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Purpose: Genomic rearrangements of chromosome 22q11.2, including the microdeletion associated with Di-

George/velocardiofacial syndrome, are mediated by nonallelic homologous recombination between region-specific

low-copy repeats. To date, only a small number of patients with 22q11.2 microduplication have been identified.

Methods: We report the identification by array-comparative genomic hybridization of 14 individuals from eight

families who harbor microduplications within the 22q11.2 region. Results: We have now observed a variety of

microduplications, including the typical common �3-Mb microduplication, �1.5-Mb nested duplication, and

smaller microduplications within and distal to the DiGeorge/velocardiofacial syndrome region, consistent with

nonallelic homologous recombination using distinct low-copy repeats in the 22q11.2 DiGeorge/velocardiofacial

syndrome region. These microduplications likely represent the predicted reciprocal rearrangements to the microde-

letions characterized in the 22q11.2 region. The phenotypes seen in these individuals are generally mild and highly

variable; familial transmission is frequently observed. Conclusions: These findings highlight the unbiased ability of

array-comparative genomic hybridization to identify genomic imbalances and further define the molecular etiology

and clinical phenotypes seen in microduplication 22q11.2 syndrome. Our findings also further support that the

22q11.2 region is highly dynamic with frequent rearrangements using alternative low-copy repeats as recombina-

tion substrates. Genet Med 2008:10(4):267–277.
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Genomic disorders result from DNA rearrangements caused
by nonallelic homologous recombination (NAHR) between
region-specific low-copy repeats (LCRs) or nonhomologous
end joining, leading to interstitial deletions, duplications, and
inversions as well as unbalanced translocations.1,2 Chromo-
some 22q11.2 is a well-characterized genomic region that is
gene-rich and contains multiple region-specific LCRs, desig-
nated LCR22s (LCR22-1 through LCR22-8)3 or alternately re-
ferred to by alphabetic designations.4 These LCRs are known to

mediate genomic rearrangements in this region,5 resulting in
genomic disorders such as DiGeorge/velocardiofacial syn-
drome (DGS/VCFS),6 cat eye syndrome,7 der(22) syndrome,8

and the 22q11.2 microduplication syndrome.9

DGS/VCFS is the most frequently identified genomic disor-
der of the 22q11.2 region with an estimated frequency of 1 of
4000 live births.10 The clinical description of DGS/VCFS (MIM
188400, 192340) includes the triad of cardiovascular malfor-
mations (particularly conotruncal abnormalities), hypocalce-
mia caused by hypoplasia of the parathyroid glands, immune
dysfunction caused by thymic aplasia, facial dysmorphic fea-
tures, and developmental delay with a highly variable pheno-
type.11,12 Testing of family members of affected individuals has
led to the identification of individuals with very mild clinical
manifestations, further expanding the phenotypic spectrum
seen with this microdeletion.13 Most of the patients (80 –90%)
with DGS/VCFS have a common �3-Mb microdeletion of
chromosome 22q11.2 between LCR22-2 and LCR22-4,
whereas most of the remaining patients have a �1.5-Mb
nested deletion with breakpoints mapping between LCR22-2
and LCR22-3a.14 There have also been further reports of rare
patients with atypical deletions within the region.15–22
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Based on the mechanism by which recurrent chromosome
22q11.2 microdeletions occur, it was postulated that individu-
als carrying chromosomes with the reciprocal microduplica-
tions should also exist.1 Because LCR22s mediate NAHR
events that result in rearrangements of 22q11.2 owing to un-
equal crossovers during meiosis, deletion on one chromosome
should result in duplication on the other. As expected, a pro-
band and several additional family members carrying the
22q11.2 microduplication were identified.3 Additional case re-
ports led to the further characterization of the duplication
22q11.2 syndrome as a new genomic disorder that is comple-
mentary to, but distinct from, the 22q11.2 deletion syn-
drome.9,23–25 Molecular analyses have revealed that individuals
with 22q11.2 microduplication typically carry a �3-Mb dupli-
cation that is the reciprocal of the common �3-Mb deletion
found in DGS/VCFS, although larger duplications of �4-Mb
and �6-Mb that include the DGS/VCFS region were also re-
ported.9 The phenotypes previously associated with microdu-
plications of 22q11.2 include cardiovascular anomalies, velo-
pharyngeal insufficiency with or without cleft palate, hearing
loss, growth and developmental delay, learning disabilities, be-
havioral problems, and various dysmorphic features. Based on
the current literature, the phenotypes in patients with micro-
duplication of 22q11.2 may have partial overlap with DGS/
VCFS9,23,24; however, this degree of overlap is almost certainly
the result of ascertainment bias, because the patients thus far
reported to harbor 22q11.2 microduplications were generally
selected on the basis of clinical features that prompted referral
to rule out VCFS/DGS microdeletion.9,25

Despite the frequency with which 22q11.2 microdeletion
occurs, only a small number of patients with microduplication
of this region have been described to date; this may be, in part,
owing to a highly variable and mild phenotype such that many
individuals with microduplications within 22q11.2 may not
undergo testing. In addition, the technical limitations of test-
ing by fluorescence in situ hybridization (FISH) may prevent
the identification of many affected individuals in that duplica-
tions may only be visualized by FISH using interphase cells.
Modern techniques such as array comparative genomic hy-
bridization (aCGH) can now be used as a clinical diagnostic
test for a variety of genomic disorders26,27 and will likely lead to
identification of much larger numbers of patients with mi-
crodeletions and microduplications. In our experience of ap-
proximately 7000 clinical aCGH cases, we have detected 59
patients with gains or losses within 22q11.2, including 19 indi-
viduals from 10 families who carry microduplications of vari-
ous sizes within the DGS/VCFS region. Here, we present the
clinical and molecular characterization of eight probands, includ-
ing three probands with �3-Mb microduplications consistent
with reciprocal microduplication of the common DGS/VCFS mi-
crodeletion, two probands with �1.5-Mb microduplications
consistent with reciprocal microduplication of the proximal
nested DGS/VCFS deletion, one proband with a �1-Mb mi-
croduplication within the distal DGS/VCFS region, and two
probands with microduplications distal to the region com-
monly deleted in DGS/VCFS. There is a high rate of familial

transmission of 22q11.2 microduplications in this cohort, con-
sistent with previous reports. The clinical phenotypes seen in
these individuals are highly variable and relatively mild in
comparison to those previously reported.

MATERIALS AND METHODS

Blood samples from patients referred to the Baylor cytoge-
netics laboratory for clinical aCGH analysis (chromosomal mi-
croarray [CMA]) were processed as described below. Informed
consent approved by the Institutional Review Board for Hu-
man Subject Research at Baylor College of Medicine and ap-
propriate institutions was obtained for high-resolution oligo-
nucleotide array analysis.

Microarray constitution, hybridization, and analysis

Microarrays containing 853 bacterial artificial chromosome
(BAC) and P1-derived artificial chromosome clones designed
to cover genomic regions of 75 known genomic disorders, all
41 subtelomeric regions, and 43 pericentromeric regions (BCM
Medical Genetics Laboratories Website) were manufactured as
described.28 Clones in the DGS/VCFS region were selected to
flank LCR22s and have the ability to identify typical and atyp-
ical gains or losses. DNA labeling and hybridization were per-
formed as previously described.26,29 Briefly, for each patient
sample, two experiments were performed with reversal of the
dye labels for the control and test samples, and the data from
both dye-reversed hybridizations were integrated to determine
inferences for each case. Quantitation data were subjected to
normalization, and the dye-reversed data were combined to
determine a single fold-change value for each clone. Inferences
were made for all clones using these final combined data val-
ues. All analyses were performed on log2 ratios using code for
the normalization and inference that was implemented in the
R statistical programming language.

Whole Human Genome Oligo Microarray Kits and 44K
(Agilent Technologies, Inc., Santa Clara, CA) were used to fur-
ther refine the identified genomic gains and losses in selected
patients. The procedures for DNA digestion, labeling, and hy-
bridization were performed according to the manufacturer’s
instructions with some modifications.30

Chromosome and FISH analyses

Chromosome analysis was performed using standard pro-
tocols. Interphase FISH was performed using standard proce-
dures with BACs labeled with Spectrum Orange or Spectrum
Green (Abbot, Abbot Park, IL) by nick translation. Analysis of
the genomic duplication was performed by visualizing two-
color FISH images showing three hybridization signals for the
experimental probe and two signals for the control probe. At
least 50 interphase nuclei were examined.

RESULTS

Genomic losses or gains within the 22q11.2 region were de-
tected by aCGH in 59 individuals among approximately 7000
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samples referred for a variety of indications to undergo clinical
testing over the course of several years. The samples were eval-
uated on several different versions of a targeted BAC array that
included multiple clones covering the 22q11.2 region. Of these,
33 individuals have the common �3-Mb VCFS/DGS microde-
letion, one has the proximal nested �1.5-Mb microdeletion,
one has an atypical �4-Mb deletion, and five harbor atypical
microdeletions involving the region distal to the common
VCFS/DGS interval. In addition, 10 individuals were found to
carry �3-Mb microduplications of the common VCFS/DGS
region, and nine individuals were found to carry smaller atypical
microduplications within or distal to the 22q11.2 region. Two
individuals with the �3-Mb duplication also had apparently bal-
anced de novo translocations, and therefore, were excluded from
this study. All of the microduplications detected by aCGH were
independently confirmed by interphase FISH analysis.

To further characterize the phenotypic spectrum seen in pa-
tients with microduplications of 22q11.2, we obtained clinical in-
formation for eight unrelated probands. Of these eight individu-
als, three carried microduplications of the common �3-Mb
region most frequently deleted in DGS/VCFS. Two probands
were found to have �1.5-Mb duplications of the region previ-
ously reported as a “proximal nested” DGS/VCFS deletion. Three
probands harbored atypical duplications ranging from �1 to
�2-Mb in size. The molecular characterization of these duplica-
tions and the phenotypes of the patients are described below. Sub-
sequent analyses of family members revealed six additional
individuals from four families who harbor duplications
(two fathers, two mothers, and two sisters). In all, clinical
information was available for 12 individuals consisting of 8
probands with age at diagnosis ranging from 2 months to 10
years, and 4 relatives (summarized in Tables 1 and 2).

Molecular characterization and phenotypes of patients with
common �3-Mb microduplications

Identification of the common �3-Mb 22q11.2
microduplication, LCR22-2 through LCR22-4

Patients 1–3 were found to have gain of copy number in the
22q11.2 region detected with BAC clones RP11-186O8, RP11-
316L10, and RP11-165F18 but normal copy number with flank-
ing clones RP11-319F4 (proximal) and RP11-36N5 (distal; Fig. 1,
A). These data are most consistent with �3-Mb microduplica-
tions in which the proximal breakpoint lies within LCR22-2 and
the distal breakpoint lies within LCR22-4. High-resolution ge-
nome analysis in Patient 1 using the Agilent 44K oligonucleotide
array confirmed and further refined the suspected breakpoints
(Fig. 1, B and C). Interphase FISH analysis independently charac-
terized the gain of copy number as a duplication in each case (Fig.
1, D). Thus, the duplicated region likely represents the reciprocal
recombination product to the common deletion in DGS/VCFS.

Phenotypes of patients with the common �3-Mb 22q11.2
microduplication, LCR22-2 through LCR22-4

All of the three probands with the common �3-Mb micro-
duplication were noted to have some degree of global develop-

mental delay or speech delay in combination with variable dys-
morphic features. Other features noted in more than one
individual were hypernasal speech, abnormal behavior, and
hearing impairment. None of the individuals were reported to
have significant cardiovascular malformations or other signif-
icant birth defects. Clinical summaries of each individual are
summarized in Tables 1 and 2.

Patient 1 is a 3-year-old male child with mild speech delay,
craniosynostosis, mild dysmorphic features, and normal
growth parameters (Fig. 2, A). He has no cardiac or renal ab-
normalities, but auditory testing revealed mild bilateral con-
ductive hearing loss. The patient’s mother (referred to as pa-
tient 1M) and sister (referred to as patient 1S) were both found
to harbor the duplication. Patient 1M has mild dysmorphic
features and required special education in high school, even-
tually completing 11th grade. Patient 1S is a 41⁄2-year-old fe-
male child with a history of failure to thrive, mild speech delay
with hypernasal speech, and mild dysmorphic features. Patient
2 is a 5-year-old male child with global developmental delay,
hypernasal speech, attention deficit hyperactivity disorder,
frontal bossing and midface hypoplasia, difficulty with coordi-
nation and balance, and hypocalcemia. Parental samples were
not available for testing. Patient 3 is a 10-month-old female
child with mixed conductive and sensorineural hearing loss,
gross motor delay, macrocephaly and mild dysmorphic fea-
tures. DNA sequencing of the GJB2 (Connexin-26) gene re-
vealed no sequence changes associated with deafness. A head
computed tomography scan revealed normally formed cochlea
and semicircular canals but bilateral opacification of the mid-
dle ear. Parental samples were unavailable for evaluation.

Table 1
Clinical findings in patients with �3 Mb and proximal “nested” �1.5 Mb

microduplications

�3 Mb (LCR22-2 through 22-4)

�1.5 Mb
“nested”(LCR22-2

through 22-3a)

Patient 1 1S 1M 2 3 4 4S 4F 5

Age at
diagnosis

3 yr 4-1/2 yr 29 yr 5 yr 10 mo 3 yr 2 yr 20 yr 4 yr

Sex M F F M F F F M M

Developmental
delay

� � � �

Isolated speech
delay

� � � � �

Hypernasal
speech

� � � �

Hearing
impairment

� � �

Failure to
thrive

� � �

Abnormal
behavior

� � �

ADHD �

22q11.2 microduplications
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Molecular characterization and phenotypes of patients with
atypical �1.5-Mb proximal nested microduplications

Identification of the proximal nested �1.5-Mb 22q11.2
microduplication, LCR22-2 through LCR22-3a

Patients 4 and 5 were found to have gain of copy number
with CMA clones RP11-186O8 and RP11-316L10 but normal
copy number with flanking clones RP11-319F4 (proximal)

and RP11-165F18 (distal; Fig. 3). High-resolution genomic
analysis using the Agilent 44K oligonucleotide array demon-
strated that the duplication in Patient 4 extends between
probes mapping to nucleotides 17,276,972 bp and 18,691,704
bp based on build hg18 (Fig. 3, B and C). Interphase FISH
analysis independently characterized the gain of copy number
as a duplication in both cases (Fig. 3, D). These data are con-
sistent with a �1.5-Mb microduplication in which the proxi-
mal breakpoints lie within LCR22-2 and the distal breakpoints
lie within LCR22-3a, and thus, the duplicated region seems to
be the reciprocal recombination product to the proximal
nested �1.5-Mb DGS/VCFS deletion.

Phenotypes of patients with the proximal nested �1.5-Mb
22q11.2 microduplication, LCR22-2 through LCR22-3a

All of the individuals with the proximal nested �1.5-Mb
microduplication were reported to have some degree of devel-
opmental delay, predominantly isolated speech delay, in com-
bination with variable dysmorphic features (Fig. 2, B). Other
features noted in more than one individual were hypernasal
speech and failure to thrive. None of the individuals were re-
ported to have significant cardiovascular malformations or
other significant birth defects. Clinical findings in each indi-
vidual are summarized below and in Tables 1 and 2.

Patient 4 is a 3-year-old female child with failure to thrive,
speech delay, hypernasal speech, dysmorphic features, and
splenomegaly. On testing of family members it was found that
both her father (referred to as Patient 4F) and sister (referred to
as Patient 4S) also harbor the duplication. Patient 4F has a
history of a heart murmur that resolved spontaneously, speech
delay, hypernasal speech, and required special education while
in grade school and high school. He has short stature, micro-
cephaly, and mild dysmorphic features. Patient 4S is a 2-year-
old with failure to thrive, mild developmental delay, and dys-
morphic features. Patient 5 is a 4-year-old male child with
speech delay, hyperactivity, and mild dysmorphic features. Pa-
rental samples were found to have normal FISH analysis using
a commercial probe (TUPLE1 [Vysis] in the critical DGS/
VCFS) at an outside laboratory, indicating that the duplication
was de novo.

Molecular characterization and phenotypes of patients with unique
microduplications

Patients 6 – 8 were found to have gain of copy number with
single CMA clones in the 22q11.2 region, but normal copy
number detected with the flanking clones (summarized in Fig.
4). The CMA results were independently verified in each case
as a duplication by interphase FISH (data not shown). How-
ever, because of difficulty determining either the proximal or
distal breakpoints in these cases, additional analyses were per-
formed using either FISH or high-resolution oligonucleotide
microarray to further characterize the extent of the duplica-
tions. Brief case reports are provided below.

Table 2
Dysmorphic features identified in patients with �3 Mb and proximal

“nested” �1.5 Mb microduplications

�3 Mb �nested� �1.5 Mb �nested�

Patient 1 1S 1M 2 3 4 4S 4F 5

Head

Microcephaly � �

Abnormal suture � �

Brachycephaly �

Hair

Abnormal hair whorl � � � �

Hirsutism �

Eyes

Upslanting � � � � �

Downslanting �

Epicanthal folds �

Strabismus �

Midface hypoplasia � � � �

Ears

Large �

Posteriorly rotated � � � � � �

Pits � � �

Nose

Broad or flat bridge � � �

Depressed tip � �

Short columella �

Prominent � � �

Mouth

Smooth philtrum � � �

Micrognathia � � �

Bifid uvula � � �

Other

Fifth finger
clinodactyly

� � � �

Single palmar crease �

Supernumerary nipples � � �

Joint
laxity/hypermobility

�

Squared finger tips � � � � �
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Identification of a novel �1-Mb “distal nested” 22q11.2
microduplication, LCR22-3a through LCR22-4

Patient 6 is a 2-month-old infant initially assigned a female
gender at birth but later found to have labial masses with sono-
graphic appearance of testes and absence of uterus or ovaries.
Urologic evaluation indicated the presence of an underdevel-
oped phallus with a penoscrotal meatus and severe chordee.
Chromosome analysis and FISH for chromosomes X and Y
revealed a 46,XY chromosome complement and endocrine
evaluation revealed a normal male hormonal profile. DNA se-
quencing of the androgen receptor gene was normal. Based on

the anatomic, chromosomal, and hormonal data, the infant
was reassigned to a male gender and subsequently underwent
orchiopexy. A CMA was obtained as part of the intersex eval-
uation and confirmed a normal signal for SRY and revealed
gain of copy number with a single clone, RP11-165F18, be-
tween LCR 22-3b and LCR 22-4. Flanking clones RP11-316L10
and RP11-36N5 showed normal copy number, indicating an
atypical duplication within the distal portion of the DGS/VCFS
region. Characterization of the size of the duplication was done
by FISH mapping using fosmid clones G248P83456F11 and
G248P86496D2 between LCR22-3a and LCR22-3b revealed

Fig. 1. Identification of �3-Mb microduplications on chromosome 22q11.2. Three probands were identified as having duplication of the common DGS/VCFS region between LCR22-2
and LCR22-4 by clinical array comparative genomic hybridization (aCGH) testing. (A), CMA analysis of a representative clinical sample showing combined CMA output from two dye-swap
experiments after normalization. Each clone on the CMA is represented by a horizontal line indicating the mean test-to-reference ratio and error bar. Genomic losses are indicated by a shift
to the left, whereas genomic gains are indicated by a shift to the right. CMA demonstrates a gain in copy number for three clones in the DGS/VCFS common region (red circle). (B), Agilent
44K microarray test-to-reference ratio data from Patient 1, displaying chromosome 22. The Agilent aberration detection algorithm detects intervals of consistent high or low log ratios within
an ordered set of probes by measuring a set of genomic locations and considering their genomic order to make amplification or deletion calls. In this example, a �3-Mb gain at 22q11.2 is
observed. (C), High-resolution view of the duplicated region. (D), Interphase FISH using BAC clone RP11-186O8 independently confirmed the genomic gain identified by CMA and
oligoarray as a duplication (three red signals), whereas BAC clone RP11-279D17 located outside the duplicated region showed a normal hybridization pattern (two green signals).

22q11.2 microduplications
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three signals for each probe, indicating the presence of an atypical
�1-Mb microduplication between LCR 22-3a and LCR 22-4 that
likely represents the reciprocal recombination product of the
atypical deletion reported by Garcia-Miñaur et al.20 The father,
who is reportedly phenotypically normal, was found to carry the
same microduplication by CMA (referred to as Patient 6F).

Identification of a novel �1-Mb distal 22q11.2
microduplication, LCR22-4 through LCR22-5

Patient 7 is a 28-month-old female child with developmen-
tal delay and dysmorphic features (Fig. 2, C). Developmental

milestones included sitting at 7 months, walking at 23 months,
and only a few single words by 28 months. On examination at
28 months she had normal growth parameters, a somewhat
triangular face, parietal and frontal bossing, broad forehead, an
upsweep of the frontal hairline, downslanting palpebral fis-
sures, strabismus, hooded eyelids, large and protruding ears
with preauricular pits, a full nasal tip, smooth philtrum, normal
palate, short sternum, and prominent fingertip pads. Her evalua-
tion included a normal echocardiogram, electroencephalography,
brain magnetic resonance imaging, renal ultrasound, and

Fig. 2. Photographs of patients with microduplications on chromosome 22q11.2. (A), Patient 1 showing brachycephaly, midface hypoplasia, large protruding ears with pits, smooth
philtrum, and slightly broad thumbs. Patient 1S, sister of Patient 1, showing midface hypoplasia, broad great toes, bilateral fifth finger clinodactyly, and mildly broad fingertips. Patient 1M,
mother of Patient 1, showing mildly upslanting palpebral fissures and preauricular pits. (B), Photographs of patients with �1.5-Mb microduplications on chromosome 22q11.2. Patient 4
(first two panels) has left epicanthal fold, a broad nasal bridge, smooth philtrum and mild micrognathia; her sister (Patient 4S) has a frontal bossing, slightly posteriorly rotated ears, and
micrognathia. Patient 4F, father of Patient 4, showing short forehead, slightly upslanting palpebral fissures, high and narrow nasal bridge, slightly posteriorly rotated ears, and mildly broad
thumbs. Oblique photograph of Patient 5, demonstrating midface flattening, deep-set eyes, a bulbous nose, and micrognathia. (C), Photographs of Patient 7 with �1-Mb microduplication
distal to the DGS/VCFS common region on chromosome 22q11.2, showing a triangular face, broad forehead, downslanting palpebral fissures, hooded eyelids, large and protruding ears, a
full nasal tip, smooth philtrum, and prominent fingertip pads. Also shown are the pedigrees for each family demonstrating their inheritance.

Ou et al.

272 Genetics IN Medicine



hearing test. She was found to have gain of copy number with a
single CMA clone, RP11-36N5, but normal copy number with
flanking clones RP11-165F18 (proximal) and RP5-930L11
(distal), which was independently verified by interphase FISH
(not shown). The placement of the clones on the CMA permit-
ted delineation of the likely proximal breakpoints within
LCR22-4, but the distal breakpoint was less obvious and could
have fallen within LCR22-5, LCR22-6, or LCR22-7. We used
the Agilent 44K oligonucleotide microarray to further define
the duplicated region as extending between probes mapping to
nucleotides 20,131,604 bp and 21,246,553 bp based on build
hg18. These data are most consistent with an atypical �1-Mb
duplication between LCR22-4 and LCR22-5 distal to the com-
mon DGS/VCFS region (summarized in Fig. 4). The patient’s

father was found to carry the same duplication (referred to as
Patient 7F) and has hooded eyelids and a low posterior hair-
line. He was in regular classes in school and reported no learn-
ing disabilities.

Identification of a novel �2-Mb distal 22q11.2
microduplication, LCR22-4 through LCR22-6

Patient 8 was referred for a genetics evaluation at 4 days of
life because of multiple congenital anomalies, including im-
perforate anus, small left kidney (�2 standard deviations) with
duplicated collecting system and bilateral vesicoureteral reflux,
patent ductus arteriosus, patent foramen ovale, and anoma-
lous right subclavian artery. Physical examination revealed a
widely split metopic suture, low anterior hairline, flat nasal

Fig. 3. Identification of �1.5-Mb proximal “nested” duplications on chromosome 22q11.2. Two probands were identified as having duplication of the proximal nested DGS/VCFS
region between LCR22-2 and LCR22-3a by clinical array comparative genomic hybridization (aCGH) testing. (A), CMA analysis of a representative clinical sample showing combined CMA
output from two dye-swap experiments after normalization (as in Fig. 1). CMA demonstrates a gain in copy number for two clones in the DGS/VCFS common region (red circle). (B),
Agilent 44K microarray test-to-reference ratio data for the chromosome 22 demonstrates a �1.5-Mb gain. (C), A high-resolution view of the 22q11.2 microduplication is shown. (D),
Interphase FISH using BAC clone RP11-186O8 independently confirmed the genomic gain identified by CMA and oligoarray as a duplication (three red signals), whereas BAC clone
RP11-402G11 located outside the duplicated region showed a normal hybridization pattern (two green signals).

22q11.2 microduplications
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bridge, small downslanting palpebral fissures, normal ears, and
normal oropharynx. Both testes were descended, but the left
testis was smaller than the right and a skin tag was noted on
the scrotum. The extremities showed a triphalangeal thumb
on the left and hypoplastic toenails. Neurologic examina-
tion was unremarkable. Spine radiographs revealed normal
segmentation but possible scoliosis. The family history was
positive for a very distant paternal cousin with a rectovagi-
nal fistula. CMA revealed gain of copy number with a single
clone, RP11-36N5, but normal copy number with flanking
clones RP11-165F18 (proximal) and RP5-930L11, similar to
Patient 7. Agilent 44K oligonucleotide microarray analysis fur-
ther define the duplicated region between probes mapping to nu-
cleotides 20,131,604 bp and 21,957,339 bp based on build hg18.
These results are most consistent with an atypical duplication
of �2-Mb between LCR22-4 and LCR22-6 (summarized in
Fig. 4). Parental samples were unavailable at the time of sub-
mission.

We inspected whether copy number polymorphism was
previously reported for the duplicated regions found in Pa-
tients 6 – 8 (UCSC Genome Browser, Structural Variation
track, accessed June 18, 2007). There is no evidence for poly-
morphism between LCR22-3a and LCR22-4. A duplication of
clone RP11-481L22 between LCR22-4 and LCR22-5 was iden-
tified in 1 of 269 HapMap individuals,31 and copy number
polymorphism (both gains and losses) is frequently observed
between LCR22-4 and LCR22-6.31–35

DISCUSSION

Reciprocal recombination or strand exchange at flanking LCRs
during meiosis was first demonstrated for duplication/deletion
syndromes in the region of chromosome 17p12 implicated in the
Charcot-Marie-Tooth disease type 1A and hereditary neuropathy
with liability to pressure palsies (tomaculous neuropathy).36 This
mechanism for recurrent rearrangements is also postulated to
occur in other genomic disorders and predicts that microdele-
tions and their reciprocal microduplications should occur with
similar frequency.1,10 In this investigation, we present results
from a clinical aCGH test designed to detect chromosomal
abnormalities across the whole genome including 22q11.2.
Placement of seven BACs flanking the major LCRs within
22q11.2 enables this assay to detect a variety of microdeletions
and microduplications that occur between the LCR22s in this
region. In our experience with 7000 clinical CMA cases, we
have detected 40 individuals with deletions in the 22q11.2
region and 19 individuals with duplications, indicating that
deletions were twice as common in this particular cohort
despite the very broad range of referring indications. One
possible explanation for this finding is that the wide pheno-
typic variability observed in individuals with microduplica-
tions of this region (see below) results in less ascertainment
of very mildly affected individuals through clinical testing.

We have determined the molecular and clinical characteris-
tics of eight unrelated probands and six family members who

Fig. 4. Summary of 22q11.2 microduplications identified by array comparative genomic hybridization (aCGH). A schematic representation of the physical map of 22q11.2, showing the
locations of LCR22s4,6 (blue boxes) and sequence position in Mb (UCSC genome browser). The BAC clones represented on the CMA are shown in black boxes. Solid red bars above the map
depicts the common �3-Mb deletion reported in the most of DGS/VCFS patients and the �1.5-Mb proximal “nested” deletion. Other reported atypical 22q11.2 microdeletions are depicted
as hatched red bars. Solid green bars below the map depict duplications identified in this study and the estimated breakpoints of the microduplications based on CMA, FISH, and Agilent
44K oligonucleotide microarray studies. At the bottom of the figure are representative data from Agilent 44K microarrays, highlighting their ability to discern breakpoints within the 22q11.2
region. Note gaps in oligonucleotide coverage that correspond to LCR regions.

Ou et al.

274 Genetics IN Medicine



carry microduplications of chromosome 22q11.2. Among
these individuals, three probands harbor the previously re-
ported �3-Mb microduplication complementary to the com-
mon �3-Mb microdeletion that causes DGS/VCFS. In addition,
we have identified individuals with novel microduplications
complementary to the proximal nested �1.5-Mb deletion and
distal nested �1-Mb deletion within the common DGS/VCFS
region, as well as atypical microduplications distal to the com-
mon DGS/VCFS region (summarized in Fig. 4). While this
manuscript was in preparation, a single patient with a �1.5 Mb
proximal nested microduplication was reported by Alberti et
al.37 and a patient mosaic for cell lines containing the reciprocal
�1.5-Mb microdeletion and microduplication of this region
was reported by Dempsey et al.,38 but to our knowledge, the
other atypical duplications have not previously been reported
in the literature. The CMA results and high-resolution oligo-
nucleotide array results are consistent with breakpoints of
these various rearrangements involving most of the LCR22s
that occur in this region. Importantly, in patients for whom
parental samples were available we observed a high frequency
of familial duplications (two of the five probands with com-
mon �3-Mb and proximal “nested” �1.5-Mb duplications,
and both of the probands with smaller distal atypical duplica-
tions for whom parental samples were available), consistent
with what has been observed by others.9,23,24 These results em-
phasize the importance of investigating other family members
for the microduplication.

Overall, there is a wide range of clinical manifestations in
patients with microduplication 22q11.2 syndrome, which we
have defined here as referring only to those patients with the
common �3-Mb microduplication or the proximal nested
�1.5-Mb microduplication (Tables 1 and 2). Among the more
common dysmorphic features were abnormalities of head size
and shape, unusual hair patterns, midface flattening, large ears,
auricular pits, variable nasal features, smooth philtrum, and
digit abnormalities such as squared fingertips and fifth finger
clinodactyly. Velopharyngeal insufficiency or hypernasal
speech was also noted in several individuals. One patient with a
�3-Mb duplication (Patient 2) was reported to have hypocal-
cemia in the newborn period but no evidence for abnormal
calcium regulation was found in other patients. The degree of
developmental delay varied from mild global developmental
delay to isolated speech delay or normal cognition. Taken to-
gether, the spectrum of features seen in our cohort of patients
with microduplication 22q11.2, LCR22-2 through LCR22-4
and microduplication 22q11.2, LCR22-2 through LCR22-3a
are somewhat variable and generally milder than those previ-
ously reported. There is some degree of overlap with features
seen in VCFS/DGS but to a lesser extent than the first reports of
22q11.2 microduplications indicated, which were limited by
ascertainment bias.9,23,24 Our study avoids this bias to the ex-
tent that clinical samples were received for a variety of indica-
tions (including developmental delay, dysmorphic features,
congenital anomalies, autism, and others), although it is not a
truly population-based survey. Four of the five probands with
�3-Mb and �1.5-Mb proximal nested microduplications in

our cohort were referred for testing because of developmental
or speech delay and dysmorphic features. One of these individ-
uals (Patient 4) was first tested for DGS/VCFS based on her
clinical features, although it should be noted that her micro-
duplication was not initially identified by FISH. Similar find-
ings were reported by Yobb et al.39 who found significant vari-
ability among patients with �3-Mb microduplications, with a
spectrum of phenotypes, including developmental and speech
delay, hearing impairment, failure to thrive, hypotonia, and
behavioral abnormalities. The patient with a �1.5-Mb proxi-
mal nested duplication reported by Alberti et al.37 has clinical
manifestations similar to those observed in the four patients
described herein, including developmental delay and dysmor-
phic features such as narrow forehead, wide nasal bridge, epi-
canthic folds, upslanting palpebral fissures, and micrognathia.
Also, two groups reported finding no individuals with micro-
duplications of 22q11.2 among 372 patients40 and 295 pa-
tients41 referred for clinical testing because of manifestations
consistent with DGS/VCFS, suggesting that the microduplica-
tion is only rarely associated with this phenotype. In summary,
patients with microduplications of 22q11.2 can have a variable
phenotype that makes diagnosis based solely on clinical fea-
tures quite challenging.

Additionally, testing of family members resulted in the as-
certainment of several other affected individuals. Familial
transmission was found in two of five probands with the com-
mon �3-Mb or �1.5-Mb proximal nested microduplications
(parental samples were not available for two probands).

This rate is similar to that of previous reports.9,39 In general,
there seems to be variable expressivity between family mem-
bers carrying the common �3-Mb and �1.5-Mb microdupli-
cations (to the extent that transmitting parents escaped clinical
detection before their child’s diagnosis), but virtually all of the
individuals carrying these duplications had some degree of de-
velopmental delay. A recent report of an antenatal case of
22q11.2 duplication associated with severe cardiovascular
anomalies, including total anomalous pulmonary venous re-
turn and heterotaxy, inherited from a father with mild cogni-
tive deficits42 highlights the potential for extreme variability of
phenotypes seen in patients with 22q11.2 duplications even
within a family.

Finally, the limited numbers of patients with atypical or distal
duplications and the presence of these duplications in phenotyp-
ically normal parents restrict our ability to make generalized state-
ments regarding the potential phenotypic consequences of these
small rearrangements. Together, these issues highlight the dif-
ficulty encountered in genetic counseling and should prompt
some degree of caution in interpreting the clinical significance
of certain genomic rearrangements, especially given the recent
recognition of widespread segmental duplications and copy
number variation in the human genome.31–35

Until much more information is available regarding indi-
viduals with smaller duplications in the 22q11.2 region, per-
haps we should consider the microduplication 22q11.2 syndrome
to comprise only those individuals with common �3-Mb or
�1.5-Mb proximal nested microduplications. Given the com-
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plexity of the genomic structure in the region with numerous
LCRs capable of mediating NAHR, we propose using ex-
panded nomenclature that clearly identifies the region that is
deleted or duplicated, similar to what has been proposed for
Williams-Beuren syndrome.43 For example, the common du-
plication could be formally referred to as “microduplication
22q11.2, LCR22-2 through LCR22-4” and the proximal nested
�1.5-Mb microduplication could be termed “microduplica-
tion 22q11.2, LCR22-2 through LCR22-3a.” A limitation to
this approach is that the molecular characterization of patients
differs greatly between reports and the breakpoints are not
always defined. However, detailed molecular characterization
and documentation in the literature is critical to making accu-
rate genotype-phenotype correlations.44 Use of well-curated
databases such as DECIPHER and the Database of Genomic
Variants will also improve attempts at genotype-phenotype
correlation for rare genomic rearrangements.

The �3-Mb intervals between LCR22-2 to LCR22-4 contain
more than 40 genes.45 The TBX1 gene, which maps between
LCR22-2 and LCR22-3a, is a member of the T-box family of
transcription factors, and has been shown to be the major dis-
ease gene in this region responsible for the DGS/VCFS.46 – 49

Interestingly, it has been observed in mouse models that both
over- and under-expression of TBX1 recapitulates the DGS/
VCFS phenotype.50,51 Recently, gain of function mutations in
TBX1 have been reported patients with overlapping pheno-
types with DGS/VCFS.49,52 The above studies suggest that
TBX1 dosage outside of normal range may affect the same de-
velopmental pathways in humans and contribute to the DGS/
VCFS and the 22q11.2 duplication syndrome. Therefore, al-
tered TBX1 expression together with other additional genetic,
epigenetic, or nongenetic factors required for full expressivity
may account for the highly variable phenotype seen in patients
with microduplications of 22q11.2 that include theTBX1 gene.
Additionally, if some of the malformations associated with
DGS/VCFS are related to developmental field effects, the
pathogenic effect of a deletion could be more severe than that
of a duplication. Furthermore, in each of these cases it is dis-
tinctly possible that the penetrance of a functional SNP on the
nonrearranged chromosome could be affected by the presence
of a genomic rearrangement, as has been shown for Sotos syn-
drome with Factor XII deficiency.53

In the course of this study we have also identified several
individuals with atypical microduplications in the 22q11.2 re-
gion, and it should be stressed that it remains unclear whether
the duplications are associated causally with the phenotypes
observed in these individuals.

Patient 6, who has a novel �1-Mb microduplication be-
tween LCR22-3a and LCR22-4, had severely undervirilized ex-
ternal genitalia with hypospadias and cryptorchidism that led
to initial mistaken gender assignment at birth. An investigation
for causes of intersex conditions is ongoing and, as noted
above, no mutations were identified in the androgen receptor
gene. This is the only report of ambiguous genitalia in a patient
with microduplication of 22q11.2, although other patients
have been noted to have a variety of urogenital abnormalities,

including urethral stenosis, mild hypospadias, and hydrone-
phrosis9 and cryptorchidism.24 Cryptorchidism and hypospa-
dias also occur in patients with chromosome 22q11.2 dele-
tions54 along with other malformations of the renal system. It is
thus plausible that a dosage-sensitive gene within this interval
could contribute to developmental disorders of the genitouri-
nary tract, albeit with reduced penetrance because only a sub-
set of patients with copy number abnormalities of chromo-
some 22q11.2 show evidence of genitourinary malformations.
However, because the patient’s phenotypically normal father
carries the same microduplication, it is uncertain whether the
microduplication should be implicated as the cause of the am-
biguous genitalia in this patient.

Patient 7, who has a novel �1-Mb microduplication be-
tween LCR22-4 and LCR22-5, has developmental delay and
dysmorphic features, whereas her father who carries the same
microduplication reports no cognitive delay. Patient 8, who
has a novel microduplication (LCR22-4 to LCR22-6) that
overlaps with Patient 7 had multiple congenital abnormalities.
There are about 21 annotated genes between LCR22-4 to
LCR22-6. Many of the genes in this genomic region have not been
extensively studied, and therefore, whether the gain of copy num-
ber for this region is causative for their phenotype is unclear. Cer-
tainly, the identification of more patients with these atypical mi-
croduplications will be required for further delineation of the
phenotypes associated with these rearrangements.

In conclusion, we have found that microduplications of
chromosome 22q11.2 can have diverse molecular and pheno-
typic manifestations and that these rearrangements are fre-
quently inherited. The phenotype does not strongly overlap
with DGS/VCFS, indicating that initial reports may represent
patients at the more severe end of the clinical spectrum for this
condition. CMA is an ideal modality for clinical testing as it
offers greater sensitivity, better delineation of the size and ex-
tent of genomic gains and losses, high throughput, and a less-
labor-intensive approach than interphase FISH analysis to
screen for a variety of genomic imbalances, including micro-
duplications of chromosome 22q11.2.

WEB RESOURCES

The URLs for data presented herein are as follows:

BCM Medical Genetics Laboratories Website, http://
www.bcm.edu/cma/assets/abnormalities.pdf

Online Mendelian Inheritance in Man (OMIM),
http://www.ncbi.nlm.nih.gov/Omim/ (for DGS and
VCFS)

UCSC Genome Browser, Structural Variation track,
http://genome.ucsc.edu/cgi-bin/hgTracks

DECIPHER, http://www.sanger.ac.uk/PostGenomics/
decipher/

Database of Genomic Variants, http://projects.tcag.ca/
variation/
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