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Homologous recombination of a flanking
repeat gene cluster is a mechanism for a
common contiguous gene deletion syndrome

Ken-Shiung Chen!, Prasad Manian!?, Thearith Koeuth!, Lorraine Potockil?, Qi Zhao!, A. Craig Chinault!#,

Cheng Chi Lee!** & James R. Lupski®>>*

Smith-Magenis syndrome (SMS), caused by del(17)p11.2, represents one of the most frequently observed human
microdeletion syndromes. We have identified three copies of a low-copy-number repeat (SMS-REPs) located within
and flanking the SMS common deletion region and show that SMS-REP represents a repeated gene cluster. We have
isolated a corresponding cDNA clone that identifies a novel junction fragment from 29 unrelated SMS patients and a
different-sized junction fragment from a patient with dup(17)p11.2. Our results suggest that homologous
recombination of a flanking repeat gene cluster is a mechanism for this common microdeletion syndrome.

DNA deletion is a common mutational event. The size of deletion
can vary from a single base to megabases (Mb) of DNA. Small
DNA deletions (under 20 bp) may be mediated by short repeats!.
In such cases, the deletion frequency is proportional to the size of
the repeat and to the extent of the homology, but is inversely pro-
portional to the distance between the repeats?™. Factors affecting
DNA deletion over megabase distances are not known; however, it
is observed that DNA deletion, which results in loss of megabases
of DNA, occurs with a higher frequency in specific regions of the
human genome and leads to various genetic disorders. Whether
these specific deletions represent preferential survival of rearrange-
ments that do not contain haplolethal genes, or reflect the effects
of specific genome structural features that lend themselves to DNA
rearrangement, remains an open question. Studying recombina-
tion events in these disorders may provide insight into the mole-
cular mechanism which leads to these deletion syndromes.

Contiguous-gene syndromes (CGS) comprise a group of disor-
ders associated with chromosomal microdeletions or microdupli-
cations. Deletion or duplication of functionally unrelated but
physically contiguous dosage-sensitive genes can lead to complex
phenotypic abnormalities. The Smith-Magenis syndrome (SMS) is
thought to be a contiguous-gene deletion syndrome associated with
an interstitial deletion of the short arm of chromosome 17 in band
p11.2. The birth prevalence of SMS has been estimated to be 1/25,000
(ref. 5). It is generally believed, however, that the frequency of this
disorder is underestimated because the clinical features may be sub-
tle and the cytogenetic abnormality is small and may not be detect-
ed by routine cytogenetic analysis. The clinical findings of SMS
include mental retardation, neuro-behavioral abnormalities, sleep
disturbances, short stature, minor craniofacial and skeletal anom-
alies, congenital heart defects and renal anomalies®. The wide spec-
trum of phenotypic variation could arise from variation in the size
of the DNA deletion; however, molecular studies>!%!! demonstrate
that most patients have the same genomic markers deleted, sug-
gesting that there is a common deletion estimated to span approxi-
mately 5 Mb!213, It is likely that haplo-insufficiency of one or more
genes in the commonly deleted region underlies this disorder.

To define the molecular basis of SMS and to investigate the

hypothesis that specific genome structural features may be respon-
sible for the deletion rearrangement associated with this disorder, we
have constructed a physical map of the 17p11.2-12 region in the
form of a yeast artificial chromosome (YAC) contig covering 8 Mb.
We have identified repetitive sequences both within and sur-
rounding the SMS common deletion region, including three copies
of a repeat gene cluster {designated SMS-REPs). Using a probe to
flanking SMS-REP sequence, we have identified a patient-specific
junction fragment in more than 90% of SMS individuals tested (29
of 31). Our data suggest that recombination between flanking repeat
gene clusters is a frequent cause of the SMS common deletion.

Low copy repeats in 17p11.2-12

We constructed a YAC contig for 17p11.2-12 spanning the SMS
and the adjacent Charcot-Marie-Tooth disease type-1A (CMT1A)
region (Fig. 1). A number of DNA markers had been previously
mapped to the SMS critical region®. Sequence-tagged sites (STSs)
derived from these markers'®14 were used to screen the CEPH
‘mega-YAC''> or CEPH Mark I (ref. 16) YAC libraries. We obtained
additional STS markers used for screening from the public data-
bases and published genetic linkage maps'”. We also used seven
STSs for genes (ADORAZ2B, FLI, snU3, MFAP4, ALDH3, SREBP1
and ¢SHMT) and two STSs (R191 and R193) derived from YAC
ends (354G11 and B11C4, respectively) for YAC screening.

The map constructed using an STS-content mapping
approach!®-2! contains three overlapping sets of YACs and two
gaps. The most telomeric contig extends from the 1,600-kb CEPH
mega-YAC 961F10, which contains the D175124locus, to a 1,200 kb
CEPH mega YAC 901C9, which contains locus D17571 (marker
1041). This region consists of 30 YACs, which include the CMT1A
critical region and distal SMS-REP (SMS-REPD). The second con-
tig consists of two YACs, 717F7 and 349A2, which contain SREBPI.
The third contig spans the markers FLI and D17558 and contains 55
YACs. This region contains the middle SMS-REP (SMS-REPM)
and proximal SMS-REP (SMS-REPP). Although the precise size
of the two gaps could not be determined, it is likely that the region
encompassing markers 1041-SREBPI-FLI is less than 1 Mb, as the
estimated size of the SMS common deletion is 5 Mb, and the exist-
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Table 1 » Methods and materials used to study copy
number of repeat markers in Fig. 1

Gene/Locus Copies Genomicreagents Methods
D175793 2 * Q
5H5 (D175455) 2 * ]
5G7 (D175458) 2 * Q
wi868 2 * Q
1517 4 * A
R193 2 +kv A
R191 3 +hv A
SRP 3 *V A
TRE 3 *v A
KER cluster 3 *v A
cLp 2 kv A
snU3 at least 2 *v ]

+Somatic cell hybrids. *YAC. ¥ Cosmids. OPCR. ASouthern analysis. The
genes in the shaded area represent the SMS-REP repeat gene cluster.
The CLP gene is present in both the distal repeat gene cluster (SMS-
REPD) and proximal repeat gene cluster (SMS-REPP) but not in the mid-
dle repeat gene cluster (SMS-REPM), whereas SRP, TRE and KER clusters
are present in SMS-REPD, SMS-REPM and SMS-REPP.

ing YACs within the SMS region cover at least 4 Mb.

This physical map, in addition to somatic cell hybrid mapping
{data not shown), not only confirms the presence of each marker
in the SMS region but also identifies several low-copy-number
repeats (Table 1). Among the 39 DNA markers derived from the
YAC contig, twelve markers— D175793, D175445, D175458,
D175259 (1517), W1868, R193, R191, SRP (signal recognition par-
ticle)?2, TRE (tumour-specific gene)?®, KER (keratin gene), CLP
(coactosin-like protein) and snU3 (ref. 24) —were mapped to
more than one locus outside, within or flanking the SMS com-
mon deletion region. The locations of each repeat were confirmed
by YACs that carry adjacent unique markers, which reveal the same
repeat sequence in otherwise distinct YACs. Each repeat copy was
distinguished either by polymerase chain reaction (PCR)-based
analysis or by Southern analysis on a somatic-cell hybrid panel.
Each repeat sequence identified is found in normal individuals
and also in a monochromosomal (17) somatic-cell hybrid cell line,
suggesting that they are present in multiple copies and are not
allelic polymorphisms.

CLP flanks the common deletion

R193 (R193P) maps between markers R191P and R191M. R193
identified twenty cosmid clones from a flow-sorted human chro-
mosome 17 cosmid library (LA17NCO1; ref. 25), including
€145G12. This cosmid was also identified by reciprocal probing?®
of the same LA17NCOI1 library with clones from a human pla-
centa cDNA library. Cosmid ¢145G12 was mapped by fluores-
cence in situ hybridization (FISH) to 17p11.2, and was found to
hybridize by Southern blotting with a 1.4-kb cDNA clone 41G7A.
When clone 41G7A was used to probe a northern blot, it identi-
fied a single mRNA band of approximately 2 kb expressed pre-
dominantly in placenta, lung, liver and kidney (Fig. 2a).
Re-screening of the placenta cDNA library with 41G7A identi-
fied several cDNAs of 1.85 kb. The sequence revealed an open
reading frame of 576 bp with a potential start codon (ATG) at
position 150 and stop codon (TAA) at nucleotide 576 (Fig. 2b)
and identified more than twenty EST clones in the genome data-
base. The deduced amino-acid sequence shows significant pep-
tide homology to coactosin (Pgp 551 =5.4€-25), an actin-binding
protein from Dictyostelium discoideum, with 74.9% of the amino
acids being identical or conserved (Fig. 2¢; ref. 27). We therefore
designated this gene coactosin-like protein (CLP). Although the
genomic structure of this gene is not yet fully characterized, the 3
untranslated region shows more than 95% sequence identity over
210 bp to a human cDNA that contains a sequence with
autonomously replicating activity (Fig. 2b; ref. 28).

To further localize the genomic region of CLP, we performed
Southern analysis using a somatic-cell hybrid-mapping panel of
the 17p region. A 1.1-kb HindIII fragment from the cDNA clone
41G7A, which contains the 3" end of the coding region and part
of the 3" untranslated region, was used as the CLP probe. These
studies mapped CLP to each end of the SMS common deletion
region (Fig. 3). The presence of 8.1-, 5.0- and 0.9-kb HindIII bands
in total human genomic DNA and in the monochromosomal
hybrid for chromosome 17 (MH22-6) (Fig. 34, lanes 1 and 4,
respectively) indicates that these bands are specific for chromo-
some 17 and are not due to allelic polymorphism. The 8.1-kb band
is absent in hybrids 254-1D and 357-2D, indicating that this band
corresponds to the distal copy of CLP (Fig. 34, lanes 5 and 6,
respectively). Similarly, the 5.0-kb and 0.9-kb bands are absent in
hybrid 484-2D and 88H5 (Fig. 34, lanes 7 and 8, respectively) but
present in 254-1D, indicating the presence of the other copy of
CLP in proximal 17p11.2 (CLPP). Consistent with these results,

Further study of repeat R193 indicates that the proximal copy of = the chromosome 17-specific bands (8.1, 5.0 and 0.9 kb) are absent
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Fig. 2 Northern analysis, cDNA structure and sequence alignment of the CLP gene. a, North-
ern analysis of poly(A)* RNA from adult tissues using CLP cDNA as probe. The molecular-
weight markers are indicated to the left of the blot. b, Structure of a CLP gene. The 5" and 3"
ends of the gene are indicated. The hatched box indicates the coding region. The dotted box
represents the area 3’ to the coding region with homology to a human autonomously repli-
cating sequence (ARS). ¢, Comparison of peptide sequences of CLP and coactosin. Seventy-

five percent of amino acids are homologous; 33.3% are identical. Identical amino acids are indicated by double dots and conserved amino acids by a single
dot. Dashes indicate gaps that have been introduced to achieve optimal sequence alignment.
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in hybrids LS-1 and 484-2D. The presence of a 1.6-kb band in
human genomic DNA and somatic-cell hybrids 254-1D and
357-2D, which was not detected in MH22-6, suggests homolo-
gous sequences elsewhere in the genome. Southern analysis of a
rodent somatic-cell hybrid panel retaining individual human chro-
mosomes suggests the presence of homologous sequences on chro-
mosomes 15, 16 and Y (data not shown).

Southern analysis of the YAC clones carrying unique markers
further confirmed the presence of two copies of CLP, one at each
end of the SMS critical region. DNA from the YAC clones span-
ning the SMS common deletion junctions were digested with
HindIIl, and Southern blots were then hybridized with the CLP
probe. This probe detects an 8.1-kb band in distal YACs 912D7
and 567A12 (Fig. 3b, middle panel, lanes 1 and 2), confirming
that this band corresponds to the distal copy of SMS-REP. In con-
trast, both 5.0-kb and 0.9-kb bands are identified within 797G1
and 907E8 (Fig. 3b, middle panel, lanes 3 and 4), which span the

a
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117-4D
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Cl

proximal junction of the SMS critical region. Southern analysis
using the same CLP probe identified cosmid clones corresponding
to proximal (CLPP) and distal (CLPD) copies of this gene. Human
chromosome 17-specific cosmid library (LA17NCO1) was
screened with R193 and CLP probes, respectively. DNA from puta-
tively positive cosmid clones was purified, and subsequent South-
ern-blot analysis of selected clones indicated that three of them
—c99C12, ¢80C2 and c52H1—contain the 8.1-kb HindIII frag-
ment and thus map to the distal SMS-REP (Fig. 3b, right panel,
lanes 1, 2 and 3), while c116H12, c100H4 and c¢77E6 contain the
5.0-kb and 0.9-kb HindlII fragments and thus map to the proximal
copy of SMS-REP (Fig. 3b, right panel, lanes 4, 5 and 6).

SMS-REP is a complex repeated gene cluster

To further characterize SMS-REP, we used a ~400-kb CEPH Mark
I YAC clone (126H9; Fig. 1) spanning the proximal SMS common
deletion junction to screen an arrayed chromosome 17-specific
cosmid library? and identified 149 cosmids. The unusually
high number of cosmid clones identified {five to ten times
the expected frequency) suggests that this sequence has mul-
tiple copies on chromosome 17. Cosmid clones were digest-
ed with EcoRI, and subsequent Southern analysis and
restriction mapping allowed us to assign 41 of them into
three regions. Group 1, between c¢99C12 and ¢5F2 with one
gap, contains twelve cosmids from the distal SMS-REP inter-
val. Group 2, between ¢37A5 and ¢28G10 with one gap, con-
tains eight cosmids from the middle SMS-REP. Group 3,
between c145G12 and ¢31C8 with no gap, contains 21 cos-
mids from the proximal SMS-REP (Fig. 4). Among these
cosmids, ¢99C12, ¢80C2 and ¢52H1 have been shown to
associate with CLPD, while c116H12, c100H4 and c77E6
have been shown to associate with CLPP (Figs 3b,4). These
cosmids were therefore used as ‘anchors’ for subsequent cos-
mid walking.

DNA sequence obtained from the SMS-REP cosmids by
sequencing from the T3 and T7 ends of the cosmid vector
identified homology to three genes. Sequence analysis of the

T3 end of c155B11 and c37A5

b - = using BLASTN reveals significant

525D SazIZe homology to SRP (enching a sig-

2823 aa8 = ek nal recognition particle from

w 1239 b 123456 canine pancreas) (P=9.5¢716) and

= KER (type-I keratin) (P=9.6e714),

2 2 = 8.1— i 31 ——— -+ respectively. Moreover, the T7 end

@ o @ A 51— of c37A5 shows significant homol-

a & © 51— RO 5.1— R . ogy to human TRE oncogene

 l—— F & - (tumour-specific antigen) (P=

- - 4.9¢792), The T7 end of c37A5 also

%= 3 - hybridizes with cosmid ¢77E6,

y91207 yreras , which contains CLPP, suggesting

VseTAIE i T I i that a copy of TRE is adjacent to
c98C12 — == cl116H12 1.6~ 1.6— .

poisrgla EE CLPP. Subsequent characteriza-

s - CTTES - N 5 & tion demonstrated that SMS-REPP

Fig. 3 Genomic localization of CLPP and CLPD in 17p11.2. a, To the left is an ideogram of 17p and deletions repre-
sented in our deletion hybrid mapping panel. The hatched rectangles represent the CMT1A and SMS critical
regions. Solid bars indicate the 17p region retained in each hybrid. The dashed lines delineate the SMS common
deletion region. The dotted lines delineate the proximal breakpoint of 357-2D and translocation breakpoint of
88H5. To the right is the Southern analysis identifying two copies of CLP in chromosome 17p11.2. DNA samples
were digested with Hindlil. Arrows indicate the human chromosome 17-specific DNA fragments that hybridize
with a 1.1-kb CLP cDNA probe. The 8.1-kb Hindlil band maps to the distal SMS-REP as seen in hybrids 88H5 and
117-4D (lanes 8 and 10). Two bands, 5.0 kb and 0.9 kb, map to the proximal SMS-REP in hybrids 254-1D, 357-2D and
117-4D (fanes 5, 6 and 10). The 5.1-kb band (lanes 2, 4, 5 and 9) represents cross-hybridization of this probe to the
mouse chromosome. b, To the left is a map of the SMS critical region showing the location of proximal and distal
SMS-REP and the associated YAC and cosmid clones. In the middle is the Southern blot demonstrating YACs associ-
ated with SMS-REP. To the right is the Southern blot showing identification of cosmids with the CLP probe.
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is a gene cluster containing at least
one copy of TRE, SRP and a KER
gene cluster in addition to CLP.
The size of proximal SMS-REPP is
at least 200 kb, with the KER clus-
ter and TRE located between CLP
and SRP. The SMS-REP repeats
appear to be highly homologous
throughout their entire length on
the basis of i} cross-hybridization
by Southern analysis under strin-
gent conditions using independent
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probes to repeat specific clones, ii) nucleotide sequence data of
selected clones from different repeats and iii) restriction mapping
of repeat-specific cosmids showing highly homologous patterns.

Three copies of SMS-REP in the 17p11.2 region

PCR amplification of thirteen representative YACs spanning the
SMS region suggests that SRP, KER and TRE are present in SMS-
REPP, SMS-REPM and SMS-REPD, whereas CLP maps to SMS-
REPP and SMS-REPD but not SMS-REPM (data not shown).
Three groups of YACs appear to associate with TRE, KER and SRP.
The presence of TRE, KER and SRP in YAC clones 567A12 and
912D7, which were shown to map to the distal SMS region with
the CLP probe (Fig. 3), indicates that 567A12 and 912D7 associate
with the SMS-REPD. Similarly, the presence of TRE, KER and SRP
and the unique maker D175959 in YAC clones 797G1 and 907ES8,
which map to proximal SMS region (Fig. 3), indicates that they
are associated with SMS-REPP. Finally, presence of these three
markers and a unique marker ¢SHMT in non-overlapping YAC
clones identified SMS-REPM.

Southern analysis of EcoRI-digested YAC DNA from the distal
(912D7 and 567A12), middle (795C9 and 951G11) and proximal
(797G1 and 126H9) SMS regions with SRP, KER, TRE and CLP
probes further confirmed the presence of three copies of SMS-REP

SMS common deletion interval

Fig. 4 Partial cosmid contigs of the SMS-REP region. The cross-
hatched bar represents the SMS common deletion region. The dot-
ted rectangles represent the SMS-REP that maps to each end and
within the common deletion region. The precise order and orienta-
tion of genes within SMS-REPD and SMS-REPM cannot be deter-
mined on the basis of current information. To build these contigs, a
flow-sorted human chromosome 17 cosmid library was screened
with YAC 126H9 that encompasses the proximal SMS-REP. A total
of 149 cosmids were obtained and analysed. Horizontal bars

' beneath each SMS-REP represent cosmids mapped to that region.

(Fig. 5). The probes used for the Southern analysis to
detect SRP, KER, TRE and CLP were derived from the T3
end of c155B11, the T3 end of c37A5, the 3" end of TRE
and the 1.1-kb HindIII fragment of the cDNA clone
41G7A, respectively. The SRP probe gave a 12-kb
hybridization signal, and the TRE probe gave two
hybridization signals of 7.2 kb and 7.3 kb with each of the
YACs except 795C9. The KER probe hybridized to each
YAC at a band of approximately 12.5 kb. By contrast, the
CLP probe gave no hybridization to two middle YACs, while giving
a 10-kb hybridization signal to two distal YACs and two hybridiza-
tion signals (23.1 and 5 kb) to two proximal YACs. These results
allowed three copies of SMS-REPs to be distinguished.

Identification of a new junction fragment

To test the hypothesis that the repeat-sequence SMS-REP might
mediate large-scale chromosomal recombination and lead to
recurrent SMS deletion, we performed Southern analysis using
the CLP probe to hybridize to Notl-digested genomic DNA from
three unrelated SMS families. After pulsed field gel electrophore-
sis {(PFGE}, we identified a 1.2-Mb de novo junction fragment
(Fig. 6a) in all three SMS patients, but not in any of their parents.
These results suggest that a homologous recombination event
mediated by the flanking SMS-REP elements is the molecular basis
for the SMS deletion. To determine the frequency of this junction
fragment among SMS patients, we performed Southern analysis
on samples from 28 additional unrelated SMS patients and a neg-
ative control. Representative results (Fig. 65) show that the CLP
probe identified the 1.2-Mb junction fragment in every SMS
patient tested except for patients 266 and 536 and the negative
control 242. Patients 266 and 536 are known to carry atypical dele-
tions that extend beyond the common SMS distal breakpoint!!,
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Fig. 5 Identification of a repeated-

gene cluster in proximal, middle and
distal SMS-REPs. To the left is a map

y81207 y795C9

y797G1

of the SMS common deletion region
showing the location of proximal,
middle and distal SMS-REP and the
associated YACs. Four genes—SRP,
KER, TRE and CLP—have been
mapped to the SMS-REPP as illustrat-
ed. To the right are Southern-blot
results, demonstrating that SRP, KER
and TRE are present in SMS-REPP,
SMS-REPM and SMS-REPD, whereas
CLP maps to SMS-REPP and SM5S-
REPD but not SMS-REPM. DNA from
YAC clones were digested with EcoRl.
The probes used for the Southern
analysis to detect SRP, KER, TRE and
CLP were derived from the T3 end of
¢155B11, the T3 end of ¢37A5, the
PCR product amplified from 3" end of
TRE and the 1.1 kb HindIll fragment
of cDNA clone 41G7A, respectively.
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Fig. 6 PFGE analysis of an SMS junction fragment. a, PFGE analysis to detect the SMS deletion junction fragment in three unrelated SMS families. Lymphoblas-
toid DNA from three SMS patients and their parents were used for preparation of agarose plugs®8, which were digested with Notl and fractionated by PFGE.
The Southern blot was hybridized with a CLP ¢cDNA probe, which identified a 1.2-Mb junction fragment (arrow, JCT) that is present in SMS patients 241, 429
and 468, but not their unaffected parents (242, 243, 430, 431, 469 and 470). b, Detection of the 1.2-Mb de novo junction fragment from unrelated SMS
patients. PFGE plugs were prepared from lymphoblast cell lines derived form SMS patients and an unaffected parent (242). Note the presence of the 1.2-Mb
band or junction fragment in every SMS patient except patients 266, 536 (patients with larger deletions, see text) and negative control (242). Total genomic

yeast DNA from Saccharomyces cerevisiae was used for a size marker.

We have thus identified a specific SMS deletion junction fragment
in a total of 29 de novo unrelated patients using the CLP probe.
This junction fragment appears to be identical in size (1.2 Mb),
within the limits of resolution of PFGE analysis.

Mapping SMS common deletion breakpoints

To further define the breakpoints of the SMS common deletion,
we performed Southern analysis with somatic-cell hybrids retain-
ing the del(17)p11.2 chromosome from six patients with the com-
mon deletion (244, 246, 254, 263, 280 and 424; ref. 10) using the
CLP ¢cDNA probe, The result showed an absence of the 8.1-kb
CLPD hybridization but positive 5.0- and 0.9-kb CLPP hybridiza-
tions in each case examined (Fig. 7a), suggesting that the distal and
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proximal breakpoints among these patients are telomeric to CLPD
and telomeric to CLPP cross-hybridizing fragments, respectively.

We performed similar experiments using the R191 probe. The
locations of repeat R191, derived from the end of a YAC clone
(354G11), were initially determined by YAC contig mapping (Fig. 1)
and by somatic-cell hybrid mapping (Fig. 7b). Probe R191 appears
to map to three loci in the SMS region. The presence of 9.5-, 2.8-
and 2.1-kb EcoRI bands in total human genomic DNA and in the
monochromosomal hybrid for chromosome 17 (MH22-6) (Fig. 7b,
lanes 1 and 4, respectively) indicates that these bands are specific
for chromosome 17 and not due to allelic polymorphism. The 9.5 kb
band is absent in hybrids 254-1D and 88HS5 (Fig. 7b, lanes 5 and 8,
respectively) but is present in 357-2D (lane 6), indicating that this
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Fig. 7 Deletion of CLP and R191 cross-hybridizing fragments in SMS chromosomes. a, DNA samples were digested with Hindlll and hybridized to the CLP cDNA
probe (1.1-kb Hindlll fragment). The arrows indicate the genomic fragments derived from chromosome 17 that hybridize with the probe. The 1-kb DNA ladder
was used as size marker. b, Identification of three copies of R191 within and flanking the SMS deletion at the 17p11.2 region by Southern analysis (see text for
detail). ¢, Southern analysis using probe R191 was performed with EcoRI-digested DNA samples arranged in the same order as in a but with two additional
YAC clones, 797G1 and 915¢12 (lanes 14 and 15). The 9.5-kb and 2.1-kb bands map proximal to 17p11.2, as seen in 357-2D (lane 10) and YAC 797G1 (lane 14;
see also Fig. 1). A 2.8-kb band maps distal to SMS region, as seen in YAC 915C12 (lane 15; see also Fig. 1). The 9.5-kb band is absent in every SMS patient tested
(lanes 5-9 and 11,12).
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Fig. 8 PFGE identification of novel junction fragments in SMS patients and in
a patient with dup(17)p11.2. a, Agarose plug containing DNA from SMS
patients (468, 429, somatic-cell hybrid 244-2D), controls (469, 470) and a
dup(17)p11.2 family were digested with Notl, electrophoresed by PFGE and
probed with CLP. A 1.2-Mb junction fragment (arrow) was detected in SMS

patients 468, 429 and 244. Similarly, a novel junction fragment (arrow) was detected in patient 990, who has a dup(17)p11.2. b, The recombination between
SMS-REPD and SMS-REPP that gives rise to the 1.2-Mb de novo fragment is summarized in this illustration. The open box and dotted boxes show the SMS com-
mon deletion region and SMS-REP, respectively. The vertical lines represent Notl (N) sites, and the numbers below the lines refer to the size of Noti fragment.
The jct depicts the 1.2-Mb observed junction fragment representing a recombinant chromosome from an interchromosomal exchange between chromosome

homologues (bold and slashed horizontal lines).

band maps within the SMS common deletion region and is thereby
designated R191M. The 2.8-kb band is absent in hybrid 357-2D
(lane 6) but present in 254-1D and 88HS5, indicating the presence
of another copy in distal 17p11.2 (R191D). The 2.0-kb band is pre-
sent in 254-1D and 357-2D (lanes 5 and 6, respectively) but absent
in 88H5 (lane 8), indicating the presence of a copy in proximal
17p11.2 (R191P). Consistent with these results, the chromosome
17-specific bands (9.5, 2.8 and 2.1 kb) are not present in either
hybrid LS-1, where 17p is deleted, or 484-2D [del(17)p11.1p12].
Presence of these three bands in hybrid 117-4D excludes them from
the CMT1A region. Probe R191 was used to analyse somatic-cell
hybrids retaining the del(17)p11.2 chromosome as described with
the CLP ¢cDNA probe. The results show an absence of the 9.5-kb
(R191M) band and a positive hybridization to the 2.8-kb (R191D)
band and the 2.1-kb (R191P) band in each case examined (Fig. 7¢),
and suggest that the DNA deletion in these patients extends cen-
tromeric to R191D and telomeric to R191P.

These results suggest that the proximal breakpoints in SMS
patients with the common deletion all fall within the region
between R191M and CLPP, and the distal breakpoints all fall
between R191D and CLPD. These results are consistent with our
YAC physical mapping data.

Junction fragment from a dup(17)p11.2 patient
To determine whether the common deletion defined by somatic-
cell hybrid mapping with probes R191 and CLP also gives rise to a
1.2-Mb junction fragment, we performed PFGE on the rodent
somatic-cell hybrid 244-2D, which retains a del(17)p11.2 chro-
mosome from an SMS patient (Fig. 8). Indeed, both 244-2D and
429 (SMS patient sample) showed the same 1.2-Mb junction frag-
ment. In addition, three bands with the size of 1.6, 0.8 and 0.7 Mb
are absent from the somatic-cell hybrid. Similar analyses using
other somatic-cell hybrids indicate that 0.8-Mb and 0.7-Mb bands
are derived from Notl fragments containing CLPD and CLPP,
respectively (data not shown), while the 1.6-Mb band is probably
derived from a CLP homologue from another chromosome. The
recombination between the 0.8-Mb Notl fragment containing
SMS-REPD and the 0.7-Mb No#l fragment containing SMS-REPP
gives rise to the 1.2-Mb junction fragment.

To determine whether recombination events mediated by SMS-
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REP repeats could lead to duplication of the SMS region, we sub-
jected a DNA sample from a de novo dup(17)pl1.2 patient (#990)
to the same analysis. The dup(17)p11.2 was identified by G-band-
ing and confirmed by FISH?’, showing duplication for FLI and
not for PMP22. PFGE analysis shows a novel fragment in this
patient when compared to his parents (Fig. 8a), which is appar-
ently a different size from that found in SMS patients with the
common deletion. The identification of such a novel fragment in
de novo dup(17)p11.2 suggests that recombination mediated by
SMS-REP not only results in del(17)p11.2 but also may cause
duplication in proximal 17p11.2 (Fig. 8b).

Discussion
An interesting feature of the physical map in the SMS region,
which has implications regarding the rearrangements in this
region, is that 12 of 40 markers are repeated. Among them,
D175259 (1517) appears to have four copies, five markers (R191,
SRP, TRE, KER gene cluster and snU3) appear to have three copies
and six markers (W1868, R193, D175793, D175455, D175458 and
CLP) appear to have two copies. R191, R193 and CLP were dis-
tinguished by a combination of YAC physical mapping and South-
ern analysis on somatic-cell hybrid panels, whereas the rest of the
markers were distinguished by YACs that carry adjacent unique
markers. These low-copy-number repeats are problematic in YAC
contig construction using PCR-based STS-content analysis. YACs
derived from different loci containing clusters of low-copy repeats
can easily result in a false YAC contig. Resolution of the physical
map may therefore require Southern analysis of YACs and
somatic-cell hybrid panel mapping to distinguish each locus.
In fact, the present physical map from this region
(http://www.genome.wi.mit.edu:80/cgi-bin/contig/lookup_con-
tig?contig=WC17.3&database=release) has a number of discrep-
ancies that can be resolved only with independent methods. In
addition, repetitive sequences within YACs may lead to YAC insta-
bility by recombination between these repeats. In fact, we have
observed that mega-YACs from the SMS region are unstable. This
SMS critical region overlaps with a breakpoint cluster region asso-
ciated with primitive neuro-ectodermal tumours, suggesting that
it is prone to DNA rearrangements in somatic cells*®31,

Three lines of evidence support the conclusion that three
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copies of SMS-REP are present in the SMS common deletion
region. First, the combined use of YAC contig, somatic-cell
hybrid and cosmid mapping enables SMS-REPP, SMS-REPM
and SMS-REPD to be distinguished (Figs 1,3,4). Second, PCR
analysis of the YACs with unique associated markers spanning
the SMS region identified non-overlapping YACs containing
SMS-REPP, SMS-REPM and SMS-REPD (data not shown).
Third, Southern analysis of YACs with unique associated mark-
ers further confirmed that three copies of the SMS-REP are pre-
sent in the SMS region (Fig. 5). At least four genes have been
identified in SMS-REPP and SMS-REPD, but it is not certain
whether these represent functional copies or pseudogenes.
Regardless, an extensive region of homology (apparently at least
200 kb) is provided by these low-copy repeat-gene clusters.

We demonstrate that the deletion breakpoint in most SM$
patients occurs within a repeated gene cluster, SMS-REP, which
flanks the commonly deleted region. Moreover, the entire
approximately 200 kb of SMS-REPs appears to be homologous by
virtue of cross-hybridization on Southern analysis with probes
on repeat specific clones. Furthermore, an SMS-REP repeat-
sequence probe detects a novel junction fragment that is patient
specific, deletion chromosome specific and of similar size in
more than 90% of SMS individuals. These observations suggest
that homologous recombination occurs within the flanking SMS-
REP repeat gene cluster.

Low-copy repeats have been implicated as the cause of DNA
re-arrangement associated with several human diseases, includ-
ing hypertension secondary to glucocorticoid-remediable aldos-
teronism?2, spinal muscular atrophy®*-**, X-linked
ichthyosis*6=38, colour-blindness®, haemoglobinopathies*® and
haemophilia*!. The presence of repetitive sequences in the
17p11.2 region can hypothetically facilitate homologous recom-
bination and lead to chromosomal deletion and SMS. If so, the
size of the deletion might be expected to vary according to the
distance between each misaligned repeat. However, most SMS
patients seem to have a similar region deleted, although a few of
them reportedly have smaller>*>4? and larger*4 17p11.2 dele-
tions!Z. The identification of a de novo patient-specific junction
fragment of similar size, within the limits of resolution of PFGE
analysis, in several SMS patients suggests that a precise recom-
bination mechanism mediates the SMS common deletion. The
general uniformity of the deletion size suggests that only one set
of the repeats flanking the SMS common-deletion region is
responsible for most of the recombinants. Indeed, our data
demonstrate that recombination occurs at SMS-REPP and SMS-
REPD, located 5 Mb apart on 17p11.2, in more than 90% of the
SMS deletion patients examined. Given the repetitive sequences
found in the SMS region, it is conceivable that repeats other than
SMS-REPs may also lead to deletion in this region. Consistent
with this hypothesis is the fact that the CLP probe did not detect
a junction fragment in patients 266 and 536. One can speculate
that genomic repeat selection favouring recombination may
relate to i) the size of the repeat, ii) the extent of the homology,
iii) the distance between the repeats, iv) the proximity to pro-
moters or open transcription complexes*>%6, v) potential Z-DNA
elements?’, vi) higher-order chromosome structural features or
yet unknown mechanisms.

Considering the distance between SMS-REPs, it is intriguing to
find that recombination in SMS patients almost always occurs
between more remotely spaced repeats, SMS-REPD and SMS-
REPP, rather than between more closely spaced repeats, SMS-
REPP and SMS-REPM or SMS-REPD and SMS-REPM. Mapping
CLPto both ends of the SMS common-deletion region in SMS-
REPD and SMS-REPP but not in SMS-REPM and the identifi-
cation of a specific junction fragment in 29 of the 31 unrelated

nature genetics volume 17 october 1997

SMS patients suggest the preferential involvement of the larger
homologous regions and potentially CLP itself in the recombi-
nation event leading to SMS deletion. The presence of a DNA
sequence with an autonomous replication activity identified by
database searches in the 3" end of CLP has potential implications
for replication initiation and recombination. Initiation of DNA
replication from an autonomously replicating sequence or active
transcription through the region may be sufficient to unwind
DNA and render a localized region of DNA (which includes TRE,
the KER cluster and SRP) more accessible to recombinase-pro-
moted homologous recombination.

To our knowledge, only three mechanisms have been proposed
to explain large chromosomal DNA deletions in humans. One is
based on an interchromosomal rearrangement, another is based
on intrachromosomal rearrangement and the third is based on a
fragile site associated with an expanded trinucleotide repeat. The
inherited neuropathies CMT1A and hereditary neuropathy with
liability to pressure palsies (HNPP), which result from a recipro-
cal duplication/deletion, represent one of the best-characterized
examples of human genetic disease resulting from homologous
interchromosomal recombination between widely spaced
(1.5 Mb) flanking low-copy repeats**~>1. An intrachromosomal
rearrangement has been observed in a sporadic HNPP patient
with de novo deletion®2. A recently proposed mechanism for ter-
minal 11q deletions in Jacobson syndrome patients is the expan-
sion of p(CCG),, repeats at a folate sensitive site>>. A p(CCG),
repeat is located at 5" of CBL2, a known proto-oncogene on 11q.
Expansion of this trinucleotide repeat causes methylation of the
adjacent CpG island and deletion of the distal chromosomal seg-
ment; however, the deletion breakpoint is not at the fragile site. In
the case of SMS deletion, intrachromosomal recombination may
occur and cause the 17p11.2 deletion. The fact that a CLP probe
identified an apparent junction in a dup(17)p11.2 patient sug-
gests that interchromosomal recombination can aiso be a mech-
anism for SMS deletion. Two patients with duplication of 17p11.2
have been suggested to represent the reciprocal of the SMS dele-
tion, but clearly other dup(17p) can vary in size>%, and rigorous
physical analysis is required to provide supportive evidence fora
reciprocal recombination mechanism.

So far, two distinct regions on 17p are known to be potential-
ly active in unequal crossover events that lead to
duplication/deletion events and cause distinct clinical syndromes.
These regions are the CMT1A/HNPP region in 17pl2
(refs 48-51) and SMS region in 17p11.2 (this study). The dis-
coveries of repeat-gene clusters in the SMS-REP flanking the
SMS region and the COX10 gene in the CMT1A-REP flanking
the CMT1A/HNPP region’> suggest that extensive homology
within the repeats is needed for efficient recombination. These
chromosome-specific repetitive structures appear to predispose
the human genome to frequent microdeletion or microduplica-
tion that causes gross change of genomic DNA and can be con-
sidered genomic disorders caused by an alteration of the genome
rather than a mutation or disruption of a putative coding
sequence. From an evolutionary perspective, genomic disorders
are simply the outcome of selective processes that reflect the
dynamics of genome evolution.

Our data indicate that homologous recombination between
flanking SMS-REP repeat-gene clusters is the molecular basis for
the SMS common deletion. Low-copy repeats have been identi-
fied in the genomic region implicated in DiGeorge/velo-cardio-
facial [del(22)q11] (ref. 56), Prader-Willi/ Angelman
[del(15)q11-13] (refs 57,58) and Williams syndromes
[del(7)q11.23] (ref. 59). Whether other human contiguous-gene
syndromes also reflect unique genome structural features of the
affected loci remains to be seen.
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PCR. PCRs were performed with extracted YAC DNA (10 ng) using each of
the following primer sets (5'—3°): R191 (CTTCTTGGTGGTGGCTTT-
TACC/GCCCTGACTTTTGAGTGCTCCC), R193 (GGCAGCTCAGGGT-
GAGCTCTTC/TATTGGCCTTAAATGCATCTCA), CLP (TCTGTAAACT-
GTCTGAGTGCAGAG/CGTCTGCACCACACAATCAAAAGG), 3'TRE
(ACAGGTAGCACAATCTACTAA/TTCTGTGTTTACTTGTATGAGG),
KER (CTCTGCTCTGACCCTCTA/AGCCCTGATCCTTGGGGTCCAG),
SRP (GGAAGCACTTGCTGTCATCC/GCCCAGGCCAAATGGCCCTGG),
FLI (GGCAGACAGTGGGTGGCACCT/GTCACTTAAGTTACTGAGATT),
LLGL (AGCGGCATCGCTTCGTGCGT/TTAGCCTGGCTCAGCTTGGG),
ZNF179 (ACCTTTCCCCAAGTTGGAGCTA/GAGCTTCATCTTCTC-
GCCCAGG), ¢SHMT (AGGAGCGGGCCCACTCTGGA/AAGAAACCC-
CCGCAAAGGGQ), 5H5 (AAAGCACAACGCTAGGAGACTGG/CCTCCC-
CAGTCAGTCCATCAGC), 5G7 (GATAGAGGACTCCACACAGGA-
AG/GCTCTGGGTTATCTACTGATCCCT), D175793 (TGTTGGAGT-
TAATGTGCCAT/TCTTTGACCCAGACCTCTAA), snU3 (GCTGTCATT-
CAGTATTATGCTAAT/AATGATCCCTGAAAGTATAGTCTT),  MFAP
(CTGAATGAACTGGCTTCATACACAC/GAGGCCTGTGAAATACAAG-
GTTCC), D175805 (ATCACTTGAACCTGAGGGG/AATGAGATACCGAT-
CCATGC), D175959 (TCAGATTGAACTCTCGGTAT/GCTGACACAGG-
CAATG) and EW301 (GTCTTCTCTCCCACCACTAATAC/GCGTTTGAA-
CCATACTCATCC). PCR reactions were performed in 30-pl volumes using
1 U of Ampli- Tag polymerase in 1 uM of each primer; 250 uM each of dATP,
dTTP, dGTP and dCTP; and 1xGeneAmp PCR buffer (10 mM Tris-HCl,
pH8.3 [at 25 °CJ; 50 mM KCJ; 1.5 mM MgCly; 0.001% [w/v] gelatin) under
30 ! of mineral oil. PCR condition was 95 °C for 4 min, 35 cycles of 94 °C
for 305, 60 °C for 30 s and 72 °C for 1 min, followed by 72 °C for 6 min. The
products were visualized on a 2% agarose gel.

Sequencing and sequence analysis. Sequences of inserts in cosmids were
performed with the ABI 373A automated sequencer using T7 and T3
primers. Searches of the database were performed with BLAST on the
NCBI file server®.

Cosmid screening. A flow-sorted human chromosome 17 cosmid library
using sCos! as a vector was kindly provided by L. Deavan (Los Alamos
National Laboratory)?>. This gridded and arrayed library was screened
with PFGE-purified YAC 126H9 DNA as the probe. DNA from each can-
didate cosmid clone was prepared and used for subsequent analysis. To
construct the restriction maps, purified cosmid DNA was digested com-
pletely with the rare cutting enzyme Notl, followed by partial digestion
with EcoRI, electrophoresed and transferred to a nylon membrane
(Sureblot, Oncor). This membrane was subsequently hybridized to T3 and
T7 promoter-specific oligonucleotides as described®!.

PFGE analysis. High-molecular-weight DNA was isolated in agarose plugs
from peripheral blood samples, somatic-cell hybrid cell lines and Epstein-
Barr virus—transformed lymphoblastoid cell lines established from con-
trols and patients*. Plugs were rinsed four times for 30 min each in 20 vol
of TE buffer, The plugs were equilibrated for 30 min at room temperature
with Nod restriction buffer provided by the manufacturer (New England
Biolabs). Finally, the plugs were incubated at 37 °C overnight with 20 U of
enzyme. Separation of DNA fragments was achieved by using a CHEF
MAPPER (BioRAD) for 26 h in 0.5x TBE running buffer with a pulse time
of 24-204 s ramp at 6 v/cm. After treatment with 0.25 N HCI for 14 min,
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followed by 0.4 N NaOH for 40 min, gels were blotted onto nylon mem-
brane (Oncor).

YAC library screening. An STS-based PCR screening approach'®?! was
used to screen ‘mega-YAC'™> or CEPH Mark I (ref. 16) YAC library. The
mega-YAC library was screened with seven STS markers: 5H5, 5G7, 1517,
WI16580, ADORA2b, 1041 (D17571) and MFAP4. The CEPH library was
screened with marker R193. Both libraries were screened with seven addi-
tional STS markers: R191, SREBPI, FLI, ¢SHMT, snU3, ALDH3 and EW301.
Individual YAC clones were grown in AHC media®?, and genomic DNA was
prepared according to the standard method!®, YAC end fragments were
derived by inverse PCR using conditions described previously5®54,

Southern blotting. DNA samples were digested with restriction enzymes
and electrophoresed in a 1% agarose gel with 1XTAE buffer (40 mM Tris-
HCl [pH 8.5], 40 mM sodium acetate, 2 mM EDTA} at 30 V for 16 h. The
DNA was transferred to a nylon membrane (Sureblot, Oncor) and
hybridized to DNA probes labelled by random primer incorporation of
[a-32P] ACTP®. Hybridizations were performed according to stringent
conditions as described®.

Cell lines. DNA from the following somatic-cell hybrids were used:
MH22-6, a human—mouse somatic-cell hybrid retaining human chromo-
some 17 as the only human chromosome®’; 254-1D, a human-mouse
somatic hybrid containing the SMS del(17)p11.2p11.2 chromosome’?;
244-2D, 246-27D, 263-12D, 280-15D, 283-15D, 424-5D and 429-6D,
human-hamster somatic-cell hybrids containing the common SMS
del{17)p11.2-11.2 chromosome!%; 357-2D, a human-hamster somatic-
hybrid from a del(17)p11.2-12 patient with an unique 17p deletion that
retains most of the 17p11.2; 484-2D, a human—hamster somatic cell hybrid
derived from a SMS patient with an unusual deletion, del(17)p11.1p12,
that has one end point more proximal than that of 254-1D and the other
end point extending distally beyond the CMTIA duplication®$; 88HS5,
human-hamster somatic hybrid that retains 17pter-p11.2 (ref. 67); LS-1,
human-mouse somatic hybrid that retains 17cen-qter®®; 117-4D,
human-hamster somatic hybrid derived from an HNPP patient contain-
ing human chromosome 17 with a 1.5-Mb deletion in 17p12 (ref. 69); the
two rodent parental cell lines, CL-1D and RJK88, derived from mouse and
hamster, respectively.

GenBank accession numbers. cDNA clone 41G7A, L54057; SMS-REP cos-
mids c155B11, AF012852; ¢c37A5, AF012851, AF012852.
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