Am. |. Hum. Genet. 61:1342-1352, 1997

Inherited Interstitial Duplications of Proximal 15q:

Genotype-Phenotype Correlations

C. E. Browne,' N. R. Dennis,” E. Maher,” F. L. Long,' ]. C. Nicholson,’

J. Sillibourne,' and J. C. K. Barber'

'Wessex Regional Genetics Laboratory, Salisbury District Hospital, Salisbury, United Kingdom; *Wessex Clinical Genetics Service, Princess
Anne Hospital, Southampton, United Kingdom; and *Division of Medical Genetics, Department of Paediatrics and Child Health,
University of Birmingham, Birmingham Women'’s Hospital, Birmingham, United Kingdom

Summary

We present the cytogenetic, molecular cytogenetic, and
molecular genetic results on 20 unrelated patients with
an interstitial duplication of the proximal long arm of
chromosome 15. Multiple probes showed that the
Prader-Willi/Angelman critical region (PWACR) was in-
cluded in the duplication in 4/20 patients, each ascer-
tained with developmental delay. The duplication was
also found in two affected but not in three unaffected
sibs of one of these patients. All four probands had in-
herited their duplication from their mothers, three of
whom were also affected. Two of the affected mothers
also carried a maternally inherited duplication, whereas
the duplication in the unaffected mother and in an un-
affected grandmother was paternal in origin, raising the
possibility of a parental-origin effect. The PWACR was
not duplicated in the remaining 16 patients, of whom 4
were referred with developmental delay. In the 14 fam-
ilies for which parental samples were available, the du-
plication was inherited with equal frequency from a phe-
notypically normal parent, mother or father.
Comparative genomic hybridization undertaken on two
patients suggested that proximal 15q outside the
PWACR was the origin of the duplicated material. The
use of PWACR probes discriminates between a large
group of duplications of no apparent clinical significance
and a smaller group, in which a maternally derived
PWACR duplication is consistently associated with de-
velopmental delay and speech difficulties but not with
overt features of either Prader-Willi syndrome or An-
gelman syndrome.
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Introduction

Structural rearrangements of the 15q11-q13 region, in-
cluding deletions, translocations, inversions, and super-
numerary marker chromosomes, as well as uniparental
disomy (UPD) for chromosome 15, have all been re-
ported in patients with Prader-Willi syndrome (PWS)
and Angelman syndrome (AS) (Ledbetter et al. 1982;
Mattei et al. 1983; Kaplan et al. 1987; Magenis et al.
1987; Butler 1990; Williams et al. 1990; Robinson et
al. 1991; Clayton-Smith et al. 1992; Webb et al. 1992).
Deletion or disruption of the Prader-Willi/Angelman
critical region (PWACR) within 15q12 may result in ei-
ther PWS or AS when the affected homologue is pater-
nally or maternally inherited, respectively. This parent-
of-origin effect has been explained as a consequence of
oppositely imprinted genes within this region (Reis et al.
1994; Sutcliffe et al. 1994).

By contrast, cytogenetic duplications of 15q11-q13
have been more frequently reported in phenotypically
normal individuals, in patients with developmental delay
and/or learning difficulties, and in patients with a range
of nonspecific abnormalities, as well as in the occasional
patient with PWS or AS (de France et al. 1984; Fuhr-
mann-Rieger et al. 1984; Pettigrew et al. 1987; Ludow-
ese et al. 1991; Clayton Smith et al. 1993; Bundey et al.
1994; Jalal et al. 1994). In the majority of these cases,
the proband inherited the dup(15) from a phenotypically
normal parent. Consequently, many of these dup(15)s
were interpreted as euchromatic variants without clinical
effect. The majority of reported cases had, however, only
been investigated by use of conventional cytogenetic
techniques.

We present the results of molecular cytogenetic and
molecular genetic investigations conducted on 20 pa-
tients with a cytogenetic duplication of proximal 15q
(fig. 1) and on their families. Our results demonstrate
that these apparently identical cytogenetic duplications
differ at the molecular level and that, by use of parental-
origin studies and molecular investigation with probes
from within the PWACR, new genotype-phenotype cor-
relations can be made.
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Figure 1 Partial G-banded karyotypes from three patients with

a dup(15) including PWACR (a—c) and from two patients with a
dup(15) excluding PWACR (d and e). The dup(15) is shown on the
right of each pair.

Patients and Methods

Patients

Fifteen of our 20 patients were ascertained at the Wes-
sex Regional Genetics Laboratory during 1983-96,
while undergoing routine cytogenetic analysis for a va-
riety of referral reasons (table 1). The remaining five
patients were referred to us as known dup(15) carriers.
Peripheral blood was obtained from the patients, their
parents, and other family members, when available, and
was used for both molecular cytogenetic and molecular
genetic studies.

Conventional Cytogenetic Studies

Conventional cytogenetic analyses were performed on
the patients and on their parents by use of a standard
phytohemagglutinin-stimulated lymphocyte-culture
method followed by G-banding (GTG) and DA/DAPI
staining. C-banding (CBG) was performed on three of
our earliest patients (patients 1, 2, and 10). However,
this was superseded by in situ hybridization with a chro-
mosome 15 centromere probe for all subsequent patients
(see below). Slides for FISH were prepared in the same
way but were aged for 24-48 h prior to hybridization.

FISH and Molecular Genetics

FISH studies were performed by use of the standard
method described by Pinkel et al. (1988). Hybridization
signals from biotin- or digoxigenin (DIG)-labeled probes
were detected by use of either single layers of avidin-
fluorescein isothiocyanate (for biotin) or an anti-DIG-
TRITC. The probes used were pTRA-20 (an alphoid
repeat probe from the chromosome 15 centromere;
Choo et al. 1990), D15Z1 (15p specific; Higgins et al.
1985), and two cosmids derived from within proximal
15q, D15S11 and GABRB3 (fig. 2) (Kuwano et al.
1992). A flow-sorted whole-chromosome-15 paint
(wcpl35) (Telenius et al. 1992) was also used on three
of our earliest patients (patients 1, 2, and 10). A total
of 10 metaphases were examined after each hybridiza-
tion, and the number and relative position of the signals
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were recorded. Signal distribution and intensity from the
normal chromosome 15 homologue acted as an internal
control for the efficiency and stringency of each hybrid-
ization experiment. Analyses were performed by use of
a conventional Zeiss epifluorescent Axiophot micro-
scope, and images were captured by a cooled charge-
coupled—device camera (Photometrics) and were en-
hanced and analyzed by use of Digital Scientific (Vysis)
Smart Capture software.

Molecular Genetics

DNA was extracted from peripheral blood of patients
and their parents by a method based on that of Miller
et al. (1988). PCR was performed by use of primer sets
for three dinucleotide repeats that map to the
PWACR—namely, IR4-3R (D15511), LS6-1 (D155113),
and y-aminobutyric acid receptor B3 (GABRB3)—by
PCR conditions as described by Mutirangura et al.
(19924, 1992b). In addition, when FISH analysis gave
a normal result, PCR was also performed by use of pri-
mer sets for a further nine dinucleotide repeats that map
to the PWACR. Products were separated on a 6% poly-
acrylamide gel and were visualized by autoradiography.
Methylation studies were performed on patient 2 and
his family, in order to determine the parental origin of
his grandmother’s duplication. Five micrograms of pe-
ripheral-blood DNA was digested with HindIll and
Hpall, was separated on an 0.8% agarose gel, and was
analyzed by Southern blot hybridization at 63°C with
PW71b (D15S63) (Dittrich et al. 1992). Since Hpall is
a methylation-sensitive restriction enzyme, it is unable
to cut the maternal chromosome 15, which is methylated
in this region; in contrast, the paternal copy is unme-
thylated. The resulting blot, therefore, has two bands,
of 6.0 kb and 4.4 kb, representing the maternal and
paternal chromosomes 15, respectively. The probe was
labeled with **P-dCTP by random oligonucleotide prim-
ing. The hybridized probe was detected with a Phos-
phorimage analyzer and was quantitated by use of Fuji
PCBAS software (Raytek Scientific).

Comparative Genomic Hybridization (CGH)

CGH was performed on patients 1, 7, and 10 by use
of a protocol modified from that of Kallioniemi et al.
(1994). Genomic DNA was salt extracted (Miller et al.
1988) and directly labeled by nick translation with Flu-
orescein-12-dUTP and Texas Red-5-UTP (Dupont), for
test and reference DNAs, respectively. Six hundred nan-
ograms of labeled DNA from each of the test and ref-
erence sources was used for each of the hybridization
mixtures, which were denatured at 72°C for 8 min, ap-
plied to normal male target metaphase slides (Vysis), and
denatured according to the manufacturers’ instructions.
After hybridization for 3 d at 37°C, the slides were
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Table 1
Clinical and Family Details of Patients with dup(15)(q11q13)
Proband
(Age; Parental Grandparental
Sex) Ascertainment Phenotype PWACR?  Inheritance Phenotype Phenotype
Twins 1a Fragile X? Global learning difficul- Yes Maternal, Normal ?
and 1b ties, especially speech grandpaternal
(2% and language
years; F)
2 (2 years; Developmental delay Speech difficulties, hy- Yes Maternal, Mild learning Normal
M) pergonadotrophic grandmaternal difficulties, fits
hypogonadism
3 (S years; Severe mental Severe mental Yes Maternal Mild learning
M) retardation retardation difficulties,
speech therapy
4 (1% Fragile X? Developmental delay Yes Maternal, Slow, learning Normal
years; grandmaternal difficulties
M)
5 (8 years; Fragile X? Developmental delay, No Maternal, Normal Normal
M) learning difficulties grandpaternal
6 (3 years; Developmental delay Communication No Maternal, Normal Normal
M) difficulties grandpaternal
7 (S years; Fragile X? Language disorder, No Paternal Normal
M) macrocephaly
8 (3% Fragile X? Communication No Paternal Normal
years; problems
M)
9 (2 years; Short stature Mild developmental de- No Maternal, Normal Normal
M) lay, grandmaternal
feeding difficulties
10 (27 Congenital heart defect ~ Ventricular septal de- No Maternal Normal
years; fect, pulmonary ste-
M) nosis, hypoplastic
toes
11 (8 mo; Beckwith Wiedemann No other details No Paternal Normal
F) syndrome?
12 (new- +21? Intrauterine growth re- No Paternal Normal
born; M) tardation, antimon-
goloid slant,
epicanthal folds
13 (7 mo; Failure to thrive Sickly child, No Maternal Normal
F) poor growth
14 (23 Recurrent aborter Normal No ? ?
years; F)
15 (28 Child with Normal No ? ?
years; F) anencephaly
16 (fetus; Serum-increased risk 1: Normal No Maternal Normal
M) 15
17 (fetus; Serum-increased risk 1: Normal No Maternal Normal
M) 38
18 (fetus; Maternal age Normal No Paternal, Normal Normal
M) grandpaternal
19 (fetus; Elevated maternal se- Normal No Paternal, Normal Normal
M) rum a-fetoprotein grandmaternal
20 (fetus; Triple-test risk 1:163 Normal No Paternal, Normal Normal
M) grandpaternal

washed, counterstained, and inspected under a Zeiss Ax-
ioskop fluorescence microscope. Images were captured
by a cooled charge-coupled—device camera (Photome-
trics) and were enhanced and analyzed by use of Quips

CGH software (Vysis). Each metaphase used in the anal-
ysis was karyotyped, and the green-to-red fluorescence-
intensity ratios along the length of each chromosome
were calculated. The data from as many as 10 meta-
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and PCR analysis.

phases were combined to give a mean ratio profile for
each chromosome.

Results

Cytogenetics

All probands had an apparently identical duplication
of the region 15q11-13. C-banding undertaken on three

Figure 3 Results of in situ hybridization using D15S11. A single
signal can be seen on the normal chromosome 15 (single proximal
arrow), whereas two signals are seen on the dup(15) (double arrow).
The single distal signals on both chromosomes indicate an internal
control probe at 15q22.

Physical map of 15q11-q13, showing the PWACR and, in rectangles, the relative positions of probes and primers used in FISH

of our earliest patients (patients 1, 2, and 10) indicated
that the additional material was not heterochromatic.
C-banding was, however, superseded by in situ hybrid-
ization with a chromosome 15 centromere probe, for all
subsequent patients (see below). In all cases the short
arm of the dup(15) was positive for DA/DAPI-banding,
excluding the possibility that the dup(15)s had arisen as
a result of translocation with other acrocentric chro-
mosomes. Parental bloods were not available for three
probands, but the dup(15) was inherited in all 17 re-
maining families, 10 maternally and 7 paternally (table
1). Analysis of grandparental blood samples from eight
families showed that the dup(15) had been inherited
from a phenotypically normal grandmother (patients 2,
4, 9, and 19) or grandfather (patients 5, 6, 18, and 20).
The grandfather of patients 1a and 1b was deceased,
and the grandmother did not carry the dup(15). In ad-
dition, patient 2 had two affected sibs and an affected
maternal aunt who also carried the dup(15), whereas
three unaffected sibs did not; and patient 19 had three
phenotypically normal sibs who carried the dup(15), one
of whom has transmitted the duplication (detected at
amniocentesis) to her current pregnancy.

Molecular Cytogenetics

FISH using cosmid probes D15511 and GABRB3,
which map within the PWACR, gave a significantly in-
creased signal, with both probes, in patients 1a, 1b, and
2-4 (fig. 3 and table 1). The pedigrees of these four
families are shown in figure 4. In the remaining 16 cases,
only signals of equal size were seen on both homologues.
In 3 of these 16 cases, FISH using wcp135 suggested that
the extra material may be of chromosome 15 origin.
However, since it is possible that the additional material
was beyond the resolution of the forward-painting tech-
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nique, this was not repeated on the remaining cases. In
addition a probe specific for 15p (D15Z1) gave clear
signals on both the normal chromosomes 15 and the
dup(15)s, and a chromosome 15 centromere probe
(pPTRA-20) confirmed that the additional material had
not originated from the chromosome 15 centromeric
region.

Molecular Genetics

Molecular analysis using primers for three loci from
within the PWACR, D15S11, D15S113, and GABRB3
demonstrated the presence of three alleles at each locus
in patients 1a, 1b, and 2-4, confirming duplication of
this region (fig. 5 and table 2). There was, however, no
evidence that the PWACR was included in the dupli-
cation in the remaining 16 patients. Further analysis,
using 10 additional probes from within proximal 15q,
showed that the duplication extended from D155541 to
GABRBS in patients 1a, 1b, and 2, from D155541 to
GABRB3 in patient 3, and from D155543 to GABRBS
in patient 4, but again there was no evidence for a
PWACR duplication in the remaining 16 patients. Mo-
lecular analysis demonstrated that the dup(15) in patient
1 could not have arisen from either of the grandmother’s
chromosomes 15 and that it was, therefore, paternal in
origin. Methylation analysis confirmed the maternal du-

Pedigrees of four patients with a dup(15) including PWACR. Arrows indicate the probands.

plication in patient 2, in one of his affected sibs, and in
his mother. In contrast, however, a duplication of pa-
ternal origin was seen in the grandmother (fig. 6a). These
results were confirmed by use of a phosphorimage an-
alyzer, to quantitate the dosage of each band (fig. 6b;
note that the vertical axis on these images varies such
that what is important is the difference between the peak
size of the maternal versus the paternal copies of PW71b,
rather than the actual sizes per se).

CCH

CGH undertaken on two patients (patients 7 and 10)
with a non-PWACR dup(15) showed an excess of green
signal in the 15q11-13 region, represented, on the re-
sulting profile, by a peak that was not seen in a normal
control. These results indicated a gain of material of
chromosome 15 origin. CGH undertaken on the
PWACR-containing duplication of patient 1a gave a sim-
ilar result. However, the gain of material seen in the latter
case appeared more distal than that seen in the former
two cases, suggesting that the duplications may have
involved different regions within proximal 15q. CGH
was repeated in all three patients, with the same results.
Examples of the profiles obtained are shown in figure
7.
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Figure 5 Results of PCR analysis. The primer D155541 shows
the duplication in patient 2, in his mother, and in his grandmother.
This result was seen by use of several probes from proximal 15q (see
table 2).

Discussion

We have reported the molecular cytogenetic and mo-
lecular genetic results from 20 patients with apparently
identical interstitial duplications of proximal 15q. Our
results demonstrate that molecular investigation using
probes from within the PWACR discriminates between
two groups of duplications. First, the 16 duplications
that do not contain the PWACR are not associated with
any specific phenotype and are equally likely to be ma-
ternally or paternally inherited. In six of these families
the dup(15) was also carried by a phenotypically normal
grandparent, and in two of these families it was carried
by at least one phenotypically normal sib. These non-
PWACR dup(135)s, therefore, appear to be euchromatic
variants that may be transmitted through families, with-
out reproductive or clinical effect. Despite the use of 14
probes from within proximal 15q, we were unable to
confirm the duplication molecularly. CGH, however,
suggested that the additional material in two patients
was of proximal 15q origin. Comparison of these CGH
results with those from a dup(135) patient including the
PWACR indicated that the duplication in the former
cases may have been more proximal to the PWACR than
they were in the latter case. We await the availability of
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additional probes from within proximal 15q, to deter-
mine the exact nature of these non-PWACR dup(15)s.

Second, the four duplications that did contain the
PWACR were associated with developmental delay and
speech difficulties, in all four probands. Furthermore,
two affected sibs of patient 2 and an affected maternal
aunt also carried the dup(15), whereas three unaffected
sibs did not. In all four families the dup(15) was ma-
ternal in origin. The mothers of patients 2—4 had learn-
ing difficulties, with patient 2’s mother also having had
periods of fits and with patient 3’s mother having had
speech therapy as a child. The mother of patient 4 also
had two brothers with severe learning difficulties. The
mother of patients 1a and 1b was, however, unaffected,
except for some minor difficulties with mathematics at
school. Analysis of her mother’s chromosomes (her fa-
ther was deceased) demonstrated that she did not carry
the dup(15), and molecular analysis indicated that the
dup(15) could not have arisen from either of her chro-
mosomes 15. Therefore, whether inherited or de novo,
the dup(135) in patients 1a and 1b was grandpaternal in
origin. Analysis of the grandparents of patients 2 and 4
demonstrated that both duplications were grandmater-
nally inherited, and methylation analysis showed that
the duplication in patient 2’s grandmother was paternal
in origin. Therefore, in addition to the four probands,
at least two of the affected mothers have inherited a
maternal dup(15), whereas the duplication in the un-
affected mother of patients 1a and 1b and in the un-
affected grandmother of patient 2 is paternal in origin,
suggesting a parental-origin effect.

A review of the literature revealed very few cases in
which an interstitial dup(15) had been investigated mo-
lecularly. Bundey et al. (1994) demonstrated the presence
of the PWACR in a de novo dup(15) of maternal origin
in a 16-year-old male who had severe mental retardation,
autism, developmental delay, ataxia, and language and
communication impairment, whereas Jalal et al. (1994)
demonstrated the absence of the PWACR in an inherited
dup(15) in four phenotypically normal individuals. Fur-
thermore, two patients with an interstitial triplication of
the PWACR—and, therefore, partial tetrasomy for this
region—had a more severe phenotype, suggesting that
there is a dosage effect for a gene(s) within this region
(Holowinsky et al. 1993; Schinzel et al. 1994; Long et
al., in press).

These observations are also comparable with the large
number of reported patients with a supernumerary
marker of chromosome 15 origin (SMC[15]) who also
have additional copies of proximal 15q. Patients with
an SMC(15) that does not include the PWACR are usu-
ally phenotypically normal, whereas those SMC(15)s in-
cluding the PWACR are associated with moderate to
severe mental retardation and seizures (Robinson et al.
1993a, 1993b; Cheng et al. 1994; Leanna-Cox et al.



Table 2

Molecular Analysis of dup(15)s, Including PWACR Proximal 15q Probes Used

Patient D15S541 D15S542 D15S543 D15S11 D15S128 D15S210 D15S122 D15S10 LS6 D15S597 GABRB3 GABRBS D15S165 D15S144 D15S118 D15S95 CRES
la 1,1,2 2,3,4 1,1,2 2,3,4 2,3,5 1,3,3 2,3

1b 1,1,2 2,3,4 1,1,2 2,3,4 2,3,5 1,3,3 2,3
Mother 1,12 23,5 1,1,2 22 1,3 124 123 245 123 12,3 23,3 3,3 12,2 1,2 12 1,1
Grandmother 2,2 5,5 2,4 1,2 2,4 1,2 3,3 2,4 - 2,3 2,3 3,3 1,2 1,2 2,3 1,1
2 2,3,4 134 1,12 122 12,3 12,3 234 1,1 223 1,1,3 1,2 12 12

Mother 2,2, 1,2,3 1,2,2 1,2,2 2,3,3 1,2,4 1,1 1,2,3 1,1,3 2,3

Grandmother  1,2,4 1,3 1,2 2,3,4
3 1,1,2 2,3,4 1,1 2,3,4 1,2,2 1,2,2 1,2 1,2,3 1,2,4 1,3 1,1 1,1 1,2 1,2
Mother 1,1,2 1,3,4 1,1 12,3 122 12,3 1,1,2 12,3 12,3 12 1,1,2 1,2 12

4 1,2 1,2,2 1,2,2 1,2,3 .

Mother 22 1,12 1272 12,2 2,3,4 1,2

NOTE.—An individual number is arbitrarily allocated to each allele. Where increased dosage of one of two alleles was found, the number for that allele is entered twice. At occasional
loci, clear evidence for additional dosage of either one of two alleles or a single allele was not obtained.
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Figure 6

a, Methylation status at the D15S63 locus, in family 2 and in controls. The maternal and paternal chromosomes 135 are represented

by a 6.0-kb band and a 4.4-kb band, respectively. b, Dosage analysis of the methylation status of family 2, showing the parental origin of the
duplication. In each panel, the first peak is that of the 6.0-kb methylated maternal chromosome, and the second peak is that of the 4.4-kb
unmethylated paternal chromosome. Results are shown for (A) an unaffected control (equal peak heights), (B) an unaffected sib (equal peak
heights), (C) an affected sib (increased maternal peak), (D) patient 2 (the proband) (increased maternal peak), (E) the mother (increased maternal

peak), and (F) the grandmother (increased paternal peak).

1994; Webb 1994; Crolla et al. 1995; Mignon et al.
1996). In addition, all the de novo SMC(15)s containing
the PWACR that were investigated for parental origin
were maternal in origin. The more severe phenotype as-
sociated with the SMC(15)s, versus that associated with
the dup(15)s, may be due to the fact that the former
usually contain two copies of the PWACR (Robinson et
al. 1993a) and that, consequently, such patients are tet-
rasomic for this region.

The fact that the vast majority of dup(15)s and
SMC(15)s including the PWACR are maternal in origin
suggests that duplication of the paternal PWACR either
(i) is a rare occurrence, (ii) is lethal and rarely survives
to term, or (iii) has no phenotypic effect and conse-
quently goes undetected. We have demonstrated a
dup(15) including a PWACR of paternal origin in two
phenotypically normal individuals, which suggests that
an additional copy(copies) of the paternal PWACR may
have no adverse effect. This suggestion is supported by
the recent report of a complex 5315 rearrangement found
both in a phenotypically normal 33-year-old female re-
ferred for recurrent miscarriages and in her phenotypi-
cally normal father (McMullen et al. 1996). The rear-
rangement was found to include a duplication of the
PWACR within the derived chromosome 5. However,
we cannot rule out the possibility that the absence of a

phenotype is due to a position effect—that is, that gene(s)
normally transcriptionally active within proximal 15q
became inactive in their new position (Bedell et al. 1996).
So far, at least four loci expressed only from the paternal
chromosome 15 have been identified—the small nuclear
ribonucleoprotein N (SNRPN) and three anonymous
transcripts: PAR-1(D15S227E) (Ozcelik et al. 1992),
PAR-5(D15S226E) (Sutcliffe et al. 1994), and IPW
(Wevrick et al. 1994). There are, as yet, no genes known
to be transcribed only from the maternal homologue.
Consequently, a duplication on a paternally derived
chromosome is unlikely to have the same effect as one
of maternal origin; however, it is perhaps surprising that
there appears to be so little phenotypic effect in the pa-
ternal duplications. Since those duplications not includ-
ing the PWACR are equally of maternal and paternal
inheritance, it seems unlikely that the gene(s) involved
in these cases originates within the imprinted region.
This is consistent with the CGH results, which suggest
that the duplications not including the PWACR may be
more proximal than the PWACR dup(15)s.

Many of the earliest reports of dup(15) were associ-
ated with PWS; but none of our 20 patients appear to
have any features specific to this syndrome. However,
given the quality of metaphase chromosomes obtained
in the early 1980s, in addition to the fact that the ma-
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Figure 7 Results of CGH. a, Gains of material on chromosome
15, shown as vertical bars along the ideogram. b, Average ratio profiles
for chromosome 15. For each profile, the vertical midline represents
a green:red color ratio of 1:1, and the lines to the left and right rep-
resent ratios of 0.9:1 and 1.1:1, respectively. A copy-number change
is suggested when a profile lies outside these limits, and a deviation
to the right is shown as a gain on the corresponding region of the
ideogram. Profile 1 shows results for the normal control. A large de-
viation is seen in the heterochromatic region. However, variations in
apparent copy number in this region cannot be interpreted, because
of the absence of a unique sequence-hybridization signal. Profile 2
shows results for patient 1a, who has a dup(15) including the PWACR.
In this case two areas of gain can be seen. The upper peak corresponds
to the heterochromatic region and is therefore of no significance,
whereas the lower peak indicates a gain of proximal 15q material.
Profile 3 shows results for patient 7, who has a dup(15) not including
the PWACR; the peak shown indicates that the duplication within 15q
is more proximal than that seen in patient 1a.

jority of cases did not undergo molecular investigation,
it is possible—and perhaps likely—that those patients
actually had a deletion of chromosome 15, rather than
duplication of the homologous chromosome. Alterna-
tively, PWS in those patients may have been caused by
either a submicroscopic deletion of or UPD for chro-
mosome 15, in addition to a dup(15).

During the past 3 years we have detected a dup(15)
in ~1/600 blood and ~1/2,000 prenatal samples referred
to us for routine cytogenetics. More important, among
developmentally delayed individuals we detected a
dup(135), including the PWACR, at a frequency of 1/600.
Discovery of the imprinted gene(s) associated with this
phenotype might well allow direct molecular analysis.
It is probable that submicroscopic duplications of this
region also exist, which may well account for a pro-
portion of patients referred to the cytogenetics labora-
tory because of developmental delay and/or learning dif-
ficulties for which a fragile X screen proves negative and
for which cytogenetic analysis reveals a normal
karyotype.

Am. ]J. Hum. Genet. 61:1342-1352, 1997

The present study demonstrates that use of molecular
probes from within the PWACR, together with parental-
origin studies, distinguishes between three types of
dup(15)s. First, dup(15)s not including the PWACR are
not associated with any specific phenotype and appear
to be euchromatic variants, explaining the many reports
of phenotypically normal dup(15) carriers in the liter-
ature. Second, dup(15)s including the PWACR and ma-
ternally inherited are consistently associated with de-
velopmental delay and learning and/or speech difficulties
in the absence of dysmorphic features. The phenotype
is considerably milder than that of patients with an
SMC(1S5) or an interstitial triplicated 15, suggesting a
dosage effect for the gene(s) involved. Finally, dup(15)s
including the PWACR and paternal in origin have little,
if any, phenotypic effect.

Since submission of this paper, Cook et al. (1997) have
published concordant results by demonstrating a
PWACR duplication in two children with atypical au-
tism and in their phenotypically normal mother. Her
duplication was paternal in origin. Although our four
PWACR-duplication patients were not described as au-
tistic, the observations of Cook et al. suggest that clinical
psychological assessment of all patients may help to ex-
tend and refine the phenotypic features associated with
the PWACR dup(15)s of maternal origin.

Note added in proof: Since submission of this paper,
we have demonstrated that the PWACR dup(15) in the
phenotypically normal grandmother of patient 4 is also
paternal in origin.

Acknowledgments

The authors would like to express their thanks to all those
who performed the cytogenetic analysis; to the referring cli-
nicians, for their support and cooperation; and, in particular,
to John Crolla, for his advice and critical review of this work.
The molecular analysis performed in this study was supported
by a grant from Action Research (to EL.L. and John Crolla).
The FISH analysis was performed by use of Image Enhance-
ment Equipment provided by a grant from the Wellcome Trust.
Work on CGH was funded by grants from the Wessex Cancer
Trust and Parthenon Trust (both to J.C.N.).

References

Bedell MA, Jenkins NA, Copeland NG (1996) Good genes in
bad neighbourhoods. Nat Genet 12:229-232

Bundey S, Hardy C, Vickers S, Kilpatrick MW, Corbett JA
(1994) Duplication of the 15q11-13 region in a patient with
autism, epilepsy and ataxia. Dev Med Child Neurol 36:
736-742

Butler MG (1990) Prader-Willi syndrome—current under-
standing of cause and diagnosis. Am J Med Genet 35:
319-332

Cheng S-D, Spinner NB, Zackai EH, Knoll JHM (1994) Cy-



Browne et al.: Proximal 15q Duplication

togenetic and molecular characterization of inverted dupli-
cated chromosomes 15 from 11 patients. Am ] Hum Genet
55:753-759

Choo KH, Earle E, Vissel B, Filby RG (1990) Identification of
two distinct subfamilies of alpha satellite DNA that are
highly specific for human chromosome 15. Genomics 7:
143-151

Clayton-Smith J, Webb T, Cheng XJ, Pembrey ME, Malsolm
S (1993) Duplication of chromosome 15 in the region
15q11-13 in a patient with developmental delay and ataxia
with similarities to Angelman syndrome. ] Med Genet 30:
529-531

Clayton-Smith J, Webb T, Pembrey ME, Nichols M, Malcolm
S (1992) Maternal origin of deletion 15q11-13 in 25/25
cases of Angelman syndrome. Hum Genet 88:376-378

Cook EH Jr, Lindgren V, Leventhal BL, Courchesne R, Lincoln
A, Shulman C, Lord C, et al (1997) Autism or atypical
autism in maternally but not paternally derived proximal
15q duplication. Am J Hum Genet 60:928-934

Crolla JA, Harvey JF, Sitch FL, Dennis NR (1995) Supernu-
merary marker 15 chromosomes: a clinical, molecular and
FISH approach to diagnosis and prognosis. Hum Genet 95:
161-170

de France HF, Beemer FA, Ippel PF (1984) Duplication in chro-
mosome 15q in a boy with the Prader-Willi syndrome: fur-
ther cytogenetic confusion. Clin Genet 26:379-382

Dittrich B, RobinsonWP, Knoblauch H, Buiting K, Schmidt K,
Gillessen-Kaesbach G, Horsthemke B (1992) Molecular di-
agnosis of the Prader-Willi and Angelman syndromes by
detection of parent-of-origin specific DNA methylation in
15q11-13. Hum Genet 90:313-315

Fuhrmann-Rieger A, Kohler A, Fuhrmann W (1984) Dupli-
cation or insertion in 15q11-13 associated with mental re-
tardation-short stature and obesity—Prader-Willi or Cohen
syndrome? Clin Genet 25:347-352

Higgins MJ, Hungshu W, Shtromas I, Haliotis T, Roder JC,
Holden JJA, White BN (1985) Organization of a repetitive
human 1.8 kb Kpnl sequence localized in the heterochro-
matin of chromosome 15. Chromosoma 93:77-86

Holowinsky S, Black SH, Howard-Peebles PN, Mutirangura
A, Christian S, Ledbetter DH, Reynolds J (1993) Triplication
15q11-q13 in two unrelated patients with hypotonia, cog-
nitive delays and visual impairment. Am ] Hum Genet Suppl
53:125

Jalal SM, Persons DL, Dewald GW, Lindor NM (1994) Form
of 15q proximal duplication appears to be a normal eu-
chromatic variant. Am ] Med Genet 52:495-497

Kallioniemi O-P, Kallioniemi A, Piper ], Isola J, Waldman FM,
Gray JW, Pinkel D (1994) Optimising comparative genomic
hybridisation for analysis of DNA sequence copy number
changes in solid tumours. Genes Chromosom Cancer 10:
231-243

Kaplan LC, Wharton R, Elias E, Mandell F, Donlon T, Latt
SA (1987) Clinical heterogeneity associated with deletions
in the long arm of chromosome 15: report of 3 new cases
and their possible genetic significance. Am ] Med Genet 28:
45-53

Kuwano A, Mutirangura A, Dittrich B, Buiting K, Horsthemke
B, Saitoh S, Niikawa N, et al (1992) Molecular dissection

1351

of the Prader-Willi/Angelman syndrome region (15q-11) by
YAC cloning and FISH analysis. Hum Mol Genet 6:417-425

Leana-Cox J, Jenkins L, Palmer CG, Plattner R, Sheppard L,
Flejter WL, Zackowski J, et al (1994) Molecular cytogenetic
analysis of inv dup(15) chromosomes, using probes specific
for the Prader-Willi/Angelman syndrome region: clinical im-
plications. Am J Hum Genet 54:748-756

Ledbetter DH, Mascarello JT, Riccardi VM, Harper VD, Air-
hart SD, Strobel RJ (1982) Chromosome 15 abnormalities
and the Prader-Willi syndrome: a follow-up report of 40
cases. Am ] Hum Genet 34:278-285

Long FL, Billam L, Duckett DP, Williams D, Crolla JA. Trip-
lication of 15q11-q13 with mar(15) in a female with de-
velopmental delay. ] Med Genet (in press)

Ludowese CJ, Thompson KJ, Sekhon GS, Pauli RM (1991)
Absence of predictable phenotypic expression in proximal
15q duplications. Clin Genet 40:194-201

Magenis RE, Brown MG, Lacy DA, Budden S, LaFranchi S
(1987) Is Angelman syndrome an alternate result of
del(15)(q11q13)? Am J Med Genet 28:829-838

Mattei JE, Mattei MG, Giraud F (1983) Prader-Willi syndrome
and chromosome 135: a clinical discussion of 20 cases. Hum
Genet 64:356-362

McMullan D, Larkins S, Davis G, Farndon P, Davison EV
(1996) Duplication of the 15q11.2 region in a patient with
a t(5;15)(q13;q11.2) with no apparent phenotypic effect. J
Med Genet 33 Suppl 1:548

Mignon C, Malzac P, Moncla A, Depetris D, Roeckel N, Cro-
quette M-F, Mattei M-G (1996) Clinical heterogeneity in 16
patients with inv dup 15 chromosome: cytogenetic and mo-
lecular studies, search for an imprinting effect. Eur ] Hum
Genet 4:88-100

Miller SA, Dykes DD, Polesky HF (1988) A simple salting out
procedure for extracting DNA from human nucleated cells.
Noucleic Acids Res 16:1215

Mutirangura A, Kuwano A, Ledbetter SA, Chinault AC, Led-
better DH (1992a) Dinucleotide repeat polymorphism at the
D15511 locus in the Angelman/Prader-Willi region (AS/
PWS) of chromosome 15. Hum Mol Genet 1:139

Mutirangura A, Ledbetter SA, Kuwano A, Chinault AC, Led-
better DH (1992b) Dinucleotide repeat polymorphism at the
GABAa receptor beta3 (GABRB3) locus in the Angelman/
Prader-Willi region (AS/PWS) of chromosome 15. Hum Mol
Genet 1:67

Ozcelik T, Leff S, Robinson W, Donlon T, Lalande M, Sanjines
E, Schinzel A, et al (1992) Small nuclear ribonucleoprotein
polypeptide N (SNRPN), an expressed gene in the Prader-
Willi syndrome critical region. Nat Genet 2:265-269

Pettigrew AL, Gollin SM, Greenberg F, Riccardi VM, Ledbetter
DH (1987) Duplication of proximal 15q as a cause of
Prader-Willi syndrome. Am ] Med Genet 28:791-802

Pinkel D, Straume T, Gray JW (1988) Cytogenetic analysis
using quantitative, high sensitivity, fluorescence hybridiza-
tion. Proc Natl Acad Sci USA 83:2934-2938

Reis A, Dittrich B, Greger V, Buiting K, Lalande M, Gillessen-
Kaesbach G, Anvret M, et al (1994) Imprinting mutations
suggested by abnormal DNA methylation patterns in fa-
milial Angelman and Prader-Willi syndromes. Am ] Hum
Genet 54:741-747



1352

Robinson WP, Binkert F, Gine R, Vazques C, Miller W, Ro-
senkranz W, Schinzel A (19934) Clinical and molecular anal-
ysis of five inv dup(15) patients. Eur ] Hum Genet 1:37-50

Robinson WP, Bottani A, Yagang X, Balakrishnan J, Binkert
F, Michler M, Prader A, et al (1991) Molecular, cytogenetic,
and clinical investigations of Prader-Willi syndrome patients.
Am ] Hum Genet 49:1219-1234

Robinson WP, Wagstaff J, Bernasconi F, Baccichetti C, Artifoni
L, Franzoni E, Suslak L, et al (1993b) Uniparental disomy
explains the occurrence of the Angelman or Prader-Willi
syndrome in patients with an additional small inv dup(15)
chromosome. | Med Genet 30:756-760

Schinzel AA, Brecevic L, Bernasconi F, Binkert F, Berthet F,
Wuilloud A, Robinson WP (1994) Intrachromosomal trip-
lication of 15q11-q13. J] Med Genet 31:798-803

Sutcliffe JS, Nakao M, Christian S, Orstavik KH, Tommerup
N, Ledbetter DH, Beaudet AL (1994) Deletions of a differ-
entially methylated CpG island at the SNRPN gene define
a putative imprinting control region. Nat Genet 8:52-58

Am. ]J. Hum. Genet. 61:1342-1352, 1997

Telenius H, Pelmear AH, Tunnacliffe A, Carter NP, Behmel A,
Ferguson-Smith MA, Nordenskjold M, et al (1992) Cyto-
genetic analysis by chromosome painting using DOP-PCR
amplified flow-sorted chromosomes. Genes Chromosom
Cancer 4:257-263

Webb T (1994) Inv dup(15) supernumerary marker chromo-
somes. ] Med Genet 31:585-594

Webb T, Clayton-Smith J, Cheng XJ, Knoll JHM, Lalande M,
Pembrey ME, Malcolm S (1992) Angelman syndrome with
a chromosomal inversion 15 inv(p11q13) accompanied by
a deletion in 15q11q13. J] Med Genet 29:921-924

Wevrick R, Kerns JA, Francke U (1994) Identification of a
novel paternally expressed gene in the Prader-Willi syn-
drome region. Hum Mol Genet 3:1877-1882

Williams CA, Zori RT, Stone JW, Gray BA, Cantu ES, Ostrer
H (1990) Maternal origin of 15q11-13 deletions in Angel-
man syndrome suggests a role for genomic imprinting. Am
J Med Genet 35:350-353



	Inherited Interstitial Duplications of Proximal 15q: Genotype-Phenotype Correlations
	Introduction
	Patients and Methods
	Patients
	Conventional Cytogenetic Studies
	FISH and Molecular Genetics
	Molecular Genetics
	Comparative Genomic Hybridization (CGH)
	Cytogenetics
	Molecular Cytogenetics
	Molecular Genetics
	CGH

	Discussion
	Acknowledgments
	References


