. [14]. The COL1A gene is in the non-overlapping regions; this
could explain the principle phenotypic differences between our patient and Kemeny’s
patient, the severe kyphoscoliosis [14]. Both rearrangements in our proband could play a
role together to explain the phenotype.

4. Conclusions

In conclusion, it is possible that cases of 17q21.31 microduplication syndrome have
been under-ascertained due to their milder and various phenotypes and later onset. Un-
doubtedly, further studies are essential to better delineate the genetic background of
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patients with 17q21.31 microduplication, clarify the complex genetic structure of these
syndromes, better define the outcome, predict early pathological signals, and identify new
possible therapeutic targets. Nevertheless, more exploration is required to understand
the molecular mechanisms involved. More cases are also needed to better understand the
17q21.33 duplication phenotype and how it could influence other genomic imbalances.

Author Contributions: Substantial contributions to conception and design: R.R. Analysis and in-
terpretation of data: C.A.F., V.P.C., A.P., F.S. and R.R. Drafting the article: F.S. and A.P. Revising
the article critically for important intellectual content: R.R. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and was approved by the local Ethics Committee (Catania 1) of Catania University
Hospital (approval No. 153/2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References
1. Kirchhoff, M.; Bisgaard, A.M.; Duno, M.; Hansen, F.J.; Schwartz, M. A 17q21.31 microduplication, reciprocal to the newly

described 17q21.31 microdeletion, in a girl with severe psychomotor developmental delay and dysmorphic craniofacial features.
Eur. J. Med. Genet. 2007, 50, 256–263. [CrossRef] [PubMed]

2. Koolen, D.A.; Vissers, L.E.; Pfundt, R.; de Leeuw, N.; Knight, S.J.; Regan, R.; Kooy, R.F.; Reyniers, E.; Romano, C.; Fichera, M.; et al.
A new chromosome 17q21.31 microdeletion syndrome associated with a common inversion polymorphism. Nat. Genet. 2006, 38,
999–1001. [CrossRef] [PubMed]

3. Koolen, D.A.; Sharp, A.J.; Hurst, J.A.; Firth, H.V.; Knight, S.J.; Goldenberg, A.; Saugier-Veber, P.; Pfundt, R.; Vissers, L.E.; Destrée,
A.; et al. Clinical and molecular delineation of the 17q21.31 microdeletion syndrome. J. Med. Genet. 2008, 45, 710–720, Erratum in
J. Med. Genet. 2009, 46, 576. [CrossRef] [PubMed]

4. Sharp, A.J.; Hansen, S.; Selzer, R.R.; Cheng, Z.; Regan, R.; Hurst, J.A.; Stewart, H.; Price, S.M.; Blair, E.; Hennekam, R.C.; et al.
Discovery of previously unidentified genomic disorders from the duplication architecture of the human genome. Nat. Genet.
2006, 38, 1038–1042. [CrossRef]

5. Shaw-Smith, C.; Pittman, A.M.; Willatt, L.; Martin, H.; Rickman, L.; Gribble, S.; Curley, R.; Cumming, S.; Dunn, C.; Kalaitzopoulos,
D.; et al. Microdeletion encompassing MAPT at chromosome 17q21.3 is associated with developmental delay and learning
disability. Nat Genet. 2006, 38, 1032–1037. [CrossRef] [PubMed]

6. Natacci, F.; Alfei, E.; Tararà, L.; D’Arrigo, S.; Zuffardi, O.; Gentilin, B.; Pantaleoni, C. Chromosome 17q21.31 duplication syndrome:
Description of a new familiar case and further delineation of the clinical spectrum. Eur. J. Paediatr. Neurol. 2016, 20, 183–187.
[CrossRef]

7. Grisart, B.; Willatt, L.; Destrée, A.; Fryns, J.P.; Rack, K.; de Ravel, T.; Rosenfeld, J.; Vermeesch, J.R.; Verellen-Dumoulin, C.;
Sandford, R. 17q21. 31 microduplication patients are characterised by behavioural problems and poor social interaction. J. Med.
Genet. 2009, 46, 524–530. [CrossRef]

8. Kitsiou-Tzeli, S.; Frysira, H.; Giannikou, K.; Syrmou, A.; Kosma, K.; Kakourou, G.; Leze, E.; Sofocleous, C.; Kanavakis, E.; Tzetis,
M. Microdeletion and microduplication 17q21.31 plus an additional CNV, in patients with intellectual disability, identified by
array-CGH. Gene 2012, 492, 319–324. [CrossRef]

9. Mc Cormack, A.; Taylor, J.; Te Weehi, L.; Love, D.R.; George, A.M. A case of 17q21.31 microduplication and 7q31.33 microdeletion,
associated with developmental delay, microcephaly, and mild dysmorphic features. Case Rep. Genet. 2014, 2014, 658570. [CrossRef]

10. Lee, J.A.; Carvalho, C.M.; Lupski, J.R. A DNA replication mechanism for generating nonrecurrent rearrangements associated
with genomic disorders. Cell 2007, 131, 1235–1247. [CrossRef] [PubMed]

11. Rudd, M.K.; Keene, J.; Bunke, B.; Kaminsky, E.B.; Adam, M.P.; Mulle, J.G.; Ledbetter, D.H.; Martin, C.L. Segmental duplications
mediate novel, clinically relevant chromosome rearrangements. Hum. Mol. Genet. 2009, 18, 2957–2962. [CrossRef]

12. Leana-Cox, J.; Levin, S.; Surana, R.; Wulfsberg, E.; Keene, C.L.; Raffel, L.J.; Sullivan, B.; Schwartz, S. Characterization of de novo
duplications in eight patients by using fluorescence in situ hybridization with chromosome-specific DNA libraries. Am. J. Hum.
Genet. 1993, 52, 1067–1073. [PubMed]

13. Zahir, F.R.; Langlois, S.; Gall, K.; Eydoux, P.; Marra, M.A.; Friedman, J.M. A novel de novo 1.1 Mb duplication of 17q21.33
associated with cognitive impairment and other anomalies. Am. J. Med. Genet. A 2009, 149A, 1257–1262. [CrossRef] [PubMed]

https://doi.org/10.1016/j.ejmg.2007.05.001
https://www.ncbi.nlm.nih.gov/pubmed/17576104
https://doi.org/10.1038/ng1853
https://www.ncbi.nlm.nih.gov/pubmed/16906164
https://doi.org/10.1136/jmg.2008.058701
https://www.ncbi.nlm.nih.gov/pubmed/18628315
https://doi.org/10.1038/ng1862
https://doi.org/10.1038/ng1858
https://www.ncbi.nlm.nih.gov/pubmed/16906163
https://doi.org/10.1016/j.ejpn.2015.09.010
https://doi.org/10.1136/jmg.2008.065367
https://doi.org/10.1016/j.gene.2011.10.023
https://doi.org/10.1155/2014/658570
https://doi.org/10.1016/j.cell.2007.11.037
https://www.ncbi.nlm.nih.gov/pubmed/18160035
https://doi.org/10.1093/hmg/ddp233
https://www.ncbi.nlm.nih.gov/pubmed/8503441
https://doi.org/10.1002/ajmg.a.32827
https://www.ncbi.nlm.nih.gov/pubmed/19449402


Reports 2023, 6, 30 10 of 10

14. Kemeny, S.; Pebrel-Richard, C.; Eymard-Pierre, E.; Gay-Bellile, M.; Gouas, L.; Goumy, C.; Tchirkov, A.; Francannet, C.; Vago, P.
Clinical and molecular description of a 17q21.33 microduplication in a girl with severe kyphoscoliosis and developmental delay.
Eur. J. Med. Genet. 2014, 57, 552–557. [CrossRef]

15. Wechsler, D. Wechsler Intelligence Scale for Children; The Psychological Corporation: New York, NY, USA, 1949.
16. Lord, C.; Rutter, M.; Le Couteur, A. Autism Diagnostic Interview-Revised: A revised version of a diagnostic interview for

caregivers of individuals with possible pervasive developmental disorders. J. Autism Dev. Disord. 1994, 24, 659. [CrossRef]
17. Gotham, K.; Pickles, A.; Lord, C. Standardizing ADOS scores for a measure of severity in autism spectrum disorders. J. Autism

Dev. Disord. 2009, 39, 693–705. [CrossRef] [PubMed]
18. Zahedi Abghari, F.; Moradi, Y.; Akouchekian, M. PTEN gene mutations in patients with macrocephaly and classic autism: A

systematic review. Med. J. Islam Repub. Iran. 2019, 33, 10. [CrossRef] [PubMed]
19. Chang, Q.; Yang, H.; Wang, M.; Wei, H.; Hu, F. Role of Microtubule-Associated Protein in Autism Spectrum Disorder. Neurosci.

Bull. 2018, 34, 1119–1126. [CrossRef]
20. Butler, V.J.; Salazar, D.A.; Soriano-Castell, D.; Alves-Ferreira, M.; Dennissen, F.J.A.; Vohra, M.; Oses-Prieto, J.A.; Li, K.H.; Wang,

A.L.; Jing, B.; et al. Tau/MAPT disease-associated variant A152T alters tau function and toxicity via impaired retrograde axonal
transport. Hum. Mol. Genet. 2019, 28, 1498–1514. [CrossRef] [PubMed]

21. Wallon, D.; Boluda, S.; Rovelet-Lecrux, A.; Thierry, M.; Lagarde, J.; Miguel, L.; Lecourtois, M.; Bonnevalle, A.; Sarazin, M.;
Bottlaender, M.; et al. Clinical and neuropathological diversity of tauopathy in MAPT duplication carriers. Acta Neuropathol. 2021,
142, 259–278. [CrossRef]

22. Chen, Z.; Chen, J.A.; Shatunov, A.; Jones, A.R.; Kravitz, S.N.; Huang, A.Y.; Lawrence, L.; Lowe, J.K.; Lewis, C.M.; Payan, C.A.M.;
et al. Genome-wide survey of copy number variants finds MAPT duplications in progressive supranuclear palsy. Mov. Disord.
2019, 34, 1049–1059. [CrossRef] [PubMed]

23. Ferrari, R.; Wang, Y.; Vandrovcova, J.; Guelfi, S.; Witeolar, A.; Karch, C.M.; Schork, A.J.; Fan, C.C.; Brewer, J.B.; International
FTD-Genomics Consortium (IFGC); et al. Genetic architecture of sporadic frontotemporal dementia and overlap with Alzheimer’s
and Parkinson’s diseases. J. Neurol. Neurosurg. Psychiatry 2017, 88, 152–164. [CrossRef]

24. Laryea, G.; Arnett, M.G.; Muglia, L.J. Behavioral Studies and Genetic Alterations in Corticotropin-Releasing Hormone (CRH)
Neurocircuitry: Insights into Human Psychiatric Disorders. Behav. Sci. 2012, 2, 135–171. [CrossRef]

25. Tsilioni, I.; Dodman, N.; Petra, A.I.; Taliou, A.; Francis, K.; Moon-Fanelli, A.; Shuster, L.; Theoharides, T.C. Elevated serum
neurotensin and CRH levels in children with autistic spectrum disorders and tail-chasing Bull Terriers with a phenotype similar
to autism. Transl. Psychiatry 2014, 4, e466. [CrossRef] [PubMed]

26. Wang, Y.; Gao, L.; Conrad, C.G.; Andreadis, A. Saitohin, which is nested within the tau gene, interacts with tau and Abl and its
human-specific allele influences Abl phosphorylation. J. Cell Biochem. 2011, 112, 3482–3488. [CrossRef]

27. Lupiáñez, D.G.; Kraft, K.; Heinrich, V.; Krawitz, P.; Brancati, F.; Klopocki, E.; Horn, D.; Kayserili, H.; Opitz, J.M.; Laxova, R.; et al.
Disruptions of topological chromatin domains cause pathogenic rewiring of gene-enhancer interactions. Cell 2015, 161, 1012–1025.
[CrossRef]

28. Arbogast, T.; Iacono, G.; Chevalier, C.; Afinowi, N.O.; Houbaert, X.; van Eede, M.C.; Laliberte, C.; Birling, M.C.; Linda, K.;
Meziane, H.; et al. Mouse models of 17q21.31 microdeletion and microduplication syndromes highlight the importance of Kansl1
for cognition. PLoS Genet. 2017, 13, e1006886. [CrossRef]

29. Jun, G.; Ibrahim-Verbaas, C.A.; Vronskaya, M.; Lambert, J.C.; Chung, J.; Naj, A.C.; Kunkle, B.W.; Wang, L.-S.; Bis, J.C.; Bellenguez,
C.; et al. A novel Alzheimer disease locus located near the gene encoding tau protein. Mol. Psychiatry 2016, 21, 108–117. [CrossRef]
[PubMed]

30. Chen, Q.; Fang, J.; Shen, H.; Chen, L.; Shi, M.; Huang, X.; Miao, Z.; Gong, Y. Roles, molecular mechanisms, and signaling
pathways of TMEMs in neurological diseases. Am. J. Transl. Res. 2021, 13, 13273–13297.

31. Tillgren, V.; Ho, J.C.; Önnerfjord, P.; Kalamajski, S. The novel small leucine-rich protein chondroadherin-like (CHADL) is
expressed in cartilage and modulates chondrocyte differentiation. J. Biol. Chem. 2015, 290, 918–925. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.ejmg.2014.07.003
https://doi.org/10.1007/BF02172145
https://doi.org/10.1007/s10803-008-0674-3
https://www.ncbi.nlm.nih.gov/pubmed/19082876
https://doi.org/10.47176/mjiri.33.10
https://www.ncbi.nlm.nih.gov/pubmed/31086789
https://doi.org/10.1007/s12264-018-0246-2
https://doi.org/10.1093/hmg/ddy442
https://www.ncbi.nlm.nih.gov/pubmed/30590647
https://doi.org/10.1007/s00401-021-02320-4
https://doi.org/10.1002/mds.27702
https://www.ncbi.nlm.nih.gov/pubmed/31059154
https://doi.org/10.1136/jnnp-2016-314411
https://doi.org/10.3390/bs2020135
https://doi.org/10.1038/tp.2014.106
https://www.ncbi.nlm.nih.gov/pubmed/25313509
https://doi.org/10.1002/jcb.23279
https://doi.org/10.1016/j.cell.2015.04.004
https://doi.org/10.1371/journal.pgen.1006886
https://doi.org/10.1038/mp.2015.23
https://www.ncbi.nlm.nih.gov/pubmed/25778476
https://doi.org/10.1074/jbc.M114.593541

	Introduction 
	Case Report 
	Methods
	Results

	Discussion 
	Conclusions
	References

