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Molecular and Fluorescence In Situ Hybridization Characterization of the
Breakpoints in 46 Large Supernumerary Marker 15 Chromosomes Reveals
an Unexpected Level of Complexity

S. E. Roberts,” F. Maggouta,” N. S. Thomas, P. A. Jacobs, and J. A. Crolla

Wessex Regional Genetics Laboratory, Salisbury District Hospital, Salisbury, United Kingdom, and the Department of Human Genetics,
University of Southampton, Southampton, United Kingdom

Supernumerary marker chromosomes (SMCs) of chromosome 15, designated “SMC(15)s,” are the most common
SMC in humans, accounting for as much as 60% of all those observed. We report the characterization of 46 large
SMC(15)s, using both fluorescence in situ hybridization and polymerase chain reaction analysis within and distal
to the Prader-Willi/Angelman syndrome critical region (PWACR). Our aim was to establish detailed information
on origin, content, and breakpoints, to address the formation of SMC(15)s, and to facilitate genotype-phenotype
correlations. For all patients in whom we were able to establish the parental origin, the SMC(15)s were maternally
derived. Two patients were observed who had familial SMC(15)s, both inherited from the mother; however, in all
remaining patients for whom parental samples were available, the SMC(15)s were shown to have arisen de novo.
With one exception, all the SMC(15)s were shown to include the entire PWACR. Detailed investigations of the
distal breakpoints categorized the SMC(15)s into two groups. Group A, representing approximately two-thirds of
the SMC(15)s, had a breakpoint beyond the standard distal PWS/AS deletion breakpoint BP3, at a position close
to the microsatellite marker D1551010 and the bacterial artificial chromosome 10I110. The group B SMC(15)s were
shorter, with more variable breakpoints located around BP3. The majority of the SMC(15)s were shown to have
asymmetrical breakpoints, with the two inverted arms of the SMC being unequal in length. Our study revealed an
unexpected level of complexity and heterogeneity among SMC(15)s that is not seen in other chromosome 15
rearrangements, such as deletions and duplications. This suggests that multiple mechanisms are involved in the

formation of large SMC(15)s.

Introduction

Supernumerary marker chromosomes (SMCs) occur at a
frequency of 0.3 per 1,000 live births (Buckton et al.
1985), and ~60% of all SMCs are derived from chro-
mosome 15 and are designated “SMC(15)s” (Blennow et
al. 1994). SMC(15)s were first described by Van Dyke et
al. (1977) and consist of two inverted copies of the short
arm, centromere(s), and proximal long arm of chromo-
some 15. The majority of SMC(15)s are dicentric, with
one centromere inactivated, and are also referred to as
“pseudodicentric chromosome 15” or “inv dup(15).” By
conventional cytogenetics, they can be classified into two
main groups: (1) small SMC(15)s, which are metacentric
chromosomes without euchromatic material; and (2) large
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SMC(15)s, which are acrocentric chromosomes contain-
ing two copies of the 15q11-q13 region. Small SMC(15)s
can be familial or de novo and are not directly associated
with an abnormal phenotype. In contrast, large SMC(15)s
are almost always de novo in origin and maternally de-
rived and are associated with an abnormal phenotype that
includes severe mental retardation, developmental delay,
behavioral problems, and seizures (Leana-Cox et al. 1994;
Crolla et al. 1995).

In addition to SMC(15)s, the 15q11-q13 region is
prone to a variety of other structural rearrangements,
including deletions, interstitial duplications, and trip-
lications. Deletions on the paternally inherited chro-
mosome cause Prader-Willi syndrome (PWS [MIM
176270]), and maternally derived deletions result in An-
gelman syndrome (AS [MIM 105830]). The majority of
deletions and interstitial duplications are uniform in
size, covering the ~4-Mb Prader-Willi/Angelman syn-
drome critical region (PWACR), and have tightly clus-
tered breakpoints (Knoll et al. 1989; Repetto et al. 1998;
Roberts et al. 2002). There are two common proximal
breakpoints, BP1 and BP2, defining class I and class 11
rearrangements, and a single common distal breakpoint,
BP3 (Knoll et al. 1989; Kuwano et al. 1992; Christian
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et al. 1995). The common deletion breakpoints, BP1 and
BP2, are also found in small SMC(15)s (Huang et al.
1997).

In contrast, previous studies of large SMC(15)s iden-
tified multiple distal breakpoints that frequently ex-
tended beyond BP3. The study by Wandstrat et al.
(1998) demonstrated two types of large inv dup(15), one
with a distal breakpoint equivalent to the common break-
point BP3, and a second type with a more distal break-
point close to D1551010. Mignon et al. (1996) and Webb
et al. (1998) also described large SMC(15)s with distal
breakpoints located at BP3, as well as at other sites distal
to the PWACR. Although large SMC(135)s are defined by
inclusion of the PWACR, the location of the distal break-
point appears to be much more variable than that as-
sociated with other structural rearrangements involving
the PWACR. However, since the studies described above
used different probes and PCR loci, it is difficult to
achieve a clear consensus of where the distal break-
points lie.

We report the detailed molecular and FISH analysis
of 46 large SMC(15)s, including inv dup(15)s, super-
numerary ring chromosomes 15 and SMC(15)s with
more-complex characteristics and composition. There-
fore, the present study is, to our knowledge, the largest
and most comprehensive of its kind to date. Our prin-
cipal aim was to characterize the distal breakpoints
of the SMC(15)s as precisely as possible and to ad-
dress their mechanism of formation. Individuals with
SMC(15)s containing the PWACR exhibit highly var-
iable clinical phenotypes, and detailed characterization
of these large SMC(15)s may help in determining ge-
notype/phenotype correlations. The results of detailed
psychometric and clinical genetic evaluations of the ma-
jority of the patients presented here are currently being
analyzed and will be reported separately.

Subjects and Methods

Subjects

Information about all the subjects is summarized in
table 1. A total of 46 patients with SMC(15) were as-
certained either directly through the Wessex Regional
Genetics Laboratory or by referral via a number of col-
laborators and a patient support group called “Unique.”
The study of these patients was approved by the South
West Multicentre Research Ethics Committee, United
Kingdom. Both DNA and FISH analyses were possible
for 27 patients (A1-A18, B1-B3, and B5-B10) from
whom peripheral blood samples were received. Buccal
smear samples were received from a further 18 patients
(A19-A32 and B11-B14), restricting analysis to PCR.
A cytogenetic cell suspension for FISH analysis was
available for only one patient (B4). In total, PCR analysis
was possible for 45 patients, and results of FISH were
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available for 28. Six patients, A2 (case 3), A6 (case 4),
A28 (case 1), B6 (case 5), B2 (case 2) (Crolla et al. 1995),
and case A17 (Maggouta et al. 2003) have been reported
elsewhere, and only additional molecular studies relating
to these patients are reported here. DNA samples were
available from both parents of 32 patients, from only
the mother of 11 patients, and from neither parent of 3
patients.

Cytogenetic Techniques

Cytogenetic analysis was performed on 17 samples at
the Wessex Regional Genetics Laboratory. Karyotypes
were determined by analysis of G-banded metaphase
chromosomes harvested from peripheral blood lympho-
cytes. The karyotypes of the remaining patients were
obtained from collaborating centers. In three patients
known to carry an SMC(15), we were unable to trace
the original laboratory report.

FISH Techniques

Chromosome preparations were made from periph-
eral blood cultures, using standard methods. FISH was
performed according to the method described by Pinkel
et al. (1988), with slight modifications. Nick-translated
biotin or digoxigenin-labeled BAC and cosmid probes
used in this study are shown in figure 1. FISH slides were
analyzed using a Zeiss Axioskop microscope with a
cooled charged-coupled-device camera (Photometrics)
and Applied Imaging MacProbe software. FISH was per-
formed on metaphase chromosomes of 28 patients who
had large SMC(15)s. BACs were chosen to span the
regions immediately proximal and distal to breakpoint
BP3, using information in the Whitehead database (fig.
1). However, the exact relative order of the BACs is not
known, and the order given is taken directly from the
Ensembl maps (release 11.31.1). Additional FISH probes
used in the present study are pTRA25 (centromere 15—
specific) (Choo et al. 1990) and cos27 (D15513). Probe
cos27 was used to confirm the presence of the PWACR
in the SMCs.

Molecular Techniques

PCR.—DNA was extracted from peripheral blood and
buccal cells by a salt precipitation technique (Miller et
al.1988). PCR was performed under standard conditions
with primers spanning proximal 15q (see fig. 1). All
primers and conditions are available from the Genome
Database. A total of 45 large SMC(15)s were charac-
terized using microsatellite markers at intervals through-
out 15q11-q14. The relative order of the molecular
markers was based on the Ensembl (version 11.31.1,
February 27, 2003) and Entrez maps (Genethon, 1996,
and DeCode, July 2002) (see fig. 1). The positions of
the microsatellite markers with respect to the BACs is



Table 1

Genetic Information about Subjects with SMC(15)

Parental

Subject Conventional Karyotype S/AS/Ring? Origin® Inheritance” Mosaic
Al 47,XY,+idic(15) (pter—~q13::q13—pter) S M de novo N
A2 47,XY,+idic(15)(q12::q12)[49]/46,XY[11] S U U Y
A3 47,XX,+psu dic(15)(pter—>q15::2q11—-p11:) AS M de novo N
A4 47,XY,+idic(15)(pter~q11.2::q11.2—pter) S M de novo N
AS 47,XX,+idic(15)(pter—q13::q13—pter) S M de novo* N
A6 47,XX,+idic(15)(pter—q13::q13—pter) S M de novo N
A7 46,XY/47,XY +dic(15) U M de novo* N
A8 47,XY,+idic(15)(pter—q12::q12—pter) S M de novo N
A9 47 XX, +idic(15) (pter-q12::q12-pter) S U de novo N
A10 Conventional karyotype not available U M de novo* N
Al1l 47,XY,+idic(15)(pter—q13::q13—pter) S M U N
A12 47,XY,+idic(15)(pter—q12::q12—pter) S M de novo N
Al13 47,XX,+idic(15)(pter—q13::q13—pter) S M de novo* N
A14, Proband 47,XY,+psu dic(15)(pter—q13::q11.2—pter) AS M Familial N
A14, Mother 47,XX,+psu dic(15)(pter~q13::q11.2—pter) AS M U N
A14, Uncle 47,XY,+psu dic(15)(pter—q13::q11.2—pter) AS M U N
AlS 47,XX,+mar.ish r(15)[12]/46,XX[18] R M de novo Y
Ale6 47,XX,+mar.ish r(15)[20]/46,XX[10] R U de novo Y
A17 47 XY,+der(15)[21]/46 XY[9] S M de novo Y
A18 47,XY,+idic(15)(pter—q13::q13—pter) S 8] de novo N
A19 47,XY,+idic(15)(pter—q13::q13—pter)[21]/46,XY[9] S M de novo N
A20 47,XY,+idic(15)(pter—q13::q13—pter) S M de novo* N
A21 47,XY,+idic(15)(pter—q13::q13—pter) S M de novo* N
A22 47,XX,+idic(15)(pter—q13::q13—pter) S M de novo* N
A23 47,XY,+psu dic(15)(pter—q11::q13—pter) AS M de novo* N
A24 47,XY,+idic(15)(pter—q12::q12—pter) S U U N
A25 47,XY,+idic(15)(pter—q12::q12—pter) S M de novo* N
A26 47,XX,+idic(15)(pter—q13::q13—pter) S M de novo N
A27 47,XX,+idic(15)(pter—q12::q12—pter) S U de novo N
A28 47,XY,+idic(15)(pter—q11::q11—pter)[20]/ S M de novo Y

48,XY,+idic(15),+idic(15)[18]
A29 46,XX,inv(4)(p16q12)[10]/ S M U Y

47, XX,inv(4)(p16q12)+idic(15)(q12q12)[20]
A30 47 ,XX,+idic(15)(pter—q13::q13—pter) S M U N
A31 47,XX,+idic(15)(pter—q13::q13—pter) S M U N
A32 47,XY,+idic(15)(pter~q12::q12—pter) S M de novo* N
B1 47, XX, +idic(15)(pter—q12::q12—pter) S U U N
B2 47 XY, +psu dic(15)(pter~q11::q13—pter) AS M de novo N
B3 47,XY,+idic(15)(pter—q11::q11—pter)[49]/ S M de novo Y

46,XY[11]
B4 47,XY,+idic(15)(pter—q11::q11—pter) S U de novo N
BS Conventional karyotype not available U M de novo* N
B6 47 XX, +psu dic(15)(pter>ql1::q13—pter) AS M de novo N
B7 47,XY,+idic(15)(pter~q13::q13—pter) S M de novo* N
B8 47,XY,+idic(15)(pter~q13::q13—pter) S M de novo* N
B9 48 XY. SMC(15) x2 inv dup(15) (pter-q12::q12-pter) S M de novo* N
B10, Proband 47,XX,+idic(15)(pter—q12::q12—pter) S M Familial N
B10, Mother 47 XX, +idic(15)(pter—q12::q12—pter)[23]/46,XX][7] S M de novo Y
B11 47,XX,+idic(15)(pter—q13::q13—pter) S M de novo* N
B12 47,XX,+idic(15)(pter—q12::q12—pter) S M de novo* N
B13 47 XX, +psu dic(15)(pter~>q11::q12—pter) AS U U N
B14 47XY, +psu dic(15)(pter-q12::q12-q11.1::q11.2-pter) AS M de novo N

* AS = asymmetrical from given cytogenetic breakpoints; R = ring(15); S = symmetrical from given cytogenetic breakpoints.

® M = maternal; U = unknown.
¢ No evidence available that parents have been examined cytogenetically. Inheritance established from PCR results only.
4 Parental origin established from methylation-specific PCR only.
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Figure 1 BAC and microsatellite positions. A, Schematic map of chromosome 15q, showing the relative positions of the BAC probes

(shown beneath the line) and microsatellite markers used in the FISH and PCR analysis. The numbers shown above the line are the microsatellite
markers, which, for brevity, are listed without the preceding “D15S.” The exact orders of both the BACs and microsatellite markers are not
known, because information is unavailable for several of those used. Genes are boxed (UBE3A [MIM 601623] and GABRB3 [MIM 137192]).
B, More detailed BAC and microsatellite marker positions, as given in Ensembl release 11.31.1 (February 27, 2003). The distance (expressed
as Mb from pter) is shown at the top. The BACs shown at the bottom (dark lines) are those that have exact positions defined in Ensembl.
Electronic information on the position of 399P21 is not available, because this BAC has become “buried,” but it contains the STS Y00757.
BACs that are PCR positive for the respective microsatellite markers are indicated (gray downward arrows).

not precisely defined, but figure 1B shows all the cur-
rently available information gained both from electronic
resources and from our own PCR analysis using the
microsatellite markers and BACs. A quantitative PCR
technique (Roberts and Thomas 2003) was also used in
one patient to establish the increased copy number of
the PWACR. When parental DNA was unavailable, the
origin of the SMC(15)s was determined using methyl-
ation-specific PCR (Zeschnigk et al. 1997).

Methylation-Specific PCR Assay. —Alleles were scored
on the basis of the number of distinct peaks seen and
on the basis of their relative dosage as measured by the
peak heights. A breakpoint is defined by a change in
copy number between adjacent loci (i.e., four copies to
three or two copies, or three copies to two copies).
Breakpoints could not always be precisely defined, be-
cause of shared alleles in both parents or a lack of pa-
rental DNA.

Results

Cytogenetics

The cytogenetic results, if known, are shown in table
1. There is a high degree of variability in the use of

cytogenetic nomenclature used to describe SMC(135)s.
The majority are described with apparently symmetrical
breakpoints (e.g., pter—ql2:ql12—pter or pter—ql3:
q13—pter) although others are described with asymmet-
rical breakpoints (e.g., pter—q12::q13—pter). This vari-
ability reflects the difficulty of accurately defining the
content of these SMC(15)s using cytogenetic techniques
alone. For ease of description, in table 1 the SMC(15)s
are described as either symmetrical or asymmetrical, and
the breakpoints are given if they are known. Eight cases
were reported to be mosaic (see table 1).

Origins of the SMC(15)s

Of the 46 probands with SMC(15), 27 were analyzed
using both PCR and FISH, 18 by PCR only, and 1 by
FISH only. Two patients (A14 and B10) were seen with
familial large SMC(15)s, both maternally transmitted.
In one case (A14) the original mutation could not be
traced, but in the other case (B10) the SMC(15) was
shown to have arisen de novo in the proband’s maternal
grandmother. When cytogenetic and PCR results were
combined, a total of 37 of the SMC(15)s (including that
seen in the mother of patient B10) were shown to have
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Table 2
Results of FISH in Patients A1-A10 with an SMC(15)
Probe® Al A2 A3 A4 AS A6 A7 A8 A9 A10° A1l A12 A13* Al4 A15> A16° A17° A18°
cos27 e I T S e S e S e T T T T T o S o R S R S S S S SR S
30G08  ++ A+ ++ A+ A+ A+ A+ A+ A+ A+ A+ AE bRt bt
322N14  ++  ++ ++ ++ ++  ++  ++ A+ A+ A+ A+ A+ A+ bt b+
18H24 e T T o o S e o o S S R S R SO T it
25D17 +  + 4+ 4+ NT + 4+ A+ At At + ++ o+
40J08 + + 4+ 4+ NI + + o+ 4+ + + + + + + + NT +
284F03  + + o+ o+ o+ o+ o+ o+ o+ + + + + + + + NT +
11]16 + + 4+ 4+ NI + o+ 4+ 4+ + + + o+ 4 + + NT +
328M03 + o+ o+ o+ o+ o+ o+ o+ + + + + + + + ++ +
38E12 + o+ o+ o+ o+ o+ o+ o+ + + + + + + + ++ +
461L11  + + + + NT + + + + + + + + + + + + +
399P21 + o+ o+ 4+ o+ o+ o+ o+ 4+ + + + + + + + ++ +
10110 - - - - - - - - - - - - - - - - - -
NOTE.—+ = single FISH signal on the SMC(15); ++ = double FISH signal on the SMC(15); — = no FISH signal on the SMC(15); NT
= not tested.

* Probes (BACs) are shown in map order from centromere (top) to telomere (bottom).

" Exceptional cases.

¢ Two signals using BAC 11J16 compared with one signal using more-proximal BACs. The exact order of these BACs is not known and may

explain this anomaly.

arisen de novo (see table 1). In the remaining eight pa-
tients, the inheritance could not be established because
of a lack of parental or proband DNA.

Analysis of the allele inheritance patterns and/or meth-
ylation-specific PCR and parental cytogenetic analyses
showed that, in 37 patients, the SMC(15) had been de-
rived maternally (see table 1). The origin in the remain-
ing nine patients could not be determined because of
unavailability of parental DNA and/or insufficient pro-
band DNA.

Distal Breakpoint Mapping: FISH Studies

FISH with the use of the probe cos27 (D15513)
(figure 1) confirmed the presence of the PWACR in
the SMC(15)s. Twenty-four SMC(15)s contained two
copies of cos27; however, only a single copy was found
in three SMC(15)s, and four copies were seen in one pa-
tient (tables 2 and 3). FISH analysis with the use of the
BAC probes divided the SMC(15)s into two groups, ac-
cording to the location of their most-distal breakpoint
(table 2 [group A] and table 3 [group B]). Eighteen
SMC(15)s (A1-A18) (group A) were positive (i.e., gave
at least one signal) for the panel of FISH probes 30G08
through to 399P21. No FISH signal was found in this
group of SMC(15)s with the use of probe 10110, indi-
cating that these 18 SMC(15)s share a common break-
point distal to the PWACR between BAC 399P21 and
BAC 10110.

FISH analysis suggested that the remaining 10
SMC(15)s (B1-B10) fell into a second group (designated
“group B”). The duplicated region is shorter than that
seen in group A and shows a more variable distribution.
Nine appear to lie within BP3 (i.e., between either
BACs 322N14 and 18H24, 18H24 and 25D17, or

25D17 and 40J08, as seen in patients with deletion
and duplication) (Christian et al. 1998). The one ex-
ception in this group—patient B10, who had a familial
SMC(15)—has a more-proximal breakpoint.

Distal Breakpoint Mapping: PCR Results in Group A

Within the PWACR, four alleles could be seen in all
but two patients, A14 and A18. The positions of the
breakpoints are shown graphically in figure 2 for the 44
SMC(15)s analyzed using PCR. One patient (A18) did
not show any additional alleles at any loci tested within

Table 3
Results of FISH in Patients B1-B10 with an SMC(15)
Probe® Bl B2 B3 B4 B5 B6 B7 BS B9 BI10®
cos27  ++ ++ ++ A+ A+ o+ A+
2C7 NT NT NT NT NT NT NT NT NT +
446P9 NT NT NT NT NT NT NT NT NT +
30G08  ++ ++ ++ ++ A+ A+ A+ A+ -
322N14  +  ++ ++ ++ ++ A+ A+ A+ -
18H24 - - - - + ++ 4+ + - -
25017 - - - - - 4+ 4+ = =
40J08 - - - - - - - - = -
284F03 - - - - - - - - = -
11J16 - - - - - - - - = -
328M03 - - - - - - - - = -
38E12 - - - - - - - - = -
461L11 - - - - - = = = - =
399P21 - - - - - - - - = -
om0 - - - - - - = = = -
NOTE.—+ = single FISH signal on the SMC(15); ++ = double
FISH signal on the SMC(15); — = no FISH signal on the SMC(15);

NT = not tested.

* Probes (BACs) are shown in map order from centromere (¢op) to
telomere (bottom).

" Exceptional cases.



CEN

D158541
D155542

D158543
D15811 -
D15S646
DI15S817
D158128
D1551506
DI155122
D155210
GABRB-3
D15597
GABRA-5
D158822
DI5S156
30G08 DI1551002 =
322N14 DI158219
D158217

BP1

BP2 l

18H24 ———
D15S1019

25D17 DI15S1048
40108 D N
1116 DI581031 i
sz Dissior T TN N
399P21 p15S1010

DIS5S144

DI581007

TEL E@ [1][i7]19 20 21 22 =23 24 227 20 9 2
[13]

28

CEN
p—
D155541

D158542
————— BP2
D158543

DI15811

D155646

D158817

D155128

D1581506

D158122

D158210

GABRB-3

D15597 \

GABRA-5 .

D155822

D155156
30608 D1551002
J22N14 DI158219

DI158217

25D17  DISS1048 - \
40/08  D155165 N N
1JI6 D1551031 \ A
38EI2 DI5SI013
399P21  pissioln
DI5S144
DI551007

TEL

Z77

18H24

Figure 2 PCR results for 44 SMC(15)s (DNA was unavailable for B4, and A18 has been omitted because PCR analysis was completely
uninformative). The microsatellite markers are shown in order from the centromere to telomere, with the double lines showing the positions
of the common proximal (BP1 and BP2) and distal (BP3) breakpoints seen in patients with deletion/duplication. The positions of some of the
BACs are shown on the left of the microsatellite markers. Those shown in boldface are known to contain the adjacent microsatellite marker,
whereas the exact positions of those shown in italics are not known. For some individuals (gray hatched bar), we cannot differentiate between
one or two breakpoints within this region, because microsatellite markers were uninformative. Proximal to the bar, the copy number is four
(except in patients A10, A14, and A17), and, distal to the bar, the copy number is two. For SMCs with two breakpoints the black bar represents
the region where the first breakpoint occurs (i.e., the copy number is reduced from four to three), and the white bar represents the second
breakpoint (i.e., the copy number is reduced from three to two). The patient numbers are shown at the bottom, with the boxes showing the
patients that were also analyzed using FISH. A, Group A patients. B, group B patients. The breakpoints of some of the group B patients appear
to be similar to those in group A, but this is because uninformative microsatellite markers make it impossible to define the breakpoints.
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or distal to the PWACR and is therefore not represented
in figure 2. In the 44 patients, PCR analysis supported
the FISH classification of the SMC(15)s into the two
groups. Those patients analyzed using both techniques
show agreement in the position of the breakpoints al-
though PCR analysis shows wider ranging results, with
some degree of overlap because of uninformative mi-
crosatellite markers. In 17 of the group A patients also
analyzed by FISH, additional alleles were present at mi-
crosatellite markers distal to BP3 (see fig. 2A). A further
14 patients (not analyzed by FISH) were also found to
fall into group A (A19-A32). Of the 31 group A patients
in whom additional alleles were seen by PCR, 17 had a
breakpoint between D1551013 and D1551010, and 1 had
a breakpoint between D1551031 and D1551013 (patient
A17). In the remaining 13 patients, the most-distal break-
point could not be precisely defined. However, none of
these remaining patients were positive for D1551010 or
negative for D1551013.

Distal Breakpoint Mapping: PCR Results in Group B

Overall, PCR analyses confirmed that the extent of
the duplicated region in 8 of the 10 group B patients
was shorter than that observed in the group A patients,
consistent with the FISH results in these same patients.
Of the remaining two patients, one (B3) could not be
accurately mapped because several microsatellite mark-
ers were uninformative, and, in patient B4, there was
insufficient DNA available. A further four patients (B11-
B14) were classed in group B, with three or more alleles
observed for loci up to and including D155217 but with
no evidence of additional alleles distal to D1551019 (see
fig. 2B), although, in patient B13, a number of micro-
satellite markers beyond BP3 were uninformative. Al-
though it was not possible to precisely define the break-
points of the 13 group B patients, 8 were consistent with
a breakpoint between D155217 and D15S1019, equiv-
alent to BP3, with no positive loci distal to D1551010.
Three patients (BS, B6, and B8) had additional alleles
present at markers distal to the BP3 region, but this ad-
ditional material did not extend as distally as that in the
group A patients. The breakpoint in the familial case B10
was confirmed to be within the PWACR between the mi-
crosatellite markers GABRAS and D155156.

FISH and PCR Reveals Asymmetry of the Group A
SMC(15)s

FISH analysis suggested that all of the SMC(15)s in
group A are asymmetrical, containing one copy of the
more distally located BACs, compared with two copies
of the more-proximal BACs. This indicates that the two
arms of the SMC(15) have different (asymmetrical)
breakpoints—with one located at or very close to BP3,
and the other one located between 399P21 and 10110
(table 2). Figure 3 shows examples of metaphase chro-
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Figure 3 Representative examples of FISH on peripheral blood
metaphase chromosomes of patient A1, reflecting the asymmetry ob-
served in most of the SMC(15)s analyzed. BACs are labeled with di-
goxigenin (red), and the plasmid probe pTRA-25 (chromosome 15 cen-
tromere) is labeled with biotin (green). Enlargements of the SMC(15)s
are shown in the insets. Arrows indicate the SMC(15)s. BAC 322N14
reveals two signals on the SMC (a), and a single signal results from BAC
18H24 (b). No signal is observed with BAC 10110 (c).
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mosomes (patient A1) hybridized with probes 322N14
(fig. 3a), 18H24 (fig. 3b), and 10110 (fig. 3¢), respec-
tively. Probe 322N14 shows two signals on the SMC(15)
compared with one signal resulting from probe 18H24.
No signal was observed on the SMC(15) when the probe
10110 was used, a result indicating that this probe lies
distal to the breakpoint. Interestingly, the more-proximal
breakpoint observed in the group A patients seems to
be equivalent to the breakpoint (BP3) seen in the ma-
jority of the group B patients.

PCR analyses of the group A SMC(15)s confirms this
asymmetry. There are 14 group A patients in whom the
allele copy number is only three instead of the expected
four at some of the most distal markers beyond BP3
(figure 2A). In nearly all of the remaining group A pa-
tients (16 of the remaining 18), three or four alleles could
not be differentiated between at one or more of the distal
loci, so asymmetry in these patients cannot be confirmed
or refuted.

In contrast to group A, at least some group B patients
appear to be symmetrical, with both breakpoints at BP3.
For example, by FISH, the SMC(15)s B2, B3, and B4
contain two signals with BAC 322N14 but no signals
with BAC 18H24 (fig. 4). The remaining group B pa-
tients show a single FISH signal but with only one or
two BACs (table 3). None of the patients assigned to
group B show any evidence of asymmetry by PCR. The
BACs that show a single signal in this region may span
the breakpoint, and the single FISH signal observed may
be two smaller split signals that have merged because of
their proximity. Alternatively, the region of asymmetry
observed by use of FISH may not be covered by the
molecular markers. The locus D1551048 does not show
asymmetry in any SMC although it is present in the BAC
25D17, which shows only one hybridization signal when
FISH is used. The region of asymmetry may begin just
distal to D1551048 within the sequence contained in the
BAC 25D17.

Exceptional Patients with SMC(15)

In nine of the patients, we demonstrated additional
variability in copy number, size, shape, and molecular
composition in their SMC(15)s. In patient Al4, the
SMC(15) has a single copy of the PWACR but two copies
at the microsatellite markers D155S541 and D15S542.
The SMC(15) is familial, and, at the very proximal end,
the two alleles shared by each of the carriers (which we
assume are carried on the SMC) are different, suggesting
the SMC is interchromosomal in origin and thus arose
from two chromosome 15 homologues. The SMC(15)
in patient B10 is the only SMC(15) in our study shown
to have a breakpoint proximal to BP3 near the ATP10C
gene (MIM 605855) (table 3). This patient also has a
familial SMC(15), and microsatellite analysis within the
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Figure 4 Representative examples of FISH on peripheral blood
metaphase chromosomes of patient B3, reflecting the symmetry in
some of the SMC(15)s analyzed. BACs are labeled with biotin (green),
and the plasmid probe pTRA-25 (chromosome 15 centromere) is la-
beled with digoxigenin (red). Enlargements of the SMC(15)s are shown
in the insets. Arrows indicate the SMC(15)s. BAC 322N14 shows two
signals (merged) on the SMC(15) (a). No signal is visible on the
SMC(15) with BAC 18H24 (b).

PWACR showed the SMC to be intrachromosomal in
origin, having arisen from a single chromosome of the
transmitting grandmother. In patient A10, the SMC(15)
contains only a single copy of cos27 but two copies for
the distal BACs 30G08 to 25D17. The SMC(15) in pa-
tient A17 contains four copies of the entire PWACR
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(Maggouta et al. 2003). Patient B9 revealed two iden-
tical copies of an SMC(15), with only a single copy of
the PWACR on each SMC(15). Two copies of an SMC
were also seen cytogenetically in patient A28, with one
SMC(15) in 53% of cells and two copies present in the
remaining 47% of the cells (Crolla et al. 1995). In two
patients (A15 and A16), a ring SMC(15) was observed.
The ring SMC(15)s appeared to be unstable, showing
different copy numbers of the same probe in different
cells, with the majority of the cells revealing the hybrid-
ization pattern shown in table 2. Patient 18 appears
unexceptional by FISH, but PCR analysis showed this
patient has only two alleles and has a normal ratio of
peak heights for all loci within the PWACR. We assume
this was due to consanguinity.

Discussion

In the present study, we used a series of microsatellite
markers and BAC clones from 15q11-q14 to character-
ize 46 large SMC(15)s containing the PWACR. By using
a combination of PCR and FISH, we were able to char-
acterize these SMC(135)s at a level of detail not previously
performed, and extensive patient recruitment efforts
have given us, to our knowledge, the largest series of
these patients described to date. We have shown two
distinct groups classified on the basis of their most distal
breakpoint, and we have also shown that asymmetry is
common, with many of the SMC(15)s showing a second,
more-proximal breakpoint. To our knowledge, this is
the most comprehensive and detailed study of large
SMC(15)s to date, and it has revealed a structural and
molecular level of complexity not previously described.
The majority of the patients in the present study are
currently undergoing detailed psychometric and clinical
phenotyping by clinical psychologists and clinical ge-
neticists, respectively. These analyses are being per-
formed by investigators who are blinded to the labo-
ratory data, and correlations between the phenotype and
the molecular content of the SMCs will be reported
separately.

Of 39 patients in whom the origin could be deter-
mined (including the mother of patient B10), 37 of the
SMC(15)s were de novo and only two patients were
familial. The majority of large SMC(15)s reported else-
where are also de novo in origin, presumably a con-
sequence of the severe phenotype caused by these re-
arrangements. It is interesting to note that our two
familial cases are not typical SMC(15)s. In patient B10,
the SMC is shorter than others in our study and is
mosaic in the carrier mother. A previously reported pa-
tient with familial SMC(15) was also shown to be mo-
saic in the carrier mother (Webb et al. 1998). In the
other patient (A14), the SMC(15) contains only one
copy of the PWACR, an asymmetric variant that has
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been reported elsewhere (Robinson et al. 1993; Mignon
et al. 1996) although not in association with familial
inheritance. This variant results in trisomy of the region
equivalent to that found in interstitial duplications, of
which several familial cases have been reported (Browne
et al. 1997; Roberts et al. 2002).

Breakpoints: Asymmetry and Mapping

Our interpretation of two breakpoints in many of the
SMC(15)s is based on the FISH and PCR results that
both show a region of asymmetry, with FISH detecting
a single signal and PCR detecting a transition from a
copy number of four to three, and, more distally, from
a copy number of three to two. Our results, however,
could be interpreted differently. For some loci, allele-
peak data from microsatellite marker analysis can be
difficult to interpret. The single FISH signal may be due
to the BACs containing homologous segments, partic-
ularly repeats, all spanning the breakpoint region, as
described elsewhere in a similar study using YACs
(Wandstrat et al. 1998). Although this may be true for
group B, it seems unlikely for group A because we have
used several different BACs, all of which are shown to
contain different sets of microsatellite markers (see En-
trez) and, where information is available, do not have
overlapping positions in Ensembl. It is also possible that
the BACs are positioned distal to the breakpoint and
that the FISH probes are detecting repeat sequences. A
single FISH signal is observed on the two normal chro-
mosomes 15, so this seems unlikely, although it is pos-
sible that the main FISH signal on the normal chro-
mosomes could obscure an additional small signal if
the repeats were positioned close to the main signal
sequence. However, given both the FISH and molec-
ular evidence, we conclude that the most likely expla-
nation is that many of these SMC(15)s contain asym-
metric breakpoints, with each of the duplicated segments
being a different length. To our knowledge, this is the
first such breakpoint asymmetry to be described in
SMC(15)s, with the exception of two patients reported
elsewhere (Robinson et al. 1993; Mignon et al. 1996),
which have four copies of the centromeric region but
only three copies of the PWACR.

Our detailed breakpoint characterization classified the
SMC(15)s into two broad groups based on their most
distal breakpoint. The patients in the larger group (group
A) represent about 70% of the patients studied here (32/
46) and are generally asymmetrical, with two distinct
breakpoints. The most distal breakpoint appears to be
uniform between the microsatellite markers D1551013
and D1551010 and BACs 399P21 and 10I10. This
breakpoint, proximal to D1551010, is likely to be the
same as that reported in previous studies of other large
SMC(15)s (Mignon et al. 1996; Wandstrat et al. 1998;
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Webb et al. 1998). It also appears to be the same as the
breakpoint, located between D155165 and D155144,
described in two patients with an interstitial triplication
(Ungaro et al. 2001; Roberts et al. 2002). The second
breakpoint in these group A patients has a slightly more-
proximal location and shows some heterogeneity al-
though, in almost all patients, it is at or very close to
BP3, the breakpoint seen in almost all of the group B
patients.

The group B SMC(15)s, by comparison, reveal a more
heterogeneous distribution of breakpoints. In the ma-
jority of patients, the most distal breakpoint is located
by PCR between the loci D155217 and D1551019 and
by FISH between BACs 322N14 and 25D17. This break-
point cluster, seen in most of the group B patients, is
equivalent to BP3 found in patients with PWS/AS de-
letion (Christian et al. 1998) and in all interstitial du-
plications reported to date (Roberts et al. 2002). By PCR
analysis, most patients appeared to have SMC(15)s that
contain symmetrical breakpoints, with a single break-
point at BP3. However, FISH analysis was less clear, with
some patients showing symmetrical breakpoints; how-
ever, in other patients, there could be a small segment
of asymmetry with two closely mapped, but distinct,
distal breakpoints. If the FISH analysis is giving a gen-
uine single signal, then these group B patients are also
asymmetrical but with much closer breakpoints than
those seen in the group A patients, and there is variation
in the position of the distal breakpoint. If, however, the
apparently single FISH signal is two small merged sig-
nals, then these group B patients are symmetrical and
have a uniform breakpoint at BP3 present on both in-
verted copies of the region.

Overall, our data clearly demonstrate the heteroge-
neous and complex nature of the breakpoints within
large SMC(15)s. This is in line with previous reports of
breakpoint heterogeneity (Wandstrat et al. 1998; 2000).
All of the group A, and possibly some of the group B,
patients appear to have two distal breakpoints, with
some variation in breakpoint location. To our knowl-
edge, the present study is the first to show a different
breakpoint on each of the additional inverted copies of
the PWACR, and this is in contrast to what is seen in
patients with deletions and duplications, in whom very
little heterogeneity has been observed.

Mechanisms of Formation

In all cases in which we were able to establish parental
origin, the SMC(15)s were maternally derived. This is
in agreement with all other reported series. To our
knowledge, no paternally derived large SMC(15) has
been reported. The reasons for this remain unresolved.
Nondisjunction is likely to play a role in the formation
of all SMC(15)s (Schreck et al. 1977), and, because it
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occurs at a much greater frequency in females than
males, it may go some way toward explaining the pre-
dominance of maternally derived SMC(15) (Robinson
et al. 1993). Although SMC(15)s can form during sper-
matogenesis, as is evident from the observation of pa-
ternally derived small SMC(15)s (Dawson et al. 2002),
studies of infertile male inv dup(15) carriers have pro-
vided evidence that, during spermatogenesis, cells car-
rying an SMC are selected against (Cotter et al. 2000;
Eggermann et al. 2002). Alternatively, large SMC(15)s
could be lethal if paternally inherited, although pater-
nally inherited interstitial triplications have been de-
scribed (Cassidy et al. 1996; Ungaro et al. 2001) that
have the same PWACR copy number (i.e., tetrasomy) as
those in patients with large SMC(15).

Molecular analysis in the two familial patients re-
ported here was able to show the chromosomal origins,
one group B SMC being intrachromosomal and one
group A SMC being interchromosomal, if we assume
that there has been no recombination proximal to the
microsatellite markers D155541 and D15S542. This is
in agreement with a previous study, which found that
of four SMCs isolated in somatic cell hybrids, two were
interchromosomal and two were intrachromosomal
(Wandstrat and Schwartz 2000). Combining our data
with those of Wandstrat and Schwartz (2000) for both
origin and size gives a total of two group B patients,
both intrachromosomal, and four group A patients, of
which three are interchromosmal and one intrachro-
mosomal. This pattern may suggest that the two groups
are likely to form via different mechanisms although,
obviously, more patients need to be examined.

The breakpoint regions described here occur at sites
of duplicated genomic segments (Christian et al. 1999),
suggesting these duplicons are responsible, at least in
part, for the increased instability in proximal 15q. These
duplicons have been shown to contain at least seven
gene/pseudogene sequences, including HERC2 (MIM
605837), MYLE, and a number of unknown transcripts.
It is hypothesized that misalignment of these repeated
sequences, followed by illegitimate recombination, re-
sults in chromosomal rearrangement. The rearrange-
ment formed will depend upon the orientation of the
DNA elements and the type of strand exchange involved,
that is, whether the event is inter- or intrachromosomal.
The heterogeneity observed among the SMC(15)s in-
dicates that different types of misalignment between
different repeated regions could be involved in the
formation of these rearrangements. The most po-
pulartheory about the formation of SMC(15)s is a
U-type exchange between homologous chromosomes
during meiosis I, followed by illegitimate fusion of
the chromatids and nondisjunction (Schreck et al. 1977;
Martinson et al. 1996). Another theory proposes that,
following premeiotic breakage, a single chromosome



Roberts et al.: Characterization of 46 Large SMC(15)s

replicates and that the “sticky” ends join to form the
SMC(15) with identical telomeres (Schreck et al. 1977).
Our results show SMC(15)s can be asymmetrical or sym-
metrical and can also be interchromosomal or intrach-
romosomal, with different breakpoints. This extensive
heterogeneity suggests that both mechanisms are in-
volved in the formation of different SMC(15)s, although
the relative importance of each mechanism is likely to
vary between the group A and B SMC(15)s. For ex-
ample, the formation of group A SMC(15) predomi-
nantly involves both chromosome 15 homologues, and
the resulting breakpoints are asymmetrical; the forma-
tion of both group B SMC(15)s investigated was in-
trachromosomal, and the breakpoints of at least some
group B SMC(15) are symmetrical.

Our detailed characterization of the breakpoints of
these large SMC(15)s should allow more-detailed
comparisons between genotype and phenotype. Cur-
rent genotype-phenotype correlations are limited to
the presence or absence of the PWACR, giving rise to
an abnormal or normal phenotype. Our detailed study
may allow more-subtle correlations in these large
SMC(15)s to be seen although the level of complexity
and the breakpoint heterogeneity revealed here may
make correlations more difficult.
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