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Abstract

Chromosome 22q11.2 deletions are found in almost 90% of patients with DiGeorge/velocardiofacial
syndrome (DGS/VCFS). Large, chromosome-specific low copy repeats (LCRS), flanking and within
the deletion interval, are presumed to lead to misalignment and aberrant recombination in meiosis
resulting in this frequent microdeletion syndrome. We traced the grandparental origin of regions
flanking de novo 3 Mb deletions in 20 informative three-generation families. Haplotype
reconstruction showed an unexpectedly high number of proximal interchromosomal exchanges
between homologs, occurring in 19/20 families. Instead, the normal chromosome 22 in these
probands showed interchromosomal exchanges in 2/15 informative meioses, a rate consistent with
the genetic distance. Meiotic exchanges, visualized as MLH1 foci, localize to the distal long arm of
chromosome 22 in 75% of human spermatocytes tested, also reflecting the genetic map. Additionally,
we found no effect of proband gender or parental age on the crossover frequency. Parental origin
studies in 65 de novo 3 Mb deletions (including these 20 patients) demonstrated no bias. Unlike
Williams syndrome, we found no chromosomal inversions flanked by LCRs in 22 sets of parents of
22q11 deleted patients, or in eight non-deleted patients with a DGS/VCFS phenotype using FISH.
Our data are consistent with significant aberrant interchromosomal exchange events during meiosis
I in the proximal region of the affected chromosome 22 as the likely etiology for the deletion. This
type of exchange occurs more often than is described for deletions of chromosomes 7q11, 15q11,
17pl1l and 1711, implying a difference in the meiotic behavior of chromosome 22.

INTRODUCTION

The 22g11.2 deletion syndrome is a genomic disorder encompassing the clinical entities of
DiGeorge syndrome (DGS), velocardiofacial syndrome (VCFS), and conotruncal anomaly
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face syndrome (CAFS). Characteristic phenotypic features include conotruncal cardiac defects,
cleft palate, thymus and parathyroid gland aplasia or hypoplasia with functional T-cell
abnormalities and hypocalcemia. Facial dysmorphia includes a hooded appearance of the
eyelids, hypertelorism, overfolded ears, bulbous nasal tip and micrognathia (1).

Most 22q11 deletions occur as de novo lesions, with 10% or less inherited from an affected
parent (2). The vast majority of patients (80-90%) have the same approximately 3 Mb deletion
that remains unchanged even when inherited, however, the phenotype can be widely variable
within a family. Although smaller recurrent 1.5 Mb deletions occur, a smaller deletion does
not indicate milder symptoms, making genotype—phenotype correlations difficult (3). Recent
estimates indicate that the 22q11 deletion occurs in approximately 1:3000 live births (4),
making this disorder the most common human microdeletion syndrome. The prevalence of
these de novo 22g11.2 deletions indicates an extremely high mutation or rearrangement rate
within this genomic region. The presence of large (200-500 kb) highly homologous
chromosome-specific low copy repeats (LCRS) in 22911 (5-7) is thought to predispose this
region to aberrant recombination and subsequent deletion. Evidence of unequal meiotic
exchanges in genomic regions containing such low copy repeats (8,9) has been provided for a
number of human deletion syndromes including Williams—Beuren (chromosome 7q11.2)
(10,11), Prader-Willi/Angelman (chromosome 15q11.2) (12,13), Smith—-Magenis
(chromosome 17p11.2) (14), neuro-fibromatosis type | (chromosome 17g11.2) (15) and for a
total of 16 patients with de novo deletions of 22g11.2 (5,10,16). In attempts to determine
deletion mechanisms, recent studies have demonstrated the presence of chromosomal
inversions involving regions flanking the LCRs on 7q11.2 in a significant percentage (30%)
of transmitting progenitors of Williams—Beuren syndrome. The inversions are thought to
predispose that chromosome to rearrangement in meiosis (11,17).

In the work presented here, we are able to provide significant information about the meiotic
behavior of chromosome 22 by studying 20 informative three-generation families of probands
with de novo 3 Mb deletions of 22q11. We are able to demonstrate a statistically significant
occurrence of interchromosomal meiotic exchanges associated with the deleted chromosome
in these families. Other smaller studies have suggested a parent of origin bias for the 22q11.2
deletion (18-20). However, we find no evidence of such a bias in a much larger cohort. Further
we find no evidence of an inversion of 22q11.2 in the chromosome that becomes deleted, or
in the chromosomes of individuals with a DGS/VCFS phenotype who do not demonstrate
evidence of a deletion. Thus we conclude that chromosome 22 has a pattern of meiotic behavior
and structural rearrangement that is different from other chromosomes with apparently similar
genomic architecture.

Size and parental origin of the deletion

Families of patients with clinical features of DGS/VCFS and a deletion of 22q11.2 as
determined by fluorescence in situ hybridization (FISH) with the N25 probe (Oncor) were
recruited for this study (1). FISH (or microsatellite analysis in a few cases) was used to analyze
peripheral blood samples from the parents of deleted probands in order to exclude familial
deletions. Thus, all the deletions in this study occurred de novo in the proband. Figure 1 depicts
the 22g11.2 region including the LCRs and relative location of markers and probes used for
FISH. Probes adjacent to LCRs A and D (deletion endpoints of the standard 3 Mb deletion)
and within that interval were used to determine the extent of the deletion. We found that in a
group of 277 patients, 241 of the deletions (87%) span the same 3 Mb region from LCR A to
LCR D. From the same cohort of 277, we found that 20 (7%) had a smaller approximately 1.5
Mb deletion extending from LCR A to LCR B (Fig. 1). Smaller numbers of individuals had
other recurrent deletions (Fig. 1). Multiple microsatellite markers from within the region were
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used to determine the parental origin of the deletion (21) as shown in Figure 2. Sixty-five
informative cases were examined. The results demonstrate that 35 deletions were of maternal
origin and 30 were of paternal origin, indicating no bias in parental origin of the deletion.

Haplotype analysis of deleted alleles

Localization

The meiotic exchange events that occurred in 20 informative de novo 3 Mb deletion cases were
analyzed by examining their three-generation families for haplotype reconstruction.
Grandparental alleles were used to establish the phase of marker transmission. A series of nine
microsatellite markers flanking the deletion endpoints proximally (four markers) and distally
(five markers) were used to genotype the families. Figures 3 and 4 provide examples of
haplotype analysis showing evidence of the single intrachromosomal and one of the
interchromosomal recombinations respectively, in two families from our cohort. The pedigrees
and haplotype data of all 20 families are available as Supplementary Material. Table 1
summarizes the data obtained from these families. Family 19 has a set of affected identical
twins. Haplotype reconstruction reveals that an interchromosomal mode of exchange between
homologs predominates, occurring in 19/20 deleted chromosomes (ascertained by parental
origin determination). Chisquare analysis based on expected numbers (10) demonstrates this
finding to be statistically significant (P <0.001). By contrast, when examining exchange events
in the normal allele transmitted to these same individuals, we found only two crossovers in 15
informative meioses, consistent with the average genetic distance between the proximal and
distal markers (10). In one of these two families (Family 11), the exchange on the normal
chromosome was detected near a distal marker (TOP1P2), while the other family (Family 3),
had a double crossover in the normal chromosome 22, one at a very proximal marker
(FBVWEFP2) and one detected by the most telomeric marker (D22S302). In our cohort,
interchromosomal exchanges on the normal chromosome 22 did not occur in regions most
closely flanking the deletion, as was observed for the deleted chromosome 22 haplotypes. In
fact, the most distal marker, D22S302 (located in 22913 and quite distant from the LCRs in
the 22g11.2 region), was used primarily as a control to detect distal 22q exchanges that are
consistent with normal meiotic recombination patterns. Interchromosomal exchanges
involving this very distal marker were found on the normal chromosome 22 in a total of three
families (Families 3, 18, 20; Supplementary Material).

We also determined that in the positions proximally flanking the deletion, in 20 informative
meioses, there were 10 grandmaternally derived alleles, and 10 grandpaternally derived alleles.
For the normal chromosome 22, there were 14 informative meioses. Eleven had grandmaternal
origins of the proximal markers and three had grandpaternally-derived alleles. Further, when
we compared parental age at conception in these 20 families, we found that among the parents
whose chromosome 22 became deleted (parent of origin), the average maternal age was 30.8
years and average paternal age was 31.6 years. In the parents who transmitted the normal
chromosome 22, the average maternal age was 30 years and average paternal age 32.3 years,
showing no significant bias of parental age for either gender on meiotic exchanges or on the
occurrence of a deletion.

of meiotic exchange sites

The DNA mismatch repair protein MLH1 has been shown to mark sites of crossovers
(22-24). To determine if sequences involved in the deletion of chromosome 22 coincide with
sites of meiotic crossover, the position of MLH1 foci relative to the position of cosmid 87f 9
(Fig. 1) were recorded using human spermatocytes (Fig. 5). Cosmid 87f 9 contains the ZNF74
locus and was used to mark the region of deletion. Initial data shows that in the first set of
nuclei examined (n = 12), chromosome 22 had a single MLH1 focus. In 75% of these nuclei
the focus was on the distal end of the synaptonemal complex. In 8.3% of nuclei the focus was
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immediately distal to c87f 9 and in 16.7% of nuclei the focus was between c87f 9 and the
centromere.

Analysis for evidence of inversions

In order to identify whether submicroscopic inversions of 22g11.2 are responsible for its
unusual meiotic behavior, FISH was performed using concurrent hybridization of three probes
labeled in three colors (Fig. 6). The probes are located both within and flanking the typically
deleted region (A-D in Fig. 1). To detect an inversion involving the standard 3 Mb region, the
first probe set included: c106e4 labeled with Spectrum Green, c87h3 labeled with Spectrum
Red and cHKAD?25 labeled with both Spectrum Red and Green, producing a yellow signal.
The second probe set was designed to detect an inversion involving the proximal 1.5 Mb region
that is deleted in a smaller percentage of DGS/VCFS patients (A and B in Fig. 1). This probe
set included: c87h3 labeled with Spectrum Red; c68al labeled with Spectrum Green; and c87f
9 labeled with both fluors. Using these methods we examined 22 parents whose chromosome
22 became deleted in their offspring. Samples available from 20 of the parents who had
transmitted the normal chromosome to these same probands were also examined to serve as a
population control. None of the 42 individuals tested carried an inversion of the typically
deleted region in 22g11.2. Figure 6 shows interphase nuclei from one of these individuals as
an example of our findings. In all cases the order of FISH signals observed in interphase nuclei
was as predicted by the map and not indicative of an inversion. In addition, eight patients with
a DGS/VCEFS phenotype and no detectable deletion were also studied to determine whether
inversion influences phenotype. None were found to harbor an inversion. Thus, we analyzed
a total of 30 individuals in whom an inversion might be suspected, 22 were parents, eight were
non-deleted probands, and none of the 30 were found to have large or small inversions. It
appears then that, unlike what has been described for chromosome 7q11.2 in Williams—Beuren
syndrome, inversions of material flanked by chromosome 22¢q LCRs are not a common
predisposing configuration to the 22q11.2 deletion.

DISCUSSION

In the largest study to date, we have utilized microsatellite markers flanking the deletion
endpoints to explore the deletion mechanism in 20 informative three-generation families of
patients with a ‘typical’ 3 Mb de novo deletion of 22g11.2 as determined by FISH. Earlier
reports have described a maternal parental origin bias in DGS/VCFS (18,19). Another study
found instead, a preponderance of paternal progenitors (20). When these studies are combined,
there are 33 maternal and 30 paternal chromosomes that become deleted. Here, we have
examined 65 patients with 3 Mb de novo deletions and found no parental origin bias (35
maternal and 30 paternal). Taken together, these data (68 maternal : 60 paternal) do not support
a deletion mechanism that is based on parental origin during meiosis.

Further, when we extended our studies back an additional generation to examine the
organization of the deleted chromosome, we did not find an over-representation of
grandmaternal alleles in the proximal flanking regions, which contrasts with earlier data that
examined smaller numbers of deleted chromosomes 22 (10). Thus, we did not find any
significant bias regarding the grandparental origin of the alleles flanking the deletion endpoints
with respect to the parental origin of the deletion, the crossover frequency, or proband gender
(Table 1). Additionally, there was no correlation of the severity of the proband’s cardiac or
palate defect to the mode of exchange, grandparental allele location or parental origin of the
deletion (S.C. Saitta, unpublished data).

A significant incidence of inversions among non-deleted transmitting progenitors of 7q11

deletions has been described in Williams syndrome (11,17), and is thought to contribute to the
mechanism of the deletion. A recent study has also found evidence of inversions of 15911—
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g13 in four of six mothers of patients with BP2/3 or class Il deletions of chromosome 15q
causing Angelman syndrome (25). This study also demonstrated the inversion in normal
controls estimating its presence in 4.5% of the general population. These findings led us to
further examine whether inversions were playing a role on 22q11. We examined 22 parents
whose chromosome became deleted in the probands, as well as the non-transmitting parent as
a control, and found no chromosomal inversions flanked by LCRs A and D (Fig. 6), the LCRs
that mediate ~90% of the deletions (Fig. 1). In addition, we analyzed the smaller region
encompassed by LCRs A and B and found no inversions. This is consistent with a recent study
that examined 18 unselected parents of patients with 22q11.2 deletions for inversions around
LCRs A and B and found no evidence of such rearrangements (26). We then examined eight
non-deleted DGS/VCFS patients to assess whether an inversion might explain their phenotype
by virtue of a position effect, but no inversions were detected. Thus, it does not appear that
inversions facilitated by the presence of LCRs are a major predisposing factor to the 22q11.2
deletion or to the phenotype associated with it.

By tracing the transmission of the deleted chromosome 22 in three-generation families, we
found that 19/20 had interchromosomal meiotic exchanges in proximal 22¢, flanking the
deletion. When reviewing previous reports of aberrant exchanges in comparable, apparent 3
Mb de novo 22q11 deletions, 8/10 were found to be interchromosomal in one study (10), 3/3
in another (16), and 0/2 or both intrachromosomal in another (5), for a total of 11/15. Although
the study of Trost (16) examined five patients, one patient had a familial deletion transmitted
from an affected parent, and another patient appeared by microsatellite analysis to have a
smaller 1.5 Mb deletion. Thus, we did not include the two cases for comparison with our
patients. We now add 19/20 to the 11/15, for a total of 30/35 aberrant interchromosomal
exchanges leading to adeletion of 22¢q11.2. The current study used proximal and distal flanking
markers covering the same physical distance as an earlier study (10). In that report, the number
of meiotic crossovers expected by random analysis of 10 individuals (based on sex-averaged
distances from Genethon and GDB linkage maps and taking interference into consideration)
was estimated to be 0.98 (or 1) of 10. Based on this calculation, we would have expected four
exchanges in 35 events rather than the 30/35 that have been detected. This number is highly
significant (P < 0.0001) and most likely relates to differences in the 22q11.2 region that affect
its behavior during meiosis. In fact, the pericentromeric region of 22q has a genomic
architecture that appears to predispose it to rearrangements such as deletions, duplications, and
translocations. This “instability’ is related to the large, highly homologous (98-99% identity
at the sequence level) modular, LCRs or segmental duplications that allow for misalignment
prior to meiotic exchange. The aim of this study was to examine whether the meiotic behavior
of 22g11 is similar to other chromosomes that contain LCRs predisposing them to
rearrangement. The data presented here suggest that it is not.

When reviewing aberrant deletion-producing exchanges found on other LCR-containing
chromosomes that are associated with microdeletion syndromes, a striking pattern of meiotic
behavior does not emerge. Rather, intrachromosomal or meiotic exchange between sister
chromatids occurs as often as interchromosomal crossovers. For Williams syndrome and
chromosome 7g11, in the only study where deletion size and inversion status were known, 3/7
interchromosomal and 4/7 intrachromosomal exchanges in non-inverted deleted chromosomes
were found (11). An earlier study of Williams syndrome noted 12/12 interchromosomal
exchanges on deleted chromosomes 7 (27). Two other studies found a total of 13/22
interchromosomal exchanges in cases thought to have a uniform deletion size (10,28). If these
four studies are grouped together, there could potentially be as many as 28/41
interchromosomal exchanges (68%), a number that begins to approach what is now described
for chromosome 22q (86%). However, it is likely that as many as one-third of the chromosome
7011 deletions in the latter three reports, or 11/34, occurred on an inverted chromosome,
making direct comparisons with our findings on 22q difficult. In Prader—Willi syndrome caused
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by a deletion of paternal 15g11, two of six informative meioses showed interchromosomal
exchanges, while Angelman syndrome, caused by a deletion of maternal 15q11, found all three
informative cases to have interchromosomal exchanges (29). Here, small numbers and the
phenomenon of imprinting on 15q11 make comparisons with 22q difficult. For the LCR-
mediated deletions that cause Smith—-Magenis syndrome on 17p11, the data show 5/13
interchromosomal and 8/13 intrachromosomal exchanges (14). For the microdeletions of
17911 that lead to NF1, five of six informative meioses demonstrated an interchromosomal
mechanism (15), however, the numbers are small and all five of the interchromosomal cases
were maternal in origin, implying other factors that might bias the outcome.

Our study examined not only the aberrant exchanges that lead to a deletion, but also
transmission of the normal 22q homolog in the same families. In contrast to the deleted
homolog, we observed that the normal chromosome 22 did not have frequent interchromosomal
exchanges in the region flanking the putative deletion endpoints. We found two in 15
informative meioses, consistent with that expected for the average genetic distance. Further,
these two interchromosomal exchanges detected in the normal chromosomes 22 did not appear
to occur in regions immediately flanking the deletion on proximal 22q, but were in more distal
regions, consistent with recombination maps of chromosome 22q. It is still possible that the
normal chromosome may be undergoing significant intrachromosomal exchanges in the
regions flanking the LCRs; however, this would not be detectable by our methods of tracing
the inheritance of informative polymorphic markers. These findings suggest that the genomic
structure or sequence of the chromosome 22 that becomes the deleted homolog may be different
from the one that remains intact, a difference that makes it susceptible to misalignment, double-
stranded breaks, and deletion. Molecular studies of the modular arrangements within the
segmental duplications, especially LCRs A and D, in the parents of deleted individuals may
help elucidate these mechanisms. Such a task would be arduous however, given the high level
of sequence identity among the multiple segmental duplications on this chromosome, and the
‘unclonable’ gaps still present in the region (30). Nonetheless, further work toward an
explanation is necessary to better understand not only how 22q11.2 becomes deleted, but also
why it is the most frequently encountered microdeletion even amongst the group of
chromosomes with similar genomic architecture.

The deletions and duplications that give rise to these genomic diseases are often referred to as
meiotic recombination ‘hot spots’. If this were indeed the case, 22g11 deletions should
constitute an exchange subset within a region already exhibiting a high rate of recombination.
Our meiotic data indicate that this is not the case as the vast majority of MLH1 foci and genetic
recombination events on normal chromosomes 22 appear to take place in the distal region of
22q. Further, our results are consistent with the data from a significantly larger study (23) where
more than 200 spermatocytes were examined for the location of MLH1 foci. An alternative
possibility to recombination ‘hot spots’ is that the exchange occurs during the synaptic process
when a sequence-based check for homology occurs.

Recent experiments that examined exchange rates and synaptonemal complex length in meiosis
(23) may provide some insight into the meiotic behavior of chromosome 22. Using antibodies
against MLH1 and FISH to identify sites of meiotic exchange in human and mouse
spermatocytes, these investigators were able to physically assess crossover frequency and
locations of the exchanges. Their findings indicate that synaptonemal complexes better reflect
the genetic distance than the physical distance of a chromosome. They were able to compare
data from structurally normal human chromosomes 1, 16, 21 and 22. The data demonstrate
that, similar to what is suggested by recombination studies, exchanges on chromosome 22q
occur most frequently in the telomeric region, at a rate apparently twice that for pericentromeric
22q. If relative comparisons of the numbers of exchanges are made, approximately 25% of the
exchanges occur in the regions near the centromere [Supplementary Material from Lynn et
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al. (23)] and if inter- and intrachromosomal mechanisms are equally likely, one would expect
that 12.5% of these exchanges would occur by an interchromosomal mechanism. This is
consistent with what we have found for the haplotype analysis of the normal 22q in our families,
that is, 2/15 meioses (13.3%). However, the deleted chromosomes 22 do not appear to conform
to these ‘rules’. While it is logical to infer that the majority of crossovers in the Lynn et al.
(23) study are quite distal on chromosome 22 and distant from the commonly deleted region,
their studies did not use FISH probes that would allow correction for differential compaction
of the chromosomes. The use of the cosmid probe c87f 9 in the present study allows us to take
this factor into consideration. Thus, our meiotic exchange localization results are consistent
with those inferred from the Lynn et al. (23) study and differ from our genetic analysis of
deleted chromosomes 22.

One possible reason for this variance may be what the above study (23) also considered: that
synaptonemal complexes, and exchange locations might form in response to double-strand
breaks. Unstable genomic regions or those more prone to double-strand breaks would thus be
more likely to have a crossover. Since the pericentromeric region of chromosome 22q shows
an unusual degree of genomic instability, it is presumably susceptible to double strand breaks.
The presence of palindromic sequences on 22q, for example, may play a major role in this
susceptibility (30). Palindromic sequences have already been implicated in double strand
breaks that mediate translocations of 22g11, including the t(11;22), which is the most
frequently occurring recurrent constitutional translocation (30). The 22g11 deletion itself is
unusually frequent as well, detected 10 times more often (1:3000 incidence), than other, less
commonly occurring microdeletion syndromes. We also know now that the frequent aberrant
exchanges resulting in deletion occur primarily by interchromosomal exchange in regions that
flank or are within LCR copies in proximal 22q, during meiosis I.

Although at first glance the genomic architecture of 22q11 appears similar to the other LCR-
containing chromosomes prone to deletion, significant differences can also be noted by more
extensive analysis. The risk factors for LCR-mediated aberrant recombination include size,
number, complexity and homology of the segmental duplications. The 22g11 region has an
extreme combination of these factors. The segmental duplications are quite large (LCRs A and
D are 250-500 kb) and have a complex modular structure with sequence identity of 98-100%
(7). In fact, on chromosome 22q11, there are four large segmental duplications densely packed
into the pericentromeric region of a small, acrocentric chromosome. It is perhaps this
combination of factors that sets the striking pattern of meiotic behavior of 22q apart from other
segmental duplication-containing chromosomes.

MATERIALS AND METHODS

Clinical evaluation of the patients

Patients were referred to the Clinical Genetics Center at The Children’s Hospital of
Philadelphia (CHOP) for evaluation of dysmorphia, cardiac or organ malformation, or
developmental delay. Several patients who had already been diagnosed with the 22g11.2
deletion were referred from outside hospitals to CHOP for comprehensive genetics and
subspecialty evaluation. The cohort reported here were enrolled in ongoing research studies
after informed consent was obtained under an IRB-approved protocol. The patients were
examined and evaluated by the same clinical geneticist (E.H.Z.).

Molecular haplotype analysis

DNA was extracted from buccal brushes of the subjects using published methods (31). In some
cases, DNA isolated from the peripheral blood or from transformed lymphoblasts of a proband
was used. Six short tandem repeat polymorphisms (STRPs) or microsatellite markers from
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within the deleted region (46STS, D225941, 102STS, D22S944 115STS, D22S264) were
chosen from those previously used for determining the parental origin of the deletion (21,32).
Nine markers flanking the standard 3 Mb deletion were chosen from those reported in the
literature (10,33,34) or from the Genome Database. Four map proximal (centromeric) to LCR
A, (FBVWFP1, FBVWFP2, D225420, D225427) and five are distal (telomeric) to LCR D
(D22S257, D22S303, D22S1683, D22S1709, TOP1P2). LCRs A and D delineate the
boundaries of the common 3 Mb deletion (3). Another marker (D22S302) located near the 22q
telomere was added as a control to assess for recombination in this region. Fluoresceinated
PCR primers for the STRP markers were designed using TET, HEX and 6-FAM fluors
conjugated to the 5’ ends of the forward primers (IDT; Coralville, IA, USA). PCR was
performed in a final volume of 25 pl, with 25-50 ng of genomic DNA, 10x buffer, dNTPs (2.5
mM each), 10 pmol of primers, and 2.5 U of AmpliTaq (all reagents were purchased from
Roche). Samples using DNA extracted from buccal samples required a 5 min denaturation at
95°C prior to adding polymerase for optimal results. PCR was then performed using conditions
published for the primers. Products were analyzed on an ABI Prism 377 sequencer in the
Nucleic Acid/Protein core facility at CHOP. Genescan and Genotyper software (ABI) was used
to analyze the size and relative intensity of each product. Haplotypes were reconstructed by
following segregation of the markers and using grandparental alleles to set meiotic phase. The
most parsimonious interpretation was used for genotypes observed in families where only one
grandparent was available, and assumed no recombination.

Deletion detection and sizing

All probands were determined to have a deletion of the 22q11.2 region by absence of one copy
of either the N25 or TUPLE probe (Oncor/Vysis) when FISH was performed in a clinical
cytogenetics laboratory. Parents of the probands were also analyzed by FISH studies of
peripheral blood lymphocytes. Those that showed a deletion were excluded from this study,
and were referred to Clinical Genetics for follow-up as per the approved protocol. Subsequent
FISH was performed on metaphase spreads from the deleted probands to assess the extent of
the deletion using probes and methods described previously (7).

Fluorescent antibody localization (FAL) and FISH

Spermatocytes isolated from testicular biopsies from normal males were prepared for
immunostaining using the same method described for the preparation of mouse spermatocytes
(35). In addition, immunostaining of synaptonemal complexes was performed with antibodies
to SCP3 (23) and meiotic exchange sites were localized using antibodies against MLH1 (24).
CREST antiserum (1 : 2000) was applied to visualize centromeres (23). Four separate images
were captured for each nucleus (CREST, Cy5; SCP3, rhodamine, MLH1, FITC and DAPI).
The location of each nucleus on the slide was recorded.

After image acquisition of the FAL signals, the spermatocyte preparation underwent a single
round of denaturation and FISH. The antifade solution was removed by washing the slides in
4x SSC/0.2% Tween 20. The denaturation time was 15 min and the hybridization time 120 h.
The probes used were cosmid c87f 9 (Fig. 1) and a commercially available chromosome paint
for the long arm of chromosome 22. The cosmid was labeled with biotin by standard nick
translation methods, and the chromosome 22 paint was supplied already labeled with Spectrum
Orange. Anti-avidin FITC was applied during the post-hybridization washes. Each nucleus
imaged in the previous FAL experiment was located and two additional separate images
captured (c87f 9, FITC; chromosome paint, rhodamine). The images were treated uniformly
to remove background using Adobe Photoshop software (Adobe Systems Inc., San Jose, CA,
USA) and merged. The number of MLH1 foci for chromosome 22 was recorded. The position
of the c87f 9 signal was observed relative to the MLH1 foci and centromere of chromosome
22. The g-arm of chromosome 22 was divided into three equal regions (proximal, medial and
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distal to the centromere) as previously defined [Supplementary Material in Lynn et al. (23)].
The number of MLH1 foci for chromosome 22 was recorded and the relative position scored
within the defined regions. The position of the c87f 9 signal was also scored within the defined
regions.

Inversion detection

In order to detect an inversion of chromosomal material surrounding the LCR-22s, FISH was
performed using two sets of three cosmid probes labeled in three different colors. The first
probe set included: c106e4 labeled with Spectrum Green; c87h3 labeled with Spectrum Red,;
and cHKAD?25 labeled with both Spectrum Red and Green, producing a yellow signal. The
second probe set included: c87h3 labeled with Spectrum Red; c68al labeled with Spectrum
Green; and c87f 9 labeled with both. Cosmids were labeled directly with Spectrum Red or
Green, and FISH was performed using standard conditions (6). Fifty interphase nuclei were
examined for each individual. Only interphase nuclei that clearly showed the requisite six
signals in an unambiguous position for each set of three probes were scored.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

The 22911.2 region including the locations of the LCR-22 segmental duplications A-D is
depicted. Cosmid probes used for FISH are shown below the line. The names and relative
locations of genes and STS markers are noted above the line. The figure is not drawn to scale.
Results of deletion sizing experiments by FISH in a cohort of 277 patients is given in the lower
part of the figure. The LCRs coinciding with the deletion endpoints are given with the relative
percentage of patients that were found to be deleted for that given region.
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(A) Four markers from within the 3 Mb deleted region that were used for parental origin
determination are depicted in a sample pedigree. The names of the markers are listed to the
left. Dashes represent a marker that did not amplify. The proband shows haploinsufficiency
for alleles from her mother, noted by zeroes (0). (B) Genotyper data presented in the pedigree
for marker D225264 is given. Note the absence of commonly shared peaks, representing alleles,

between mother and proband.
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Figure 3.

(A) Markers flanking the typical deletion endpoints that were used for haplotype reconstruction
are shown in a three-generation pedigree consistent with an intrachromosomal exchange.
Dashes depict a marker that did not amplify. (B) Sizes and intensity of allele peaks are shown
from Genotyper analysis for a single marker (D225427).
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(A) Haplotype reconstruction depicting an interchromosomal exchange. The regions flanking
the deletion (shown by a thin bar) are derived from different grandparents, indicating the
exchange. (B) Genotyper data from this family for a single proximal flanking marker.
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Figure 5.

Immunostaining and FISH signals for a spermatocyte nucleus in pachynema. Anti-SCP3
antibodies (red), anti-MLH1 antibodies (green), CREST antisera (yellow) and c87f 9 (violet).
The enlarged region is of chromosome 22. The chromosome 22 crossover site, as indicated by
the anti-MLH1 focus (green), is at the distal end of the synaptonemal complex. The cosmid
signal of c87f 9 (violet) is close to the centromere (yellow). The sex body containing the X and
Y chromosomes is indicated by an arrowhead. In all cases, the CREST foci are significantly
larger than the MLH1 foci.
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Figure 6.

FISH analysis of interphase nuclei to detect an inversion involving the standard 3 Mb region
is shown. Probes were labeled in the order of the map (centromere to telomere) depicted in
Figure 1, using a green, red, yellow order. All nuclei showed this color/probe order as
demonstrated above, consistent with the map.
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