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Abstract

Hemizygous deletions of the chromosome 22q11.2 region
result in the 22q11.2 deletion syndrome also referred to as
DiGeorge, Velocardiofacial or Shprintzen syndromes. The
phenotype is variable but commonly includes conotruncal
cardiac defects, palatal abnormalities, learning and behav-
ioral problems, immune deficiency, and facial anomalies.
Four distinct highly homologous blocks of low copy number
repeat sequences (LCRs) flank the deletion region. Mispair-
ing of LCRs during meiosis with unequal meiotic exchange
is assumed to cause the recurrent and consistent deletions.
The proximal LCRis reportedly located at 22q11.2 from 17.037
to 17.083 Mb while the distal LCR is located from 19.835 to
19.880 Mb. Although the chromosome breakpoints are
thought to localize to the LCRs, the positions of the break-
points have been investigated in only a few individuals.
Therefore, we used high resolution oligonucleotide-based
244K microarray comparative genomic hybridization (aCGH)
to resolve the breakpoints in a cohort of 20 subjects with
known 22g11.2 deletions. We also investigated copy number
variation (CNV) in the rest of the genome. The 22q11.2 breaks
occurred on either side of the LCR in our subjects, although
more commonly on the distal side of the reported proximal
LCR. The proximal breakpoints in our subjects spanned the
region from 17.036 to 17.398 Mb. This region includes the
genes DGCR6 (DiGeorge syndrome critical region protein 6)
and PRODH (proline dehydrogenase 1), along with three
open reading frames that may encode proteins of unknown
function. The distal breakpoints spanned the region from

19.788 to 20.122 Mb. This region includes the genes GGT2
(gamma-glutamyltransferase-like protein 2), HIC2 (hyper-
methylated in cancer 2),and multiple transcripts of unknown
function.The genesin these two breakpoint regions are vari-
ably hemizygous depending on the location of the break-
points. Our 20 subjects had 254 CNVs throughout the ge-
nome, 94 duplications and 160 deletions, ranging in size
from 1 kb to 2.4 Mb. The presence or absence of genes at the
breakpoints depending on the size of the deletion plus vari-
ation in the rest of the genome due to CNVs likely contribute
to the variable phenotype associated with the 22q11.2 dele-
tion or DiGeorge syndrome. Copyright © 2009 S. Karger AG, Basel

Hemizygous deletions of the chromosome 22q11.2 re-
gion typically result in conotruncal cardiac anomalies,
moderate immune deficiency, developmental delay and
behavioral problems, facial dysmorphia, palatal dysfunc-
tion and feeding difficulties (Kobrynski and Sullivan,
2007; Ben-Shachar et al., 2008; Shprintzen, 2008). The
clinical phenotype is variable and severity of symptoms
range from mild, near-normal to life threatening. Sto-
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chastic, environmental and genetic modifiers likely ac-
count for the wide variation seen in 22q11.2 deletion syn-
drome (also known as DiGeorge, Velocardiofacial or
Shprintzen syndrome), but no mechanistic explanation
currently exists.

The 22q11.2 deletion syndrome results most common-
ly from a 3-Mb deletion of the chromosome 22q11.2 re-
gion (about 90% of cases); less common is a 1.5-Mb dele-
tion (about 7%) (Carlson et al., 1997; Kates et al., 2005).
Four distinct highly homologous blocks of low copy num-
ber repeats (LCRs) flank the deletion region (Shaikh et
al., 2000) which can lead to mispairing of the LCRs dur-
ing meiosis resulting in unequal meiotic exchange and
hypothesized to cause the deletion (Shaikh et al., 2000;
Baumer et al., 2004). The proximal LCR located in the
22q11.2 region resides between 17.037 and 17.083 Mb
(based on the human genome release version, hgl7) and
the distal LCR is located between 19.835 and 19.880 Mb.
Each LCR is ~40 kb in length. Although the chromo-
some breakpoints associated with the 22q11.2 deletion
are reported to localize to the LCRs, actual breakpoints
have been investigated in only a few individuals (Mant-
ripragada et al., 2004; Urban et al., 2006).

Resolution of genetic techniques to identify alterations
range from 500 kb to 1 Mb in size using microsatellites
(Carlson et al., 1997); approximately 25 kb or less for high
resolution CGH arrays (Mantripragada et al., 2004); sev-
eral hundred nucleotides for tiling CGH arrays (Urban et
al., 2006) and single nucleotide changes accomplished by
sequencing breakpoint junctions (Shaikh et al., 2000).
Whole genome microarrays are now available commer-
cially for high resolution analysis of copy number varia-
tion (CNV).

Array comparative genomic hybridization (aCGH) us-
ing high resolution oligonucleotide-based microarrays
allow breakpoint resolution of approximately 10 kb and
in some regions of the genome, higher resolution depend-
ing on local probe density. In addition, recent studies of
the human genome have found a greater than expected
level of copy number variability which may contribute to
genetic diversity and/or human disease (Barrett et al.,
2004; Conrad et al., 2006; Fiegler et al., 2006; Khaja et al.,
2006; Komura et al., 2006; Perry et al., 2006; Redon et al.,
2006; Sebat et al., 2007; Stranger et al., 2007). We evalu-
ated a cohort of 20 subjects with known 22q11.2 deletions
using high resolution aCGH. Our goal was to more pre-
cisely localize the proximal and distal 22q11.2 deletion
breakpoints in our cohort of subjects using this technol-
ogy and assess the location, size and number of CN'Vs in
this classical cytogenetic disorder.
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Materials and methods

Subjects

Our study group consisted of 20 anonymous subjects (sex was
recorded to facilitate aCGH) with known 22q11.2 deletions who
had been referred for cytogenetic diagnosis. IRB approval was
obtained for this retrospective study. Diagnosis was determined
by GTG-band conventional cytogenetic analysis and/or fluores-
cence in situ hybridization (FISH).

Methods

DNA was isolated from peripheral blood using a Puregene
DNA isolation kit (Qiagen Inc., Valencia, CA) following the man-
ufacturer’s protocol. The Agilent 244K human whole genome mi-
croarray was used with an average distance of 6.4 kb between
probes (Agilent Technologies, Santa Clara, CA). Comparison ge-
nomic DNA was obtained commercially (Promega, Madison, WI)
and matched for sex. Detailed methods for genomic DNA prepa-
ration, labeling, hybridization and scanning can be found at web-
site, http://www.home.agilent.com.

Copy number variants were identified with CGH Analytics
software using the Aberration Detection Method 2 (ADM-2)
analysis algorithm (Agilent Technologies, Santa Clara, CA) as
previously described (Butler et al., 2008). The ADM-2 quality-
weighted interval score algorithm identifies aberrant intervals
(e.g., CNVs) in a sample that has consistently high or low log
ratios based on their statistical score. ADM-2 uses an iterative
procedure to find all genomic intervals with a score above a
user-specified statistical threshold value (e.g., threshold set to a
minimum of 6 with the minimum number of probes required in
a region of 3 and the minimum absolute average log ratio of
0.25). The score represents the deviation of the weighted average
of the normalized log ratios from its expected value of zero and
incorporates quality information about each probe measure-
ment.

All 22q11.2 breakpoints were validated internally and exter-
nally by quantitative microsphere suspension hybridization
(QMH) assay (Newkirk et al., 2006) and/or quantitative RT-PCR
using 60-mer probes from the proximal breakpoint region at
16,966,717, 16,966,867, 16,926,643, and 16,927,361 and the distal
breakpoint region at 20,251,402. The version of aCGH analytics
used for this analysis was based on information from the human
genome release hgl7. There was an addition of approximately 6 kb
in nucleotide sequence in the 22q11.21 region as the sequence was
refined for human genome release hgl8. However, this additional
sequence did not impact on our conclusions.

We also examined CNVs outside the 22q11.2 region. In our
study, CN'Vs were included only if they met the statistical param-
eters described above. Copy number variants outside the 22q11.2
region were compared to CNVs reported in the human genome
(see http://projects.tcag.ca/variation/).

Results

We analyzed 20 subjects with known deletions of
22q11.2 using the Agilent 244K whole genome microar-
ray (see Fig. 1 for a representative example). All micro-
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Fig. 1. Representative example of array comparative genomic hybridization (aCGH) using the Agilent 244K ar-
ray showing a chromosome 22q11.2 deletion in one of our subjects.

arrays used for these analyses met the excellent or good
criteria as determined by the Feature Extraction soft-
ware v 9.5.1 (Agilent Inc.). The spatial resolution of the
probes in the 22q11.2 region averages 8 kb; however, the
probes are spaced more closely in many areas allowing
for more accurate identification of breakpoints than in
previous analyses of typical deletions of 22q11.2. Dele-
tions in these 20 subjects ranged from 2.49 to 3.09 Mb
and involved the LCRs located at 17.037 and 19.835 Mb.
The proximal 22q11.2 LCR location was 17,037,083 to
17,083,237 (hgl7) (http://genome.ucsc.edu). The proxi-
mal 22q11.2 breakpoint was distal to the proximal LCR
in 18 subjects (Fig.2) with ten breaks occurring at
17,264,625, four at 17,269,189, two at 17,343,245 and one
each at 17,327,366 and 17,398,178. Two of our subjects
had breakpoints proximal to the proximal LCR at
17,036,078. The distance between the proximal break-
points from 17,036,078 to 17,398,178 is 362,199 bp. The
distal 22q11.2 LCR location was 19,835,382 to 19,880,148
(hgl7). The distal 22q11.2 breakpoint was proximal to
the distal LCR in 14 subjects (Fig. 2) with eight breaks
occurring at 19,830,112, five at 19,788,814, and one at
19,779,416. Six subjects had breakpoints distal to the
distal LCR; three at 19,886,224 and three at 20,122,222.

22q11.2 deletion breakpoints in DiGeorge
syndrome

The distance between the distal breakpoints from
19,779,416 to 20,122,222 was 342,806 bp.

We examined the complete genomes of our subjects
to identify CN'Vs in chromosomes other than the typical
chromosome 22q deletion seen in our DiGeorge syn-
drome subjects and compared the CN'Vs to those report-
ed in the human genome literature (Barrett et al., 2004;
Sebat et al., 2004; Conrad et al., 2006; Khaja et al., 2006;
Komura et al., 2006; Redon et al., 2006; Scherer et al.,,
2007). We observed 254 CNVs, 94 duplications and 160
deletions in our subjects (Fig. 3), ranging in size from
400 bp to 1.5 Mb. The smallest detectable duplication
was 400 bp and the largest was 1.36 Mb. The smallest
detectable deletion was 400 bp and the largest was 2.4
Mb not including the 22q11.2 deletions. Most of the re-
gions containing CN Vs in our subjects have been report-
ed previously to contain copy number variation in ap-
parently healthy individuals (Perry et al., 2006; Redon et
al., 2006) (for summary, see http://projects.tcag.ca/varia-
tion/).
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Fig. 2. Results of analysis of subjects with 17.343.245 2,486,867 16,830,112
22q11.2 deletion syndrome using the Agi- 2 496 367
lent 244K array. Breakpomt positions 17,343,245 —————— 19,830,112
2,488,046
(start and stop) are shown on the ends and 17,398,178 19,886,224
total deletion size is shown in the middle
of bar.
Discussion perhaps with greater intensity internal to the proximal

The breakpoints which bookend the 22q11.2 deletion
leading to the 22q11.2 deletion syndrome (DiGeorge, Ve-
locardiofacial or Shprintzen syndromes) approximate the
LCRs more closely than the breakpoints of the 15q11-q13
deletion that results in Prader-Willi syndrome (PWS) or
Angelman syndrome (Butler et al., 2008). The proximal
deletion breakpoints in chromosome 15 in PWS spanned
1.5 Mb (for typical Type I deletion) to 0.5 Mb (for typical
Type Il deletion) (Butler et al., 2008) while in our subjects
the proximal and distal breakpoints on 22ql11 spanned
approximately 350 kb each. The breaks in our subjects
occurred on either side of the LCR, though it occurred
more commonly on the distal side of the proximal LCR
and on the proximal side of the distal LCR. This suggests
that the forces which produce a break after pairing of the
LCRs are applied on both sides of the paired LCR, but

116 Cytogenet Genome Res 2009;124:113-120

LCRs, resulting in loss of material between the LCRs but
leaving intact adjacent sequences. The process which pro-
duces recombination errors is not clearly delineated but
the 22q11 region has recently received intense scrutiny
producing clear evidence of the involvement of nonho-
mologous recombination involving the LCRs (Shaikh et
al., 2000, 2007).

In our 20 subjects, the minimal common deleted re-
gion was 2,381,238 bp based on the location of the most
distal point for the proximal deletion breakpoint and the
most proximal point for the distal breakpoint. Genes and
transcripts within the proximal and distal variable re-
gions are listed within the distal variable region in Ta-
ble 1. Genes within the proximal variable breakpoint re-
gion from 17,036,078 to 17,398,178 include DGCR6 (Di-
George syndrome critical region protein 6) and PRODH
(proline dehydrogenase 1) along with three transcripts

Bittel/Yu/Newkirk/Kibiryeva/Holt ITI/
Butler/Cooley



“L

— 4

~l

] wl~
im i
w
| (]

Fig. 3. Human chromosome ideograms
showing regions of copy number variation
(deletion and/or duplication) observed in
high resolution (244K) whole genome hy-
bridization (aCGH) analysis of 20 subjects
with 22q11.2 deletion syndrome excluding
the 22q11.2 deletion seen in this cytoge-
netic syndrome. Deletions are shown in
green on the right side of each chromo-
some ideogram and duplications in red on
theleft. Numbers indicate the frequency of
copy number variants (CNVs) observed in

(=1}

Deleted (< 300 Kb)

N =136

Deleted (>300 Kb)

N =24

Duplicated (< 300 Kb)
N =81

Duplicated (>300 Kb)
N=13

the subjects studied.

with unknown function. Genes within the distal variable
breakpoint region from 19,779,416 to 20,122,222 include
GGT2 (Gamma-glutamyltransferase-like protein 2),
HIC2 (hypermethylated in cancer 2), and multiple tran-
scripts of unknown function. The genes in these two re-
gions are variably hemizygous depending on the indi-
vidual subject’s breakpoints. DGCR6 is expressed in all
adult and fetal tissues thus far examined (Edelmann et
al.,, 2001) but no function has been determined. The
PRODH gene, deleted in 16 of our 20 subjects studied,
may be important in the 30% of 22q deletion patients
with schizophrenia (Murphy et al., 1999; Kates et al.,

22q11.2 deletion breakpoints in DiGeorge
syndrome

2005). Missense mutations within PRODH are associated
with schizophrenia and schizoaffective disorder (Pater-
lini et al., 2005; Prasad et al., 2008; Willis et al., 2008).
GGT is an enzyme which plays a role in the metabolism
of glutathione and facilitates amino-acid transport. Pa-
tients with cholestasis usually have increased serum GGT
concentrations (OMIM: http://www.ncbi.nlm.nih.gov/
sites/entrez?db=omim). HIC2 is a homologue of HICI
which is a candidate tumor suppressor gene. Investiga-
tion of the genes in these variably deleted regions is es-
sential to the discovery of contributing factors in the in-
consistent phenotype of the 22q11.2 deletion syndrome.

Cytogenet Genome Res 2009;124:113-120 117



Table 1. Genes and transcripts within the proximal and distal variable 22q11.2 breakpoint regions

Proximal Name/function Disease association Ontologies
gene/sequence
DGCR6 DiGeorge critical region 6 Lung and colon adenocarcinomas Molecular function
and mammary carcinomas, Organ morphogenesis
strongly induced in Burkitt’s Cell adhesion
lymphoma Proteinaceous extracellular matrix
PRODH Catalyzes conversion of proline to Mutations/deletions cause Proline dehydrogenase activity
pyrroline-5-carboxylate hyperprolinemia type I Molecular function
schizophrenia Oxidoreductase activity
Glutamate biosynthetic process
Oxidation reduction
Proline catabolic process
Induction of apoptosis by oxidative stress
Mitochondrial matrix and inner membrane
Cellular component
AK129567 Hypothetical LOC729444 Unknown
POMI121L8p Hypothetical location Expressed in testes
(BC090873) DKFZp434K191
Distal Name/function Disease association Ontologies
gene/sequence
POMI121L8p DKFZp434K191 Unknown Unknown
(alias AL117485)
AIFM3 AIFM3 (apoptosis inducing factor, Unknown FAD binding
(alias FLJ30473) mitochondrion associated, 3) Electron carrier activity
Iron ion binding
Oxidoreductase activity
Caspase activator activity
Induction of apoptosis
Mitochondrial depolarization
Endoplasmic reticulum
FLJ42953 Breakpoint cluster region Expressed in the subthalmic GTPase activator activity, signal
pseudogene nucleus transduction - intracellular level
LOC376818 Unknown Unknown
LOC284861 Unknown Unknown
POMI121L8p Unknown Unknown
(BC090873)
GGT2 Gamma-glutamyltransferase 2 Highly expressed in fetal and Initiates extracellular glutathione (gsh)
adult kidneys and liver breakdown; catalyzes the transfer of the
glutamyl moiety of glutathione to amino
acids and dipeptide acceptors (by similarity)
AK129567 Hypothetical LOC729444 Expressed in the testes and blood
HIC2 Hypermethylated in cancer 2 DNA binding
Zinc ion binding
Protein C-terminus binding
Transcription
Negative regulation of transcription
RIMBP3 RIMBP3 (RIMS binding protein 3) Unknown Involved in oxidoreductase activity and
(BC035246) metabolic processes
RIMBP3 RIMBP3 (RIMS binding protein 3); Unknown Involved in oxidoreductase activity and
(AB051453) involved in oxidoreductase activity metabolic processes
BC03913 Unknown Unknown
DQ571494 Unknown Unknown
RIMBP3 (alias RIMBP3 (RIMS binding protein 3); Unknown Involved in oxidoreductase activity and
KIAA1666) involved in oxidoreductase activity metabolic processes
118 Cytogenet Genome Res 2009;124:113-120 Bittel/Yu/Newkirk/Kibiryeva/Holt 111/
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Genes in the 22q11.2 common region have been exten-
sively studied since the region was identified as the criti-
cal deletion which causes 22q deletion syndrome. How-
ever, there is still much to be learned about the molecular
genetic function of sequences in this region. For example,
recently, abnormal microRNA synthesis in mouse brain
was linked to haploinsufficiency of DGCRS8 (Stark et al.,
2008). The authors presented evidence that the abnormal
miRNA biogenesis contributed to behavioral and neuro-
nal deficits associated with the microdeletion of the re-
gion homologous to human 22q11.2. The interaction of
genetic, epigenetic and environmental factors which
cause the widely variable phenotype associated with the
deletion of 22q11.2 is still poorly understood.

The advent of new technology for analyzing copy num-
ber variation hasled to the recent discovery of a surprising
amount of deleted and duplicated genetic material in the
human genome (Conrad et al., 2006; Khaja et al., 2006;
Komura et al., 2006; Redon et al., 2006; Stranger et al.,
2007). The estimated number of CN'Vs in a single genome
ranges from a few to as many as 100, depending on the size
of the CNV considered and the stringency of analysis. In-
terestingly, a recent report relates de novo CNVs to spo-
radic schizophrenia (Xu et al., 2008). Nevertheless, the
phenotypic consequences of copy number variation are
not yet clear. In our 20 subjects we observed 254 CNVs
using fairly stringent selection criteria. The CN'Vs ranged
in size from 400 bp to 2.4 Mb with 217 of them less than
300 kb and 37 greater than 300 kb. Most have been previ-
ously reported. Therefore, we observed an average of 12.7
CNVs per individual, 4.7 duplications and 8 deletions.
Chromosome 14 had 37 CNVs, 20 of which occurred at
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