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Abstract We describe two Prader-Willi syndrome (PWS)
patients who exhibit maternal uniparental disomy (UPD) of
chromosome 15 and unusual patterns of gene expression
and DNA replication. Both were diagnosed during infancy
as having PWS; however, their growth and development
were atypical compared with others with this condition.
Weight was below normal in the first patient, and height
and development were within normal limits in the second
individual. Hyperphagia and polyphagia were not evident
in either patient. Genotypes at multiple genomic loci, al-
lele-specific methylation, gene expression, and DNA repli-
cation were analyzed at D15S9 [ZNF127], D15S63
[PW71], SNRPN, PAR5, IPW, and D15S10 in these pa-
tients. The maternal imprint (based on the absence of gene
expression, synchronous replication, and methylation of both
alleles) was retained at SNRPNin these patients, as is the
case in others with UPD. By contrast, cells from the first in-
dividual expressed PAR5and ZNF127, whereas the second

expressed a single IPW allele. Asynchronous DNA replica-
tion was observed in both patients at all loci, except SNRPN.
These findings show that a subset of imprinted genes can be
transcribed in some PWS patients with maternal UPD and
that asynchronous DNA replication is coordinated with this
pattern of gene expression. Relaxed imprinting in these pa-
tients is consistent with their milder phenotype.
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Introduction

The non-expression or absence of paternally derived genes
in 15q11-q13 results in Prader-Willi syndrome (PWS;
Nicholls 1993; Cassidy 1995). Several imprinted loci in this
genetic interval, including ZNF127(Driscoll et al. 1992; R.
Nicholls, personal communication), NECDIN (McDonald
and Wevrick 1997), SNRPN(Glenn et al. 1993a; Sutcliffe et
al. 1994), PAR5(Sutcliffe et al. 1994), IPW (Wevrick et al.
1994), and PAR1 (Sutcliffe et al. 1994), are not expressed in
these patients. By contrast, some patients with Angelman
syndrome (AS) do not express the maternal allele of
UBE3Ain the brain, although this gene is constitutively ex-
pressed in other tissues (Rougeulle et al. 1997). The 5’ end
of SNRPNappears to contain an imprinting center (IC) that
is involved in imprint resetting in the germline (Sutcliffe et
al. 1994; Buiting et al. 1995; Saitoh et al. 1996). Resetting
of the imprint produces germline and somatic allele-specif-
ic differences in gene expression, genomic methylation,
and replication timing that are correlated with the parental
origin of the allele, i.e., the epigenotype. PWS patients have
a maternal epigenotype resulting from the absence of pater-
nally derived 15q11-q13 alleles (Nicholls et al. 1989; Knoll
et al. 1989) or IC mutations that result in paternal chromo-
somes with a grandmaternal epigenotype (Buiting et al.
1995). For example, in patients with PWS and maternal un-
iparental disomy (UPD), both alleles at SNRPNare methy-
lated (Glenn et al. 1993b), and DNA replication of both
chromosomes is synchronous (Knoll et al. 1994; White et
al. 1996), whereas differential methylation and asynchro-
nous replication are evident in normal individuals. Although



DNA methylation patterns and the level of expression of im-
printed genes in 15q11-q13 may vary in degree among differ-
ent tissues (Mowrey-Rushton et al. 1996a; Glenn et al. 1996),
the germline epigenotype within a single individual is consis-
tent.

The way in which the loss of expression of imprinted
genes contributes to the PWS phenotype is unknown. Major
clinical criteria for PWS during infancy include neonatal hy-
potonia, poor feeding, and dysmorphic features, including
upslanting palpebral fissures, cryptorchidism, and small
hands and feet (Holm et al. 1993). In early childhood, re-
duced head circumference, short stature, severe hyperphagia,
and developmental delay are usually noted. This report de-
scribes relaxed imprinting in two patients who exhibited ma-

ternal UPD and who were initially diagnosed as having PWS
but failed to develop all of the common clinical features.
These patients express imprinted genes in 15q11-q13, that
are ordinarily transcribed in normal individuals.

Subjects and methods

Subjects

PWS12 was the 2850-g (6 lb 5 oz) product of a 41-week gestation to
a 26-year-old G1P0 Caucasian female and a 29-year-old Caucasian
male (Fig. 1A). Poor fetal movements were noted during pregnancy.
Hypotonia, bilateral epicanthus, single transverse palmar crease,
small hands and feet with dorsal pedal edema, and a small penis with
bilateral cryptorchidism were noted at birth. High-resolution chromo-
some analysis showed a 46, XY karyotype. At 6 months of age, devel-
opmental age was 4 months, head circumference was at the 75th per-
centile, and length and weight were at the 25th percentile. The clinical
diagnosis of PWS was made at 9 months and confirmed 2 years later
by demonstrating UPD of chromosome 15 (Mascari et al. 1992; see
below). At 2 3/4 years, his length and weight were less than the 5th
percentile, and head circumference was at the 8th percentile. Height
and weight remained less than two standard deviations below the
mean at 5 1/3, 8 1/3 and 12 1/6 years. He had low set, posteriorly ro-
tated ears, epicanthal folds, mild strabismus, mild edema, small hands
and feet, and small genitalia (Tanner stage I). His bone age was nor-
mal at 8 1/2 years; however, he remained hypotonic and developed
thoracic scoliosis (which was exacerbated by treatment with human
growth hormone for 6 months). He has not developed the hyperph-
agia, polyphagia, or obesity typically seen in patients with this condi-
tion, and dietary intervention has not been necessary. Cognitive devel-
opment at age 12 1/6 years was considered normal based on reading
skills. He did not meet the minimum diagnostic criteria for PWS 
(a score of 6 points, with 8 being required; Holm et al. 1993), and the
diagnosis was reconsidered. The molecular genetic findings were
confirmed and extended by using techniques that were not available in
1990 when UPD was originally identified.

PWS96–019 (Fig. 1B), the second patient, was born after an un-
complicated pregnancy with normal fetal movement. He was hypo-
tonic, required nasogastric feeding, was hypoglycemic, and presented
with bilateral clubfeet, dislocated hips, and non-palpable testes. Chro-
mosome analysis showed a 46, XY karyotype. Hypotonia improved
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Fig. 1A, B  Clinical presentation. A PWS12 at 2 3/4 years and at 8 1/3
years of age. B PWS96-019 at 6 years of age



by 2 years of age, and there was a marked weight gain without a
change in growth velocity. At 3 1/3 years, down-slanting palpebral
fissures, small penis, small hands and feet, and short stature were not-
ed. Hyperphagia and temperament instability were absent, and mental
impairment was not detected. PWS was suspected, and the molecular
genetic studies were consistent with this diagnosis. Weight was great-
er than the 95th percentile with a normal caloric intake at 3 1/3 years;
however, at 5 1/2 years, his weight and height were at the 50th and
10th percentiles, respectively. PWS96–019 has not exhibited hyper-
phagia or other behavior patterns often characteristic of PWS.

Clinical specimens

Genomic DNA was analyzed from leukocytes obtained from periph-
eral blood specimens of PWS12 in 1990 and 1995. A skin biopsy was
also obtained from this patient in 1995 and used for cell culture and
DNA analysis. A peripheral blood specimen was available for
PWS96–019. RNA was analyzed from leukocytes of each patient.

Polymorphic markers

Chromosome 15 inheritance was determined by comparing parental
and proband leukocyte and fibroblast genotypes at the following poly-
morphic genetic loci: D15S541, D15S18, D15S9, D15S11, D15S128,
D15S13, IPW, D15S97, D15S122, D15S10, GABRB3, D15S165,
D15S12, D15S24, ACTC, D15S118, FIB, CYP19, D15S103,
D15S117, D15S125, D15S108, D15S110, D15S95, D15S111,
D15S100, D15S107, D15S87, D15S86, and D15S642. Conditions for
amplification or restriction endonuclease digestion of genomic DNA
were obtained from the Genome Database (Johns Hopkins
University) and from the literature (Mutirangura et al. 1993). Ampli-
fied genetic polymorphisms were initially analyzed according to pre-
viously established procedures (Weber and May 1989; Woodage et al.
1994). The possibility of additional alleles (>2) because of mosaicism
for UPD and biparental disomy (BPD) in PWS12 was assayed by
Southern hybridization with probes from D15S18, D15S9, D15S11,
D15S13, D15S10, D15S12, D15S24, and D15S86 and by polymerase
chain reaction (PCR) amplification at D15S95 in PWS12 and
D15S642 in PWS96–019.

Methylation studies

DNA methylation testing is routinely used to confirm the clinical di-
agnosis of PWS (Gillessen-Kaesbach et al. 1995). Methylation stud-
ies were performed with leukocyte DNA by using probes from
SNRPN(Glenn et al. 1993b) and PW71B (D15S63; Dittrich et al.
1993). Genomic DNA was either digested with the restriction en-
zymes XbaI and NotI and hybridized with a DNA probe from the pro-
moter region of SNRPN(Glenn et al. 1993b) or with HpaII and
HindIII and hybridized with PW71B (Dittrich et al. 1993).

Gene expression studies

Total RNA was extracted from blood leukocytes with RNAzolB three
times to reduce the likelihood of DNA contamination (Cinna/Biotecx
Laboratories, Tex.). Gene expression was assayed by using 5 µg total
RNA isolated from blood leukocytes by oligo dT-primed reverse tran-
scription (RT) with Superscript II (Life Sciences, N.Y.). One tenth of
the synthesized cDNA was analyzed by using previously described
primers and amplification conditions (Saitoh et al. 1996). Transcrip-
tion of SNRPN, PAR5, IPW, and ZNF127and the constitutively ex-
pressed gene GADPH (a positive control) was evaluated by RT-PCR
of mRNA from patients and in corresponding negative control (PWS
deletion and maternal UPD), positive control (AS deletion and pater-
nal UPD), and parental samples. The oligonucleotides used for PCR
of the SNRPNgene amplified exons 4–10 (Glenn et al. 1996), and
those for ZNF127amplified the 3’ untranslated region of the mRNA

(DD29 and RN153; R. Nicholls, personal communication). Primer se-
quences and conditions have been described for the amplification of
IPW (60 C and 60D; Wevrick et al. 1994) and PAR5(Sutcliffe et al.
1994). The HphI polymorphism in the IPWgene was detected both by
restriction digestion and by direct DNA sequencing of the amplified
PCR products produced from cDNA and genomic DNA. Restriction
digestion products were separated by gel electrophoresis with
Nusieve agarose (FMC BioProducts, Rockland, Me.). Primers for am-
plification of GADPHhave been described (Sutcliffe et al. 1994).

Allele-specific replication studies

Peripheral blood leukocytes were cultured and fixed by standard cyto-
genetic methods and prepared for fluorescence in situ hybridization
(FISH; White et al. 1996). A fixed cell pellet was available from the
initial sample taken from PWS12 (Mascari et al. 1992), and a fresh
cell pellet was prepared from PWS96-019. Phage clones 34-10
(D15S9), 3-21-12 (D15S10), and 16β3 (GABRB3) were labeled with
biotin-11-dUTP or digoxigenin-11-dUTP by nick translation and used
for FISH (Knoll et al. 1994). D15S11 and SNRPNwere digoxigenin-
labeled cosmid probes (Oncor, Md.). Hybridization and probe detec-
tion were performed on interphase nuclei as previously described
(Knoll and Lichter 1994). The proportions of unreplicated (G1 phase),
asynchronously replicated, (G1/G2 phase), and completely replicated
(G2 phase) homologs were determined at each locus. G1 cells show
two single hybridization signals, cells in G1/G2 exhibit one single and
one double signal, and those in G2 show two distinct pairs of signals.
A minimum of 100 interphase nuclei were scored for each probe by
two or more individuals (White et al. 1996). Slides were coded before
being analyzed and were randomized with other FISH studies per-
formed in the laboratory so that the identity of neither patient nor
probe was evident to the scorers.

Results

Genetic polymorphism studies

Molecular genetic studies of PWS12 at 2 3/4 years of age
were originally reported by Mascari et al. (1992) and
showed maternal uniparental heterodisomy at D15S86, and
heterozygosity consistent with maternal heterodisomy at
D15S11 and D15S10. Since the longitudinal development
of PWS12 was inconsistent with the initial diagnosis of
PWS, additional genetic studies were performed at age 8
years by using DNA isolated from a skin biopsy and anoth-
er blood sample to examine the possibility that PWS12 was
mosaic for both a BPD and a maternal UPD cell line. Ma-
ternal UPD was found at D15S11, D15S128, IPW, D15S97,
GABRB3, D15S165, ACTC, D15S103, D15S95, D15S100,
D15S86, and D15S642 (Table 1). Heterozygosity was also
detected at D15S541, D15S122, D15S10, D15S118,
CYP19, D15S117, D15S125, D15S110, D15S111,
D15S107, and D15S87, thus indicating that maternal
heterodisomy was present throughout the chromosome.
The genotypes derived from the repeat specimens were
identical to those obtained in 1990.

Maternal uniparental heterodisomy was identified in
PWS96-019 at D15S541, D15S122, CYP19, and D15S107.
The mother was homozygous, and maternal UPD was found
at D15S111 and D15S642 (Table 2). This patient’s genotype
was also identical to the heterozygous maternal genotype at
D15S128, IPW, D15S108, D15S110, and D15S100.
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Low-level mosaicism for a BPD cell line was unlikely in
these patients, based on the absence of paternally derived
chromosome 15 alleles at any polymorphic locus that dem-
onstrated maternal heterodisomy. Furthermore, paternal al-
leles were not evident either by Southern hybridization at
D15S24 (not shown) or D15S86 in PWS12, or by increas-
ing the number of cycles of PCR amplification at D15S95
in PWS12 and D15S642 in PWS96–019. PCR amplifica-
tion conditions were selected to amplify a rare paternally
derived allele, if present (~2% of the predominant alleles;
Pangalos et al. 1994). Mosaicism was not observed within
and between tissues in PWS12 or within a single tissue in
PWS96–019.

Methylation studies

DNA methylation was evaluated in leukocytes of patients
and controls at SNRPNand PW71B (D15S63). Methylation

profiles for both patients at SNRPN(Fig. 2, lanes 3, 4) and
PW71B (not shown) were each consistent with a PWS epi-
genotype (Glenn et al. 1993a; Dittrich et al. 1993). Normal
SNRPN(Fig. 2, lanes 1, 5, 6) and PW71B (not shown) me-
thylation patterns were seen in parental controls, and the
PWS pattern was seen in an individual with a 15q11-q13
paternal deletion (Fig. 2, lane 2).

Gene expression studies

Expression of 15q11-q13 loci - ZNF127, SNRPN, PAR5,
and IPW, and of the constitutively transcribed gene
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Table 1  DNA polymorphism analysisa: patient PWS12 (F fibroblast,
L leukocyte, UPD maternal uniparental disomy, hUPD maternal uni-
parental heterodisomy, RFLP restriction fragment length polymor-
phism, [CA] n short tandem repeat polymorphism). Paternity was ver-
ified with a VNTR probe at the α-globin gene locus on chromosome
16 (Mascari et al. 1992)

Locus Genotypes Interpretation

PWS12 Father Mother

15q11
D15S541(F) 12 11 12 Heterozygous
D15S11: [CA]n (L, F) 14 23 14 hUPD
D15S11 [RFLP] (L) 12 12 12 Heterozygous
D15S128 (L, F) 12 34 12 hUPD
IPW (L) 11 22 11 UPD
D15S97 (L, F) 34 12 34 hUPD
D15S122 (L, F) 12 23 12 Heterozygous
D15S10 (L) 12 11 12 Heterozygous
GABRB3(L, F) 11 22 11 UPD
D15S165 (L, F) 24 13 24 hUPD
ACTC(L) 12 34 12 hUPD
D15S118 (L, F) 12 11 12 Heterozygous
FIB (L) 11 11 11 Uninformative
CYP19(L, F) 23 13 23 Heterozygous
D15S103 (L) 11 23 11 UPD
D15S117 (L, F) 12 12 12 Heterozygous
D15S125 (L, F) 12 12 12 Heterozygous
D15S110 (L, F) 12 12 12 Heterozygous
D15S95 (L, F) 11 23 11 UPD
D15S111 (L, F) 12 22 12 Heterozygous
D15S100 (L, F) 14 23 14 hUPD
D15S107 (L, F) 12 23 12 Heterozygous
D15S87 (L) 12 12 12 Heterozygous
D15S86 (L) 34 12 34 hUPD
D15S642 (L, F) 24 13 24 hUPD
15qter

a Only informative markers are shown

Table 2  DNA polymorphism analysis: patient PWS96-019. Paterni-
ty was verified at microsatellite DNA polymorphic loci on chromo-
some 21 (D21S1434, D21S1436, D21S167)

Locus Leukocyte genotypes Interpretation

PWS96-019 Father Mother

15q11
D15S541 12 34 12 hUPD
D15S11: [CA]n 11 11 Uninformative
D15S128 23 13 23 Heterozygous
IPW 12 12 12 Heterozygous
D15S122 24 13 24 hUPD
CYP19 12 33 12 hUPD
D15S108 23 12 23 Heterozygous
D15S110 13 12 13 Heterozygous
D15S111 11 23 11 UPD
D15S100 13 23 13 Heterozygous
D15S107 13 22 13 hUPD
D15S642 11 23 11 UPD
15qter

Fig. 2  Methylation analyses. Southern hybridization analysis of pa-
tient and control genomic DNA digests hybridized with the SNRPN
probe. The methylated 4.3-kb XbaI-NotI fragment is seen in a dele-
tion-positive PWS control (lane 2), and patients PWS96–019 (lane 3)
and PWS12 (lane 4). The normal 4.3-kb and 0.9-kb fragments are ev-
ident in the mother of PWS96–019 (lane 1), and the father (lane 5)
and mother of PWS12 (lane 6)



GADPH- was analyzed by RT-PCR of leukocytes from
PWS12 and PWS96-019. The imprinted loci are not ex-
pressed from the maternally derived chromosome 15 and
are thus not transcribed in PWS patients (Fig. 3A, lane 4,
and results not shown; Saitoh et al. 1996; Ohta et al., in
press) but are expressed in cells of normal (Fig. 3A, lane 3)
and AS individuals (Fig. 3A, lane 5). SNRPNand IPW are
not transcribed in cells from PWS12 as expected, but
ZNF127and PAR5are unexpectedly expressed (Fig. 3A,
lane 1). Since the genetic polymorphism studies indicated
that PWS12 is not mosaic for a cell line of biparental origin,

expression of ZNF127and PAR5 is consistent with relax-
ation of the genomic imprint at these loci. This finding
prompted us to analyze the expression of imprinted loci in
other individuals referred for chromosome 15 UPD testing.
This screen identified patient PWS96-019, who expressed
IPW, but not SNRPN, PAR5, or ZNF127(Fig. 3A, lane 2).
Both PWS96-019 and his mother are heterozygous for a
polymorphism in IPW (Table 2; Fig. 3B, T/C; Fig. 3C, lanes
4, 5; Wevrick et al. 1994), but analysis of the patient’s IPW
cDNA revealed that only one of these alleles is transcribed
(Fig. 3B, T; Fig. 3C, lane 1).

Allele-specific replication studies

Results of allele-specific DNA replication studies for
PWS12 and PWS96–019 are presented in Table 3. Patients
with UPD for chromosome 15 generally show synchronous
replication, since both chromosomes are inherited from the
same parent (White et al. 1996). Synchronous replication
(9%–13% of cells at the G1/G2 phase of the cell cycle) was
observed at SNRPNin both patients, a finding that is consis-
tent with their methylation and expression profiles at this
locus. In contrast, asynchronous replication was observed
in both patients at D15S9 (21%–22% of cells), D15S11
(30%), D15S10 (24%–26%), and GABRB3(27%). The lev-
el of asynchronous replication at these imprinted loci was
comparable to that seen in control individuals with biparen-
tal inheritance. D15S9 and ZNF127 are colocalized and
proximal to SNRPN. Moreover, D15S11 is proximal to
SNRPN, whereas D15S10, IPW, and PAR5 are tightly
linked and distal to SNRPN(Robinson et al. 1997). Thus,
the asynchronously replicating domains adjacent to SNRPN
contain imprinted loci that are expressed in these patients.

Discussion

We report two patients who exhibit atypical PWS and ma-
ternal UPD and who express chromosome 15 alleles that
are ordinarily silent in typical PWS patients. Their molecu-
lar genetic and cytogenetic findings are consistent with re-
laxed imprinting at ZNF127, PAR5, and IPW. PAR5 and
ZNF127are expressed in PWS12 and IPW in PWS96–019.
Relaxation of imprinting refers to the failure either to reset
germline imprinted epigenotypes during gametogenesis or
to maintain each of the parental imprints in somatic tissues
(Brown et al. 1996; Morrison et al. 1996; Taniguchi et al.
1995). A milder PWS phenotype may result from the ex-
pression of maternal genes as a consequence of relaxed im-
printing. Expression of specific imprinted loci may be asso-
ciated with appetite regulation and growth in these patients.
Both individuals lack the hyperphagia typical of PWS and
have normal or decreased body weight. Analysis of expres-
sion in other tissues (which was not possible in these pa-
tients) would be necessary to corroborate the relationship
between these clinical findings and relaxed imprinting.
However, if relaxation of imprinting occurs postzygotically,
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Fig. 3A–C  Gene expression studies. A RT-PCR amplification of
ZNF127, SNRPN, PAR-5, IPW, and GADPH loci in PWS12 (lane 1),
PWS96–019 (lane 2), a normal individual (lane 3), a PWS patient
with a paternal deletion (lane 4), an AS patient with a maternal dele-
tion (lane 5), and a negative control reaction (lane 6). D:PCR amplifi-
cation of the first-strand cDNA template and the corresponding nega-
tive control reaction, R:PCR amplification of RNA without prior
cDNA synthesis. B Comparison of IPWgenomic and cDNA sequenc-
es in PWS96–019. Arrows: Location of the heterozygous HphI (C/T)
polymorphism in the genomic sequence and the single T allele in the
patient’s cDNA sequence. C IPW genotypes and expression of the
HphI RFLP. IPW cDNAs are restricted with HphI in lanes 1–3; lanes
4–6 show the corresponding genomic digests. Results are shown for
PWS96–019 (lanes 1, 4), his mother (lanes 2, 5), a PWS patient with
a 15q11-q13 deletion (lanes 3, 6), and a negative control reaction
(lane 7)



it is possible that some tissues would not express these im-
printed genes.

Although different imprinted loci are expressed in each
patient, both exhibit asynchronous DNA replication at the
same loci. In contrast, other patients with maternal UPD
demonstrate synchronous replication (Kitsberg et al. 1993;
Knoll et al. 1994; White et al. 1996). Interestingly,SNRPN,
which is not expressed in either of these patients, demon-
strates synchronous replication. The asynchronously repli-
cating loci reside in adjacent regions containing imprinted
loci that are expressed in our patients. Expression and rep-
lication remain coupled at IPW in PWS12 and at ZNF127
and PAR5 in PWS96–019, despite the maternal origin of
these alleles. Changes in chromatin structure can potentiate
gene activation at other loci in the genome, regardless of
parental origin (Tuan et al. 1992; Yoo et al. 1996), and these
changes can be related to replication timing. Gene expres-
sion has been correlated with the timing of DNA replication
for genes with both constitutive and tissue-specific expres-
sion profiles (Goldman et al. 1984; Hatton et al. 1988;
Gunaratne et al. 1995; Yeshaya et al. 1998).

Monoallelic expression of IPW in PWS96-019 is consis-
tent with the possibility that this locus is transcriptionally
regulated. The expression of a single allele could conceiv-
ably be optimal for normal development, since abnormal
phenotypes result from the failure to express imprinted
genes in PWS and AS (Sutcliffe et al. 1994; Saitoh et al.
1997) and from extra gene copies in individuals with dupli-
cations of chromosome 15q11-q13 (Leana-Cox et al. 1994;
Cheng et al. 1994; Cook et al. 1997; Repetto et al. 1998).

Inheritance of the IPW allele that is expressed in
PWS96–019 may provide a clue to the developmental and
replication timing of relaxed imprinting. Expression of a
single allele from a maternal chromosome pair can result
from a grandparental allele having either germline failure to
complete imprint switching (Buiting et al. 1998) or somatic
relaxation of the imprint. Failure to reset a grandpaternal
imprint during oogenesis transmits a paternal epigenotype

and produces normal imprinting. Once the switch has oc-
curred, partially relaxed imprinting in the germline could
result from failure to effect imprinting at loci adjacent to the
IC. If the expressed allele were grandmaternally derived, re-
laxation of imprinting should have occurred in somatic tis-
sues and result in failure to maintain the silence of this allele.

In theory, somatic mosaicism for UPD and BPD could
result in the expression of imprinted genes. Mosaicism in
these cases is unlikely for several reasons. They include: (1)
paternally derived chromosome 15 alleles were not detect-
ed; (2) only a subset of imprinted loci were expressed, in-
stead of all loci, which would be expected if the paternal
chromosome were present; (3) synchronous DNA replica-
tion was found only at SNRPN; (4) the phenotype of mosa-
ic trisomy 15 was not apparent (Milunsky et al. 1996; Buh-
ler et al. 1996); and (5) UPD and BPD cell lines present in
a single individual would have required independent
postzygotic errors (Cassidy et al. 1992). Expression of im-
printed genes is more likely to be the result of the relaxation
of maternal alleles in the 15q11-q13 interval.

The PWS phenotype appears to be determined both by
the loss of IC function and by the expression of individual
imprinted genes in this region. Expression of the IC (within
the 5’ untranslated region of SNRPN)is required for normal
development and imprinting of other 15q11-q13 loci, but
the SNRPN coding region itself appears to be dispensible
(Yang et al. 1998). However, some clinical features of PWS
are present in patients with an intact IC and translocation
breakpoints within the PWS critical region (Schulze et al.
1996; Conroy et al. 1997) or smaller than typical deletions
(Mowrey-Rushton et al. 1996b). Schulze et al. (1996) have
reported a non-hyperphagic patient with a balanced (9;15)
translocation breakpoint distal to SNRPNand who exhibits
normal SNRPNexpression and methylation but who does
not express either IPW or PAR-1. Another atypical patient
with a balanced paternal (2;15) translocation breakpoint be-
tween IPW and SNRPNexpressesSNRPNand PAR-5 but
not IPW (Conroy et al. 1997). Individuals with deletions
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Table 3  Replication timing.
Replication analyses at the loci
given below have been previous-
ly reported in control individuals
and patients with UPD (Knoll et
al. 1994; White et al. 1996). In
control individuals, 25%–40%
of cells show asynchronous rep-
lication (G1/G2) in this imprint-
ed domain, whereas 3%–11% of
cells in patients with UPD show
this level of asynchrony. Hybrid-
izations were scored indepen-
dently by two or three individu-
als (A–C)

Locus (probe) Scorer Mean percent of cells 
Subject (no. scorings) at cell cycle stage (range)

G1 G1/G2 G2

D15S9 (34–10)
PWS96–019 A, C (3) 67 (65–70) 21 (21–22) 11 (8–13)
D15S11 (D15S11)
PWS96–019 A, C (2) 56 (53–59) 30 (30) 14 (11–17)
SNRPN(SNRPN)
PWS12 A, B, C (4) 87 (86–87) 9 (9–10) 4 (4)
PWS96–019 A, C (2) 76 (75–78) 11 (10–13) 12 (12)
D15S10 (3–21–12)
PWS12 A, B, C (3) 68 (66–69) 24 (22–26) 8 (8–9)
PWS96–019 A, C (2) 61 (60–62) 26 (25–28) 13 (12–13)
GABRB3(16β3)
PWS12 A, C (2) 64 (62–67) 27 (27) 9 (6–11)
PWS96–019 A, C (2) 68 (67–69) 27 (27) 6 (5–6)



distal to SNRPN (PW4 and PW10 in Mowrey-Rushton et al.
1996b) are also atypical. In these individuals and the
present UPD patients, imprint switching appears to have
occurred correctly at SNRPNbut either does not occur or is
not maintained at adjacent loci. Patients who lack some
findings of PWS and express imprinted genes may be use-
ful in defining chromosomal intervals associated with spe-
cific clinical features.
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