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Letter

Low copy repeats mediate distal chromosome
22qll.2 deletions: Sequence analysis predicts

breakpoint mechanisms

Tamim H. Shaikh,'#* Ronald ]J. O’Connor,'-> Mary Ella Pierpont,* James McGrath,*
April M. Hacker," Manjunath Nimmakayalu,' Elizabeth Geiger,’ Beverly S. Emanuel,’?

and Sulagna C. Saitta'*°

"Division of Human Genetics, The Children’s Hospital of Philadelphia, Philadelphia, Pennsylvania 19104, USA; 2Department
of Pediatrics, University of Pennsylvania School of Medicine, Philadelphia, Pennsylvania 19104, USA; Children’s Hospital
of Minnesota and University of Minnesota, Minneapolis, Minnesota 55455, USA; *Departments of Comparative Medicine,
Genetics and Pediatrics, Yale University School of Medicine, New Haven, Connecticut 06510, USA

Genomic disorders contribute significantly to genetic disease and, as detection methods improve, greater numbers
are being defined. Paralogous low copy repeats (LCRs) mediate many of the chromosomal rearrangements that
underlie these disorders, predisposing chromosomes to recombination errors. Deletions of proximal 22qll.2 comprise
the most frequently occurring microdeletion syndrome, DiGeorge/ Velocardiofacial syndrome (DGS/VCFS), in which
most breakpoints have been localized to a 3 Mb region containing four large LCRs. Immediately distal to this region,
there are another four related but smaller LCRs that have not been characterized extensively. We used
paralog-specific primers and long-range PCR to clone, sequence, and examine the distal deletion breakpoints from
two patients with de novo deletions mapping to these distal LCRs. Our results present definitive evidence of the
direct involvement of LCRs in 22qll deletions and map both breakpoints to the BCRL module, common to most 22qll
LCRs, suggesting a potential region for LCR-mediated rearrangement both in the distal LCRs and in the DGS interval.
These are the first reported cases of distal 22qll deletions in which breakpoints have been characterized at the
nucleotide level within LCRs, confirming that distal 22qll LCRs can and do mediate rearrangements leading to
genomic disorders.

[Supplemental material is available online at www.genome.org. The sequence data have been submitted to GenBank

under accession nos. EFO25176-EF025177.]

Chromosome 22q11 shows a high frequency of de novo genomic
rearrangement. This instability is attributed to the presence of
several large paralogous low copy repeats (LCRs) or segmental
duplications (SDs), each containing a complex modular structure
and a high degree of sequence identity (>96%) over large
stretches of the repeat (Shaikh et al. 2000). The LCRs apparently
mediate aberrant interchromosomal exchanges during meiosis
(Saitta et al. 2004), and 22q11 deletions, which occur in up to
1:4000 live births (Burn and Goodship 1996), are among the
most frequent constitutional rearrangements. Other chromo-
somes are also known to contain similar “rearrangement-
promoting” low copy repeats that are implicated in mediating
genomic disorders. Examples of such well-known genetic disor-
ders include Prader-Willi and Angelman syndromes, Williams
syndrome, NF1 microdeletions, Sotos syndrome, Smith-Magenis
syndrome, and the reciprocal deletions and duplications of Char-
cot Marie Tooth and HNPP (for reviews, see Emanuel and Shaikh
2001; Shaw and Lupski 2004).

There are a total of eight LCRs within 22q11. The four proxi-
mal LCRs have been extensively characterized, given their in-
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volvement in recurrent rearrangements of 22ql1 that lead to
DGS/VCEFS (Edelmann et al. 1999; Shaikh et al. 2001) and Cat eye
syndrome (CES) (McTaggart et al. 1998). We have previously re-
ferred to the four proximal LCRs as LCR-A through LCR-D based
on their chromosomal order, with LCR-A being closest to the
centromere (Shaikh et al. 2000). These proximal LCRs are larger
than the distal ones and have a complex modular structure.
LCR-A and LCR-D mediate the common 3 Mb deletion of DGS/
VCES and are the largest and most complex in their organization
(Shaikh et al. 2000). This, combined with a high level of sequence
identity between the modules (>98%), has thus far prevented the
characterization of the common DGS/VCES deletion breakpoints
at the nucleotide level. The four distal LCRs, which we refer to as
LCR-E to LCR-H, are smaller with fewer duplicated modules. This
cluster of LCRs has rarely been associated with deletions of distal
22q11 (Rauch et al. 1999; Saitta et al. 1999; Ravnan et al. 2006),
presumably because of their smaller size and a higher level of
sequence variation.

We hypothesized that deletion breakpoints falling within
the smaller, less complex distal LCRs would be more amenable to
characterization at the nucleotide level. This data could, in turn,
help identify the sequences and mechanisms involved in 22q11
LCR-mediated rearrangements. Here, we examined two de novo
deletions of 22q11 each flanked by at least one smaller, less com-
plex LCR. One deletion is flanked by LCR-D and LCR-E and con-
fers a phenotype with features of the DGS/VCES spectrum (Saitta
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et al. 1999). The second patient does not have the same pheno-
type and presented with developmental delays. His rearrange-
ment is flanked instead by LCR-E and LCR-F. We used a strategy
based on single nucleotide variations in the sequences of each of
the eight paralogous chromosome 22q11 LCRs to isolate specific
breakpoint junction fragments by long-range PCR. Subsequent
sequencing of the cloned breakpoint junctions confirmed
that the LCRs provide the basis for the deletion mechanism,
mediating nonallelic homologous recombination (NAHR). This
is the first time breakpoints of any 22q11 deletions have been
characterized at the sequence level. Our finding that the dele-
tion breakpoints in both patients localize to the BCRL module
is underscored by its presence in almost all 22q11 LCRs. Since
one of the deletions we studied includes a breakpoint within
LCR-D that is involved in the common 3 Mb deletion of
DGS/VCES, it suggests the BCRL module as a candidate for other
chromosome 22q11 deletion endpoints. Furthermore, these data
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show that the distal LCRs are also involved in mediating genomic
disorders.

Results

The deletions are flanked by distal 22qll LCRs

For patient CH98-18, we initially identified a de novo deletion of
the area adjacent to but not overlapping with the common DGS/
VCES region (Saitta et al. 1999). We further localized the deletion
by FISH to an ~1 Mb region between LCR-D and LCR-E (Fig. 1;
Saitta et al. 1999), using a series of cosmids that were taken from
a chromosome 22-specific cosmid library (LL22NCO3) (Fig. 1A).
The results of one of these FISH experiments using probes c11e6
and cos82 are shown in Figure 1B. Patient CH03-29 had prior
clinical testing with a normal karyotype, but subtelomeric FISH
testing (Telvysion; Vysis) showed a deletion of the BCR probe
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Figure 1. FISH analysis of distal 22q11 deletions. (A) The region of 22q11 containing LCR-A-LCR-H is shown. The LCRs are labeled and shown as black
boxes. BAC and cosmid probes used for FISH analysis are shown as thick lines labeled with clone addresses. The probes deleted in CH98-18 are shown
in orange and include c45c9, c11e6, and c61e11. CH98-18 was not deleted for probes proximal to LCR-D (N25, ¢83c5, c87f9, and c2c9), and distal
to LCR-E (c102d1, c48al11, c¢75c12, and BCR). The probes deleted in CH03-29 are shown in blue and include c102d1, c48al11, c75c12, and BCR.
CHO03-29 was not deleted for probes proximal to LCR-E including c45c9, c11e6, and c61e11 and distal to LCR-F including c27d7 and b8007. (B,C)
Metaphase spreads from deletion patients hybridized with probes labeled with digoxygenin and detected with rhodamine (red signal) or labeled with
biotin and detected with FITC-avidin (green). The deleted chromosome 22 is indicated by an arrow, and the normal 22 is indicated by an arrowhead.
(B) CH98-18 was probed with c11e6 (red) and control probe cos82 (green). (C) CH03-29 hybridized with c102d1 (red) and control probe cos82 (green).
The control cosmid probe, cos82 (D22S39), was used to label the telomeric end of chromosome 22 (22q13.3).
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that was used as an interstitial control signal for the 22q telo-
mere. He also had normal FISH results for the DGS/VCEFS region
using both the N25 and TUPLE probes (Vysis). Further FISH stud-
ies suggested that the ~650 kb deletion in CHO03-29 was between
LCR-E and LCR-F (Fig. 1A). The FISH experiment using probes
c102d1 and cos82 is shown in Figure 1C.

Sequence analysis and characterization of LCR-E and LCR-F

LCR-A through LCR-D in 22q11 have been previously implicated
in mediating its deletions. The sequence-based analysis and
structural configuration of LCR-D has been described previously
(Fig. 2A; Shaikh et al. 2000). We performed a similar analysis of
LCR-E and LCR-F to delineate their structure and organization.
LCR-E is the smallest and least complex of the eight modular
LCRs (A-H) in 22q11, essentially containing only two duplicated
modules, one with the BCRL marker and the other with the GGTL
marker described previously (Fig. 2B; Shaikh et al. 2000). The
duplicated modules in LCR-E are intrachromosomal as the para-
logs are found only on chromosome 22. The total size of duplicated
sequence within LCR-E is ~35 kb, corresponding to chromosomal
coordinates chr22: 21,287,634-21,322,132 (NCBI build 35, May
2004) and localizes ~1 Mb distal to the telomeric end of LCR-D.
LCR-F is larger and more complex, containing both inter-
and intrachromosomal modules interspersed with small
stretches of unique sequence. It extends over 370 kb, correspond-
ing to chromosomal coordinates chr22: 21,973,629-22,345,857.
Proximally, LCR-F begins within the 3’-end of the ~135 kb BCR
gene, whose 5'-regions contain the breakpoints of the Philadel-
phia chromosome translocations found in chronic myeloid leu-
kemia and acute lymphocytic leukemia (Emanuel et al. 1984;
Groffen et al. 1984). An ~14 kb fragment consisting of the 3'-end
of the BCR gene (BCRL) (Fig. 2C, blue box) is found within all of
the other 22q11 LCRs, except for LCR-B, which contains a gap in
its sequence. LCR-F also has a duplicated module containing the
marker NFI1L, with paralogs in LCRs A, B, and D (Shaikh et al.
2000; Fig. 2C, green box). There are duplicated modules within
LCR-F with paralogs on chromosome 22, but not within the

other 22q11 LCRs (Fig. 2C, modules M1-M4). In addition, LCR-F
contains modules that are duplicated on chromosomes 7, 9, and
16 (Fig. 2C).

Based on our FISH data, LCR-E appeared to be involved in
the rearrangements of both CH98-18 and CH03-29. We took ad-
vantage of the simpler structure and smaller size of LCR-E to
predict the likely substrates for nonallelic homologous recombi-
nation in patient CH98-18 between LCR-E and the highly com-
plex LCR-D. Similarly, we compared the structures of LCR-E and
the large, complex LCR-F to predict the likely breakpoint region
for the deletion in patient CH03-29.

Cloning and molecular analysis of the deletion breakpoints

Patient CH98-18

Sequence alignments between LCR-D and LCR-E were performed
using BLAST (Altschul et al. 1990). The alignments identified an
~14 kb fragment in LCR-E, designated as BCRL-E (since it con-
tains the BCRL marker), that shared 97% sequence identity with
two regions in LCR-D designated as BCRL-D1 and BCRL-D2
(chromosomal coordinates in Supplemental Table S1). LCR-E also
contains an ~10 kb fragment, designated GGTL-E (containing the
GGTL marker), which shares 96% sequence identity to a region
designated GGTL-D, in LCR-D (chromosomal coordinates in
Supplemental Table S1). There are three possible misalignments
that could mediate NAHR: BCRL-D1 with BCRL-E, BCRL-D2 with
BCRL-E, or GGTL-D with GGTL-E. The greatest sequence identity
was shared between the BCRL-containing fragments of LCR-D
and LCR-E, thus we predicted that these were more likely to have
mediated NAHR resulting in the deletion seen in CH98-18. Further-
more, BCRL-D1 and BCRL-E are in the same orientation, whereas
BCRL-D2 and BCRL-E are inverted with respect to each other.

We used a PCR-based strategy and somatic cell hybrids (S.
Saitta, unpubl.) that contained either the deleted homolog (hy-
brid H1) or the normal homolog (hybrid HS) to determine if the
proximal breakpoint of the deletion was within BCRL-D1 or in
BCRL-D2 (see Supplemental Results). PCR amplimer DP1 (Fig.
2A) was amplified from both hybrids
(Supplemental Fig. S1B). Amplimer BN1
(Fig. 2A) was deleted in hybrid H1 and
present in hybrid H5 (Supplemental Fig.
S1B), localizing the proximal deletion
breakpoint to BCRL-D1.

Southern hybridization of digested
genomic DNA from CH98-18 was per-
formed with probe DP2, distal to LCR-E
(Fig. 3A). DNA digested with Ndel
yielded a novel ~19 kb restriction frag-
ment that was present in the H1 hybrid
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Figure 2. Structure and organization of LCR-D, LCR-E, and LCR-F. The spatial arrangement of du-

# and in the total genomic DNA from
CH98-18, but absent from the HS hy-
brid, which contained the normal 22q
homolog (Fig. 3B). The expected Ndel
band hybridizing to DP2 should be
20,567 bp (Fig. 3A), and was present in

# the HS hybrid, the total genomic DNA
from CH98-18, and in the normal con-
trol, but was absent from the H1 hybrid

plicated modules within LCRs D, E, and F are shown as colored boxes, and the markers within them are
indicated above in the same color as the boxes. The orientation of each LCR is centromere to telomere.
Arrows below the BCRL-containing modules indicate their orientation with respect to the other LCRs.
Unique markers flanking the LCRs are shown in black. The locations of PCR fragments DP1 and BN1
are shown.

(Fig. 3B), suggesting that the ~19 kb Ndel
restriction fragment represented a junc-
tion fragment resulting from NAHR,
most likely between BCRL-D1 and BCRL-E.
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Figure 3. Southern hybridization analysis of CH98-18. (A) Restriction sites for Ndel that generate the expected 20.5 kb band in the LCR-E region are
shown. The restriction site in LCR-D that would give rise to the ~19 kb rearranged fragment is indicated along with the chromosomal coordinates (NCBI
build 35). The location of probe DP2 used in Southern hybridization is also shown. (B) Autoradiograph showing the results of Southern hybridization
of Ndel-digested genomic DNA using DP2 as a probe. (N) Normal control; (CH98-18) total genomic DNA from patient CH98-18; (H5 and H1) genomic
DNA from hybrids H5 and H1, respectively. The normal 20.5 kb band is indicated by a filled arrowhead, and the ~19 kb rearranged band is indicated

by an unfilled arrowhead.

We next designed long-range PCR primers to span across the
putative breakpoint junction (details in Supplemental Results).
Primers BDfor and BErev were used to amplify genomic DNA (Fig.
4) from CH98-18, the H1 and HS hybrids, and from cosmid 31{3
(spans LCR-E). Fragment 1 was present only in H1 and in total
genomic DNA from CH98-18, while absent in hybrid H5, consis-
tent with a putative junction fragment. Fragments 1 and 2 from
H1 and fragment 3 from HS (Fig. 4A) were gel-purified, cloned,
and sequenced. The sequence of fragment 2 was analyzed using
BLAST and was shown to match a distal region on 22q11 corre-
sponding to LCR-G, displaying 99.5% sequence identity. The se-
quence of fragment 3 was shown to be identical to a region
within LCR-E, derived from the patient’s normal, intact 22q ho-
molog. BLAST analysis of fragment 1 instead confirmed its se-
quence as the junction fragment.

The total size of fragment 1 was 6083 bp of which the first
4354 bp shared the greatest sequence identity with BCRL-D1,
while base pairs 4355-6083 shared the greatest sequence iden-
tity with nucleotides 43,880-45,609 of BAC clone b1000E4
(GenBank no. AC002308) that encompasses BCRL-E. We selected
a 300 bp region (4101-4400) around the putative deletion
breakpoints for further analysis, by performing multiple se-
quence alignments with CLUSTALW (http://www.ebi.ac.uk/
clustalw; Higgins et al. 1996). A sequence variant specific to the
BCRL-D1 paralog is present at position 4245 of the cloned junc-

tion fragment and BCRL-E specific sequence variants at posi-
tions 4355 and 4393 (Fig. 4B). Thus, the crossover most likely
occurred in a 109 bp interval within BCRL-D1 and BCRL-E cor-
responding to the region between nucleotides 4246 and 4354.
This putative crossover region was further assessed for recombi-
nation-promoting motifs (Table 1) using consensus sequences
described previously (Badge et al. 2000; Abeysinghe et al. 2003;
Visser et al. 2005). The sequence contains a putative DNA poly-
merase arrest site and two putative immunoglobulin heavy chain
class switch repeats within the 109 bp nucleotide breakpoint re-
gion.

The sequence from 4355 to 6083 bp of the rearranged frag-
ment did not match perfectly with BCRL-E of the reference hu-
man genome represented by clone ¢31f3 (GenBank no. D87002).
An apparent genomic polymorphism exists in the sequence of
BCRL-E as represented by the two clones c31f3 and b1000e4,
respectively. This is an insertion/deletion polymorphism in-
volving an Alu element that led to an extra 323 bp present in
b1000e4 (43982-44304 bp of AC002308). The location of the
polymorphic Alu would be in chr22: 21,317,317-21,317,318 of
the reference human genome. Comparative analysis with the
chimpanzee (Pan troglodytes) shows the presence of this 323 bp
sequence in clone RP43-41g5 (GenBank no. AC099533), which
maps to this region (T.H. Shaikh, unpubl.). Our findings suggest
that the ancestral sequence may have contained the 323 bp se-
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taining the Alus found in BCRL-D1 and
in b1000e4, whose results suggested that
these sequences could form hairpins
with very high AG values (Supplemental

A) Fig. S2). The palindromic Alus are in
close proximity to the putative crossover
point: only 168 bp away in BCRL-D1
and 182 bp away in b1000e4.

Patient CHO3-29
Sequence alignment between LCR-E and
LCR-F was performed using BLAST
- (Altschul et al. 1990), which demon-
w
= strated that BCRL-E shared 97% se-
BCRL-D1 CTCGAGAGCTGGGCTCTGAGCGTCCTCGTCCAGCCGCCAACTCGGCCAACGGCTAAGCCA 60 quence ldent%ty Wlth BCRL-F Thes.e two
B) BCRL-E CTCGAGAGCTGGGCTCTGAGCGTCCTCGTCCAGCCGCCAACTCGGCCAACGGCTAAGCCA 60 modules are in the same direct orienta-
CH98-18 CTCGAGAGCTGGGCTCTGAGCGTCCTCGTCCAGCCGCCAACTCGGCCARAGGCTARGCCA 60 :
dedededk kdrd sk ke ke ko ko ko ko ko ko ke ok kdor ko ok tlon to eaCh Other’ and are the Only du-
plicated module shared between LCR-E
and LCR-F. This became the best candi-
BCRL-D1 GCAGTTTCTTCTGT TGCCGGGCAACGCGCCTTTTARACCTGAGGGAGCGGGCGCGTGAGC 120 date region to mediate NAHR, resulting
BCRL-E GCAGTTTCTTCTGT TGCCGGGCAACGCGCCTTTTAAACC GGGCGC! C 120 . . .
CH98-18 GCAGTTTCTTCTGTTGCCGGGCAACGCGCCTTTTAAACC ceccacereace 120 i1 the deletion found in CHO3-29. There
e e e e o e o o o ke e e ok ok e e ok ok ok o ok o ke o o e o o ok ke o o ok ok o e ok o ok ok ok ok o o ke ok ok ok ok e o ok o ok o ke o ok Were nO SOmatiC Cell hybrids available
~ w0 . .
é § § for this patient, thus we used long-range
Bl PCR to directly amplify the junction
BCRL-D1 ACATCAGGGCECCCGTGACAGAGCGAGCT TAACGGATTAATAAGCGCAGCCAGETACCCE| 180 . .
BCRL-E ACATCAGGGCGCCCGTGACAGAGCCAGCTTAACGGATTAATAAGCGCAGCCAGETACCCE| 180 fragment in CHO03-29 using total ge-
CH98-18 GCATCACGGCGCCCGTGACAGAGCGAGCTTAACGGATTAATAAGCGCAGCCAGGTACCCG| 180 i i i
drdkdkokdr sk dkd ko kb Prokdk ok ko ko ke ko ko ko ko ok ko ke ok nomic DNA' We dESIgned PCR prlmers
to amplify a rearranged fragment poten-
tially generated by NAHR between
BCRL-D1 [CGCGAGGCACTTGCTGGCAATGGCCEGAGGCEGACGTCEEEEETCATGCAATAGETACTG (240  BCRL-E and BCRL-F. Primers BEfor1l and
BCRL-E [CGCGAGGCACTTGCTGGCAATCGCGEGAGGCEEAC "ATGCAATAGGTACTG | 240 :
CHO8-18 e A CR AT T CTCREARTRAE e by rc|240 DBFrev were designed to generate an ~15
T T e T T kb PCR product unique to patient CHO3-
ﬁ § 29 representing the deletion junction
5 M fragment (primer details in Supplemen-
BCRL-D1 Eanceacacacee GGTCGCGGEAGGAACAGGTGCCCACAATCGTGGCAGAT 300 . .
BCRL-E CARGGAGAGAGCCCEGCACAAAGETCECCCEAGEAACACETCCCCACAATGGceccacar 300  [al Results). In addition, we designed a
CH98-18 A AGGCGEGCACAAAGCTCCCGGGAGGAACAGGCGCCCACAATGGCGGCAGAT 300  nested primer, BEfor2, that would gen-
P de dedrede sk dededk ok o | dkdkdr kAo kv ko ke k ko ko ko k ko koo ok

Figure 4. Long-range PCR and sequence analysis of breakpoint junction fragments in patient CH98-
18. (A) Results of long-range PCR with primers BDfor and BErev on genomic DNA. (M) 1 kb DNA
ladder; (N1) normal control 1; (N2) normal control 2; (NC) no template DNA, negative control; (TG)
total genomic DNA from CH98-18; (H1 and H5) genomic DNA from hybrids H1 and H5, respectively.
The bands that were gel-isolated from hybrid H1 are labeled “1” and “2,” and the one from H5 is
labeled “3.” (B) Sequence alignment of the putative crossover region. Nucleotides 4101-4400 of the
junction fragment obtained from CH98-18 were aligned with the corresponding reference sequences
from BCRL-D1 and BCRL-E obtained from NCBI (build 35). The sequence variants observed are marked
by gray boxes. The nucleotide positions of sequence variants are based on the coordinates of the 6083
bp junction fragment. The 109 bp region between nucleotides 4246 and 4354 is predicted to contain

the crossover point (boxed).

quence, which then apparently became deleted in humans.
The deletion polymorphism is significant as described below,
since its presence may destabilize the region by generating pal-
indromes.

The breakpoint regions in BCRL-D1 and b1000e4 were fur-
ther analyzed using RepeatMasker (http://www.repeatmasker.
org/cgi-bin/WEBRepeatMasker), which demonstrated that the
323 bp polymorphism in b1000e4 was due to the presence of an
Alu repeat belonging to the Sg subfamily (Fig. 5). This Alu Sg
repeat was present in an inverted orientation with respect to
its neighboring Alu Y repeat. Such a configuration of two
highly homologous, full-length Alu repeats creates a quasi-
palindrome in this region. Using Mfold (Zuker 2003; http://
www.bioinfo.rpi.edu/applications/mfold/dna/form1.cgi), we
performed a DNA secondary structure analysis of the region con-

erate an ~7 kb PCR product when used
with primer BFrev representing the junc-
tion fragment.

Long-range PCR with BEforl and
BFrev did not yield a visually detectable
PCR fragment, presumably because of
the large (15 kb) product size. Instead,
BEfor2 and BFrev, when used as PCR
primers, yielded the expected ~7 kb frag-
ment from CHO03-29 (Fig. 6A). This 6834
bp PCR product was cloned, sequenced,
and determined to be a junction frag-
ment (details in Supplemental Results). Sequence alignments
showed that the first 1228 bp of the junction fragment shared
greatest sequence identity with BCRL-E and 1229-6834 shared
the greatest sequence identity with BCRL-F. In order to refine the
analysis and pinpoint the exact crossover point between BCRL-E
and BCRL-F, we selected a 400 bp region (1151-1550) around the
putative deletion breakpoints for further analysis that suggested
the crossover most likely occurred in a 225 bp region within
BCRL-E and BCRL-F, corresponding to a region between nucleo-
tides 1230 and 1454 of the junction fragment. The recombina-
tion-promoting motifs identified in this region are shown in
Table 1. There is one putative DNA polymerase « frameshift
hotspot, one putative topoisomerase I consensus sequence, and
one potential DNA polymerase 8 frameshift hotspot within the
225 nucleotide breakpoint region.
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Table 1. Recombinogenic sequences within breakpoints

Recombination-promoting motif Sequence Start End

CH98-18 breakpoint region (109 bp)

Immunoglobulin heavy-chain class TGGGG 72 76
switch repeats

Immunoglobulin heavy-chain class GGGGT 75 79
switch repeats

DNA polymerase arrest site AGGAG 98 102

CHO03-29 breakpoint region (225 bp)
DNA polymerase « frameshift hotspots TCCCCC 32 37
Vaccinia topoisomerase | consensus CCCTT 49 53
DNA polymerase B frameshift hotspots TTTT 200 203

Discussion

LCRs of chromosome 22q11 have been implicated in the rear-
rangements associated with DGS/VCES and CES (Edelmann et al.
1999; Shaikh et al. 2000; McDermid and Morrow 2002). The
complexity and large size of the LCRs responsible for these dis-
orders have prevented the precise localization of the deletion
breakpoints within the proximal 22q11 LCRs. Our strategy to
analyze deletions of 22q11 mediated by the distal, lower com-
plexity LCRs enabled us to successfully identify breakpoints
within 22q11 LCRs. The deletion breakpoints we analyzed are
each located within a duplicated module containing the BCRL
marker, suggesting that the sequences within this module may
predispose the region to rearrangement. Interestingly, the region
corresponding to the BCRL module within the 22q11 LCRs was
previously predicted to be a potential rearrangement hotspot
within LCR-A (LCR22-2) and LCR-D (LCR22-4) (Pavlicek et al.
2005). This interval, designated WBCR, is enriched in shared
polymorphic sites (SPSs) and poor in paralogous sequence vari-
ants (PSVs), suggesting it as a region for gene conversion and
consequently for meiotic crossover and rearrangement (Hurles et
al. 2004; Pavlicek et al. 2005). This congruence between the pre-
dicted region and our reported breakpoint regions is highly sug-
gestive.

The BCRL module is the only duplicated module common
to almost all (7/8) 22q11 LCRs in the reference human genome

Alu Splq

c31f3
(D87002)

b100e4
(AC002308)

AluyY

sequence (Fig. 7). The relative orientation of the BCRL modules
may further predict which LCRs will mediate NAHR, since it has
been suggested that LCRs in a direct orientation mediate dele-
tions and duplications (Shaffer and Lupski 2000). Predicted sub-
strates for 22q11 LCR-mediated NAHR would include BCRL-A,
BCRL-C, BCRL-D2, and BCRL-G in one group (Fig. 7) and BCRL-
D1, BCRL-E, BCRL-F, and BCRL-H in the other group (Fig. 7). The
deletions in CH98-18 and CHO03-29, which are mediated by
BCRL-D1 and BCRL-E and BCRL-E and BCRL-F, respectively, ap-
pear to correlate well with the predicted NAHR substrates. Our
data suggest that the BCRL module should be considered a strong
candidate for the crossover region in the more common rear-
rangements associated with DGS/VCES and CES that are medi-
ated by the larger, more complex proximal LCRs, including LCR-
D. Previous breakpoint analysis in other genomic disorders has
suggested the presence of preferred crossover regions or rear-
rangement “hotspots” within larger LCRs. These include regions
within the CMT1A-REPs in chromosome 17p11.2-p12 (Reiter et
al. 1998); the NF1-REPs in chromosome 17q11 (Lopez-Correa et
al. 2001); the SMS-REPs in chromosome 17p11.2 (Bi et al. 2003);
the 7q11.23 LCRs (Bayes et al. 2003); and the SoS-REPs in chro-
mosome 535 (Visser et al. 2005).

We narrowed down the putative crossover regions in CH98-
18 and CHO03-29 to 109 bp and 225 bp, respectively. The break-
point sequences were tested further to determine if the genomic
architecture or repetitive DNA content within each BCRL module
predisposed the region to rearrangement. Alu-mediated recombi-
nation has been shown to cause deletions that lead to many
human diseases (Deininger and Batzer 1999). We found no re-
petitive elements including Alus within the putative crossover
regions in CH98-18 and CHO03-29. However, while Alu repeats are
not directly involved at the deletion breakpoints, analysis of the
junction fragment in CH98-18 suggests that an apparent Alu-
based insertion/deletion polymorphism may play a role in creat-
ing genomic instability. We identified the Alu polymorphism
within the sequence of BCRL-E, based on sequences of clones
obtained from different genomic libraries. The presence of such a
polymorphism in close proximity to a deletion breakpoint is in-
triguing, but more importantly, the polymorphism leads to the

Alu Splq Alu Sg

BCRL-D1

AluY

AluY Alu Sp/q  Alu Splq

- €

> =

Figure 5. Polymorphic Aluin BCRL-E. A graphical representation of the repetitive DNA elements in BCRL-E as represented by two clones: cosmid 31f3
and BAC 1000e4 represented in two different genomic libraries. Hatched and filled boxes represent the various repetitive DNA elements. The Alu element
subfamilies are indicated. (L2) LINE 2 element. The orientation of the Alu elements with respect to each other is indicated by arrows. The deleted Alu
Sg element in clone 31f3 is indicated by dashed lines. The corresponding region in BCRL-D1 is also shown. The repetitive DNA classification is based

on the results from RepeatMasker.
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fragment. The 225 bp region predicted to contain the crossover point is boxed.

juxtaposition of two highly homologous Alus in an inverted ori-
entation with respect to each other. Inverted Alu elements are
rare within the human genome (Stenger et al. 2001) but are
known to be hotspots for genomic instability (Gebow et al. 2000;
Lobachev et al. 2000; Stenger et al. 2001). This Alu polymorphism

<« 7kb
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Long-range PCR and sequence analysis of the breakpoint junction fragment in patient
CHO03-29. (A) Results of long-range PCR with primers BEfor2 and BFrev on 250 ng of genomic DNA.
(M) 1 kb DNA ladder; (N1) normal control 1; (N2) normal control 2; (TG1) total genomic DNA from
CH98-18; (TG2) total genomic DNA from CHO03-29; (NC) no template DNA, negative control. (B)
Sequence alignment of the putative crossover region. Nucleotides 1151-1550 of the junction frag-
ment obtained from CH03-29 were aligned with the corresponding reference sequences in BCRL-E and
BCRL-F obtained from NCBI (build 35). The sequence variants observed are marked by gray boxes. The
nucleotide positions of sequence variants are based on the coordinates of the 6834 bp junction

may represent a genomic variant that
predisposes BCRL-E to genomic instabil-
ity resulting in deletions.
Computational analysis with Mfold
predicted the formation of cruciform
structures resulting from the inverted
Alus. Palindrome-mediated cruciforms
have been shown to be involved in sev-
eral constitutional translocation break-
points (Kurahashi et al. 2000; Gotter et
al. 2004). Based on similar observations
at deletion breakpoints, it has been sug-
gested that sequences that can form
non-B DNA structures, including cruci-
forms, may be predisposed to instability
and breakage (Bacolla et al. 2004). In our
patient, the palindromic Alus are in close
proximity to the putative crossover
point: only 168 bp away in BCRL-D1
and 182 bp away in BCRL-E. Thus, ge-
nomic architecture that leads to the for-
mation of unstable DNA configuration
may play a role in creating instability
near the endpoints of deletions and
other chromosomal rearrangements.
The deletion breakpoint sequences
were also tested for the presence of re-
combination promoting motifs that
have been previously identified at or
near deletion and translocation break-
points (Badge et al. 2000; Abeysinghe et
al. 2003). We identified a putative DNA
polymerase arrest site within the break-
point sequence of CH98-18. Polymerase
arrest sites have been shown to trigger
both homologous and nonhomologous
recombination leading to DNA rear-
rangement (Stary and Sarasin 1992; Hy-
rien 2000; Michel 2000). In CH03-29, we
identified a putative topoisomerase I
consensus sequence in the 225 nucleo-
tide breakpoint sequence. Topoisomer-
ase I consensus cleavage sites have been
previously reported in the vicinity of de-
letion breakpoints (Cao et al. 2001). The
presence of these sequences within the
breakpoint region does not definitively
predict a role in the rearrangement
mechanism since none of these consen-
sus motifs have been verified experimen-
tally to directly cause rearrangements;
however, many deletion hotspots are en-
riched for these motifs (Shaw et al. 2004;
Visser et al. 2005). It is clear that under-
standing the mechanism underlying the
deletions mediated by the 22q11 LCRs
will require further work to determine

not only the role of the nucleotide sequences involved, but also
of the biochemical factors that recognize and bind these se-
quences to mediate recombination.

Our results provide confirmation that distal 22q11 LCRs
(LCR-E-LCR-H) can and do mediate rearrangements leading to
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BCRL modules within the 22q11 LCRs. The region of 22q11 containing LCR-A-LCR-H is shown. The LCRs are labeled and shown as white

boxes. The BCRL modules within each LCR are shown as gray boxes. The gap within the sequence of LCR-B is indicated. The “?” denotes the unknown
status of the presence or absence of a BCRL module within LCR-B. The two copies of BCRL in LCR-D are denoted as “1” and “2.” The relative orientation
of the BCRL modules with respect to each other is indicated with directional arrows.

genomic disorders. More patients may exist who harbor micro-
deletions or microduplications in 22q11 mediated by the distal
LCRs that are undetected by current techniques used in clinical
testing. Recently, microarray-based CGH has been used to detect
copy number alterations in 22q11 and across the entire genome
(Mantripragada et al. 2004; Ming et al. 2006; Urban et al. 2006),
which might have identified the rearrangements in both CH98-
18 as well as in CHO3-29. These array-based methods would allow
more sensitive and rapid breakpoint localization without the
need for multiple FISH experiments as was done previously
(Saitta et al. 1999; Shaikh et al. 2000). This has recently been
highlighted by the use of CGH arrays for the identification of a
new microdeletion syndrome mediated by the LCRs of chromo-
some 17q21.3 (Koolen et al. 2006; Sharp et al. 2006; Shaw-Smith
et al. 2006). The application of these techniques will allow iden-
tification of other distal deletions and also facilitate breakpoint
identification in the proximal 22q11.2 deletions as well. Our abil-
ity to localize, clone, and sequence breakpoints within the LCRs
of chromosome 22q has also allowed the identification of struc-
tural variation within the genome that may predispose a given
chromosome to NAHR. This not only has implications for the
deletion mechanisms of chromosome 22q in particular, but also
provides important information on the role of genomic architec-
ture in rearrangements, chromosome evolution, and in human
disease.

Methods

Patient samples

Clinical histories and family data were obtained from medical
records. Each patient was evaluated by a clinical geneticist, and
each had a normal karyotype and normal chromosome 22q11.2
FISH using commercial DiGeorge syndrome probes. Patient
CH98-18 has been reported previously (Saitta et al. 1999) and
had microcephaly, hypertelorism, cardiac defect, and bifid uvula.
Patient CHO3-29 displayed developmental delay, speech apraxia,
short stature, hypertelorism, down-turned mouth, and pectus ex-
cavatum.

PCR

Unless otherwise indicated, all PCR reagents were part of the
GeneAmp PCR system, purchased from Applied Biosystems.
Standard PCR reactions were carried out in 25 pL volumes us-
ing final concentrations of dNTPs at 200 uM and primers at
200 pM. Amplitaq (Applied Biosystems) Taq polymerase was
used at 2.5 U per reaction. All primers designed for PCR and/or
DNA sequencing were purchased from Integrated DNA Tech-
nologies.

Southern blots

Using standard protocols (Sambrook and Russell 2001), high-
molecular-weight DNA was extracted from each patient’s periph-
eral blood lymphocytes, normal controls, and from the H1 and
HS hybrids. The DNA was digested with several restriction en-
zymes based on an in silico digest of the LCR-D and LCR-E re-
gions using WebCutter software (http://www.firstmarket.com/
cutter/cut2.html). For analysis of CH98-18, 10 pg of each sample
was digested overnight with Ndel according to the manufactur-
er’s protocol and supplied buffers (New England Biolabs). The
digested DNA was electrophoresed in an 0.8% agarose gel using a
pulsed field apparatus (FIGE Mapper; Bio-Rad). The gel was run
for 22 h with switch times of 0.1-0.4 sec for a separation range
between 1 and 25 kb. The gel was transferred, and the blot hy-
bridized with a 3?P-labeled probe prepared using a random prim-
ing method (Amersham). The bands were visualized by autora-
diography. The probe used in the blots was DP2, a 1047 bp PCR
product generated using DNA from cosmid 31f3 as a template.
PCR included 40 cycles of denaturation at 94°C for 30 sec, an-
nealing at 58°C for 30 sec, and extension at 72°C for 1 min.
Approximately 100 ng of the amplicon was used for radiolabel-
ing.

DP2for, 5'-ATGGTTTGCTGACCCCAGCT-3’

DP2rev, 5'-AGACATCGTCTCTCTGCTCA-3’

Long-range PCR

Long-range PCR amplifications were performed using reagents
and guidelines included in the Expand PCR System (Roche).
Primers for the fragments were obtained from Integrated DNA
Technologies.

Patient CH 98-18

BDfor, 5'-CCCTGTTGCATCTCTCTTACTAGGAGCAAG-3’
BErev, 5'-AACTCTGAATGTCTGTCTGCCTGGTCCTCA-3’

The amplification profile included 2 min of initial denaturation
at 94°C, followed by 10 cycles of 94°C for 10 sec, 64°C for 30 sec,
and 68°C for 7 min. A subsequent 18 cycles of the same segments
was performed followed by a 7 min extension at 68°C. The PCR
products were electrophoresed on a 1% agarose gel in 0.5 X TBE
using a pulsed-field apparatus (CHEF Mapper; Bio-Rad).

Patient CH 03-29

BEforl, 5'-GTACCTCTCTGCCTCCTATGCCTTTAAGCA-3’
BEfor2, 5'-CAGGTGTTTGAGATCAGTCTGGGCAATGCA-3’
BFrev, 5'-GTGGGTCGTGCTTGTAATCCTAGCACATTG-3’

The amplification profile for the BEfor2 and BFrev primers in-
cluded 2 min of initial denaturation at 94°C, followed by 10
cycles of 94°C for 10 sec, 66°C for 30 sec, and 68°C for 7 min. A
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subsequent 18 cycles of the same segments was performed fol-
lowed by a 7 min extension at 68°C. The PCR products were
electrophoresed on a 1% agarose gel in 1 X TBE using a standard
gel electrophoresis apparatus.
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