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Objective A significant number of genetic variations have been identified in chromo-
some 22, using molecular genetic techniques. Various genomic disorders on chromo-
some 22, including cat’s eye syndrome caused by extra copies of the proximal region of
the 22q chromosome, are now well-defined. Our aim in the study was to show
phenotypic variability associated with rearrangements of the 22q chromosomal
region.

Methods We focused our study on clinical aspects of these disorders, including
genetic testing, genotype-phenotype correlation, and potential treatments. A total of
998 patients were referred for genetic analysis (Karyotyping, MLPA, array-CGH) during
January 2015 to February 2020 because of intellectual deficiency, behavior issues, and/
or multiple congenital abnormalities in several genetics departments. Informed
consent was obtained from all the patients and/or their parents.

Results 22q11.21 or 22q13.33 microdeletions and 22q11.22-q11.23 microduplica-
tion were identified in 31 patients out of referrals. The 22q aberrations were detected in
31/998 patients, giving a prevalence of 3.1%. In this study, 18 patients with 22q11.2
(LCR22A-H) deletion, three patients with 22q13.31 deletion, 9 patients with 22q11.2
duplication and one patient with 22q13.31 duplication were identified. We report on
the clinical and molecular characterization of 31 individuals with distal deletions and
duplications of chromosome 22q.

Conclusions The current study demonstrated in the largest postnatal case series
reporting the whole spectrum of atypical phenotypic and genotypic variations at 22q.
We believe that when all the phenotypic differences are taken into account, various
anomalies including developmental delay and intellectual disability might be consid-
ered as an indication to search for aberrations of 22q along with congenital heart
diseases.

(22p) of this acrocentric chromosome contains ribosomal
genes, while the long arm (22q) contains genes encoding

Chromosome 22 is the second smallest human chromosome,
covering 1.6 to 1.8% of the human genome. The short arm
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protein, and it is this region that is sequenced. Human
chromosome 22 is an acrocentric chromosome spanning
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approximately 51 million base pairs, with more than 855
annotated genes."”? A significant number of genetic varia-
tions have been identified in chromosome 22, using molec-
ular genetic techniques. Nonmosaic trisomy and monosomy
of chromosome 22 are observed in the prenatal period.
Trisomy 22 is the second aneuploidy after trisomy 16 in
spontaneous abortions, seen in approximately 2 to 5% of
cases.> While most of these disorders are rare, the prevalence
of some, such as velocardiofacial syndrome (also known as
VCFS, 22q11 deletion syndrome, and DiGeorge syndrome
[DGS]), is as common as 1: 2000 people. Various genomic
disorders on chromosome 22, including cat’s eye syndrome
caused by extra copies of the proximal region of the 22q
chromosome, are now well-defined (~Table 1). Cat’s eye
syndrome caused by extra copies of the proximal region of
the 22q chromosome, VCFS, 22q11.2 duplication syndrome,
22q11.2 deletion syndrome, supernumerary der (22) t (11;
22), 3: 1 caused by malsegregation of the t (11; 22) syn-
drome, and 22q13.3 deletion syndrome are better defined
today (~Table 1 ).% In addition to the genomic disorders with
molecular causes listed in =Table 1, there are hundreds of
disorders associated with a gene, but the underlying cause is
unknown or the disturbances are determined by statistical
methods. Pathogenic copy number variants (CNVs) and CNVs
of unknown clinical significance have been identified and
added to the genetic variations to the complexity of human
diseases.” The definition of the proximal region of chromo-
some 22q11.2 illustrates such progress.

This genomic region is rich in low copy repeats (LCRs),
including LCR22A to LCR22H. Most of the genomic abnormali-
ties of chromosome 22 occur as a result of LCR-mediated
nonallelic homologous misalignments and intrachromosomal
or interchromosome unequal recombination (NAHR) during
meiosis.? In addition to the commonly deleted/duplicated
region (LCRs A to D surrounded by LCR22s at both proximal
and distal cutpoints for 3 Mb, 22q11.2 deletions and duplica-
tions), several “non-standard” deletions/duplication with var-

Table 1 Recurrent genomic disorders on chromosome 22
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iable breakpoints results from differential recombination from
LCR22A to LCR22H (=Fig. 1). Some of these have been identi-
fied as separate deletion/duplication syndromes with varying
genomic dimensions such as 22q11.2 distal deletion syndrome
and 22q11.2 distal duplication syndrome.”8 In addition to the
LCR-mediated NAHR mechanism, several other mechanisms
have been proposed to explain the formation of CNVs in the
human genome, including CNVs on chromosome 22 such as
nonhomologous splicing, microhomology-mediated break-in-
duced replication, and tandem repeats-mediated genomic
rearrangement. Correct determination of the breakpoints of
a CNV is a prerequisite for understanding the basic mecha-
nisms that lead to its formation and establish CNV-phenotype
correlation.

Our aim in the study was to show phenotypic variability
associated with rearrangements of the 22q11.2 chromosom-
al region.

We focussed our study on clinical aspects of these dis-
orders, including genetic testing, genotype-phenotype cor-
relation, and potential treatments.

Materials and Methods

All procedures performed in studies involving human par-
ticipants were in accordance with the ethical standards of
the institutional and/or national research committee (TUMF
Scientific Research Ethics Committee Directive) and with the
1964 Helsinki Declaration and its later amendments or
comparable ethical standards.

A total of 998 patients were referred for genetic analysis
during January 2015 to February 2020 because of intellectual
deficiency, behavior issues, and/or multiple congenital ab-
normalities in several genetics departments. Informed con-
sent was obtained from all the patients and/or their parents.
22q11.21 or 22q13.33 microdeletions and 22q11.22-q11.23
microduplication were identified in 31 patients out of refer-
rals. The clinical data of the 31 patients were retrospectively

Location | Condition Gene/locus Gene(s)/ | Detection rate by microarray
MIM number | locus
22q11.1 | Cat eye syndrome 115470 Multiple | Precise detection rate unknown.
The supernumerary marker chromosome
is detectable by array CGH.
22q11.21 | DiGeorge/Velocardiofacial/ 188400 TBX1 More than 95% have a detectable deletion.
22q11.21 deletion syndrome
22q11.21 | 22q11.21 duplication syndrome | 608363 Multiple | Approximately 99% have a detectable duplication.
22q11.2 | 22q11.2 distal microdeletion 611867 Multiple | Approximately 99% have a detectable deletion.
syndrome
22q12.2 | Neurofibromatosis 2 101000 NF2 15-21% have a detectable deletion.
22q12.3 | Walker-Warburg/muscular 236670 LARGE Deletions uncommon, recessive condition.
dystrophydystroglycanopathy A1
22q13.3 | 22q13.3 deletion syndrome 606232 SHANK3 | Approximately 99% have a detectable deletion.
22q13.3 | Metachromatic leukodystrophy/ | 250100 ARSA Rare deletions. Recessive condition.
arylsulfatase A deficiency
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Fig. 1 Schematic view of chromosome 22 indicating the position of the low-copy repeats in 22q11.2. LCR, low-copy repeat; TDR, typically

deleted region.

collected by a questionnaire sent to each referring clinician to
obtain information on prenatal abnormalities, birth param-
eters, psychomotor development, neurological examination,
behavioral pattern, growth, dysmorphism, associated mal-
formations, paraclinical investigations, and familial history.

Karyotype and FISH

Patients were referred for cytogenetic testing. Cytogenetic
analysis on cultured blood lymphocytes was performed, accord-
ing to standard protocols. Trypsin-Leishman G banded (GTL)
metaphases were interpreted at a resolution level of 450 bands.

MLPA

Multiplex ligation-dependent probe amplification was per-
formed on DNA from peripheral blood lymphocytes. Kits
P023B, P250 and P324-A1 for DGS/VCFS/CES (MRC-Holland,
Amsterdam, Netherlands) were used. The three Kits test 65
locion 22q11 (8 on the CES region, 37 within the TDR and 20
adjacent distal to the TDR), 2 on 22q13, 7 on 4q, 1 on 7p, 5 on
8p,20n9q,90n10p,10n10q,60n17p,and 2 on 18q, most of
them involved in the phenotypes of DGS and VCFS. Data
analysis was made against up to five control samples using
the MRC Coffalyser v8 and v9 softwares (MRC-Holland) or an
in-house Excel spreadsheet.

Global Medical Genetics  Vol. 9 No. 1/2022 © 2021. The Author(s).

Genomic DNA was extracted from the patients’ peripheral
lymphocytes using the QIAamp DNA Blood Midi kit (Qiagen,
Valencia, CA). DNA concentration was determined with
Nano- Drop ND-1000 spectrophotometer and software
(NanoDrop Technologies, Berlin, Germany). Pathogenic
CNVs were identified by CMA, using a 180K CGH + SNP
(ISCA design, Agilent, Santa Clara, CA) array, as part of the
clinical testing for congenital anomalies, neurodevelopmen-
tal problems, and abnormal fetal ultrasound. Image was
analyzed using CytoGenomics 2.7 software (Agilent Technol-
ogies, Santa Clara, CA, United States).

Validation of the microdeletion detected by array CGH
was validated by fluorescence in situ hybridization. Fluores-
cence in situ hybridization (FISH) on metaphase spreads with
probes for the DiGeorge critical region (D22S553, D225942)
as well as control probes for a more distal region on 22q13.3
(arylsulfatase A, LSI, ARSA, all from Vysis, Downers Groove,
United States)

Statistical Analysis

We performed one-tailed Chi-square tests and calculated
p values at the 95% confidence level to determine the differ-
ences in proportion of observed cases between male and
female patients. The proportion of cytogenetic abnormalities



was expected to be equal (50% each) between males and
females. Variables, presented as a percentage normalized to
the total number of male or female patients, were compared.
Findings with p < 0.05 values were accepted as statistically
significant.

Results

All patients had been referred for diagnostic testing by aCGH
as part of standard clinical diagnostic workup. The 22q
aberrations were detected in 31/998 patients, giving a prev-
alence of 3,1%. The patient cohort consisted predominantly of
pediatric patients, with ages ranging from 5 days to 42 years,
(mean= 9.9 years, median = 5 years). Although gender biases
for other susceptibility CNVs such as 16p13.11 have been
reported in different studies®, the sex ratio here was equiva-
lent for patients (16 females, 15 males). Phenotypic details of
the patients were ascertained first from the referral infor-
mation provided prior to testing, and then by interrogation of
patient notes and letters to the referring consultants,
requesting detailed clinical information. Details of patients
and clinical findings are provided in =Table 2.

In this study, 18 patients with 22q11.2 (LCR22A-H) dele-
tion, three patients with 22q13.31 deletion, 9 patients with
22q11.2 duplication and one patient with 22q13.31 duplica-
tion were identified.

The phenotypes of the cases are summarized in =Table 2.
The clinical phenotype varied among the individuals in this
study, although a majority of cases displayed various degrees
of developmental delay, ranging from mild to severe, and
speech disturbances. Other clinical features present in more
than five cases included behavioral problems, hypotonia, and
dysmorphic facial features.

Discussion

In the present study, we reported on the clinical and molec-
ular characterization of 31 individuals with distal deletions
and duplications of chromosome 22q. We detected 22q11.2
duplications in 9 patients and 22q13.31 duplications in one
patient. Among the 998 patients tested, the estimated fre-
quency of 22q11 and 22q13 duplications were approximate-
ly 1,002%. The estimated frequency in our patient population
is slightly higher compared with the studies of Coppinger
et al, who identified 18 distal duplications among 22,096
patients tested, and Wincent et al, who identified 16 distal
duplications among 11,463 patients. Since a patient group
with speech delay, brain malformations, and autism spec-
trum disorders was included in our study, this may have
resulted from patient selection.®~'® There is no standard
procedure for screening for duplication in 22q11.2, because
these patients show different clinical manifestations, only
some of which are compatible with 22q11.2 deletion syn-
drome, usually in a milder phenotype.''"'# Because the
entire clinical spectrum is still unknown and most of these
individuals overlap with normality, finding correlations of
the sizes and positions of these duplications and phenotype
is more difficult than deletions.'%'3
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Deletions at 22q11.2 had a standard 3 Mb deletion in 87%
of cases, a smaller, proximally nested 1.5 Mb deletion in 7% of
cases, and other atypical deletions, nested, overlapping, or
typically deleted region (TDR) clustered together. By NAHR
after asynchronous replication, large low-copy repeats at
22q11,2 (LCR22s A to D) mediate repetitive deletions, while
smaller LCRs (E-H) alongside recently described uncommon
deletions or alternate breakpoints.%'>~18

In this article, we present nine patients referred to us for
genetic diagnosis of 22q11.2 deletion syndrome. We discuss
screening diagnostic strategies for patients referred for the
22q11.2 deletion test as well as the clinical implications of
these findings for a potential genotype-phenotype correlation.

The chromosome region 22q11.2 has long been recog-
nized as a hotspot for genomic rearrangement and related
disorders such as 22q11.2 deletion syndrome (DGS/VCEFS,
OMIM 188400/OMIM 192430), der(22) t(11; 22) syndrome
(OMIM 609029), and cat-eye syndrome (OMIM 115470). Der
(22) syndrome and cat eye syndrome are rare conditions
characterized by an increased copy number of the most
centromeric portion of 22q11, whereas 22q11.2 microdele-
tions are more common with an estimated frequency of 1 in
4,000 to 6,000 live births.'%-20

22q11 deletion syndrome is characterized by not only
congenital heart defects, immunodeficiency, transient neo-
natal hypocalcemia, velopharyngeal insufficiency and a dis-
tinctive facial appearance but also learning disabilities and
behavioral abnormalities. Phenotype varies with involve-
ment of multiple organ systems.>2'-?2 The entire phenotypic
spectrum of 22q11.2 deletion syndrome is provided by
multiple dose-sensitive genes required for normal develop-
ment across the 22q11.2 region.?? Furthermore, nonoverlap-
ping, atypical deletions have significantly overlapping
phenotypes, suggesting several candidate genes for the
syndrome, a common developmental pathway, or a position-
al gene effect at 22q11.2.2472% It has also been suggested that
phenotypes represented by identical deletions at 22q11.2
are altered by parental imprinting, unbalanced regulatory
effects, polymorphisms not masked by recessive mutations
or hemizygosity, environmental factors, or stochastic events
during morphogenesis.??32 Susceptibility to other syn-
dromes has also been suggested in patients with the
22q11.2 deletion.?®3334 Several studies have identified sev-
eral candidate genes at 22q11.2 that reproduce part of the
phenotype or are suspected to alter disease susceptibility in
animal models.?*2>3>3% Accordingly, correlations made
within a contiguous gene syndrome will always be subject
to phenotype exclusions.

In the present study, of the 18 patients carrying 22q11.2
(LCR22A-H) deletion, most of the deletions were spread in the
region between LCRB and E. The clinical findings of patients
with this deletion showed a wide spectrum (~Table 2). The
reason for the wide phenotypic variation is unknown, but
possible explanations may be that the 22q11.2 deletion syn-
drome phenotype may be due to other genetic mutations or
that other genes not involved in duplication may compensate
or hinder the pathogenesis of duplication. However, a milder
phenotype was observed in 22ql11 duplication carriers

Global Medical Genetics  Vol. 9 No. 1/2022 © 2021. The Author(s).
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Abbreviations: ADHD, attention deficit hyperactivity disorder; ASD, atrial septal defect; VSD, ventral septal defect.
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(=Fig. 2). Duplication of chromosome 22q11 is also character-
ized by highly variable features, which may range from normal
to mild and may include intellectual disability or learning
disabilities, growth retardation, hypotonia, and delayed psy-
chomotor development.3’® The most frequently reported
symptoms in the 22q11.2 duplication syndrome are mental
retardation/learning difficulties (cognitive deficits such as
deficits of memory performance, perceptual organization
and verbal comprehension, ADHD and speech impairment)
(97%), delayed psychomotor development (67%), growth re-
tardation (63%), and muscular hypotonia (43%). The most
common dysmorphic features detected are hypertelorism
(70%), broad flat nose (53%), micrognathia (52%), velophar-
yngeal insufficiency (48%), dysplastic ears (45%), epicanthal
folds (42%), and downslanting palpebral fissures (41%). Other
reported symptoms are congenital heart malformation, visual
and hearing impairment, seizures, microcephaly, ptosis, and
urogenital abnormalities.'*

In our patient group, changes covering the 22q13 band
region (3 deletions and 1 duplication) were detected in four
of our patients (=Table 2). Clinical findings in our patients
with deletion including 22q13.33 region are hypotonia and
motor retardation. This region has been associated with
Phelan-McDermid syndrome (PMS) (phenotype MIM num-
ber: 606232) in the literature. PMS is a developmental
disorder with variable features. Common features include
neonatal hypotonia, global developmental delay, normal to
accelerated growth, absent to severely delayed speech, autis-
tic behavior, and minor dysmorphic features. The responsible
gene SHANKS3 is located in this region.>*=4! Duplication was
detected in 22q13.33 region in one of our patients. A 3-year-
old patient had clinical findings of flattened nasal root,
stuttering, and craniosynostosis (=Table 2). In duplication,
it included the SHANK3 gene as in deletions of the same
region. On the basis of the phenotype of SHANK3-over-
expressing mice, Han et al hypothesized that SHANK3 over-
expression may have a role in hyperkinetic neuropsychiatric
disorders in humans.*? Duplication of the 22q13 region is
included in the literature as chromosome 22q13 duplication
syndrome (phenotype MIM number: 615538).

A larger deletion was detected in the 22q13.2q13.33
region of approximately 7.5Mb in one of our patients.
Although the deletion of the patient corresponded to the
PMS syndrome region, it was observed that it spreads beyond
this area. For instance, neonatal hypotonia and late walking
were reported in 20% of those with deletions of just
22q13.33, yet were reported for more than 90% of those
with the largest deletions (22q13.2). The traditional ap-
proach would ignore the difference in frequency and identify
22q13.33 as being the only candidate region.** Isolated
motor retardation was found in the clinical findings of our
patient.

The current study demonstrated in the largest postnatal
case series reporting the whole spectrum of atypical pheno-
typic and genotypic variations at 22q. The knowledge re-
garding the distribution of findings within and associated
with various organ systems may enable a rapid and precise
diagnostic process. We believe that when all the phenotypic

Global Medical Genetics  Vol. 9 No. 1/2022 © 2021. The Author(s).
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Fig. 2 Photographs of patient no 23 carrying an approximately 5.3 Mb 22q11.1q11.23 duplication (A), a-CGH image of case (B), pedigree of
family (C).
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differences are taken into account, various anomalies includ-
ing developmental delay and intellectual disability might be
considered as an indication to search for aberrations of 22q
along with congenital heart diseases. All of this data will
contribute to the establishment of the true prevalence of
these anomalies and defects, and reveal the importance of
the multidisciplinary counseling and the contribution of this
condition to positive outcomes.
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