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Several constitutional rearrangements, including deletions, duplications, and translocations, are associated with

22q11.2. These rearrangements give rise to a variety of genomic disorders, including DiGeorge, velocardiofacial,

and conotruncal anomaly face syndromes (DGS/VCFS/CAFS), cat eye syndrome (CES), and the supernumerary

der(22)t(11;22) syndrome associated with the recurrent t(11;22). Chromosome 22-specific duplications or low

copy repeats (LCRs) have been directly implicated in the chromosomal rearrangements associated with 22q11.2.

Extensive sequence analysis of the different copies of 22q11 LCRs suggests a complex organization. Examination

of their evolutionary origin suggests that the duplications in 22q11.2 may predate the divergence of New World

monkeys 40 million years ago. Based on the current data, a number of models are proposed to explain the

LCR-mediated constitutional rearrangements of 22q11.2. Genetics in Medicine, 2001:3(1):6–13.
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Although chromosome 22 represents only 2% of the haploid
human genome,1 recurrent, clinically significant, acquired,
and somatic rearrangements of this chromosome are associ-
ated with multiple malignant diseases and developmental ab-
normalities (reviewed by Kaplan et al.2).The majority of these
recurrent rearrangements take place within 22q11.2, suggest-
ing genomic instability related to the structure of this region of
human chromosome 22.

The nonrandom chromosome 22 abnormalities include ac-
quired tumor-associated rearrangements such as the t(9;22)
associated with acute lymphocytic leukemia (ALL) and
chronic myeloid leukemia (CML), the t(8;22) variant translo-
cation associated with Burkitt’s lymphoma, and the t(11;22) of
Ewing’s sarcoma (ES) and peripheral neuroepithelioma (NE).
The recurrent constitutional abnormalities of 22q include the
duplications associated with the supernumerary bisatellited
marker chromosome of cat eye syndrome (CES),3 the translo-
cations which give rise to the recurrent t(11;22) malsegrega-
tion-derived supernumerary der(22)t(11;22) syndrome,4 – 6

and the translocations and deletions associated with DiGeorge,
velocardiofacial, and conotruncal anomaly face syndromes
(DGS/VCFS/CAFS).7–14

The 22q11.2 deletion syndrome, which includes DGS/
VCFS/CAFS, is the most common microdeletion syndrome.
The overwhelming majority of deleted patients share a com-
mon 3 Mb hemizygous deletion of 22q11.2. The remaining
patients include those who have smaller deletions nested
within the 3 Mb typically deleted region (TDR) and several
individuals with rare deletions that have no overlap with the
TDR (reference 15 and references within). The entire 3 Mb
TDR has recently been sequenced, permitting detailed exami-
nation of this region of chromosome 22. Four copies of chro-
mosome 22-specific duplicated sequence or low copy repeats
(LCRs) within the 3 Mb TDR have been identified by sequence
analysis. They have been referred to as LCR-A, -B, -C, and–D.15

They are comprised of smaller modular units which are present
in varying arrangements within the LCRs. These chromosome
22-specific LCRs have been reported at or near the end-points
of the typical 3 Mb DGS/VCFS/CAFS deletion on
22q11.212,14 –19 and at the end-points of the CES duplication.20

This has led to the hypothesis that recombination between
copies of the chromosome 22-specific LCRs mediate the dele-
tions and duplications associated with DGS/VCFS/CAFS and
CES.15,20 –23 The breakpoint of the only recurrent, non-Robert-
sonian, constitutional translocation involves 22q11 and local-
izes to LCR-B, one of these chromosome 22-specific LCRs.24 –26

The rearrangement, the t(11;22)(q23;q11), has been seen in
numerous unrelated families.25,26 Thus, the breakpoints of
multiple chromosomal abnormalities involving chromosome
22 appear to localize within the chromosome 22-specific du-
plications or LCRs. However, although a total of eight LCRs
have been identified on 22q11, only the four duplications
present within the 3Mb TDR appear to act as recurrent sites for
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constitutional chromosomal rearrangements.15,23,27 With the
exception of the acquired t(9;22) of CML and ALL, which oc-
curs within the BCR gene in another of the 22q11 LCRs, the
remaining sites are less frequently involved in rearrangement.

It is clear that the chromosome 22-specific LCRs play a role
in mediating these clinically relevant constitutional rearrange-
ments of 22q11. In order to better understand the mechanisms
involved in rearrangements associated with 22q11, extensive
sequence analysis of the LCRs has been performed. The com-
plicated structure of the LCRs has been refined based on the
complete, updated sequence data available for chromosome
22. Using these data, models for the mechanisms involved in
the rearrangements of 22q11 are proposed. Furthermore, du-
plication events in nonhuman primate genomes (chimpanzee,
gorilla, rhesus and owl monkey) are demonstrated, suggesting
the origin of the LCRs at least 40 million years ago.

COMPLEX ORGANIZATION OF THE 22q11 LCRs

The entire 3 Mb TDR between markers D22S427 and
D22S801 has been sequenced at the University of Oklahoma,
Advanced Center for Genome Technology (http://www.ge-
nome. ou.edu). Sequences of clones within the contig were ob-
tained from the htgs data library of GenBank (http://ww-
w.ncbi.nlm.nih.gov). All sequences were masked for repeated
DNA elements using the RepeatMasker Web server (http://
ftp.genome.washington.edu/cgi-bin/RepeatMasker; Smit and
Green, unpublished data). Masked sequences were analyzed
further by BLAST searches against the GenBank database28 to
identify regions that were duplicated. Sequences from different
copies of the duplicated blocks were aligned and compared to
each other using ClustalW.29

Sequence analysis of the contig spanning LCR -A, -B, -C,
and -D has confirmed previous data and demonstrated a
somewhat more complex organization of duplicated modules
than previously reported (15, Fig. 1). The global differences
between LCRs with respect to overall size, content, and orga-
nization of duplicated modules within each of them is as de-
scribed previously.15 Each of the LCRs contains one or more
duplicated modules which, in turn, contain previously de-
scribed duplicated markers, including BCRL, HMPLPL
(POM121L), GGTL, NF1L, E2F6L, VNTRL, and ATRRs.15 Al-
though the LCRs differ in content and organization of shared
modules, those modules that are common between them share
97–98% sequence identity with one another.15

Previous analysis had suggested that the module containing
markers D22S131, VNTRL, 562f10Sp6, and NF1L (Fig. 1, green
boxes) were all 45 kb in size.15 Closer examination of the se-
quence has determined that the size of the copies of this mod-
ule present in the different LCRs can vary. Therefore, in
LCR-A, the centromeric and telomeric copies of this module
are 35 kb while the one in the middle is 45 kb. Both copies of
this module in LCR-D are 45 kb. The copies of this module in
LCR-B cannot be correctly estimated due to a remaining gap in
the sequence (Fig. 1B). The PI4KL module duplicated in
LCR-D is now confirmed to be 25 kb and is in the same orien-

tation as the PI4K gene in LCR-C. LCR-D was previously esti-
mated to be 250 kb in size, but the additional new sequence
data suggest that it is larger. Sequence analysis of clones BAC
445f23 and PAC 393h21 has identified additional duplicated
modules in LCR-D. Two copies of a 70-kb module (brown
boxes in Fig. 1D) have been identified in a head-to-head ori-
entation flanking the PI4KL-containing module. Therefore,
the current estimate of LCR-D is 400 kb. LCR-B was previously
estimated to be 135 kb based on the existing data.15 Prelimi-
nary data from clone cHK89 (Fig. 1B) had suggested that it
closed the gap between clones BAC 444p24 and BAC 562f10.
Further analysis indicates that, although cHK89 extends the
sequence from BAC 444p24, it does not close the gap. Restric-
tion analysis of genomic DNA from normal individuals had
indicated the NotI fragment that spans the gap is 145 kb in
size.15 Based on these data, the gap in the sequence is estimated
to be 90 kb26 making the estimated size of LCR-B at least 225
kb.

UNSTABLE AND UNCLONABLE REGIONS WITHIN LCR-B

The breakpoint of the constitutional t(11;22) on 22q11 lo-
calizes to LCR-B within the gap between cHK89 and BAC
562f10.25,26 The breakpoint localizes within an AT-rich repeat
(ATRR) that is part of the module containing markers
D22S131, VNTRL, 562f10Sp6 and NF1L.26,30 Sequence of the
junction fragments obtained from an individual with the con-
stitutional 11;22 translocation suggested that the breakpoint is
not within cHK89.26 Furthermore, the sequence at the chro-
mosome 22 breakpoint shares high homology (99%) with du-
plicated NF1L sequence present in multiple LCRs. This NF1L
sequence has similarity to sequence previously implicated in
the t(17;22) breakpoint of a patient with neurofibromatosis 1
(NF1).31 Therefore, this suggests that an additional copy of the
module containing marker NF1L is present within the gap.
Based on additional sequence analysis, this module is predicted
to be in a head-to-head orientation with respect to the one in
cHK89 and a tail-to-tail orientation with the one in BAC
562f10 (Fig. 1B). This arrangement of highly homologous du-
plicated modules is likely to lead to an unstable chromatin
configuration.

Our data are further supported by the sequence of a cosmid
clone, cos4, in the GenBank database that appears to contain a
40-kb junction fragment from a t(11;22) translocation (Acces-
sion no. AC074203). The breakpoints in this junction frag-
ment are also in ATRRs and are very similar to those observed
in 42 unrelated 11;22 translocation carriers.26,32 The chromo-
some 22 region of the junction fragment within cos4 is not
identical to cHK89 or any of the other known clones on chro-
mosome 22. This suggests that the t(11;22) breakpoint se-
quence in cos4 lies within the gap in LCR-B. Confirmation of
our hypothesis will depend on the isolation of a gap-spanning
clone, which has so far proved intractable due to unclonable
and unstable sequences in the region.26 This lends further sup-
port to the hypothesis of genomic instability in 22q11.
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DUPLICATIONS IN NONHUMAN PRIMATES

Previous studies using fluorescence in situ hybridization
(FISH) analysis had indicated the presence of 22q11 duplica-
tions in humans and on the orthologous chromosomes in
pygmy chimpanzee, gorilla, and one Old World monkey, the
rhesus monkey.15 This suggested that the human chromosome
22 duplication events predated the divergence of the great apes
from the Old World monkeys, which is estimated to have been
at least 20 –25 million years ago.33 To confirm the FISH data
and to test whether the duplications were present in evolution-
arily older primates, we employed a polymerase chain reaction
(PCR) -based strategy.

A 432-bp fragment designated TSp1, which localizes within
the duplicated module containing markers BCRL, HMPLPL,
and E2F6L (Fig. 1, blue boxes), was selected for the PCR-based
analysis. BLAST database searches with the sequence of TSp1

confirmed that it is present in seven of the eight LCRs on
22q11. Based on human sequence, a primer pair TSp1-F, 59-
ACCTTGGCCTGATTGAGCACT-39 and TSp1-R, 59-TCAA-
CAGCCTGTGTGGTGGCA–39 was designed. These TSp1
primers were then used to PCR amplify the region from
genomic DNA of various primates. PCR products were either
sequenced directly or subcloned before sequencing individual
clones.

The expected product was obtained from human, pygmy
chimpanzee, gorilla, rhesus monkey, and owl monkey but not
from galago (Fig. 2A). When individual subclones of the TSp1
PCR product generated from the different nonhuman pri-
mates were sequenced multiple sequence variants were de-
tected in each primate tested. The number of sequence variants
detected in each primate correlated to the evolutionary age of
the species. In each case, the number of variants was greater

Fig. 1 LCR organization. The spatial arrangement of duplicated modules within LCRs A, B, C, and D is shown. The duplicated modules are shown as colored boxes, and the markers within
them are shown above in the same color as the boxes. The orientation of each LCR is centromere to telomere. The sizes of the boxes are proportional to the estimated size of the respective
module. Arrows below the duplicated modules indicate their orientation with respect to other copies within the same LCR as well as in other LCRs. The BAC/PAC/cosmid contig spanning
each one of the LCRs is shown below each block. Unique markers flanking the LCRs are shown in black. Vertical dashed lines in B mark the boundaries of the gap in LCR-B.
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than could be accounted for by allelic variation at a single-copy
locus. Therefore, the owl monkey had at least 6 sequence vari-
ants while the chimpanzee had greater than 10 sequence vari-
ants. The owl monkey is a New World monkey that diverged at
least 40 million years ago (mya), and galago is a prosimian that
diverged at least 55 mya (Fig. 2B).33,34 This suggests that the
duplication events may predate the divergence of New World
monkeys (40 mya). It is possible that the duplications may exist
in the galago but that the primers designed from human se-
quence failed to amplify a product due to greater sequence
divergence. It is clear that the 22q11 duplications are primate-
specific as there is no evidence of their presence in the rodent
genome.15 Thus, we have demonstrated the presence of 22q11
duplications in great apes, Old World monkeys, and New
World monkeys, suggesting an origin for the duplications at
least 40 mya.

MODELS FOR CONSTITUTIONAL REARRANGEMENTS OF
22q11.2

A number of models have been previously proposed to ex-
plain duplicated sequence-mediated chromosomal rearrange-
ments associated with chromosome 22.15,23 The extensive se-
quence analysis of the LCRs described as the basis of this
update has demonstrated high homology between shared
modules within the different LCRs as well as some unusual
sequence motifs and configurations. These data have led us to
propose several models to explain the various rearrangements
of 22q11 (Figs. 3 and 4). There are two possible models for the
formation of deletions. The first model would involve an in-
terchromosomal misalignment during meiosis I between the
two homologs of chromosome 22. This misalignment might be
mediated by the modular units within separated LCRs that are
in direct orientation with respect to each other. Subsequent

crossing-over would lead to reciprocal deletion and duplica-
tion events (Fig. 3A). Although deletions are seen frequently,
the reciprocal duplication event is rarely observed.23 This is
presumed to be the result of a mild and/or nonspecific
phenotype.

The second model to explain the formation of the deletions
would involve intrachromosomal recombination between the
duplicated modules during mitosis or meiosis. In this model,
the duplicated modules in inverse orientation with respect to
one another might form a “stem-loop” intermediate. Recom-
bination between the duplicated modules forming the “stem”
would then lead to the deletion of intervening DNA present
within the “loop” (Fig. 3B). By haplotype analysis, both inter-
and intrachromosomal recombination events have been re-
ported for the standard 3 Mb deletion as well as rearrange-
ments of other chromosomes.23,35,36 Furthermore, there is ev-
idence for mosaic deletions of 22q11 suggesting that mitotic
instability does occur37–39

In CES, a bisatellited chromosome resulting from an in-
verted duplication of proximal 22q11 is present as a supernu-
merary chromosome.20 There are two distinct duplications in
CES patients, and their breakpoints appear to localize to LCRs
A and D, which are the proximal and distal deletion end-points
of the 3 Mb DGS/VCFS/CAFS common deletion.20 There are
two possible models for the formation of the CES marker chro-
mosome. The first model involves interchromosomal mis-
alignment between the two homologs of chromosome 22 by
virtue of duplicated modules within the LCRs that are in op-
posite orientation with respect to one another. Recombination
between these inverted sequences would lead to the formation
of a bisatellited chromosome seen in CES (Fig. 3C). This model
could explain all three types of CES chromosomes that have
been identified.20 Therefore, if the misalignment and recombi-
nation occurs between the proximal LCRs on both homologs

Fig. 2 PCR analysis of primates with duplicated marker TSp1. A: Gel electrophoresis results of PCR are shown. PCR conditions were as described15 except the annealing temperature was
lowered to 508C for cross-species amplification. Each lane is labeled to indicate the template DNA tested by PCR. K 5 KG1, a somatic cell hybrid that contains a single human chromosome
22 in a hamster x human hybrid, Hu 5 human, Ch 5 pygmy chimpanzee, Go 5 gorilla, Rh 5 rhesus monkey, Om 5 owl monkey, Ga 5 galago, and W 5 negative control with no template
DNA. M 5 1 kb DNA size marker. B: An evolutionary tree that shows the evolution and divergence of the different primate species used in the analysis in A. The approximate time of
divergence of each species is indicated below each fork. mya 5 million years ago. The pygmy chimpanzee, gorilla, and rhesus monkey fibroblast cell lines were obtained from Coriell Mutant
Cell repositories (Camden, NJ). The owl monkey and galago cell lines were kind gifts from Dr. Prescott Deininger.
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(as shown in Fig. 3C), it gives rise to a type I CES chromosome.
Alternatively, the symmetric type II CES chromosome would
result from a misalignment and recombination between the
two distal LCRs (green boxes in Fig. 3C). Finally, misalignment
and recombination between any one proximal (blue box) and

any one distal (green box) LCR would result in the formation
of an asymmetric type II CES chromosome.

In the second model, intrachromosomal recombination fa-
cilitated by the duplicated modules during mitosis or meiosis
could first lead to a paracentric inversion (Fig. 3D) in one of the

Fig. 3 Models for duplications and deletions of 22q11. Chromosome 22 is shown as a line. Black and red are used to distinguish the two homologs. Filled circles are used to indicate centromeres.
LCRs are shown as blue or green boxes. A: Interchromosomal recombination between the two homologs of chromosome 22 leads to a deletion and duplication. B: Intrachromosomal recombination
between LCRs on 22q11 leads to a deletion. C: Interchromosomal recombination between the two homologs of chromosome 22 leads to the formation of a bisatellited CES chromosome. D:
Paracentric inversion within one homolog of chromosome 22 followed by recombination within an inversion loop leads to the formation of a CES chromosome.
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chromosome 22 homologs. Paracentric inversions mediated
by duplicated sequences similar to the one proposed here have
been described in the region on Xq28 involved in Emery-Drei-
fuss muscular dystrophy.40 Subsequently, a single crossover
event between paired homologs within the inversion loop
would lead to the formation of the duplication/deficiency CES
marker chromosome (Fig. 3D). This model might explain the
formation of some of the asymmetric CES chromosomes.20 A
detailed analysis of the chromosomes 22 in parents of CES
patients will help to determine which of these mechanisms
predominate.

The chromosome 22 breakpoint of the recurrent, constitu-
tional t(11;22) has been localized to LCR-B.26 Multiple other
translocation breakpoints also cluster within LCR-B. These in-
clude a number of balanced and unbalanced transloca-
tions7,31,41 and a balanced t(1;22).42 This further suggests that
LCR-B contains unstable sequences that predispose this region
to be involved in translocations. The recent identification of
palindromes and ATRRs at the breakpoint of the recurrent,
constitutional t(11;22) strongly supports this hypothesis.26,30

Analysis of the available sequence from LCR-B suggests the
presence of large palindromes flanking the t(11;22) breakpoint
region (Fig. 1B). We propose that these palindromic sequences
in LCR-B lead to the formation of hairpins or cruciforms. Un-
paired regions within the cruciforms are susceptible to nicking
by nucleases. Recombination between the nicked chromosome
22 and any other chromosome with similar nicks would lead to
a translocation between the two chromosomes (Fig. 4). Al-
though, the recurrent, constitutional t(11;22) appears to be

mediated by such a mechanism, there may be additional fac-
tors that facilitate this particular recombination event.26,30

CONSEQUENCES OF CHROMOSOME-SPECIFIC
DUPLICATIONS IN THE HUMAN GENOME

Chromosome-specific sequence duplications have now
been implicated in a number of disorders that are associated
with recurrent chromosomal rearrangements such as dele-
tions, duplications, and inversions.43,44 Recombination be-
tween duplicated sequences give rise to many genetic disor-
ders, including Charcot-Marie-Tooth disease type 1A
(CMT1A) on 17p11.2,45,46 Prader-Willi/Angelman syndromes
on 15q11-q13,47,48 Williams-Beuren syndrome on
7q11.23,49,50 and Smith-Magenis syndrome on 17p11.2.51,52

Our own efforts have directly implicated chromosome 22-spe-
cific duplications or LCRs in constitutional rearrangements
associated with 22q11, including DGS/VCFS/CAFS, CES, and
the constitutional t(11;22).15,20,26 As the accumulating human
genome sequence is more carefully scrutinized many more
chromosome-specific duplications will probably be identified.
Thus, in the future, it is likely that many more instances of
chromosome-specific duplications will be shown to be respon-
sible for a variety of genomic disorders. Additional analysis of
the duplicated sequences should allow us to trace the evolu-
tionary origin and mechanisms involved in their mobility and
expansion in the genome. This will assist in clarification of the
role of these sequences as mediators of chromosomal instabil-
ity and rearrangement. These regions of genomic instability are

Fig. 4 Model for translocations in 22q11. A: Chromosome 22 is shown as a red line with a filled circle to designate the centromere. LCR-B where most of the 22q11 translocation
breakpoints localize is shown as a green box. LCRs A, C and D are shown as gray boxes. B: A magnified view of the region containing LCR-B is shown. The centromeric and telomeric ends
are indicated. The palindromic sequences in LCR-B (green lines) are predicted to lead to the formation of a hairpin/cruciform structure on chromosome 22. Mismatched regions within the
cruciforms may be prone to nicking by nucleases. C: Chromosome 22 with double-stranded breaks within LCR-B could recombine with another chromosome (chromosome “N”) that has
similar double-stranded breaks. This would lead to a translocation between chromosome 22 and chromosome “N” leading to the formation of der22 and a der (“N”).
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likely to be major contributors to the burden of cytogenetic
abnormalities seen in a clinical setting.
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