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The most common etiology for Prader–Willi syndrome
and Angelman syndrome is de novo interstitial deletion
of chromosome 15q11–q13. Deletions and other recur-
rent rearrangements of this region involve four common
‘hotspots’ for breakage, termed breakpoints 1–4 (BP1–
BP4). Construction of an ~4 Mb YAC contig of this region
identified multiple sequence tagged sites (STSs) present
at both BP2 and BP3, suggestive of a genomic duplica-
tion event. Interphase FISH studies demonstrated three
to five copies on 15q11–q13, one copy on 16p11.1–p11.2
and one copy on 15q24 in normal controls, while analy-
sis on two Class I deletion patients showed loss of
approximately three signals at 15q11–q13 on one
homolog. Multiple FISH signals were also observed at
regions orthologous to both human chromosomes 15
and 16 in non-human primates, including Old World
monkeys, suggesting that duplication of this region may
have occurred ~20 million years ago. A BAC/PAC contig
for the duplicated genomic segment (duplicon) demon-
strated a size of ~400 kb. Surprisingly, the duplicon was
found to contain at least seven different expressed
sequence tags representing multiple genes/pseudo-
genes. Sequence comparison of STSs amplified from
YAC clones uniquely mapped to BP2 or BP3 showed two
different copies of the duplicon within BP3, while BP2
comprised a single copy. The orientation of BP2 and
BP3 are inverted relative to each other, whereas the two
copies within BP3 are in tandem. The presence of large
duplicated segments on chromosome 15q11–q13
provides a mechanism for homologous unequal
recombination events that may mediate the frequent
rearrangements observed for this chromosome.

INTRODUCTION

Contiguous gene syndromes are caused by deletions or dupli-
cations of large regions of the human genome involving multi-

ple unrelated genes physically contiguous on a chromosome.
One of the most common sites of rearrangement is 15q11–q13,
where multiple structural abnormalities, including deletions,
supernumerary marker chromosomes, duplications, triplica-
tions and translocations, are observed. Interstitial deletions of
proximal 15q account for ~70% of both Prader–Willi syn-
drome (PWS) and Angelman syndrome (AS) patients, with an
estimated deletion frequency of ~1/10 000 live births
(reviewed in ref. 1). A paternal deletion results in PWS,
whereas a maternal deletion results in AS, due to genomic
imprinting within this region (2,3). In addition to high fre-
quency deletion events, chromosome 15 accounts for ~50% of
all supernumerary marker chromosomes observed in man (4).
The estimated frequency for chromosome 15-derived markers,
commonly referred to as inv dup(15), is ~1/5000 live births (4).
Less frequent rearrangements of this same region of chromo-
some 15 include duplications (5–9) and triplications (9–11).

Increasing evidence suggests the presence of four specific
‘hotspots’ or breakpoint clusters located in proximal 15q.
Using restriction fragment length polymorphism (RFLP) anal-
ysis, Knollet al. (12) first identified two classes of AS deletion
(Class I and II) based on two proximal breakpoint clusters,
flanking S18, with apparent uniformity in extent of deletion on
the distal side. Kuwanoet al. (13) used fluorescencein situ
hybridization (FISH) analysis to identify a common proximal
breakpoint within a single YAC clone (y254B5), in 10/10
PWS/AS deletion patients, and a recurring distal breakpoint
within a single YAC (y93C9), in 8/9 deletion cases, consistent
with the presence of ‘hotspots’ of rearrangement at these sites.

A first generation YAC contig of the chromosome 15q11–
q13 region was constructed in 1993 which contained several
gaps and a small number of polymorphic microsatellite mark-
ers useful for mapping the breakpoint regions (14). Additional
microsatellite markers were developed from the proximal end
of the contig and used to analyze patients known to contain
deletions of this region by FISH (15). Microsatellite analysis of
53 PWS and 33 AS deletion patients showed 44% to be deleted
for S542 (Class I), while 56% were not deleted (Class II) (15).
The site of breakage for Class I patients is referred to as break-
point (BP)1 and the site of breakage for Class II patients is
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referred to as BP2. Thus, both PWS and AS deletion cases
show a remarkable consistency in deletion size and identify
three hotspots for chromosomal breakage in the15q11–q13
region, hereafter referred to as BP1, BP2 and BP3.

Apparently consistent breakpoints are also associated with
the inv dup(15) marker chromosome, producing two primary
size classes which correlate with phenotype (16–19). Small inv
dup(15) chromosomes do not contain the PWS/AS common
deletion region and are usually associated with a normal phe-
notype. FISH and microsatellite analysis of 18 small inv
dup(15) chromosomes showed that they involve rearrange-
ment at the same two proximal breakpoint regions (BP1 and
BP2) found in PWS/AS deletion patients (18).

The fourth hotspot for chromosome breakage, BP4, is
located between S1031 and S1010 and is the breakpoint for
most large inv dup(15) chromosomes (9), as well as in some
cases of duplication and triplication (9; unpublished data).
Patients with either three or four maternally derived copies of
the PWS/AS critical region have an abnormal phenotype that
includes developmental delay or mental retardation, seizures
and autistic-like features (20,21). The breakpoints involved in
formation of large inv dup(15) chromosomes have only
recently begun to be characterized and appear to involve either
BP3 or BP4 (9,19; unpublished data).

Maternal duplications including the PWS/AS region have
also been observed in patients ascertained with typical autism,
while individuals inheriting the same duplication of paternal
origin appear to be normal (21). The distal breakpoint in inter-
stitial duplications may involve either BP3 or BP4 (7–9). Inter-
estingly, BP4 has also been implicated in patients with
maternal triplications of proximal 15q where three copies of
the BP1–BP4 region are present in the maternally derived
chromosome, suggestive of a common mechanism of rear-
rangement (10,11).

The hypothesis that the genomic instability in 15q11–q13
might be due to repeated DNA elements in this region was first
proposed by Donlonet al. (22). In this study, 10 chromosome
15-specific probes, later termed S9–S18 (23), were developed
from flow-sorted large inv dup(15) chromosome-enriched
phage libraries (22). Clones S9–S14 were mapped within the
BP2–BP3 region, while S15–S18 were mapped outside it
(22,23). Three unspecified clones were found to be present in
multiple copies, which could potentially be involved in the
breakpoint regions (22).

Further evidence of multiple copy sequence comes from data
for a gene family identified within 15q11–q13. A clone from a
proximal 15q microdissection library, MN7, identified a gene
family with four to five copies on 15q11–q13 and at least one
copy on 16p11.2 (24). Two cDNA clones were identified, one
mapping to chromosome 15 and one to chromosome 16, and
northern analysis indicated the presence of both a 15 and a 7 kb
transcript on chromosome 15 (24). The 15 kb transcript corre-
sponds to theHERC2 (also known as theERY-1) gene in
human (25,26) and therjs (27) or herc2 (26) gene in mouse,
while a nearly complete cDNA for the human 7 kb transcript
(KIAA0393) was sequenced by Nagaseet al. (28).

Recently, we developed a detailed ~4 Mb YAC contig pro-
viding the first complete, integrated physical map of the
15q11–q13 region (29). Eleven sequence tagged sites (STSs),
including five expressed sequence tags (ESTs), were localized
between S542 and S543, the site of BP2 (13,15,29). Unexpect-

edly, extension of this map demonstrated duplication of all 11
STSs between S542 and S543 to distal yeast artificial chromo-
somes (YACs) overlapping y93C9, the location of BP3,
revealing a large duplicated segment at the sites of the common
deletion breakpoints in PWS and AS. We now present detailed
molecular and FISH analysis of the BP2 and BP3 duplicated
segments associated with the common deletion breakpoints
observed in PWS and AS.

RESULTS

YAC-based STS content mapping

The integrated YAC contig of the 15q11–q13 region provided
the framework to begin mapping and cloning of the four break-
point regions. Toward that goal, a minimum tiling path of
YACs extending from the most proximal marker, NIB1540, to
S144, located distal to BP4, was created (data not shown).
Unexpectedly, several previously unmapped ESTs within this
region, including A006B10, A008B26, SHGC15126 and
SHGC17218, were found to be present in YACs at the sites of
BP2, BP3 and some at BP4 (Fig. 1 and data not shown). Fol-
lowing this result, all STSs present in y931C4, the site of BP2,
were tested against YACs at BP3 (e.g. y943D8, y962D11 and
y893H9). Initially, 11 STSs were found to map to YACs at
both BP2 and BP3 (Fig. 1).

BP2 was known to be localized between S542 and S543
(15); however, the distance between these markers was
unknown. The identification of multiple ESTs (SGC32610,
SHGC15126, SHGC17218, A006B10 and A008B26), poten-
tially representing multiple genes/pseudogenes, within both
the BP2 and BP3 regions suggested the presence of a large
duplicated genomic segment. The other duplicated STSs
included S15, S16 and S17, which could represent the multi-
copy probes mentioned in the early study of Donlonet al. (22),
MN7, known to be present in multiple copies on 15q11–q13
(24–26), and two YAC ends, 368H3L and 166G7R. Recently,
the term ‘duplicon’ has been used to describe duplication of
genomic segments containing non-processed genes (30).
Although the characterization of the multiple ESTs in this
region is limited, we will refer to this duplicated genomic seg-
ment on 15q11–q13 as a duplicon.

The initial order of markers within the YAC contigs at each
duplicon copy suggested an inverted orientation of BP2 rela-
tive to BP3 (Fig. 1). For example, S17 mapped to y254B5 and
y166G7 at the distal end of BP2, but did not map to y764C6 at
the distal end of BP3 (Fig. 1). To confirm the orientation of
BP2 relative to BP3, S17 was used to identify bacterial artifi-
cial chromosome (BAC) clones GS124B5 and GS246N13
(Table 1). STS mapping of these BACs indicated that
GS124B5 showed positive PCR results for 166G7R, S17 and
S543, placing this clone at the distal boundary of BP2 (Fig. 1).
BAC GS246N13 showed positive PCR results for S17 and
S931 (exon 3 of theP gene), placing this clone at the proximal
boundary of BP3, confirming the inverted orientation of BP2
relative to BP3 (Fig. 1).

Duplicon copy number in normal controls

To determine the copy number of the duplicon within chromo-
some 15, FISH was performed using P1-derived artificial chromo-
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some (PAC) GS7484, identified with STS 368H3L (Fig. 1 and
Table 1). Hybridization of GS7484 to normal lymphocyte cultures
demonstrated a large cluster of signals within the 15q11–q13
region on metaphase chromosomes (Fig. 2A). Weak signals on
15q24 and 16p11.1–p11.2 were also observed. In interphase
nuclei there were three to five prominent signals in each chromo-
some 15 domain (Fig. 2A, inset). To confirm the copy number of
GS7484 within 15q11–q13, hybridization was performed on G0/
G1 synchronized nuclei from two normal fibroblast lines. In both
samples the modal value was three signals with a range of one to
seven signals in each chromosome 15 domain, consistent with the
results observed in lymphocytes (data not shown).

Loss of duplicon copies in PWS/AS deletion patients

Previous microsatellite analysis using markers S542 and S543
localized the site of breakage observed in Class II PWS and AS
deletions to the same site as the BP2 duplicon (15). To further assess
the association of the duplicons to PWS/AS deletions, GS7484 was
used as a FISH probe on two Class I and two Class II deletion
patients. Co-hybridization was performed using clone GS118I17, a
single copy probe isolated with S1043, a marker located distal to
BP3 (Fig. 1 and Table 1). The signal from GS7484 is significantly
reduced in intensity on the deleted chromosome 15 in two Class I
deletion patients (Fig. 2B). In interphase nuclei, multiple signals
(mode = 4) are seen on the normal chromosome, but only one faint

Figure 1. STS content map of BP2 and BP3 duplicons. The region is oriented from centromere (left) to telomere (right). The large arrows at the top of the figure
indicate the orientation of the two duplicons relative to each other. STSs are listed vertically with ESTs/genes underlined. Below the STSs are horizontal lines
which represent individual genomic clones. YAC clones begin with y, BAC/PAC clones with GS and the cosmid with c. A filled circle represents a positivePCR
reaction for the STS on the clone indicated; an x represents a negative PCR reaction and a filled square represents an STS developed from a clone end. Rectangles
enclose clones utilized in FISH experiments.

Table 1.BAC/PAC clones used in study

STS Clone ID Clone type FISH signal Location Size (kb)

D15S18 GS5022 PAC Single 15q11–q13 65

SGC32610 GS52I3 BAC Multiple 15q11–q13 145

D15S16 GS82G5 BAC Multiple 15q11–q13 110

D15S16 GS179A12 BAC Multiple 15q11–q13 110

D15S16 GS160F18 BAC Multiple 15q11–q13 65

SGC14317 GS179K9 BAC Multiple 15q11–q13 170

A008B26 GS229K19 BAC Multiple 15q11–q13 110

A008B26 GS98H3 BAC Multiple 15q11–q13 150

A008B26 GS52G8 BAC Multiple 15q11–q13 140

7484-SP6 GS253A21 BAC Multiple 15q11–q13 + 16p11.1–p11.2 + 15q24 160

368H3L GS7484 PAC Multiple 15q11–q13 + 16p11.1–p11.2 + 15q24 85

368H3L GS7483 PAC Multiple 15q11–q13 65

S17 GS124B5 BAC Multiple 15q11–q13 + 16p13 + 15q24 180

7483-SP6 GS119F13 BAC Multiple 15q11–q13 180

S931 GS150L13 BAC Single 15q11–q13 50

S17 GS246N13 BAC Single 15q11–q13 115

S1233 GS72P22 BAC Single 15q11–q13 190

S1043 GS118I17 BAC Single 15q11–q13 160
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Figure 2.(A) FISH analysis on normal metaphase and interphase cells indicating duplicated sequences. GS7484 is labeled with digoxigenin and detected with rhodamine anti-
digoxigenin (red), and pMC15 (D15Z3), a chromosome 15α satellite probe, is labeled with biotin and detected with avidin–FITC (green). In metaphase chromosomes, GS7484
shows a large cluster of red signals at the 15q11–q13 region (large arrows) with a small signal at 16p11.1–p11.2 (small arrows). Very weak hybridization is also observed on
15q24. In interphase nuclei (inset) approximately three to five discreet red signals are observed (arrowheads). (B) FISH analysis on a Class I AS deletion patient. GS7484 is
labeled in red and BAC GS118I17, located distal to BP3, is labeled in green. For clarity, the green signals from GS118I17 are only shown in interphase nuclei. In metaphase,
GS7484 shows one homolog (left) with a large cluster of red signals and markedly reduced signal intensity in the second homolog (right). In interphasenuclei, GS7484 shows
multiple red signals for one chromosome 15 (filled arrowhead) with only a single signal on the deleted homolog (open arrowhead). (C) FISH analysis on a Class II PWS deletion
patient. The probes were labeled as in (b). GS7484 shows a significant cluster of red signals on both chromosomes 15; however, the homolog with prominent satellites (left)
shows a stronger signal than that on the right. In interphase nuclei, GS7484 shows multiple red hybridization signals on one chromosome 15 (filled arrowhead) and a reduced
number of red signals on the deleted homolog (open arrowhead). (D) Evolutionary conservation of duplicons in other primates. Hybridization of GS7484 (red) to metaphase
chromosomes from chimpanzee (P.troglodytes) shows multiple red signals in the pericentromeric region of PTR16 (orthologous to human 15q11–q13) (large arrows) and
weaker signals on distal PTR16 (orthologous to distal human 15q). An additional weak signal is observed near the centromere of PTR17 (orthologous to HSA16p11.2) (small
arrow). (E) Hybridization of GS7484 (red) to metaphase chromosomes from crab-eating macaque (M.fascicularis) indicates multiple red signals on MFA7 (orthologous to
HSA15). The single yellow signal at the telomere of MFA7 (arrows) indicates co-hybridization of PAC GS158H23 (green), a single copy probe containingUBE3A, with a red
signal from GS7484. Therefore, this telomeric region is orthologous to HSA15q11–q13. Two additional red signals are observed on either side of the centromere of MFA7, the
orthologous regions to distal 15q. (F) Interphase FISH distance measurements of BP2 using unique flanking clones. Cosmid 512 (red) and GS5022 (green) were hybridized to
serum-starved G0/G1 fibroblast nuclei (arrowheads). Cosmid 512 also cross-hybridizes with 16p13.1, producing two additional signals in each interphase nucleus. Frominter-
phase distance measurements, the genomic distance is estimated to be ~250 kb between these two probes. The bar represents 5µm. (G) Interphase FISH distance measurements
of BP3 using unique flanking clones. GS150L13 (red) and GS72P22 (green) were hybridized to serum-starved G0/G1 fibroblast nuclei (arrowheads). From interphase distance
measurements, the genomic distance is estimated to be ~500 kb between these two probes. The bar represents 5µm.
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signal is present on the deleted chromosome consistent with loss of
most GS7484 signals on the deleted homolog (Fig. 2B). In contrast,
several signals from GS7484 remain on the deleted chromosome in
Class II deletion patients (Fig. 2C), consistent with the presence of
at least one additional copy of GS7484 remaining in a Class II dele-
tion that is absent in Class I. Additionally, GS118I17 showed co-
localization with GS7484 on metaphase chromosomes (data not
shown), but a distinct signal on interphase nuclei (Fig. 2B and C),
consistent with a close, but non-overlapping, localization of
GS118I17 relative to GS7484.

Duplication events present in non-human primates

To begin to assess the evolutionary origin of the genomic
duplications, FISH analysis using GS7484 was performed on
metaphase preparations from two other great ape species [the
chimpanzee,Pan troglodytes(PTR), and Gorilla gorilla
(GGO)] and an Old World monkey [the crab-eating macaque,
Macaca fascicularis(MFA)]. Multiple signals were seen on
the chromosomal regions orthologous to human chromosomes
15 and 16 (HSA15 and HSA16) in chimpanzee (Fig. 2D),
gorilla (data not shown) and macaque (Fig. 2E).

In the chimpanzee most of the GS7484 signals are near the
pericentric region of PTR16, orthologous to HSA15q11–q13
(Fig. 2D). Additionally, weak cross-hybridization was seen at
distal PTR16q and at the centromere of PTR18, orthologous to
HSA16p11 (31,32), consistent with the signals observed in
human (Fig. 2D). One distinguishing feature between human
andP.troglodytesis a pericentric inversion on PTR16 (31–33),
which places most of the signal from GS7484 at PTR16p11–
p12. It would be interesting to speculate that this inversion
event was facilitated by these duplicons subsequent to the
divergence of chimpanzee and human.

In the gorilla the orthologous chromosomes to HSA15 and
HSA16, GGO15 and GGO17, respectively, are known to have
a similar banding and chromosomal painting pattern to human
(31,32). FISH analysis in the gorilla using GS7484 showed an
identical pattern of hybridization to that observed in human
(data not shown).

The orthologous regions between human and crab-eating
macaque have been well characterized, although some differ-
ences are present (34). For example, the orthologous chromo-
some to HSA15 in the macaque, MFA7, has been shown by
chromosome painting to have homology with both HSA14 and
HSA15 (34). FISH using GS7484 and GS158H23, a control
probe containing UBE3A (35), shows strong hybridization to
the MFA7 telomere, orthologous to HSA15q11–q13, as well as
two sites corresponding to distal HSA15q (Fig. 2E). Weaker
signals were also observed on MFA20, orthologous to
HSA16p11, plus several other sites. The presence of multiple
copies of GS7484 at the orthologous regions inM.fascicularis
for HSA15q11–q13 is suggestive that these genomic duplica-
tion events may have occurred ~20–25 million years ago, prior
to the divergence of Old World monkeys (Cercopithecidae)
from great apes (Hominoidea) (36).

Size estimate of the duplicon by interphase FISH
analysis

Although multiple STSs had been mapped to both BP2 and
BP3, the sizes of the duplicons could not be estimated from the
YAC contig data (Fig. 1). Therefore, initial size estimates of
both BP2 and BP3 were obtained by interphase distance meas-
urements between probes flanking each breakpoint region. For
the BP2 region, GS5022 and cosmid 512 (c512) (18), both
anchored to STSs outside the duplicated region (Fig. 1), were
hybridized to G0/G1 synchronized fibroblast nuclei and the dis-

Table 2.New chromosome 15q11–q13 STSs

F, forward; R, reverse.

Name Primer sequences Size (bp) Genbank accession no.

GS52I3-T7 F: GGTCCTCTATTAATCTGCAGGTCC 210 AF077848

R: CTCAGCACCCAGGGTTTCCAATG

GS52I3-SP6 F: CACTTAATCTTCAATCTCTGTACT 171 AF077849

R: CTAACCGCTTTGGGAGGCCGAG

GS124B5-SP6 F: TCCTAGGAAACCCCCAAATA 147 AF077843

R: TGCAATAAACATCTAGGTGCAGA

GS124B5-T7 F: CCCAGGTCAACTTCTGCAAC 162 AF077842

R: TTTCATAAACAGCAGCAATTTCA

GS229K19-SP6 F: TGGTGGCTTCCTGATTCTTC 288 AF077845

R: TACAGGGCAACCCTTTTCTG

GS229K19-T7 F: TGGAAATGGCTTGGAAAAAC 145 AF077846

R: TGATGAACAGTCAAGGCACA

GS7483-T7 F: GTGAAGGTGAAATTTAAATACC 194 AF077852

R: CAAACTCCTCACCTCAAGTAATCC

GS7483-SP6 F: CCAAGATTGGGACAGTGAGACAGG 228 AF077851

R: CAATTGCAATCCGCTGTTTCTG

GS7484-T7 F: CCACCTGGGGGTCCACATGCAG 242 AF077854

R: GCAGGGGTGGGCTCTAGGAGCG

GS7484-SP6 F: CAACGACAAGACTGCTGCCAGAG 197 AF077853

R: GTAAAGGATCGGGGTAGCCCCAG
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tance between probe signals was measured (Fig. 2F). Although
c512 cross-hybridizes weakly with 16p13.1, the chromosome
15 signals were easily distinguished (Fig. 2F). Based on these
measurements, BP2 was estimated to be ~250 kb in size.

To provide a maximum size estimate of BP3, GS150L13,
anchored on the proximal side to S931, and GS72P22, located
distal to BP3 (Table 1 and Fig. 1), were used as the flanking
probes. Each BAC gave a single hybridization signal on nor-
mal metaphase chromosomes and analysis of GS150L13 on
PWS/AS deletion patients confirmed a location proximal to
BP3 (Table 1 and data not shown). The two BACs appear to
co-localize on metaphase chromosomes (data not shown) but
in interphase nuclei are clearly separated (Fig. 2G). From these
measurements, the maximum size of BP3 was estimated to be
~500 kb. These interphase distance measurements suggested
that the duplicon at BP3 may be twice as large as the duplicon
at BP2. However, the presence of a gap between GS72P22 and
the distal end of BP3 could not be excluded.

Construction and characterization of a BAC/PAC contig
across BP2

Although the YAC contigs were anchored for both BP2 and
BP3, the order of markers within the regions relative to each
other could not be determined unambiguously (Fig. 1). There-
fore, a BAC/PAC contig was constructed for BP2 to fine map
the duplicons. Initial screenings of a 2–3× BAC library yielded
significant over-representation of positive clones for all dupli-
cated STSs analyzed, consistent with multiple copies of these
regions being present within the human genome. STS content
mapping using PCR was performed to identify overlapping
clones and BAC ends were sequenced to create new STSs to
complete a ‘composite contig’ (Fig. 3 and Table 2). As seen by
the presence of multiple copies of GS7484 by FISH (Fig. 2A),
any of these individual clones could originate from BP2, BP3
or other copies of the duplicon (Fig. 3 and Table 2). Efforts to
assign clones uniquely to BP2 or BP3 on the basis of nucle-
otide divergence are described below. A complete list of new
BACs, PACs and STSs identified are presented in Tables 1
and 2. The proximal boundary for BP2 is contained within
PAC GS5022, identified using S18 (Fig. 3), and the distal
boundary is contained within BAC GS124B5, identified using
S17 (Fig. 3). The presence of multiple BAC and PAC end
STSs anchored to YACs at both ends of BP2 provides a high
level of confidence in the overall ordering of STSs within this
region.

Refined size estimate of the BP2 duplicon

With the completion of a BAC/PAC contig across BP2, an
independent size estimate of the duplicon could be made based
on the size of a minimal tiling path of BAC/PAC clones across
the region (Table 1). The non-overlapping BACs GS179K9
(160 kb) and GS253A21 (160 kb) cover the BP2 region with
three gaps (Fig. 3), providing a minimum size estimate of
320 kb. Additionally, the gap between GS179K9 and
GS253A21 is contained within a completely sequenced
PAC clone, pDJ778A2 (GenBank accession no. AC004583).
The 85 kb size of the region between MN7 (located within
GS179K9) and GS253A21-T7, together with the 320 kb esti-
mate above, provides a minimal size estimate of the duplicon
of ~400 kb. The interphase FISH estimate (~250 kb) is, there-
fore, likely to be an underestimate of the true size of the dupli-
con, possibly due to chromosome condensation properties near
the pericentromeric region.

Figure 3.STS content map of a ‘composite contig’ of BAC and PAC clones across
BP2. Below the STSs are horizontal lines representing individual genomic clones
(YACs/BACs/PAC and cosmids). A filled circle represents a positive PCR reaction
for the STS on the clone indicated; an x represents a negative PCR reaction and a
small filled square represents an STS developed from a clone end. Underlined
STSs represent ESTs/genes present in the duplicon.

Table 3.EST/genes identified for BP2/BP3

Name IMAGE no. dbEST no. Size (bp) GenBank accession no. BLAST results

ESTs

SGC32610 241447 H90407 958 AF129926 Unknown transcript

SHGC-15126 511845 AA088777 1016 AF129929 MYLE

SHGC17218 346304 W74131 1369 AF129927 Unknown transcript

A006B10 321824 W33186 873 AF129930 KIAA0393, MN7

A008B26 120151 T95087 799 AF129928 Unknown transcript

PAC ends

GS7484-T7 AA478019 BEM-1/BUD5 suppressor-like protein

GS7483-SP6 U18237 ATP-binding cassette protein
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Sequence analysis of cDNAs present within the duplicon

Five ESTs were initially mapped to the duplicon (Fig. 3). To
determine whether any of these ESTs corresponds to the same
gene, partial cDNA clones (800–1400 bp), representing the 3'-
ends of the transcripts, were identified using the Unigene data-
base (37) and sequenced (Table 3). BLAST2 comparisons
were then performed on all possible pairs of sequence to detect
any overlaps. Each sequence was found to be unique, suggest-
ing that five different genes/pseudogenes may be represented
by these ESTs.

BLASTN searches were then performed to determine
whether these partial cDNA sequences matched any known
genes. The sequence of IMAGE clone 321824, containing EST
A006B10, identified MN7 and the cDNA clone KIAA0393
(28), indicating that they represent different ESTs for the same
gene (Table 3). However,HERC2, the 15.0 kb MN7-contain-
ing transcript, was not identified. A BLASTN search of the
6.7 kb KIAA0393 sequence did identifyHERC2(26) and its
mouse homolog namedrjs (27) or herc2(26), indicating that
clone 321824 was specific for the 3'-end of KIAA0393. Addi-
tionally, a BAC clone (CIT987-SKA-17E1; GenBank acces-
sion no. AC002041), sequenced from chromosome 16p11.2,
was found to contain part of KIAA0393 (bases 59639–
87 066), S15 (bases 17449–17773, 94% identity) and
GS7483-T7 (bases 36259–36507, 93% identity). The presence
of ~65 kb of genomic sequence at both the 15q11–q13 dupli-
con and the pericentromeric region of 16p11 is consistent with
the FISH data indicating duplication of GS7484 to 16p11.1.

A BLASTN search of IMAGE clone 511845, containing the
sequence for SHGC15126, identified an unpublished gene

named MYLE (GenBank accession no. AF108145, bases 65–
1053, 99% identity) and S16 (GenBank accession no.
AF017568, bases 1–332, 94% identity). BLASTN searches for
three clones representing SHGC17218, SGC32610 and
A008B26 indicated that these three cDNAs represent different,
previously unknown transcripts (Table 3).

High sequence homology to two additional genes was iden-
tified using the end sequences of PACs GS7483 and GS7484
(GS7484-T7 and GS7483-SP6; Table 3). GS7484-T7 showed
90% identity to an uncharacterized gene located within theλ
immunoglobulin light chain locus on 22q11 [GenBank acces-
sion no. D88269, bases 5515–5644 (38)] with homology to an
EST representing a BEM-1/BUD5 suppressor-like protein
(GenBank accession no. AA478019). GS7483-SP6 showed
92% identity to a human ATP-binding cassette protein mRNA
localized to chromosome 1q42 (GenBank accession no.
U18237) (39). Further characterization of these ESTs/cDNAs
will be required to determine which of these may represent
functional genes. In addition, polymorphisms will need to be
identified to discriminate possible expression of a functional
gene from more than one duplicon copy.

Two copies of the duplicon present in BP3

The ‘composite contig’ created across BP2 (Fig. 3) did not allow
unambiguous localization of the 11 BAC/PAC clones contained
completely within the duplicon. Only clones GS5022 and
GS124B5, on the proximal and distal boundaries of BP2, respec-
tively, could be uniquely mapped (Fig. 3). To determine if sufficient
sequence divergence existed between BP2 and BP3 to allow precise
mapping of the other 11 clones, sequencing of four STSs (S15, S16,

Table 4.STS sequence variation

Dx nt., diagnostic nucleotide which corresponds to the base number in the GenBank sequence.
aProbable polymorphism of position 303 in y931C4.
bBase numbers from GenBank sequence; represents the reverse sequence in Buitinget al. (25).
cMN7 sequences are numbered according to Buitinget al. (25).

Locus GenBank accession no. Dx nt Location Clones

S15 AF017567 G165,T176

S15(S1) A165,C176 BP2 y931C4, y409C4, y368H3

S15(S2) A165,T176 BP3A y962D11, y893H9, yA86C1, GS7484, GS253A21

S15(S3) G165,T176 BP3B y962D11, y893H9, yA86C1, GS7483

S16 AF017568 A68,A74,C160,G162,C168,T253,C303

S16(S1) G68,A74,T160,T162,G168,C253,C303 BP2 yA124A3, yB148C8, GS179K9,

(G68,A74,T160,T162,G168,C253,T303)a (y931C4)a

S16(S2) A68,A74,C160,G162,C168,T253,C303 BP3A y962D11, y893H9, y93C9, yA86C1, yA162B8, GS160F18, GS119F13

S16(S3) G68,_74,T160,T162,G168,C253,C303 BP3B y764C6, GS52I3, GS82G5, GS179A12

S17 AF017569 G81

S17(S1) T81 BP2 y409C4, y368H3, y254B5, y166G7, GS124B5

S17(S2) G81 BP3A/3B y962D11, y893H9, y93C9, yA86C1, GS253A21, GS246N13,
GS119F13, y931C4

MN7 X69635 A147,T175,C195 b

(D15F37)

MN7(S3)c G147,C175,C195 BP2 y931C4, GS179K9

MN7(S1)c A147,T175,T195 BP3A y962D11, y893H9, yA86C1

MN7(S2)c A147,T175,C195 BP3B y943D8, y962D11, y893H9, yA86C1, yA162B8, y764C6, GS229K19,
GS98H3, GS52G8
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S17 and MN7) was performed on YACs anchored to either BP2 or
BP3. All four STSs showed sequence divergence ranging from one
to six nucleotides in the BP2 and BP3 YACs (Table 4). The pres-
ence of two different sequences within BP3 YACs for three STSs
(S15, S16 and MN7) suggested the presence of two different copies
of the duplicon at BP3. In previous studies, two different sequences
had been identified for MN7 in yA86C1 and y962D11 (24,25);
however, the distance between them had not been determined.
Additionally, the unique sequences of S16 present in YACs
y962D11 and y764C6 indicated that these YACs did not overlap
each other, providing further evidence for the presence of two cop-
ies of the duplicon within BP3 (Figs 1 and 4).

To fine map the BACs to specific BP regions, at least one of the
four STSs (S15, S16, S17 or MN7) was sequenced for all BAC/
PACs (Table 4). This analysis showed that only clone GS179K9
originated from BP2, whereas the other 10 clones mapped to two
different sites within the BP3 region (Fig. 4 and Table 4). Although
several YACs showed the presence of two copies of S15 and MN7
(y962D11, y893H9 and A86C1), the BAC/PAC clones showed
only one copy of any individual STS, indicating separation of the
duplicated STSs by a distance greater than the size of a single BAC
clone. Sequencing of S16 and S17 in GS119F13, a clone which did
not map to BP2, indicated a location which crosses the boundary

between two copies of the duplicon (Fig. 4). The presence of two
sequences for S15 and MN7 in BP3 YACs with single sequences in
individual BAC clones confirms the presence of two copies of the
duplicon within BP3, which we have termed BP3A and BP3B.
Linkage of the two BP3 duplicons in a head-to-tail manner in
GS119F13 indicates a direct (tandem) orientation for BP3A and
BP3B.

DISCUSSION

Until recently, relatively few data were available on the molec-
ular mechanisms of recurring constitutional chromosome rear-
rangements in humans. Detailed physical maps of human
chromosomes have led to recognition of the importance of
genome organization or architecture in the mechanisms of
some human genetic diseases (40). The presence of low copy
number, chromosome-specific repeated DNA sequences pro-
vides an opportunity for homologous recombination events
leading to chromosomal rearrangements which have been
referred to as ‘genomic disorders’ (40), to distinguish them
from the more common mutational mechanisms associated
with most Mendelian genetic diseases.

Figure 4. STS content map, including sequenced STSs, for BP2, BP3A and BP3B. Below the STSs are horizontal lines representing individual clones (YACs/
BACs/PAC and cosmids). A filled circle represents a positive PCR reaction between the STS and the clone indicated and an x represents a negative PCR reaction.
A small filled square represents an STS developed from a clone end and large open circles indicate STSs that have been sequenced. Note that only one BAC clone
(GS179K9) from the ‘composite contig’ (Fig. 3) originates from the BP2 region, while multiple clones originate from BP3A and BP3B, including GS119F13,
which spans the two copies within BP3. YAC y93C9 is the clone shown to contain BP3 by FISH (13) and yA86C1 and yA168B8 were identified using MN7 (24).
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There are now several examples of recurring chromosomal
abnormalities, including deletions, duplications and inver-
sions, mediated by multiple copies of a DNA element with
high sequence homology. Most often, misalignment of these
homologous sequences within a chromosomal region leads to
unequal meiotic exchange. The products of these homologous
recombination events will be dependent on: (i) the orientation
of the DNA elements; (ii) the type of DNA strand exchange;
and (iii) whether the rearrangements are inter- or intrachromo-
somal. The DNA elements that mediate these rearrangements
may be copies of related genes or pseudogenes (e.g. globin),
common interspersed repeats (e.g. Alu or LINE elements) or
other chromosome-specific low copy repeats (40–42).

The now classic paradigm for chromosome-specific repeats
mediating unequal homologous recombination is Charcot–
Marie–Tooth syndrome type 1A (CMT1A) and hereditary neu-
ropathy with liability to pressure palsies (HNPP) (43). CMT1A
and HNPP result from reciprocal duplication and deletion
events, respectively, involving a 1.5 Mb region on 17p11.2
flanked by two copies of a 24 kb repeat sequence (CMT1A-
REP) arranged in a direct orientation (43,44). Interchromo-
somal misalignment and crossing-over within the repeats dur-
ing meiosis I produces these reciprocal duplication and
deletion events. The breakpoints have been fine mapped to a
557 bp region within the CMT1A-REPs containing a 456 bp
region of perfect sequence identity. This is thought to represent
a minimum efficient processing segment, required for homolo-
gous recombination and is located adjacent to amariner trans-
poson-like element (45). A similar example of chromosome-
specific low copy number repeats predisposing to chromo-
somal rearrangement is that of X-linked ichthyosis due to ster-
oid sulfatase (SS) deficiency. Approximately 90% of these
patients have a 1.9 Mb deletion on Xp22.3, mediated by
VNTR-like repeats flanking the deletion interval and resulting
in complete deletion of theSSgene (46,47).

In contrast, crossing-over of duplicated DNA sequences that
are in an inverted orientation mediates intrachromosomal
inversions. There are three such examples of duplicated
sequences on distal Xq which mediate inversions and are asso-
ciated with genetic disease. In hemophilia A, ~45% of muta-
tions are due to an inversion event involving two copies of
‘gene A’. One copy of this gene is located within the factor
VIII gene, while two additional copies are located ~500 kb dis-
tal on Xq (48). A foldback pairing mechanism for the telomeric
portion of Xq has been proposed as an intermediate structure
which is followed by a cross-over event between two ‘gene A’
copies (48). This creates a paracentric inversion, which dis-
rupts the factor VIII gene by separating exons 1–22 from exons
23–26 (48). Similarly, the gene deficient in Hunter syndrome,
iduronate 2-sulfatase (IDS), is disrupted in ~13% of patients
due to a paracentric inversion event involving anIDS pseudo-
gene (IDS-2), located 20 kb distal in an inverted orientation
(49). Theemeringene, responsible for Emery–Dreifuss mus-
cular dystrophy, is flanked by two copies of an 11.3 kb repeat
in an inverted orientation (50). This has led to a common inver-
sion polymorphism, in which ~33% of normal females are het-
erozygous for a paracentric inversion. More rarely, complete
deletion of theemeringene has been identified due to a more
complicated rearrangement in this region (50,51).

Intrachromosomal crossing-over of the inverted duplicons
on chromosome 15 would predict a paracentric inversion event

similar to that observed on Xq28. Although such inversions
have not been reported, they would be difficult to detect by
standard G-banded chromosome analysis and a systematic
search for an inverted order of DNA markers by FISH may be
necessary to address this issue. In contrast, interchromosomal
crossing-over of these inverted duplicons would predict forma-
tion of an inv dup(15) plus an acentric fragment, so alternative
DNA strand exchange events are needed to mediate the inter-
stitial deletions observed in 15q11–q13.

One model for an intrachromosomal deletion event between
inverted duplicons would require a foldback or stem–loop interme-
diate structure, with excision or deletion of the intervening ‘looped-
out’ DNA segment. The best characterized example of this type of
rearrangement is V(D)J recombination observed with the immu-
noglobulin heavy and light chain genes (52). Additionally, several
examples of deletions in human have been proposed as being medi-
ated by such stem–loop structure intermediates. In autosomal reces-
sive juvenile nephronophthisis (NPH), a homozygous deletion of an
~250 kb region on chromosome 2q13 is the most frequent mutation
mechanism observed. The deleted segment is flanked by two copies
of an ~100 kb duplicated region arranged in an inverted orientation
(53). Overall, 80% of familial cases and 65% of sporadic cases of
NPH showed the presence of a homozygous deletion of this region
(53). In familial hypercholesterolemia, deletions of the LDL recep-
tor have been reported in which the rearrangement was mediated by
Alu elements arranged in an inverted orientation (54).

Support for intrachromosomal homologous recombination
mediating some deletions in PWS/AS comes from two studies.
In one study, the grandparental origin of the deletion in seven
PWS families was determined using polymorphic markers
flanking the deletion (55). Recombination between the grand-
parental alleles flanking the site of deletion was observed in
five cases (suggestive of interchromosomal events), but two
cases showed no recombination (consistent with an intrachro-
mosomal event) (55). In a similar study, analysis of the grand-
parental origin in nine PWS/AS deletion patients demonstrated
five cases with recombination between grandparental alleles
and two cases with no recombination (9). Together, four cases
are consistent with an intrachromosomal deletion event, while
10 cases are suggestive of an interchromosomal exchange.
However, in these latter 10 cases, one cannot distinguish an
interchromosomal deletion associated with recombination
from an intrachromosomal deletion after recombination.

An interchromosomal deletion mechanism would also pre-
dict formation of the reciprocal duplication product, as seen
with CMT1A/HNPP (43). Two cases of interstitial duplica-
tions on 15q11–q13 have been observed which involve BP3,
consistent with this prediction (7). However, interstitial dupli-
cations have also been identified which involve BP4 (9), indi-
cating multiple mechanisms producing these rearrangements.
The high frequency of PWS/AS deletions [~1/10 000 (2,3)]
and the rarity of reported cases of interstitial duplication 15 (5–
9) suggests that intrachromosomal mechanisms may be a com-
mon cause of deletions of 15q11–q13. However, lack of ascer-
tainment of duplication 15 cases may also contribute to the
significantly smaller number of cases reported.

Currently, seven genes/pseudogenes, have been identified
which are present in both the proximal (BP2) and distal (BP3A/
BP3B) regions. Three cDNAs (IMAGE 120151, 241447 and
346304) represent unknown transcripts, whereas two others
(IMAGE 321824 and 511845) are highly similar to the MYLE
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and KIAA0393 mRNA sequences, respectively. Two PAC ends
show high sequence identity to a BEM-1/BUD5 suppressor-like
protein (GS7484-T7) and an ATP-binding cassette protein
(GS7483-SP6), located on other chromosomes, and may represent
pseudogenes in the 15q11–q13 duplicons.

One gene has been identified within the duplicon termed
HERC2(26) or ERY-1(25). A006B10 is contained within the
sequence for KIAA0393, the 7.0 kb transcript containing MN7
(28), but not theHERC2gene (26), indicating that the 7.0 and
15.0 kb MN7-containing transcripts may represent alterna-
tively spliced products of the same gene. The mouse homolog
for HERC2, termedrjs (27) or herc2 (26), has recently been
identified and maps to a single location on mouse chromosome
7 orthologous to BP3A (28), suggesting that BP3A is the
ancestral duplicon in human. The cDNA sequence data
together with the BLASTN analysis of all STSs demonstrates
the presence of multiple genes/pseudogenes in these duplicons
with their functional status yet to be determined.

Recent physical mapping data for several microdeletion syn-
dromes observed in human has demonstrated the involvement
of large duplicated genomic segments at the common deletion
breakpoints (40). This includes Smith–Magenis syndrome
(SMS) at 17p11.2, Williams syndrome (WS) at 7q11.2 and
DiGeorge (DGS)/velo-cardio-facial syndrome (VCFS) at
22q11.2. The best characterized of these is the ~5 Mb deletion
associated with SMS. Located centromeric to the CMT1A/
HNPP deletion/duplication region, the SMS deletion region is
flanked by duplicons termed SMS-REPs (56). Partial cosmid
contigs have been developed across the SMS-REPs, estimated
to be >200 kb in size (40,56), but the orientation of the dupli-
cons is currently unknown (56). Four genes,SRP, TRE, KER
andCLP, are located within both the proximal and distal SMS-
REPs and analysis of SMS deletion patients using theCLP
cDNA probe identified a 1.2 Mb novel junction fragment in 29
of 31 patients analyzed (56).

Williams syndrome is associated with deletions of 7q11,
including the elastin andLIMK1 genes, in >90% of patients
(57–59). Two duplicated genes,PMS2LandGTF2I, are both
present in the regions flanking the WS deletion region, sug-
gesting that duplicons may be involved in these rearrange-
ments (60–62). A novel >3 Mb junction fragment was detected
in WS deletion patients using a cDNA probe for IB291, located
within the duplicated flanking regions (62).

Two deletions of either 3.0 or 1.5 Mb on 22q11.2 are associ-
ated with DGS/VCFS (63). The proximal breakpoint region is
the same in both deletions; however, two different distal break-
points are observed. Preliminary characterization of the large
deletion has identified ~300 kb duplicons arranged in tandem
at the sites of rearrangement and containing at least five genes/
pseudogenes (64). Interestingly, the supernumerary marker 22
chromosomes, observed in the cat eye syndrome, involve the
same breakpoint regions observed in the DGS/VCFS deletions
(65), possibly indicating a similar mechanism of formation as
the small and large supernumerary marker chromosomes
derived from 15q11–q13 (17).

The fact that these four common microdeletion syndromes
are all located in relatively close proximity to the pericentro-
meric region of the chromosome raises interesting questions
regarding the mechanism of duplication of these large genomic
segments. Evidence is emerging that the pericentromeric
regions, located adjacent to theα satellite arrays of the centro-

meres, contain paralogous copies of chromosomal regions
duplicated and translocated from other locations within the
human genome (30). The pericentromeric region of chromo-
some 15 is known to contain partial copies of the immunoglob-
ulin heavy chain V and D segments (66,67),NF1 pseudogenes
(68–70) andGABRA5pseudogenes (71). Additionally, while a
single copy of MN7 is present in mouse, located in a region
syntenic with the BP3A site, multiple copies are present in
human near the pericentromeric regions on both 15q11.2 and
16p11.2 (24). The microsatellite D15S543, located just distal
to BP2, is also present on 16p13, indicating a second duplica-
tion event between chromosome 16 and 15q11.2. These data
suggest that duplication of large genomic regions, near peri-
centromeric regions, can create genomic instability, which
may predispose to further chromosomal rearrangements.

MATERIALS AND METHODS

Genomic clones

YACs used in this study are derived from the CEPH Mark I, CEPH
Mark II or St Louis libraries and were previously mapped by STS
typing by Christianet al.(29). YAC yA162B8 was identified using
STS MN7 (24). YACs were acquired from either the Baylor Col-
lege of Medicine Genome Center (Houston, TX), the National
Human Genome Research Institute (NIH, Bethesda, MD),
Research Genetics (Huntsville, AL) or CEPH (Paris, France).

PAC GS5022 was identified by screening a total human P1
library using STS D15S18 (Genome Systems, St Louis, MO).
This clone was previously published by Huanget al. (18) as
clone 770c6. PACs GS7483 and GS7484 were isolated from
the same P1 library using STS 368H3L. Cosmid 512 (c512)
was identified using STS S543 as previously described (18).
All BACs were identified by PCR screening of a total human
BAC library (Genome Systems), using the STSs listed in
Table 1. DNA from genomic clones was isolated using an
AutoGen 740 (Integrated Separations Systems, Natick, MA).
Sizing of BAC/PAC clones was performed by digesting 1µg
DNA with NotI for 3 h and separating on a 1.0% SeaKem GTG
agarose gel (FMC Bioproducts, Rockland, ME) using the Bio-
Rad Chef Mapper apparatus (Bio-Rad, Hercules, CA) with an
auto-algorithm mode ranging from 5 to 300 kb at 14°C. The
gels were stained with ethidium bromide, visualized on a UVP
GDS8000 gel documentation system (UVP, Upland, CA) and
sizes determined by extrapolation with known size markers.

Chromosome 15 STSs

New STSs were developed by sequencing the ends of BACs
GS52I3, GS124B5 and GS229K19 and PACs GS7483 and
GS7484 (Table 2). Briefly, BAC DNA was isolated using the
AutoGen 740 and purified using Microcon 100 microconcentrators
according to the manufacturer’s protocol (Amicon, Beverly, MA).
One microgram of BAC DNA and 40 pmol of primers were used
for sequencing with the ABI Prism BigDye Terminator Cycle
Sequencing Ready Reaction kit and analyzed using the ABI 377
automated DNA sequencer (Applied Biosystems, Foster City, CA).
STS primers were designed using the Primer3 program from the
Whitehead Institute, Massachusetts Institute of Technology (MIT;
http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi
). The complete sequences for the BAC ends have been submitted
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to GenBank with the accession numbers listed in Table 2. All other
STSs have been described previously (29).

STS content mapping using PCR

Ten microliter reactions containing 1.0µl Perkin Elmer 10× buffer
I, 200µM dNTP mix, 0.5µM primers, 0.5 U Amplitaq Gold (Per-
kin Elmer, Foster City, CA) and 5–25 ng template DNA were ana-
lyzed for each STS against all YACs, BACs and PACs mapping to
these regions. PCR was performed and analyzed as previously
described (29).

FISH

Chromosome preparations were made from peripheral blood or
lymphoblastoid cell lines from normal controls and PWS/AS dele-
tion patients using standard methods. In addition, metaphase prepa-
rations were made from lymphoblastoid cell lines from a common
chimpanzee (P.troglodytes) and gorilla (G.gorilla), as well as a
fibroblast cell line from a crab-eating macaque (M.fascicularis)
(GM03446; Coriell Institute for Medical Research, Camden, NJ).
Probe labeling, DNA hybridization and antibody detection were
carried out using methods described previously (72). FISH slides
were analyzed using a Zeiss Axiophot microscope with filters to
detect DAPI, FITC and rhodamine separately as well as a triple
bandpass filter (no. 83000; Chroma Technology, Brattleboro, VT)
to detect signals simultaneously. Images were collected and merged
using a cooled CCD camera (KAF 1400; Photometrics, Tucson,
AZ) and IP Lab Spectrum (Signal Analytics, Vienna, VA) or Quips
mFISH software (Vysis, Downer’s Grove, IL). At least 10 meta-
phase cells were analyzed for each probe to verify probe location
and to detect any cross-hybridization to other chromosomes. D15Z3
(pMC15), anα satellite probe for chromosome 15 (73), was added
to the hybridization solution to aid in identification. If a probe
appeared to give multiple signals on chromosome 15, additional
interphase nuclei were examined.

Interphase FISH distance measurements

For genomic distances in the range 50 kb–2 Mb, the physical
distance between a pair of probes in interphase (i.e. interphase
distance or ID) is related to the genomic distance (74). Probes
labeled with either biotin or digoxigenin were hybridized in
pairs to G0/G1 synchronized fibroblast nuclei and the distance
between probe signals was measured using the measure length
command contained in the IP Lab Spectrum v.3 software pack-
age (Signal Analytics). The measure length command was cali-
brated using images from a Zeiss stage micrometer and at least
60 interphase distances were measured for each pair of probes.
Genomic distance was estimated from a calibration curve gen-
erated in our laboratory using cosmids from 4p16.3, which
were previously used to generate the relationship between the
mean interphase distance squared and genomic distance (75).

Sequencing of genomic clones

PCR reactions using four STSs (S15, S16, S17 and MN7) were
used to amplify DNA from YAC, BAC and PAC clones. The reac-
tions were performed in 100µl reactions by scaling up the condi-
tions indicated above. The PCR products were purified using
Microcon 30 or Microcon 100 filters according to the manufac-
turer’s protocol (Amicon). The samples were resuspended to a final

volume of 100µl, and 5µl were used for visualization on a 1.0%
agarose gel to check for the presence of a single band. PCR products
were quantitated and then sequenced using the ABI Prism BigDye
Terminator Cycle Sequencing Ready Reaction kit and the ABI 377
automated DNA sequencer (Applied Biosystems).

Sequencing of cDNA clones

Clones corresponding to ESTs SHGC17218 (IMAGE
346304), SHGC15126 (IMAGE 511845), SGC32610
(IMAGE 241447), A006B10 (IMAGE 321824) and A008B26
(IMAGE 120151) were acquired from the American Type Cul-
ture Collection (Rockville, MD) or Research Genetics (Hunts-
ville, AL). DNA was isolated from 3 ml cultures of cDNA
clones 241447 and 321824 using the AutoGen 740 in a total
volume of 50µl. The DNA was purified and concentrated
using Microcon 100 filters according to the manufacturer’s
protocol (Amicon). Aliquots of 1.5µl of DNA concentrate and
40 pmol of T3 or T7 primers were used for sequencing each
clone end using the ABI Prism BigDye Terminator Cycle
Sequencing Ready Reaction kit and the ABI 377 automated
DNA sequencer. Sequence analysis using Sequencher 3.1
(Gene Codes, Ann Arbor, MI) indicated no overlap in the
sequence, so new primers were designed for the 3'-end of the
sequence using the Primer3 program from MIT. A second
round of sequencing was performed and Sequencher 3.1 anal-
ysis confirmed completion of the single pass sequencing. Sin-
gle pass sequencing was performed on clones 120151, 346304
and 511845 by a commercial source (SeqWright, Houston,
TX).

ABBREVIATIONS

AS, Angelman syndrome; BAC, bacterial artificial chromo-
some; BP, breakpoint; DGS, DiGeorge syndrome; EST,
expressed sequence tag; FISH, fluorescencein situ hybridiza-
tion; IDS, iduronate 2-sulfatase; NPH, nephronophthisis; PAC,
P1-derived artificial chromosome; PWS, Prader–Willi syn-
drome; RFLP, restriction fragment length polymorphism;
SMS, Smith–Magenis syndrome; SS, steroid sulfatase; STS,
sequence tagged site; VCFS, velo-cardio-facial syndrome;
WS, Williams syndrome; YAC, yeast artificial chromosome.
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