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We describe six individuals with microdeletions and microduplications in the
distal 22q11.2 region detected by microarray. Five of the abnormalities have

breakpoints in the low-copy repeats (LCR) in this region and one patient has
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an atypical rearrangement. Two of the six patients with abnormalities in the
region between LCR22 D-E have hearing loss, which has previously been
reported only once in association with these abnormalities. We especially note
the behavioral/neuropsychiatric problems, including the severity and early
onset, in patients with distal 22q11.2 rearrangements. Our patients add to the

genotype—phenotype correlations which are still being generated for these chro-
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Introduction

The now common clinical use of microarray analysis has
allowed the identification of many small recurring deletions
and duplications (Emanuel and Saitta 2007), often arising
through nonallelic homologous recombination (NAHR) at
low-copy repeats (LCRs) (Shaikh et al. 2007). The most
commonly occurring microdeletion is proximal microdele-
tion 22q11.2 or DiGeorge/velocardiofacial syndrome, pres-
ent in about 1 in 2000-6000 live births (Wilson et al.
1994). The frequency of the reciprocal microduplication is
unclear at present (Tucker et al. 2013). Both the duplica-
tion and the deletion are facilitated by LCRs in 22q11.2,
labeled LCR22 A-D from centromere to telomere (alterna-
tively the LCRs are numbered). Rearrangements of 1.5 Mb
or more often 3 Mb in size are typically generated through
NAHR between the proximal repeats LCR22 A and B, and

mosomal anomalies.

A and D, respectively. The phenotypic features of these two
abnormalities are relatively well documented and are the
subjects of comprehensive reviews (Firth 2009; McDonald-
McGinn et al. 1999).

More recently the occurrence of microdeletions and
microduplications in the distal portion of chromosome
band 22ql1.2, distinct from DiGeorge/velocardiofacial
syndrome, has been appreciated (Ben-Shachar et al. 2008;
Coppinger et al. 2009). These abnormalities are typically
generated by NAHR involving the more distal LCRs D
through H. Previously, the distal abnormalities have been
lumped together and referred to as distal 22q11.2 mic-
rodeletions (OMIM #611867) and microduplications.
However, it is becoming clear that the abnormalities of
distal 22q11.2 are more variable in size than those of the
proximal region and the phenotypes, also variable, have
not yet been well characterized. Microduplications of both
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proximal and distal portions of the band are more com-
monly inherited and often milder than the deletions
(Coppinger et al. 2009; Ou et al. 2008; Wincent et al.
2010). Consequently, more reports of individuals with
deletions have been published (summarized in Fagerberg
et al. 2013; Mikhail et al. 2014; Carvalho et al. 2014).
Detailed information regarding the phenotypic range of
both deletions and duplications is essential in order to
counsel and provide appropriate surveillance and manage-
ment for patients and their families.

We present six individuals, three with the relatively com-
mon distal deletion of the D—E region as well as three with
duplications, one of D through an atypical breakpoint not
involving a LCR and two relatively uncommon duplica-
tions of E-H and of F-H. Two of these patients with abnor-
malities of distal 22q11.2 involving a breakpoint in LCR22
D have hearing loss. Behavior and psychiatric problems are
strikingly prevalent in our patients and constitute a major
reason they were brought to medical attention.

Materials and Methods

Patients

Three (1, 4, 5) of the patients were examined in UIC Pedi-
atric Genetics clinic by GH; 2 patients (2, 3) are sisters orig-
inally seen in Developmental Pediatrics Clinic by AS and
subsequently by another geneticist; patient 6 was a psychi-
atric inpatient cared for by MS. Only one of the parents of
these individuals has been tested for the chromosome
abnormalities detected in their children, the mother of
patients 2 and 3 who was negative for the deletion.

Patient 1, a female, first presented at 15 months of age
with duodenal stenosis/atresia, motor delay, hypotonia,
poor feeding, pre- and postnatal growth restriction and
microcephaly. The duodenal stenosis/atresia is believed to
be contributory to her postnatal growth failure, as subse-
quent to surgical intervention her growth rate has
improved somewhat; however, she remains below the 2nd
percentile. Her mother’s pregnancy was complicated by
preeclampsia necessitating delivery at 36 + 6 weeks of
gestation. Her motor development is delayed likely sec-
ondary to her persistent hypotonia. She was last assessed
at our institution at the age of 21 months, at which time
she was not walking and was receiving physical therapy
for hypotonia. She also had strabismus. Intellectual ability
awaits assessment due to her young age at the time of last
evaluation by the genetics service. Unfortunately, though
she is now over 3 years old, she has failed to return for
follow-up appointments.

Patient 2, a 5-year-old female, presented to Develop-
mental and Behavioral Pediatrics with sensorineural hear-
ing loss in both ears and possible auditory neuropathy
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spectrum disorder of the left ear. She was delivered at 39
+ 4 weeks following uncomplicated labor and delivery.
Growth parameters were appropriate for gestational age.
There was neither history of ear infections nor a family
history of hearing loss. She has eczema. Her speech is
delayed and difficult to understand. The patient’s cogni-
tive abilities have been difficult to test due to the hearing
and behavioral problems but she is judged to be behind
her peers in academic skills. Due to symptoms of mood
lability, self-harm, and aggressive behaviors, she was pre-
viously admitted to a psychiatric hospital, where she was
diagnosed with attention deficit/hyperactivity disorder
(ADHD) and pediatric bipolar disorder.

Patient 3 is the younger sister of patient 2 and first
presented to Developmental and Behavioral Pediatrics at
4.75 years of age. She was delivered at 34 + 1 weeks due
to severe preeclampsia and intrauterine grow retardation.
Birth weight was 1605 g. She has bilateral syndactyly of
the second and third toes, microcephaly, possible submu-
cosal cleft palate, and eczema. She has had repeated doc-
tor visits and hospitalizations for moderate persistent
asthma. Articulation errors have been noted in her
speech. On the Bracken School Readiness Test (Bracken
2007), a developmental test that evaluates foundational
academic concepts, she was found to be at the third per-
centile. On the Beery-Buktenica Visual-Motor Integration
Test (Beery et al. 2010), a developmental test that evalu-
ates visual perception and motor integration, she per-
formed at the 21st percentile. She has ADHD,
oppositional defiant disorder and other behavior prob-
lems, including pica. She was recently hospitalized for
violent acts toward a sibling.

Mental illness is reported in the paternal grandfather
and three paternal uncles of sisters 2 and 3. Their father
reportedly has bipolar disorder and received special edu-
cation. Their mother has been tested and does not have
the deletion; given the strong family history of mental ill-
ness in the father and the presence of the deletion in two
sisters, it is possible that he carries the deletion, although
he has not been tested.

Patient 4 was referred to genetics clinic at 8 years of
age after a diagnosis of bilateral sensorineural hearing loss
at least partially remediated with hearing aids and speech
therapy. His mother’s pregnancy was unremarkable with
a vaginal delivery at term. He has relative macrocephaly
with underdeveloped helices and an epidermal nevus on
the top of the head and cowlick. His height and weight
are at the 3-5th percentile. His medical history was nega-
tive for recurrent ear infections. He had a single seizure
at 2 years of age, but has not suffered any subsequent
ones. He also has myopia and strabismus, with significant
history of myopia on both sides of the family. His pater-
nal grandfather and uncle both have a history of seizures.
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His father has had hearing loss since childhood. The child
is currently on medication for ADHD.

Patient 5 is a 17-year-old female with intellectual disabil-
ities. Her growth parameters are within the normal range
except for weight which is greater than the 99 percentile.
She has asthma, dyslipidemia and elevated A1C. She com-
pulsively picks her skin. She has no facial dysmorphism.
Her family history of intellectual deficits is extensive: her
father, one sister, and two brothers also have intellectual
disabilities to varying degrees, with her brothers reportedly
being more severely impaired. She also has a sister with
normal intelligence who has difficulty with anger manage-
ment. This patient’s two brothers tested negative for the
duplication; her sisters have not had genomic testing. The
patient is in foster care and recently delivered a daughter
who has not yet been evaluated for the duplication.

Patient 6 is a 21-year-old male with intellectual disabili-
ties and a seizure disorder. He has no facial dysmorphism.
His development had been normal: he learned to walk at
less than one year of age, was toilet trained at 16 months
and spoke in sentences at 2 years. His first seizure occurred
at 5 years 10 months and was described as a generalized
seizure. However, the EEG study suggests a focal onset with
left temporal sharp waves. His CT scans and MRIs of the
head have been normal. His mother has had seizures since
the age of 16 that are generalized. In addition, a paternal
great-aunt has multiple congenital anomalies (not speci-
fied) and epilepsy and a paternal great-grandfather also had
epilepsy. The patient has a flat affect and has received spe-
cial education. He has had three psychiatric inpatient
admissions for drastic changes in behavior—including talk-
ing to himself, writing on himself, refusing to shower,
refusing to go outside, sleeping in the closet or at the foot
of his bed, not sleeping well, wanting to be fed, and being
withdrawn, as well as needing 24 h supervision. He has had
past diagnoses of ADHD, bipolar disorder, and psychosis.
He is currently taking antiepileptic, antidepressant, and
antipsychotic medications.

FISH analysis

All unique abnormalities detected by array analysis were
confirmed by FISH analysis using cosmid probes
[obtained from Signature Genomics (Spokane, WA),
listed in Table 1] that were labeled with the Abbott
Molecular (Des Plaines, IL) nick translation labeling kit.
FISH followed the Abbott Molecular protocol for single
copy sequences.

Microarray analysis

DNA was manually extracted using the Qiagen (German-
town, MD) Puregene Gentra blood kit. Hybridization was

V. Lindgren et al.

performed using Agilent 4 x 180K oligonucleotide arrays
designed by Signature Genomics, according to the manu-
facturer’s instructions. Slides were scanned using a Roche
(Indianapolis, IN) MS200 scanner and data were analyzed
with Agilent (Santa Clara, CA) CytoGenomics 2.0 soft-
ware, then displayed using the Signature Genomics Geno-
glyphix® software. All abnormalities are described using
human genome build 19.

Results

Microarray analysis demonstrated abnormalities of distal
22q11.2 in each of our six patients; the results for chromo-
some 22 are shown in Figure 1. Patients 1, 2, and 3 have
deletions that extend from LCR22 D through LCR22 E.
The proximal portion of the LCR22 D-E interval comprises
the duplication of patient 4 but the distal breakpoint is
between LCRs D and E. Patient 5 has a duplication gener-
ated using LCR22 F and LCR22 H and patient 6 has a larger
duplication from LCR22 E-H. Since only one of the parents
of these individuals has been tested, the inheritance
patterns of the abnormalities are not established. Table 1
summarizes the clinical findings in each patient.

Discussion

Microdeletion and microduplication of 22q11.2 in the Di-
George/velocardiofacial region are very common genomic
abnormalities that occur through NAHR of the four
proximal LCRs A-D present in proximal chromosome
22q11.2. However, abnormalities in 22q11.2 but distal to
the DiGeorge/velocardiofacial region and generated using
the 5 distal repeats D—H are increasingly being reported.
A phenotype is emerging for deletion of the D-E segment
(Carvalho et al. 2014; Mikhail et al. 2014), but other
abnormalities are relatively rare and information is lack-
ing.

We have described six new patients, three with mic-
rodeletions and three with microduplications, of distal
22ql1.2. Five of the rearrangements were facilitated by
the LCR 22s D—H. The duplication of patient 4 used LCR
D as the proximal breakpoint and an atypical distal
breakpoint between LCRs D and E just telomeric to the
PRAME gene (OMIM gene #606021). A single patient
described by Xu et al. (2008) has similar breakpoints but
has a deletion. One other patient with a similar duplica-
tion has also been reported (Wincent, 2010). Therefore,
there may be sequences in this region that facilitate rear-
rangements and additional cases may be uncovered in the
future. In line with the observations of others (Shaikh
et al. 2007; Coppinger et al. 2009; Wincent et al. 2010),
we did not observe any rearrangements involving LCR G
which has the opposite orientation to LCRs E, F, and H.
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Figure 1. Array comparative genomic
hybridization analysis plots of log,(patient/

reference signals) on the vertical scale versus 3
position of the oligonucleotide clone on
chromosome 22 in the region of gq11.21-

q11.23 on the horizontal scale. Analysis of =
patients 1-6 is shown from top to bottom. 200

100

Blue shading indicates a loss in the patient il ishe
compared to the control while pink indicates a e
gain. The UCSC Genome Browser position of i
genes is below the sixth plot and the letters D, -
E, F, and H at the bottom represent the 200

approximate locations of the low copy repeat 5 e
(LCR) sequences LCR22 D-H. Patients 1, 2, d
and 3 have deletions generated by Lo
rearrangements involving LCRs D and E, while e
patients 5 and 6 have duplications flanked by

LCR22 H on the distal end and LCR22s E and 6
F, respectively, on the proximal end. Patient 4 0
has an atypical duplication generated using T
LCR22 D on the proximal end but the distal

breakpoint is not at a LCR. The areas shaded 1.1“1 L
with lighter pink for patients 2, 3, and 5

represent benign variant gains within the /GL

gene. D

The deletions involving LCRs D-E appear to be the
most common with at least 26 patients previously
reported (Saitta et al. 1999; Ben-Shachar et al. 2008; New-
bern et al. 2008; Redningen et al. 2008; Xu et al. 2008;
Bruce et al. 2010; Tan et al. 2011; Verhoeven et al. 2011;
Fagerberg et al. 2013; Molck et al. 2013; Mikhail et al.
2014; Carvalho et al. 2014). Carvalho et al. (2014) have
presented a recent literature review of all patients with
this deletion with the exception of the six cases reported
by Mikhail et al. (2014). The most prominent features
include prematurity, pre- and postnatal growth restric-
tions; microcephaly; smooth philtrum; hypoplastic nasal
alae; pointed chin and nose; posteriorly rotated ears; con-
genital heart defects; developmental delay, particularly
affecting speech; intellectual disability; and behavior prob-
lems. Our patients 1 and 3 demonstrated pre- and post-
natal growth restriction; patient 2 with the same deletion
has postnatal growth restriction. The MAPKI gene
(OMIM gene #176948) encoding mitogen-activated pro-
tein kinase 1 which is within the D-E region is a candi-

s
Briaz Fenonar

TN . N NE
lasTny B o

E F H

date gene for this feature of the distal deletion 22q11.2
phenotype (Mikhail et al. 2014). In contrast, the growth
of patient 4 with duplication of part of this region includ-
ing MAPKI is within normal parameters with relative
macrocephaly. Patients 1 and 3 were delivered preterm
due to preeclampsia in the mothers. This has been a rela-
tively common finding in patients with this genomic
abnormality, as noted by Mikhail et al. (2014) and points
to the necessity for awareness of this feature in any cases
detected prenatally. Also conforming to the findings in
other patients with this deletion, patients 1, 2, and 3 have
speech and language delays although hearing loss is a
confounding factor in the assessment of patient 2.

Patient 2 with a deletion and patient 4 with a duplica-
tion have sensorineural hearing loss. Patient 2 was ini-
tially found to have cerumen impaction but upon its
removal sensorineural loss was diagnosed. The abnormal-
ity in both patients involves LCR22 D as the proximal
breakpoint but the deletion of patient 2 extends to
LCR22 E while the duplication of patient 4 has a break-
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point between LCR22 D and LCR22 E. This is only the
second report of hearing loss associated with abnormali-
ties in this region: the patient of Redningen et al. (2008)
with sensorineural hearing loss has the same deletion as
our patient 2. The sister of patient 2 does not have
defined hearing loss, but additional screening is pending.
As there is a history of hearing loss in the father of
patient 4, another etiology cannot be excluded but dis-
ruption of gene expression of a gene in the D—E region is
possible.

Duplications involving LCR22 E-H and F-H have been
reported to have a variable phenotype with little correla-
tion with size of the abnormality but features include
microcephaly, seizures, hypotonia, developmental delay,
and neuropsychiatric issues (Descartes et al. 2008; Ou
et al. 2008; Coppinger et al. 2009; Wincent et al. 2010;
Shimojima et al. 2010). Neither patient 5 nor 6 had gross
motor delay or any distinguishing physical characteristics
except obesity in patient 5. Of note, one of this patient’s
siblings who tested negative for the duplication is also
obese, suggesting a possible unrelated familial susceptibil-
ity or environmental factors. Both patients 5 and 6, now
young adults, did require special education. Seizures have
occurred in two of our three duplication cases, patients 4
and 6, although these duplications do not overlap.

Behavior and psychiatric problems are particularly
striking in this group of individuals, especially in the D-E
deletion patients. Patient 1 is too young to be assessed for
behavior, but patients 2, 3, 4, and 6 have ADHD. Sisters
2 and 3 demonstrate aggressive behaviors, with both
requiring hospitalization for threatening behavior and the
younger one being expelled from several schools. Patient
2 also has pediatric bipolar disorder and patient 6 is
being treated for mood dysregulation and psychosis and
has required multiple hospitalizations for behaviors.
Patients 3 and 5 have dermatillomania. Another factor
that may be influencing behavior but is difficult to assess
is the probable presence of some of these genomic rear-
rangements in parents (especially patients 2 and 3) and
resulting unstable family environments.

Behavior abnormalities have been highlighted in the
reports of some patients with distal 22q11.2, such as the
case of Ribeiro-Bicudo et al. (2013) with an inherited
LCR F-H duplication. His behavior was described as
ranging from apathy to extreme anxiety with immaturity
and dependence on his mother for any decision. Unspeci-
fied severe behavior problems were reported in a patient
with a D-H duplication (Coppinger et al. 2009). It is dif-
ficult to judge the frequency of behavior problems in the
group of duplication patients studied by Wincent (2010),
as behavior features are grouped with autistic features.

A high proportion of deletion patients have behavior
difficulties as well. In the study of Mikhail et al. (2014)
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four of their six patients with LCR D-E deletions have
behavior issues including immaturity, talking to oneself,
impulsivity, anger issues, anxiety, ADHD, and Asperger
disorder. Behavior problems in other cases with D-E
deletion include: a patient of Saitta et al. (1999) was
extremely shy; Ben-Shachar et al. (2008) describe aggres-
sion in one patient; Verhoeven et al. (2011) reported a
patient with panic disorder and anxiety; Tan et al. (2011)
had two patients with food issues; Fagerberg et al. (2013)
and Molck et al. (2013) each describe a patient with
attention deficit and one of the patients of Fagerberg
et al. (2013) has food craving. In all 11 (42%) of the 26
D-E deletion patients previously reported have behavior
issues.

In our patients behavior problems are severe and of
early onset. Although several of the patients have intellec-
tual disabilities/learning difficulties and physical anoma-
lies such as hearing loss and duodenal stenosis, the
behavior issues have been the most common reason for
medical attention and hospitalization. In fact, one of our
patients (6) came to attention directly from Psychiatry
and two of the girls have been hospitalized for aggressive
behavior around the age of 4-5. As with deletion 22q11.2
patients who have a propensity to develop psychosis
(summarized in Murphy 2002), psychiatrists and neurolo-
gists should consider distal 22q11.2 abnormalities as an
etiology in their patients, especially in the younger ones.
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