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22q11.2 deletion syndrome is one of the most common micro-

deletion syndromes.Most patients have adeletion resulting from

a recombination of low copy repeat blocks LCR22-A and LCR22-

D. Loss of theTBX1 gene is considered themost important cause

of the phenotype. A limited number of patients with smaller,

overlapping deletions distal to the TBX1 locus have been de-

scribed in the literature. In these patients, the CRKL gene is

deleted. Haploinsufficiency of this gene has also been implicated

in thepathogenesis of 22q11.2deletion syndrome.Todistinguish

these deletions (comprising the LCR22-B to LCR22-D region)

from the more distal 22q11.2 deletions (located beyond LCR22-

D), we propose the term “central 22q11.2 deletions”. In the

present study we report on 27 new patients with such a deletion.

Together with information on previously published cases, we

review the clinical findings of 52 patients. The prevalence of

congenital heart anomalies and the frequency of de novo dele-

tions in patients with a central deletion are substantially lower

than in patients with a common or distal 22q11.2 deletion. Renal

and urinary tract malformations, developmental delays, cogni-

tive impairments and behavioral problems seem to be equally

frequent as in patients with a common deletion. None of the

patients had a cleft palate. Patients with a deletion that also

encompassed the MAPK1 gene, located just distal to LCR22-D,

have a different and more severe phenotype, characterized by a

higher prevalence of congenital heart anomalies, growth restric-

tion and microcephaly. Our results further elucidate genotype-

phenotype correlations in 22q11.2 deletion syndrome spectrum.

� 2014 Wiley Periodicals, Inc.

Key words: 22q11.2; deletion; atypical; distal; TBX1; CRKL;

MAPK1
2014 Wiley Periodicals, Inc.
INTRODUCTION

Chromosomal microdeletions are an important cause of intellec-

tual disability and congenital anomalies. With an estimated occur-

rence in approximately 1:4000 live births, 22q11.2 deletion

syndrome is one of the most common microdeletion syndromes

[Lindsay, 2001; Óskarsdóttir et al., 2004; McDonald-McGinn and

Sullivan, 2011]. The region involved on the long arm of chromo-

some 22 contains a high number of low copy repeat sequences
2707
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(LCRs) (Fig. 1). Non-allelic homologous recombinations between

these LCRs cause a spectrum of recurrent rearrangements, includ-

ing deletions and duplications [Edelmann et al., 1999; Saitta

et al., 2004; Shaikh et al., 2007]. In total, the region contains eight

LCRs blocks, known as LCR22-A to LCR22-H. The most common

deletion occurs between the two largest blocks, LCR22-A and

LCR22-D, and results in a �3Mb deletion [Edelmann et al.,

1999; Emanuel, 2008]. This deletion has been associatedwithhighly

variable phenotypes: velo-cardio-facial syndrome [OMIM

192430], DiGeorge syndrome [OMIM188400], Cayler cardiofacial

syndrome [OMIM 125520], and conotruncal anomaly face or

Takao syndrome [OMIM 217095]. All these presentations of the

same disorder are now collectively referred to as 22q11.2 deletion

syndrome. The wide range of clinical findings in 22q11.2 deletion

syndrome include cardiovascular malformations, palatal abnor-

malities, urogenital anomalies, craniofacial features, developmen-

tal and learning problems, intellectual disability, behavioral and

psychiatric problems, immune deficiencies, and congenital hypo-

calcemia [Ryan et al., 1997; Lindsay, 2001;McDonald-McGinn and

Sullivan, 2011]. The second most common deletion is a nested

�1.5Mb proximal 22q11.2 deletion, caused by recombination

between LCR22-A and LCR22-B. The phenotype associated with

this proximal deletion seems to be indistinguishable from that seen

in patients with the larger �3Mb deletion [Carlson et al., 1997;

Bartsch et al., 2003]. Haploinsufficiency of the TBX1 gene [OMIM

602054] is thought to be the most important cause of the clinical

features seen in associationwith these two deletions [Lindsay, 2001;

McDonald-McGinn and Sullivan, 2011].

More recently, a recurrent but distinct microdeletion syndrome

was described that is caused by deletions distal from the �3Mb

common deletion [Rauch et al., 1999; Mikhail et al., 2007; Rod-

ningen et al., 2008; Ben-Shachar et al., 2008; Fagerberg et al., 2013].

These distal 22q11.2 deletions occur mostly between LCR22-D and

either LCR22-E, LCR22-F or LCR22-G [Ben-Shachar et al., 2008].

Characteristic features associated with this distal 22q11.2 deletion

syndrome are prematurity, prenatal and postnatal growth restric-

tion, learning problems, developmental delay, specific facial char-

acteristics, mild skeletal abnormalities, and an increased incidence

of a specific type of heart defect, truncus arteriosus. It has been

suggested that haploinsufficiency of the MAPK1 gene [OMIM

176948]might be responsible for the growth restriction and several

of the observed malformations, including the congenital heart

anomalies [Ben-Shachar et al., 2008; Tan et al., 2011; Fagerberg

et al., 2013].

Deletions of the region located between LCR22-B and LCR22-D

(distal from the �1.5Mb proximal deletion and proximal to the

above mentioned distal 22q11.2 deletions) seem to be relatively

rare. Only a limited number of patients with such deletions have

been described in the literature, usually denoted as distal or atypical

22q11.2 deletions [Kurahashi et al., 1997; Garcia-Minaur et al.,

2002; Rauch et al., 2005; D’Angelo et al., 2007; Fernandez et al.,

2009; Ogilvie et al., 2009; Garavelli et al., 2011; Ledig et al., 2011; Yu

et al., 2011; Breckpot et al., 2012; Sanna-Cherchi et al., 2012;

Verhagen et al., 2012]. To avoid confusion with 22q11.2 deletions

distal from the common deleted region, we suggest calling these

“central 22q11.2 deletions.” Studies inmice have indicated that loss

of the CRKL gene [OMIM 602007], that resides in central 22q11.2
region can cause several phenotypic features of the 22q11.2 deletion

syndrome seen in humans [Guris et al., 2001; Moon et al., 2006].

Here we report on the clinical findings for 27 new patients from 15

unrelated families, in whom we found a central 22q11.2 deletion

with loss ofCRKL, but without loss of TBX1. Combining these new

patients with previously reported patients, we then reviewed the

clinical findings for 52 subjects with a central 22q11.2 deletion. This

gave us an opportunity to investigate whether there are new break-

point-specific clinical phenotypes in the widening spectrum of

22q11.2 deletion syndromes.
MATERIALS AND METHODS

We included 27 patients from 15 unrelated families with a submi-

croscopic deletion involving the LCR22-B to LCR22-D region at

chromosome 22q11.2 in this collaborative study. Clinical informa-

tionwas retrieved frommedical recordsorprovidedby the referring

physicians. Genomic DNA was isolated according to standard

procedures. Because all deletions were found during the diagnostic

work-up of the probands, differentmicroarray platformswere used

depending on when and where the work-up took place. Array

analysis was performed in families 1–5, 7, 13, and 15 by oligonu-

cleotide arrays (Agilent Technologies, SantaClara, CA,USA) and in

families 6, 8–12, and 14 by single nucleotide polymorphism (SNP)

arrays (Affymetrix Inc., Santa Clara, CA, USA) (Table I). Copy-

number variations were determined using DNA analytics software

(versions 4.0.73 or 4.0.81), Copy Number Analyzer for Affymetrics

GeneChip mapping software (version 2.0) or Affymetrix Chromo-

some Analysis Suite software, depending on the platform that was

used. The normalized ratios were analyzed for losses and gains of

chromosome regions using previously describedmethods [deVries

et al., 2005;Hehir-Kwa et al., 2007]. All results were evaluated using

the UCSC human Genome Browser release of February 2009

(GRCh37/hg19). When parents or other family members were

available for testing, de novo or inherited occurrence of the

deletions was determined.

CLINICAL REPORTS

Family 1
The proband (Patient 1) was the first child of nonconsanguineous

parents. A unilateral renal agenesis with an absent ipsilateral renal

artery was detected prenatally. He was born after 39þ5 weeks

gestationwith a birthweight of 3,180 grams (�0.2 SD). He received

prophylactic treatment with antibiotics during the first postnatal

month. There were no additional complications during the neona-

tal period and infancy. Between the age of one and two years, he had

a fewmiddle ear infections. At the age of three years, amild delay of

speech development was noted for which he received speech

therapy. He was otherwise healthy. His appearance was character-

ized by a triangular, asymmetric face with a broad forehead, high

nasal bridge, deep-set eyes, andmildly upslanting palpebral fissures.

His mother had two subsequent first-trimester spontaneous abor-

tions. Standard chromosome analyses in both parents showed

normal karyotypes. During her fourth pregnancy, a normal sized

male fetus (Patient 2) in breechpositionwith oligohydramnionwas

seen on ultrasound, and bilateral enlarged cystic kidneys were



FIG. 1. Schematic representation of chromosome 22q11.2. The positions of genes and deletions are shown relative to the low copy repeat

blocks within the region (LCR22-A to LCR22-H). The magnified image of the central chromosome 22q11.2 region was made using UCSC

Genome Browser Build 37/hg19 (http://genome.ucsc.edu/). Black bars depict the 15 central 22q11.2 deletions described in this study, which

are ordered by their proximal breakpoints. The Ref Seq gene content is shown, as well as the probe distributions of the three most common

array platforms used in this study. [Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/journal/

10.1002/(ISSN)1552-4833]
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TABLE I. Results of Microarray Analysis in 15 Families with Central 22q11.2 Deletions

Family Size (kb) Position a Platform Deletion type Inheritance
1 805 20,659,346-21,464,259 Agilent #15/#22 ID019630 B to D paternal
2 396 21,065,681-21,461,951 Agilent 105K ID019015 C to D maternal
3 846 20,659,346-21,505,557 Agilent #15/#22 ID019630 B to D unknown
4 452 21,053,694-21,505,558 Agilent 180K ID23363 C to D paternal
5 729 20,733,226-21,461,951 Agilent 105K ID019015 B to D paternal
6 1300 21,060,359-22,360,650 Affymetrix 250K Nsp SNP C to beyond D de novo
7 1103 20,708,690-21,812,179 Agilent 180K ID23363 B to D de novo
8 918 21,011,216-21,928,916 Affymetrix 250K Nsp SNP C to D unknown
9 719 20,742,450-21,461,607 Affymetrix 250K Nsp SNP B to D de novo
10 401 21,060,359-21,461,607 Affymetrix 250K Nsp SNP C to D maternal
11 1257 21,103,551-22,360,650 Affymetrix 250K Nsp SNP C to beyond D de novo
12 414 21,046,144-21,460,009 Affymetrix 2.7M Cytogenetics C to D maternal
13 1442 21,025,454-22,467,502 Agilent 180K ID23363 C to beyond D de novo
14 1239 20,727,938-21,967,247 Affymetrix 2.7M Cytogenetics B to D unknown
15 786 20,718,912-21,505,558 Agilent 180K ID23363 B to D paternal
aNCBI human genome build Hg 19 (http://genome.ucsc.edu/).
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noted. Besides a small thorax suspected for lung hypoplasia, no

other anomalies were evident. Amniocentesis showed a normal

male karyotype (46,XY). The pregnancy was terminated at approx-

imately 23 weeks gestation. This second child had a mild micro-

gnathia, low-set ears with overfolded helices, and flexion and

endorotation contractures of both feet. At autopsy, a dysplastic

horseshoe kidney with multiple, variably sized cysts, thin underde-

veloped ureters and an abnormal bladder with a septum were seen.

An ultrasound investigation revealed no renal or urological anom-

alies in themother. The father (Patient 3), however, was bornwith a

small dysplastic non-functional right kidney, whichwas removed at

the age of five years. He had a right-sided ectopic ureter orifice that

ended within the prostatic urethra. The distal part of the ureter was

wide and there was ipsilateral vesicoureteral reflux. A bladder

diverticulum was also present. The father had dyslexia and had

attended a special primary school for children with learning prob-

lems, but he was able to complete a normal secondary school

education. He had a long asymmetric face, broad forehead,

deep-set eyes, mildly up-slanting palpebral fissures, prominent

chin and a mild thoracic scoliosis. A cardiologic and ophthalmo-

logic evaluation showed no abnormalities. Microarray analysis in

the proband showed an 805 kb deletion of chromosome 22q11.2.

The deletionwas also found in the affected fetus and the father. The

deletion was not detected in the mother, and was absent in the

paternal grandparents.
Family 2
Theproband (Patient 4)was bornwith a right-sidedunilateral renal

agenesis and anormal left kidney after anuncomplicatedpregnancy

and delivery. He also had a left-sided inguinal hernia, with an

ipsilateral cryptorchid testis, absent epididymis, and ductus defer-

ens. At seven years of age, his height was 128.5 cm (�1 SD), weight

25 kg (0 SD), and head circumference 53 cm (�0.5 SD). He had a
thin vermilionof theupper lip andanoverfoldedhelix of the left ear.

A cardiologic evaluation showed no abnormalities. He had normal

motor development and normal intelligence. His mother (Patient

5) had a partial atrio-ventricular septal defect and mitral valve

incompetence. During her teens, she developed a mild spastic

paraplegia with an abnormal gait, clumsiness, tremor, muscle

cramps, and pain. She had a borderline intelligence, attended a

special primary school, and did not complete her secondary school

education.Upon evaluation at age 30 years, themotherhad a square

face with up-slanting palpebral fissures and slightly overfolded

helices of the ears. She had relative microcephaly. Her height

was 182 cm (þ1.75 SD) and her head circumference was 54.5 cm

(�0.5 SD). She also had a thoracic kyphosis, increased tendon

reflexes, Babinski reflexes, bilateral pes cavus, and hammer toes.

An EMG showed no evident signs of a polyneuropathy. MRI scans

of her brain and spinal cord revealed no explanatory abnormalities

either. Spondylolisthesis of L5-S1, height reduction of T7, and

irregular end plates of T7-8 were seen on a spine radiograph. Her

karyotype was 47,XXX. Microarray analysis showed a 396 kb

22q11.2 deletion in both the proband and hismother. Thematernal

grandfather also had pes cavus, but he was not available for genetic

testing.
Family 3
The proband (Patient 6) was first seen by a pediatrician at the age of

four years because of mild cognitive impairment and behavioral

problems. He was born at term after an uncomplicated pregnancy

and delivery. His birth weight was 3,400 grams (0 SD). His motor

development and speech development were both delayed. He had

frequent and severe middle ear infections, which resulted in a

conductive hearing loss. At age four years, he avoided eye contact

and sometimes showed aggressive behavior towards other children.

Both an attention deficit and hyperactivity disorder (ADHD) and a

http://genome.ucsc.edu/
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pervasive developmental disorder - not otherwise specified (PDD-

NOS) were diagnosed. His total IQ score was 78. He attended

special primary and secondary schools for children with learning

and behavioral problems. Upon physical examination, his height

was 110 cm (0 SD), his weight was 25.8 kg (>2 SD), and his head

circumference was 50.6 cm (�0.5 SD). He had a mildly triangular,

asymmetric face with a broad forehead and an open mouth with a

full lower lip. His palate and uvula were normal. Apart from

overriding toes on both feet, no other anomalies were seen. A renal

ultrasound and an ophthalmologic and cardiologic evaluation

showed no abnormalities. Fragile-X syndrome was excluded by

DNA analysis and he had a normal male karyotype (46,XY).

Microarray analysis showed an 846 kb 22q11.2 deletion, which

was not detected in his father. Both his father and a younger

paternal half-brother had attention deficit disorder (ADD). The

mother of the proband was not available for genetic testing.
Family 4
The proband (Patient 7) was born at 36 weeks gestation after an

uncomplicated pregnancy. His birth weight was 3,700 g. He was

referred for a genetic evaluation at the age of eight years because of a

mild intellectual disability and an anxiety disorder. His total IQ

score was 76. He had ADD, dyslexia, aggressive behavioral out-

bursts, recurrent middle ear infections, and clumsy motor skills.

Height, weight, and head circumference were all normal. His face

was hypotonic, with an open-mouthed appearance and nasal

speech.His palatewashigh andnarrowandhehada severe overbite.

He also had epicanthic folds, peri-orbital fullness,mild ptosis of the

left eye, an upturned nose, increased tendon reflexes, and an

intention tremor. A brain MRI showed no abnormalities. Ultra-

sound investigations showed a mild hydronephrosis of the left

kidney but no structural heart anomalies. Fragile-X syndrome was

excluded byDNA analysis and he had a normalmale karyotype (46,

XY). However, microarray analysis showed a 452 kb 22q11.2 dele-

tion. The deletion was also detected in his father (Patient 8), two

brothers (Patients 9 and 10), and paternal grandfather (Patient 11).

The father had similar facial features to the proband and also had

clumsy motor skills, a mild tremor, and learning problems during

childhood. A renal ultrasound showed amild hydronephrosis. One

of the brothers (Patient 9)was treated for phymosis, pyelonephritis,

and an uretero-pelvic junction stenosis. This brother also had a

delay in speech andmotor development. The other brother (Patient

10) hadneonatal hypotonia and feedingproblems, a developmental

and growth delay, clumsymotor skills, dyslexia, andPDD-NOS.He

had a triangular face, slender build, and long fingers. His renal and

cardiac ultrasounds were normal. The grandfather (Patient 11) had

a small diaphragmatic hernia, mild tremor, long face with short

palpebral fissures, and a high narrow palate. A cardiologic evalua-

tion showed ventricular extra systoles and dilated atria, but no

congenital anomalies. He also had a single renal cyst.
Family 5
The 16-year-old male proband (Patient 12) was born with a peri-

membranous ventricular septal defect and a right-sided inguinal

hernia. A diastasis recti was noted during childhood and he suffered
from frequent middle ear infections. From the age of seven years

onward, he had repeated periods of steroid-dependent proteinuria.

The findings of a renal biopsy were consistent with an IgM ne-

phropathy.Themeatusofhisurethrawas stenotic.HehadADDthat

didnot respond to treatmentwithmethylphenidate.His intelligence

was above average, and he attended a normal secondary school. On

physical examination, his heightwas 169.5 cm (�1.5 SD), hisweight

was54 kg (0SD)andhishead circumferencewas 57.5 cm(þ0.5 SD).

He had a long face with narrow palpebral fissures and a flat malar

region. Pits were seen at the back of both earlobes. His nostrils were

narrow and the nasal cartilage seemed absent. He had a high palate

and the second upper left molar wasmissing. The ability to open his

mouth was limited, which was caused by symmetric bony out-

growths on both zygomatic arcs that were visible on a CT scan. In

addition,hehadapectus excavatum, longhands, andamildbilateral

2–3 syndactyly of the toes.Hehad anormalmale karyotype (46,XY).

Microarray analysis showed a 729 kb 22q11.2 deletion, which was

also detected in his asymptomatic father (Patient 13).

Family 6: A heart malformation was suspected prenatally in the

female proband (Patient 14). Amniocentesis showed a normal

female karyotype (46,XX). She was born at 35þ6 weeks gestation

with a birth weight of 2,030 g (�0.5 SD). Her length at birth was

43 cm (�1 SD) and her head circumference 29.3 cm (�2 SD). She

had a ventricular septal defect with an overriding aorta. In addition,

she had a hydrosyringomyelia. Her face was flat with a flat nose,

hypoplastic alae nasi, downturned corners of the mouth, thin

vermilion of the upper lip and square shaped ears with uplifted

earlobes and overfolded helices. Her fingers were slightly tapering

and there was a mild clinodactyly of the fifth fingers. A brain MRI

was normal and no abnormalities were seen on a renal ultrasound.

At 15 months of age, a mild immunodeficiency was found with

slightly reduced levels of T-helper lymphocytes and increased levels

of natural killer cells. She had a postnatal growth restriction, with

height, weight and head circumference Z-scores of �2.5 SD. Her

motor and cognitive development was mildly delayed. At age three

years, her total IQ was 87. She attended a normal primary school

and performed well. Microarray analysis showed a 1.3Mb 22q11.2

deletion that was not detected in her parents.
Family 7
The female proband (Patient 15) was born at 36 weeks gestation

with a birth weight of 1,785 g (�1.5 SD). She had an anteriorly

placed anus, with an absent ventral part of the muscular ring of the

sphincter. A cardiologic evaluation showed a large perimembra-

nous ventricular septal defect, multiple muscular ventricular septal

defects with left-to-right shunting, a large atrium septal defect type

2, and a wide and hypertrophic right ventricle. She had cyanotic

attacks and feeding problems. Banding of the pulmonary artery was

performed at age five months. Renal, myelum, and vertebral ultra-

sounds showed no additional abnormalities. Eleven rib pairs were

seen on thorax radiographs. At six months of age, she was small,

with length, weight, and head circumference Z-scores of �2.5 to

�3 SD. Her motor development was mildly delayed and she was

unable to turn fromher back to her front. She had a square facewith

a broad forehead, hypertelorism, short palpebral fissures, low-set

ears, a small umbilical hernia, and bilateral mild 2–3 syndactyly of
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the toes. Microarray analysis showed a 1.1Mb 22q11.2 deletion,

which was absent in her parents.
Family 8
Theproband (Patient 16)was referred for a genetic evaluation at the

age of 12 years because of an unexplained proportionate short

stature. His height Z-score and weight-for-height Z-score were

�2.1 SD and �2.0 SD, respectively. His sitting height-to-height

ratio andhead circumference Z-scoreswere both�1.1 SD.Hehad a

slender build and a triangular asymmetric face. One of his canines

was missing. A single palmar crease was present on both his hands.

He had dyslexia, but his motor and cognitive development were

otherwise normal. His serum IGF-I and IGF-BP3 concentrations

were repeatedly low, and a hand X-ray showed a delay in bone

development of approximately 1.3 years. A cardiologic evaluation

showedno abnormalities.He had a normalmale karyotype (46,XY)

and an analysis of the SHOX gene was also normal. Microarray

analysis showed a 918 kb 22q11.2 deletion, which was not detected

in his mother. His father was not available for genetic testing.
Family 9
The proband (Patient 17) was referred to a clinical geneticist at the

age of 18 years because of behavioral problems in combinationwith

a mild cognitive impairment. He was delivered by Caesarean at

38 weeks gestation after an uncomplicated pregnancy. His birth

weight was 3,500 g (þ1 SD). Although he started laughing at a

normal age, all other developmental milestones during his first two

years of live were delayed. He was able to sit without support at age

18months and started to walk unaided at age two years. His speech

development was also delayed and he had serious sleeping prob-

lems. Social interactions with his parents and friends were normal.

After three years of nursery school he attended special primary and

secondary schools for children with learning and behavioral prob-

lems. At age nine years, he was diagnosed with ADHD for which he

received medication. Seven years later, he was also diagnosed with

PDD-NOS. His total IQ score was 65. He performed relatively well

in a quiet and structured environment. Apart from frequentmiddle

ear infectionsduring childhood,hehadnocomplaints regardinghis

physical condition. His height was 182.8 cm (0 SD), weight 65.3 kg

(0 SD), and head circumference 57.5 cm (0 SD). He had an asym-

metrical face with a mild ptosis, full eyelids, low-set ears, long

columella, narrow mouth with full lips, mild retrognathia, and a

high palate with a normal uvula. His fingers were long and slender.

Amild contracture of the left elbowwas present.Molecular analysis

of the FMR1 gene revealed a normal (CGG)n-repeat length.Micro-

array analysis showed a 719 kb 22q11.2 deletion, which was not

detected in his parents. Family history revealed that his sister had

dyslexia and dyscalculia, and that his father also had PDD-NOS

with a borderline intelligence. Several paternal familymembers had

limited communication and social skills.
Family 10
The proband (Patient 18) was born at term with a birth weight of

3,750 g (þ0.75 SD). He had spina bifida andmacrocephaly second-
ary to ventriculomegaly. A brain MRI revealed an abnormal brain

with a complete cerebellar agenesis, an extraordinary and rare

finding. Additionally, he had a severe scoliosis and a slightly

dysmorphic appearance characterized by epicanthic folds and

hypertelorism.At the age of four years hewas severely handicapped,

requiring full time care and was unable to recognize his parents. He

had a normal male karyotype (46,XY). Microarray analysis showed

a 401 kb 22q11.2 deletion. The same deletion was detected in the

asymptomatic mother (patient 19). The parents were not consan-

guineous and their family history was normal apart from a paternal

first cousin with spina bifida.
Family 11
The female proband (Patient 20) was the first child of nonconsan-

guineous parents. During the 27th week of pregnancy, growth

retardation and placental insufficiency was detected. She was

delivered by Caesarean at 31 weeks gestation. Her birth weight

was 775 g (�2 SD) and she had amild bronchial dysplasia. A cardiac

evaluation revealed a small muscular ventricular septal defect and

an atrium septal defect type 2. During childhood she suffered from

frequent upper respiratory tract infections. At the age of eight years,

she received speech therapy for stuttering and to improve her

pronunciation. She attended a regular school, but needed extra

support. Her motor development was normal. At physical exami-

nation, she had a height of 114 cm (�3.5 SD), a weight of 15.6 kg

(�3.0 SD), and a head circumference of 46.5 cm (�3.3 SD). Her

appearance was characterized by a triangular face with a small

forehead, arched eyebrows, upslanting palpebral fissures, posterior

rotated ears with attached lobes, a nose with a high narrow nasal

bridge and a long columella, and a smallmouthwith thin vermilion

of the lips. She had irregular teeth with fusion of the two right lower

incisors. Her thorax was bell-shaped and she had an umbilical

hernia. She had hypermobile joints, fetal finger pads, and a

sandal gap between her first and second toes. Microarray analysis

showed a 1.3Mb 22q11.2 deletion that was not observed in her

parents.
Family 12
The male proband (Patient 21) was born to nonconsanguineous

parents. He was delivered by Caesarean at 37 weeks gestation. His

birth weight was 2,590 g (�1 SD). He was hypotonic and his early

motor development was delayed. At two years of age, a non-

progressive cerebral palsy was diagnosed. His head circumference

Z-score was 0 SD. He had no dysmorphic facial features. A neuro-

logical examination showed a mild right-sided hemiplegia with

dystonic and choreatic movements. MRI scans of his brain showed

periventricular white matter changes without any other abnormal-

ities. A prenatal or perinatal insult was suspected. An EEG and a

cardiologic evaluation were normal. At age 11 years, he had

borderline intelligence and difficulties with social interactions.

He attended a small class in a normal school. A diagnosis of

PDD-NOS and an autism spectrum disorder were the reason for

his referral to the genetics clinic. He had a normal male karyotype

(46,XY). Microarray analysis showed a 414 kb 22q11.2 deletion.

The same deletion was detected in the asymptomatic mother
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(Patient 22). There was no family history of neurological disorders,

autism or congenital anomalies.
Family 13
A 31-year-old female (Patient 23) visited the outpatient genetics

clinic for counseling because of short stature and learning prob-

lems. She was born at 36 weeks gestation with a birth weight of

1,430 g (�2 SD) and a small placenta. She remained short during

childhood, had frequent ear infections, and attended a special

secondary school for children with learning problems. Her height

at age 31 years was 153 cm (�2.7 SD) and her head circumference

was 53 cm (�1.3 SD). She had a high forehead, mild ptosis and

epiblepharon, thin vermilion of the upper lip, everted thick vermil-

ion of the lower lip, with a normal palate and uvula. Her fingers and

toes were short, and she had a partial cutaneous syndactyly of the

secondand third toes.Microarray analysis showeda1.4Mb22q11.2

deletion. The deletion was not present in her parents.
Family 14
The male proband (Patient 24) was born after a pregnancy com-

plicated by intra-uterine growth restriction and reduced fetal

movements. He was delivered by Caesarean after 36 weeks gesta-

tion.Hisbirthweightwas1,569 g (�1.8 SD)andhisbirth lengthwas

43 cm (�1.3 SD). At birth, an anal atresia, umbilical hernia, dia-

stasis recti and a left sided renal agenesis were discovered. His right

kidneywas hyperechogenic and enlarged. He had no heart anomaly

or cleft palate. His development was delayed: he first walked at the

age of three years and started to talk around three to four years. He

attended a special school for children with learning problems. At

age 10 years, he had a mild to moderate intellectual disability. His

heightwas 133 cm(�2 SD) andhis head circumferencewas 51.5 cm

(�1 SD). He had bilateral pre-auricular tags, mild dysplastic ears

with over-folded helices, a strabismus convergens alternans, and a

slight facial asymmetry. The end phalanges of his fingers and toes

were relatively short and his first toes were broad. In addition, he

had a maldescensus of his right testis. Chromosome analysis

showed a balanced inversion of chromosome 9 (46,XY,inv[9]

[p11q13]). Microarray analysis showed a 1.2Mb 22q11.2 deletion,

which was not detected in his mother. His father was not available

for genetic testing.
Family 15
The female proband (Patient 25) was born by vacuum extraction at

35 weeks gestation. Her birth weight was 2,410 g (0 SD) and birth

length was 44 cm (0 SD). She had a hip dysplasia, which was treated

with an abduction brace and traction. Her development wasmildly

delayed. She first stood when she was 14 months old and walked

unsupported from the age of 19months. She received both physical

and speech therapy. She also had behavioral problems, character-

ized by hyperactivity, anxiety, and sometimes auto-mutilation. She

had frequent middle ear infections and several episodes of staring,

but no formal diagnosis of epilepsy was made. A cardiac evaluation

was normal and she had no renal anomalies. At three years of age,

her height was 93.5 cm (�1.75 SD) and her head circumferencewas
46.8 cm (�1.75 SD). She had down slanting palpebral fissures, a

mild ptosis of the eyelids, smooth philtrum, and a thin vermilion of

the upper lip. She further had general increased jointmobility and a

hyperlordosis. The mother of the proband was also treated for hip

dysplasia and had some learning difficulties as a child. The father of

the proband (Patient 26) was evaluated for growth hormone

deficiency because of short stature. His current height was

162 cm (�3 SD). During childhood he had also had behavioral

problems with hyperactivity and temper tantrums. His motor and

cognitive development were further normal. During adulthood he

was treated for depression and psychosis. A cardiologic evaluation

was normal. The paternal grandmother (Patient 27) had had two

episodes of psychotic behavior, for which she was treated in a

psychiatric clinic. Microarray analysis showed a 786 kb 22q11.2

deletion in the proband. The same deletion was detected in her

father and paternal grandmother.
RESULTS

A schematic representation of the deletions found in the 15 families

presented in this study is shown inFigure 1. Sevendeletions involved

LCR22-B and LCR22-D (B to D type deletions), five deletions

involved LCR22-C and LCR22-D (C toD type deletions), and three

deletions also involvedLCR22-C,but extendedbeyondLCR22-D(C

to beyond D type deletions). The estimated sizes of these deletions

varied from approximately 400 kb to 1.4Mb (Table I).

In 12 families, both parents of the proband were available for

genetic analysis. Five (42%)of the deletions occurred de novo in the

proband, and seven (58%) of the deletions were inherited (four

paternally and three maternally). In the remaining three families,

the inheritance was unknown. Maternal inheritance could be

excluded in two of these families, and paternal inheritance was

excluded in the other family. In addition to the parents, other family

members were investigated in three families with an inherited

deletion. In family 1, analysis of the grandparents showed that

the deletion had occurred de novo in the father of the proband.

In total, there were 27 patients with a central 22q11.2 deletion in

these 15 families. The clinical features of all 27 patients are sum-

marized in Table II. The clinical findings reported in 25 previously

described patients with central 22q11.2 deletions are summarized

in Table S1 (see supporting information online) [Kurahashi et al.,

1997; Garcia-Minaur et al., 2002; Rauch et al., 2005; D’Angelo et al.,

2007; Fernandez et al., 2009; Ogilvie et al., 2009; Garavelli

et al., 2011; Ledig et al., 2011; Yu et al., 2011; Breckpot et al.,

2012; Sanna-Cherchi et al., 2012; Verhagen et al., 2012]. The

frequencyof reported features in all the currently identified patients

in relation to the deletion types is reviewed in Table III.

In patients with a central B to D type or a C to D type deletion,

developmental problems, including learning problems, speech

delay, motor delay or (mild) cognitive impairment, were common

and occurred in 25 patients (54%of total). Fourteen (30%) of these

deletion carriers had psychiatric or behavioral problems, including

attention deficit, hyperactivity, or a pervasive/autism spectrum

disorder. Craniofacial features were present in 33 (72%) of the

deletion carriers. The most frequent reported facial features were a

triangular asymmetric face, a broad forehead, short upslanting

palpebral fissures, ptosis of the eyelids, thin vermilion of the
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upper lip, low-set ears, and overfolded helices. Photographs of

deletion carriers, who consented to their publication, are shown in

Figure 2. Although several facial features were shared among

deletion carriers, the facial phenotype does not seem to be particu-

larly distinctive or recognizable. Congenital anomalies of the

kidneys or urinary tract were reported in 35% of the patients

with a central 22q11.2 deletion. None of the patients had a cleft

palate. Three subjects with these central 22q11.2 deletions were

reported to be asymptomatic.

Patients with a central to distal deletion, a deletion that extended

beyond LCR22-D, had a more severe phenotype. The frequency of

congenital heart anomalies was relatively high (83%) in these
FIG. 2. Clinical photographs of patients with a central 22q11.2 deletion.

years), Patient 4 (at age 7 years), Patient 5 (at age 31 years), Patient

6 months), Patient 20 (at age 8 years), Patient 23 (at age 31 years), P

facial phenotype is not particularly distinctive or recognizable. [Color figu

onlinelibrary.wiley.com/journal/10.1002/(ISSN)1552-4833]
patients, when compared to patients with a central B to D type

or a C to D type deletion (24% and 14%, respectively) (Table III).

Growth restriction, short stature andmicrocephaly were also more

frequent in patients with a C to beyond D type deletion. All C to

beyond D type deletions occurred de novo, whereas 71–78% of

the B to D type and C to D type deletions were inherited.
DISCUSSION

Central 22q11.2 deletions are associated with a highly variable, and

difficult to recognize, clinical phenotypewithmany features that are

shared with the common �3Mb 22q11.2 deletion syndrome.
Photographs of Patient 1 (at age 3 years), Patient 3 (at age 30

6 (at age 8 years), Patient 12 (at age 16 years), Patient 15 (at age

atient 24 (at age 10 years) and Patient 25 (at age 3 years). The

re can be viewed in the online issue, which is available at http://

http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1552-4833
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1552-4833
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As is common in family studies onmicrodeletion syndromes, the

overall phenotype ismilder ormorenormal in familymembers than

in the index cases. Thus, the penetrance of the deletion is probably

overestimated, reflecting an ascertainment bias.

The majority of the central 22q11.2 deletions resulted from

recombination between either LCR22-B or LCR22-C, and LCR-

D. In three families, however, a deletion was found that extended

beyond LCR22-D and that overlappedwith the proximal part of the

distal 22q11.2 deletion syndrome region. Very similar deletions

have been reported before [Ogilvie et al., 2009; Garavelli et al., 2011;

Breckpot et al., 2012]. These deletions are associated with distal

breakpoint sites that do not correspond to one of the knownLCR22

blocks. It has been shown that other blocks of high sequence

homology may serve as alternative recombination substrates

[Breckpot et al., 2012]. The clinical phenotype in these patients

is distinct from the other patients, and shares more characteristics

with the distal 22q11.2 deletion syndrome, in which a history of

prematurity, prenatal and postnatal growth delay and microceph-

aly are also prevalent [Ben-Shachar et al., 2008; Fagerberg et al.,

2013].

Inheritance was investigated in nine of the previously reported

probands with a central 22q11.2 deletion (see supporting informa-

tion online) [Garcia-Minaur et al., 2002; D’Angelo et al., 2007;

Fernandez et al., 2009; Ogilvie et al., 2009; Garavelli et al., 2011;

Verhagen et al., 2012]. Five (56%) patients inherited the deletion –

two paternally and three maternally – and four deletions had

occurred de novo. In our cohort, 7/12 (58%) of the deletions

were inherited by the probands. Combined, 12/21 (57%) of the

central 22q11.2 deletions in the probands – and 17/29 (57%) of the

central 22q11.2 deletions in all cases –were inherited from a parent,

with an equal distribution between paternal and maternal trans-

mission to offspring.

The high frequency of familial deletions we observe is in contrast

to the high rate of de novo deletions (approximately 90–94%) seen

amongpatientswith the common�3Mb22q11.2 deletion [McDo-

nald-McGinn and Sullivan, 2011]. Similarly, previous studies

demonstrated that the shorter nested �1.5Mb proximal deletion

also occurs more frequently among familial cases with 22q11.2

deletions [Adeyinka et al., 2004; Fernandez et al., 2005]. To try and

explain this difference, it was suggested that patients with the

smaller proximal 22q11.2 deletion may have a better fecundity

than patients with the larger �3Mb common deletion, and that

genes within the LCR22-B to LCR22-D interval might be involved

in reproductive functions such as spermatogenesis [Fernandez

et al., 2005].However, our observationof a high familial occurrence

of B to D type and C to D type 22q11.2 deletions does not support

this hypothesis, but does support the notion that smaller 22q11.2

deletions might be better tolerated than larger deletions. Differ-

ences in the severity of behavioral problems, psychiatric disorders

and cognitive impairment (as example) could explain the affected

individual having a better chance of producing offspring [Bartsch

et al., 2003].

We observed a lower frequency of cardiac anomalies in patients

with central 22q11.2 deletions that were located between LCR22-B

andLCR22-D, as compared to reported frequencies in patientswith

the larger �3Mb common deletion or a distal 22q11.2 deletion.

Cardiovascular anomalies were reported in 8/46 (17%) of the
patients with a B to D type or a C to D type deletion. The most

common anomalies were atrial and ventricular septal defects.

Among the previously reported cases, three patients had a tetralogy

of Fallot and one patient had a hypoplastic right heart with a double

outlet right ventricle. Truncus arteriosus was seen in two of the

patients with a deletion that extended beyond LCR22-D. In com-

parison, heart defects are reported in 75–77% of patients with a

common �3Mb 22q11.2 deletion [Ryan et al., 1997; McDonald-

McGinn and Sullivan, 2011], and in 41–71% of published patients

with a distal 22q11.2 deletion [Fagerberg et al., 2013].

Three genes (TBX1, CRKL, andMAPK1) on 22q11.2 have been

identified whose haploinsufficiency is considered causative for

the congenital heart defects in 22q11.2 deletion syndrome

[Lindsay, 2001; Momma, 2010]. Loss of TBX1 occurs in the

proximal and common 22q11.2 deletions. Loss of CRKL occurs

in the common and central 22q11.2 deletions. And lastly, loss of

MAPK1 occurs in distal 22q11.2 deletions and in central 22q11.2

deletions that extend beyond LCR22-D (C to beyond D type

deletions).

One could speculate that the larger �3Mb common deletion,

with a combined loss of the genes TBX1 and CRKL, could be more

deleterious than the smaller proximal or central 22q11.2 deletions

with loss of either TBX1 or CRKL. In mice, compound heterozy-

gosity of bothCrkl andTbx1 induces a higher penetrance of thymus

defects, parathyroid defects, and cardiovascular defects than het-

erozygosity of Crkl or Tbx1 alone [Guris et al., 2006]. Homozygous

loss of themitogen-activated protein kinase 1 (ERK2/MAPK1) gene

in a murine model results in ventricular septal defects and con-

otruncal heart abnormalities [Newbern et al., 2008]. It is believed

that the hemizygous loss of this gene contributes to the congenital

heart anomalies seen in patients with a distal 22q11.2 deletion

[Fagerberg et al., 2013]. The recurrent central 22q11.2 deletion that

overrides LCR22-D contains both the MAPK1 gene as well as the

CRKL gene. Five of the six patients (83%) with this recurrent

deletion presented with a congenital heart defect. It may be that

the combined deletion of these two genes results in a higher

penetrance of cardiovascular anomalies than the loss of either

gene alone, similar to the previously suggested interaction between

TBX1 and CRKL [Guris et al., 2006].

TBX1, CRKL, andMAPK1 are all involved in a common genetic

pathway regulating heart outflow tract morphogenesis [Moon

et al., 2006; Vallejo-Illarramendi et al., 2009]. It is conceivable

that dosage-dependent perturbations in the expression of these

genes may contribute to the penetrance of congenital heart defects

in subjects with 22q11.2 deletions. This could explain why patients

with loss of two of these genes – i.e., patients with the common

�3MB deletion with loss of TBX1 and CRKL, or patients with a

central deletion overriding LCR22-D with loss of CRKL and

MAPK1–have the highest incidence of heart defects. All five dele-

tions overriding LCR22-D in which inheritance could be studied

occurred de novo, which further suggests that these overriding

deletions are less well tolerated than the smaller central 22q11.2

deletions with loss of CRKL alone.

The observed renal and urogenital anomalies in central 22q11.2

deletion carriers are similar to and occurred with equal overall

frequencies to those reported in carriers of the �3Mb common

deletion [Ryan et al., 1997; Stewart et al., 1999;Wuet al., 2002;Kujat
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et al., 2006]. The smallest deleted segment in subjects with an

urogenital anomaly was the region between LCR22-C and LCR22-

D. In two recent studies, C to D type central 22q11.2 deletions were

found in three out of 192 individuals with isolated renal hypodys-

plasia and in 1 out of 56 patients with Mayer-Rokitansky-Hauser

syndrome [Ledig et al., 2011; Sanna-Cherchi et al., 2012]. This

suggests that a gene responsible for this part of the phenotype is

located within the central 22q11.2 deletion region [Sanna-Cherchi

et al., 2012]. To our knowledge, no mutation of any gene in this

particular region has been associated with congenital renal and

urinary tract malformations yet. Although it does not exclude

involvement of the CRLK gene, renal and urogenital anomalies

were not reported in Crlk-deficient mice [Guris et al., 2001; Moon

et al., 2006]. Another candidate gene related to this part of the

phenotype could be the leucine zipper-like transcriptional regula-

tor 1 gene (LZTR1; OMIM 600574). This putative transcription

factor is expressed in the kidney and is thought to be involved in

embryogenesis.

A high palate was reported in four patients with a central 22q11.2

deletion. Nasal speech was reported only in two cases. None of the

52 patients with a central 22q11.2 deletion had a cleft palate. In

patients with the common �3Mb deletion, a cleft palate or

velopharyngeal insufficiency occurs in approximately 11–16%

and 42% of cases, respectively [McDonald-McGinn and

Sullivan, 2011; Ryan et al., 1997]. Thus, it seems that cleft palate

or velopharyngeal insufficiency is uncommon among central

22q11.2 deletion carriers.

None of the central 22q11.2 deletion carriers presented with

hypocalcemia, hypoparathyroidism or a clinical phenotype of

DiGeorge anomaly, but recurrent ear infections occurred in 17%

of the patients, and a mild immunodeficiency with diminished

number of T-cells and increased number natural killer cells was

reported in one patient of our cohort. Elevated natural killer cells

and abnormal T cell subpopulations were also reported in one

previous case [D’Angelo et al., 2007; deQueiroz Soares et al., 2012].

It has been suggested that the genes SNAP29, LZTR1, and/or

P2RXL1 could be important for immune regulation [de Queiroz

Soares et al., 2012].

One patient with a central 22q11.2 deletion in our cohort had a

severe cognitive impairment with spina bifida and a complete

cerebellum agenesis. Severe cognitive impairments, spina bifida

and developmental abnormalities of the cerebellum, including

cerebellar hypoplasia or dysgenesis, have been reported before

but are rarely seen in patients with a common 22q11.2 deletion

[Lynch et al., 1995; Devriendt et al., 1996; McDonald-McGinn and

Sullivan, 2011]. We found that the asymptomatic mother of our

patient carried the same deletion, and that spina bifida also oc-

curred in a paternal family member, however, it remains uncertain

to what extent the deletion contributed to the occurrence of these

severe congenital anomalies. Since deletions of 22q11.2 are rela-

tively common, they could occur in combination with other

congenital disorders purely by chance alone.

In summary, central 22q11.2 deletions are associated with a

variable and wide spectrum of clinical features, very similar to the

features andvariability seen in subjects that carry themore common

�3Mb deletion on 22q11.2. Intellectual impairments, behavioral

problems, facial dysmorphisms and urogenital anomalies seem to
be equally common. Cleft palate, hypocalcemia, hypoparathyroid-

ism, and DiGeorge sequence, however, have not been reported so

far. Congenital heart anomalies are less frequent, except for the

subgroup of deletion carriers in which theMAPK1 gene is also lost.

Microcephaly and growth restriction are also seen more frequently

in association with this deletion type. Because of the overall overlap

in clinical presentation we suggest that patients with a central

22q11.2 deletion should be assessed and offered the same type of

management and support as other patients with 22q11.2 deletions

[Bassett et al., 2011]. And since central 22q11.2 deletions are often

inherited, parents of an index case should be offered deletion

screening and appropriate genetic counseling.
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