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ABSTRACT Prader–Willi syndrome (PWS) and An-
gelman syndrome (AS) are developmental disorders resulting
from the absence of the paternal or maternal contribution to
the 15q11–13 region, respectively. Allele-specific methylation
at D15S63 (PW71) has routinely been used as a diagnostic
indicator of PWS and AS in DNA samples derived from
peripheral blood. Extensive variation in allele-specific meth-
ylation patterns, however, has been observed at this site in
different tissues, but the frequency or mechanism of this
variation has remained uncharacterized. Herein, we have
investigated the cellular basis of variation in methylation
patterns at four sites of allelic methylation near SNRPN by
using DNA samples derived from a panel of primary T
lymphocyte clones. Interclonal variability was observed at
three of these sites, including the diagnostic PW71 site.
Changes in allele-specific methylation patterns occurred at a
frequency of about one change in 50% of the cells every 22–25
doublings. In contrast, stable allele-specific methylation was
observed in these clonal populations at exon 1 of SNRPN and
the androgen receptor locus on the inactive X chromosome,
suggesting that methylation at some CpG sites is more faith-
fully maintained than others. Clonal heterogeneity at PW71
was not an artifact of cell culture because the absence of allelic
methylation was also observed in about 20% of the alleles in
unstimulated peripheral blood. These results demonstrate
that variation in allele-specific methylation at PW71 and other
sites in the PWSyAS region appear to depend on the clonal
complexity of the particular tissue and on the lack of strict
maintenance of methylation within clones.

Methylation of CpG sites in the mammalian genome is an
essential process for development, cellular differentiation, X
chromosome dosage compensation, and parental imprinting
(1–3). Methylation has been associated with diverse functions,
such as transcriptional silencing, maintenance of chromatin
organization, and inactivation of foreign DNA sequences (2,
4–6). The role of methylation as an epigenetic marker of
transcriptional states has been most clearly defined for alleles
that display both methylated and unmethylated states, such as
the two X chromosomes in females or the maternal and
paternal alleles of imprinted regions.

Human chromosomal subregion 15q11–13 is subject to
parental imprinting, as is evident from the opposite parental
origin inheritance of the distinct genetic diseases Prader–Willi
syndrome (PWS) and Angelman syndrome (AS) (7–9). Sites of
allele-specific methylation are well-characterized near the 59
end of SNRPN, a gene that demonstrates exclusive paternal
expression in the 15q11–13 region (10–12). In addition to
SNRPN exon 1, several sites at D15S63 (PW71) have also been
used extensively for molecular diagnosis of all classes of AS and
PWS, demonstrating absence of allelic methylation patterns

(12–17). The PW71 and SNRPN exon 1 sites are unmethylated
on the paternal allele, consistent with the paternal expression
pattern of SNRPN. A few CpG sites are methylated on the
expressed paternal allele, however, including a site within an
intron of SNRPN (11) and one within the recently described
BD exons (BD1A, BD1B, BD1B9, BD2, and BD3), which are
alternative transcripts at the 59 untranslated region of SNRPN
(12, 18).

Methylation patterns have been reported to be strictly
clonally maintained on the basis of extensive investigation of
methylation on the inactive X chromosome in mammalian
females (3, 19). Furthermore, because the substrate for DNA
methyltransferase is hemimethylated DNA, a mechanism in-
volving this enzyme can explain how nascent DNA is methyl-
ated after DNA replication to ensure the maintenance of
epigenetic states during cell proliferation (5). In imprinted
regions, however, patterns of DNA methylation are quite
dynamic and change frequently during different stages of
development (20). Tissue-specific differences in methylation
patterns have often been found in sites of allelic methylation
(15, 17). In addition, several CpG sites near D15S63 and the
intron of SNRPN are described as partially methylated from
mixed patterns on Southern blots of total genomic DNA
(11–13, 17, 18, 21).

Our hypothesis is that tissue-to-tissue variation in the allelic
methylation of sites near SNRPN may reflect intercellular
heterogeneity in methylation patterns rather than true tissue
specificity. In other words, the variation of allelic methylation
in a particular tissue may depend on the complexity of its
cellular composition. The possibility was excluded that allelic
methylation patterns vary during different stages of the cell
cycle or in different functional populations of T lymphocytes
(R.J.R., unpublished data). Thus, we decided to address the
question of whether random variations at allelic methylation
sites may exist between individual cells within a population.

It has recently been demonstrated that the sites of allelic
methylation at D15S63 are more variable than those in the 59
end of SNRPN exon 1 (22). To understand the cellular basis
underlying this variability, we directly examined the degree of
intercellular heterogeneity of allele-specific methylation in
peripheral blood lymphocytes (PBLs) by using a novel single
cell cloning approach. Clonal populations of T lymphocytes
from two normal individuals were randomly selected, cultured,
and examined for allele-specific methylation at several sites
within the 59 region of SNRPN. Three of these methylation
sites displayed a high degree of variability between different T
cell clones. In contrast, one site at the 59 end of exon 1 of
SNRPN demonstrated an allele-specific methylation pattern
that was homogeneous and clonally maintained, similar to
methylation patterns on the inactive X chromosome. These

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’’ in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

© 1998 by The National Academy of Sciences 0027-8424y98y951675-6$2.00y0
PNAS is available online at http:yywww.pnas.org.

Abbreviations: PWS, Prader–Willi syndrome; AS, Angelman syn-
drome; AR, androgen receptor; PBL, peripheral blood lymphocyte;
PBMC, peripheral blood mononuclear cell.
*Present address: Medical Microbiology and Immunology Depart-

ment, School of Medicine, University of California, Davis, CA 95616.
†To whom reprint requests should be addressed.

1675



results suggest different mechanisms for maintenance of allelic
methylation at sites within a 100-kb region around SNRPN.

MATERIALS AND METHODS

T Lymphocyte Single Cell Cloning. Peripheral blood mono-
nuclear cells (PBMCs) were isolated from a normal female
(NS1) by density sedimentation with FicollyHypaque (Phar-
macia). PBMCs were cultured at limiting dilution (30, 3, and
0.3 cells per well) in 96-well V-bottom plates containing
irradiated (5,000 rad; 1 rad 5 0.01 Gy) autologous PBMCs at
105 per well. RPMI culture medium 1640 contained 20%
pooled human serum (Sigma), glutamine, antibiotics, and
phytohemagglutinin PHA.P (Welcome Diagnostics; 1 mgyml).
After a 48-h culture, interleukin 2 (Human T Stim, Collabo-
rative Research) was added at a 5% final concentration, and
this complete medium, excluding PHA.P was changed in half
the cultures every 4 days. After 12 days of primary culture,
wells were scored for positive growth, and clonal populations
derived from lowest dilution were restimulated at 5 3 103 cells
per well as described for primary culture except with allogeneic
irradiated PBMCs. After an additional 8 days of culture, T cell
clones were counted, and DNA was isolated by using the
Puregene kit (Gentra Systems) for clonal cultures of greater
than 106 total cells. Subcloning of NS1 was performed as above
with one round of stimulation at limiting dilution and a second
restimulation after 10 days. The stimulation and restimulation
of the total lymphocyte population (NS1.PHA and NS2.PHA)
and DNA isolation were performed as above except primary
culture was at 105 cells per well without irradiated feeders and
with PHA.

Southern Blot Analysis. Genomic DNA digestion, Southern
transfer, and probe hybridization were performed as described
(11, 15, 23). Probe PW71B (gift from B. Horsthemke, Uni-
versity of Essen, Germany) was hybridized to HindIIIyHpaII-
digested DNA, probe Y48.5 (gift from B. Horsthemke) was
hybridized to SacIyHpaII digests, and probe pNO.9 (American
Type Culture Collection) was hybridized to XbaIyNotI digests.
A reverse transcription-coupled PCR product between
SNRPN exons 2 and 3 described previously (11) was hybridized
to HindIIIyHpaII-digested DNA on blots. Images of autora-
diographs were captured by using a UVP gel documentation
system and quantitative analysis was performed on a Macin-
tosh computer using the public domain NIH IMAGE program
(developed at the National Institutes of Health and available
on the Internet at http:yyrsb.info.nih.govynih-imagey).

Androgen-Receptor (AR) Allele-Specific Methylation As-
say. DNA digestion and PCR were performed as described
(24) except that 28 cycles were performed without radioactiv-
ity and samples were electrophoresed on 10% nondenaturing
polyacrilamide gels and detected by staining in ethidium
bromide (1 mgyml). Gel images were captured by using a UVP
gel documentation system and analyzed with NIH IMAGE.

PW71 Allele-Specific Methylation Assay. Approximately
400 ng of genomic DNA from a normal individual polymorphic
for the NciI site detected by PW71B (23) was digested over-
night at 37°C with or without HhaI (CfoI). One-half of the
digestion was amplified (primers 59-TCTGAAGAAAGCTA-
CCCATCCAATGAAGAAG and 59-GCAGCAGGACGAC-
CGGATTC) in a 50-ml reaction containing 0.5 mM primers, all
four dNTPs (each at 125 mM), 2.5% dimethyl sulfoxide, Taq
polymerase, and salts as described by the manufacturer
(Boehringer Mannheim) in a GeneAmp PCR system 2400
(Perkin–Elmer). PCR conditions were as follows: 1 cycle
(94°C, 3 min), 5 cycles (94°C, 30 sec; 72°C, 2.5 min), 10 cycles
(94°C, 30 sec; 71°C, 30 sec; 72°C, 2 min), 10 cycles (94°C, 30 sec;
70°C, 30 sec; 72°C, 2 min). PCR products were purified with Mr
30,000 Ultra-free-MC filter unit (Millipore) to remove salts
and then resuspended in NciI digestion buffer with or without
NciI for at least 3 h at 37°C. Resulting digested products were

separated on 1% agarose gels. Gel images were captured by
using a UVP gel documentation system and analyzed with NIH
IMAGE. As a control for completion of CfoI digestion, the
remaining half of the predigested DNA was amplified with
primers spanning a 105-bp sequence containing six CfoI sites
from the BRCA2 locus. PCR conditions were as described for
PW71 except MT1 amplification was carried out in a 25-ml
reaction with 5% dimethyl sulfoxide for 32 cycles (94°C, 30 sec;
70°C, 30 sec) with primers 59-CCAAGCCTGAGCCTGGC-
AGC and 59-GCTCCCTCCTCTCCGTGCCC.

RESULTS

Isolation of T Cell Clones from Human Peripheral Blood.
PBLs were isolated from a normal female and cultured at
limiting dilution in the presence of irradiated allogeneic PBLs
and interleukin 2. After 2 weeks, wells displaying growth were
selected and restimulated for further growth. One week after
the second stimulation, genomic DNA was isolated from T cell
clones grown for 19–25 generations (5 3 105 to 5 3 107 cells).
The frequency of clonal growth was 39%, sufficient to ensure
a random selection of the original cell population.

Determination of Methylation of SNRPN Sites in Normal T
Cell Clones. Four sites of previously described allelic methyl-
ation at SNRPN were examined in the panel of T cell clones
(Fig. 1E). Probe PW71B detects an allelically methylated
HpaII site in the long terminal repeat sequence 59 of exon BD2,
which has been routinely used for clinical diagnosis of AS and
PWS in blood (23). Probe Y48.5 detects two HpaII sites
between BD2 and BD3, one of which shows an allelic pattern
of methylation (12, 18). Probe pNO.9 detects an allelic NotI
site at the 59 end of SNRPN exon 1 (10), and the reverse
transcription-coupled PCR product between SNRPN exons 4
and 5 detects a site of partial allelic methylation at a HpaII site
within the intron (10, 11, 21).

Genomic DNA from T cell clones (NS1.1–7) and from
PHA-stimulated total lymphocytes (NS1.PHA) was digested
with HindIII and HpaII and analyzed by Southern blot hybrid-
ization with PW71B (Fig. 1 A). In the total population,
NS1.PHA, both the 6.6-kb methylated allele and the 4.0-kb
unmethylated allele are about equally represented. In contrast,
the pattern of methylation of the different T cell clones was
quite variable. In four of the seven T cell clones, one predom-
inant pattern was observed, either methylated (NS1.2–4) or
unmethylated (NS1.1). The two additional bands at 2.7 and 2.5
kb, which are often observed with the PW71B probe (15), also
were variably detected in different T cell clones.

An even more striking variability in methylation patterns
was observed in a Southern blot analysis with Y48.5 on
SacIyHpaII- digested DNA from the same panel of T cell
clones (Fig. 1B). In total blood DNA, allelic methylation is
represented by the 2.5- and 1.0-kb bands of equal intensity.
Only one of the seven T cell clones (NS1.4), however, showed
an equal intensity of these two bands as measured by image
analysis densitometry. The analysis of each of the T cell clones
revealed variations in the intensity of all four bands, suggesting
several different combinations of methylation patterns at this
site.

In contrast to the variable methylation patterns observed in
T cell clones in Fig. 1 A and B, allelic methylation at the 59 end
of SNRPN exon 1 detected by probe pNO.9 was equivalent
between T cell clones and total lymphocytes (Fig. 1C). In
unstimulated blood, both the 4.3-kb methylated and 0.9-kb
unmethylated sites are observed at approximately equal in-
tensities (10). The equal intensity of these two bands was
consistently observed in both stimulated lymphocytes
(NS1.PHA) and all T cell clones (NS1.1–7).

The site of allelic methylation within the intron of SNRPN
has been previously reported to be a site of partial methylation
with the unmethylated 3.3-kb band representing about 20–
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35% of the total hybridization signal. Because each allele must
be either methylated or unmethylated in each cell, this pattern
has been hypothesized to reflect different cell populations (10,
11, 21). This hypothesis is directly tested in Fig. 1D. Total
lymphocyte culture NS1.PHA exhibit the pattern predicted
from blood, with 20% of the unmethylated 3.3-kb band
present, but T cell clones exhibited variable hybridization
intensity of this band. Clones NS1.1, 4, and 5 exhibit roughly
equal intensity of the 6.0- and 3.3-kb bands, clones NS1.2 and
7 almost completely lack the 3.3-kb band, and the patterns of
NS1.3 and 6 are similar to the total population. This experi-
ment demonstrates that although there are cell variations in
the methylation patterns, each clone does not display a single
pattern with a single allele methylated and suggests that the
methylation patterns are not clonally maintained.

Clonality of Allele-Specific Methylation on the X Chromo-
some. Methylation patterns on the inactive X chromosomes in
females are strictly maintained in an assay for clonality and
random X chromosome inactivation that uses a polymorphic
CAG repeat at the 59 end of the AR gene (24, 25). This site
is heavily methylated on the inactive but not the active X
chromosome in females so that both parental alleles can be
detected in the inactive methylated state in a mixed population
of cells in an adult female (24, 25). In clonal populations,
however, only one allele will be amplified, representing the
methylated allele on the inactive X chromosome in that clone.
We therefore used the AR clonality assay to test the mainte-
nance of methylation at this site on DNA from the panel of T
cell clones (Fig. 2). For the total lymphocyte culture
(NS1.PHA), both alleles of the AR CAG repeat are amplified
in DNA with or without HpaII predigestion, although the
intensity is reduced in the HpaII-predigested DNA, due to the
loss of the unmethylated fraction from both alleles. Amplifi-
cation of the AR site in DNA from the T cell clones, however,
resulted in only one of the two alleles being amplified from
HpaII-predigested DNA. The upper allele was the methylated
inactive allele in five of the clones, and the lower allele was
methylated in the remaining two T cell clones.

Subcloning of a T Cell Clone to Assess Maintenance of
Clonal Methylation Patterns. The variable methylation pat-
terns observed in Fig. 1 could have arisen in early development

FIG. 1. Allele-specific methylation patterns in DNA isolated from
a panel of T cell clones (NS1.1–7) or peripheral blood (NS1.PHA). (A)
HindIIIyHpaII-digested DNA was analyzed by a Southern blot de-
tected with probe PW71B. The 6.6-kb and 4.7-kb bands are the
expected sizes for the maternal (M) and paternal (P) alleles, respec-
tively. T cell clones vary in the proportion of these allelic bands and
the nonallelic bands at 2.7 and 2.5 kb (15). (B) DNA digested with SacI
and HpaII and probed with Y48.5 revealed four bands that vary in
intensity in different T cell clones, two of which are allelic in peripheral
blood (bands P and M as indicated) (13). (C) XbaIyNotI-digested
DNA probed with pNO.9 from exon 1 of SNRPN reveals bands of 4.3
kb (M) and 0.9 kb (P) that do not vary between different T cell clones.
(D) HindIIIyHpaII-digested DNA was detected with an reverse tran-
scription-coupled PCR product that spans exons 4 and 5 of SNRPN,
revealing a partial allelic methylation site within the intron (11, 20).

FIG. 2. Assay for allelic methylation status of AR on the X
chromosome in female reveals stable clonal maintenance of methyl-
ation. Genomic DNA from the same panel of T cell clones used in Fig.
1 was predigested with AluI and HpaII (1) or AluI alone (2), amplified
with ARA-specific primers, and separated by PAGE on 10% gels. Two
alleles of the polymorphic (CAG)n are observed in this individual
(bands a and b). In peripheral blood (NS1.PHA), both alleles are
observed in both HpaII- undigested and -digested, but in T cell clones
only one of the two alleles are amplified in HpaII-digested DNA. The
methylated allele on the inactive X chromosome is both randomly
determined and clonally maintained (23, 24).

Variability in the presence of the 3.3-kb band (M) was observed
between different T cell clones. (E) Relative genomic locations of
probes used to detect methylation by Southern blot analysis in
relationship to SNRPN (11, 12, 18). BD1A, 1B, 2, and 3 are alternative
59 exons of SNRPN (18).
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and later be clonally maintained, as occurs on the X chromo-
some. Alternatively, variations in these methylation patterns
may arise during somatic cell division. To directly address
whether methylation is clonally maintained at the variable
PW71 site, a subcloning experiment was performed on T cell
clone NS1.3. Cells from NS1.3 T cell clone taken from the
same generation as the DNA isolation in Fig. 1 (25 doublings)
were subcloned at limiting dilution and cultured for two
subsequent PHA stimulations. Four new subclones were cul-
tured to an additional 22–23 generations (47–48 total dou-
blings from original clone) and DNA was isolated from each
subclone (NS1.3A-D). Although a methylated pattern was
observed at the PW71 site of the original clone NS1.3, only two
of the four subclones retained this original pattern (Fig. 3,
NS1.3A and 3B). Two other subclones, NS1.3C and 3D,
exhibited a methylation pattern that has equal intensities of
both methylated (6.6 kb) and unmethylated (4.7 kb) bands, like
the original peripheral blood sample. These results demon-
strate that the methylation pattern is not stably maintained
during cell division but instead changes, with roughly a 50%
chance of a single clone switching the methylation pattern of
a single site observed every 22–25 generations.

Variation of Allelic Methylation of PW71B Locus in Normal
Unstimulated Peripheral Lymphocytes vs. T Cell Clones.
Analysis of methylation at the PW71 (D15S63) locus is a
reliable diagnostic indicator of most cases of PWS and AS (13,
14, 17, 21, 26). The fully methylated 6.6-kb band is predomi-
nant in genomic DNA from PWS peripheral blood, whereas
the unmethylated 4.7-kb band is predominant in AS blood. The
6.6-kb band is referred to as the maternal allele because it is
absent in AS, and the 4.7-kb band is assumed to be paternal
because it is absent in PWS (13, 14). Analysis of allele-specific
methylation in normal blood has not been reported, however,
by using a combined methylation and polymorphism analyses.
In light of our results in Fig. 1 A, in which some normal T cell
clones have the PWS pattern of PW71B methylation (NS1.2–4)
and another displays the AS pattern (NS1.1), we wished to
confirm that allelic methylation occurs in normal unstimulated
peripheral blood and to determine whether the pattern of
allelic methylation changes in culture.

A polymorphic NciI site has been described that can be
detected by the PW71B probe by Southern blot analysis (23).
Genomic DNA from peripheral blood of several normal
individuals was screened for the NciI polymorphism and a
heterozygous individual was selected (NS2). Primers were
designed that flanked both the polymorphic NciI site and three
CfoI (HhaI) sites (Fig. 4A). Two CfoI sites are methylated, and

the third has been shown to be diagnostic for AS and PWS (15).
Similar to the AR PCR assay, DNA from unstimulated pe-
ripheral blood was predigested with or without CfoI prior to
amplification with flanking primers in Fig. 4A. After PCR
amplification, samples were digested with NciI. In Fig. 4B, both
NciI alleles are detected in non-CfoI-digested DNA, but in
CfoI-predigested DNA, the allele without the NciI site is
predominant. Quantitation of relative band intensity revealed
the relative intensities of the 2.0-, 1.3-, and 0.7-kb bands to be
45%, 31%, and 24% for non-CfoI-treated DNA and 80%, 11%,
and 9% for CfoI-digested DNA, respectively. These results are
representative of four experiments in which the ratios did not
vary more than 10%. These results demonstrate that one
parental allele is preferentially methylated in normal unstimu-
lated blood cells, but variation exists in at least 20% of the cells
on the opposite allele.

With this same approach to detect allelic methylation at
PW71B, we then directly addressed whether the allelic meth-
ylation changes after stimulation in culture in the total vs.
clonal populations. In Fig. 4C, T cells that had been PHA-

FIG. 3. Methylation pattern at allelic PW71 HpaII site is not
clonally maintained in T cell subclones. T cell clone NS1.3, which
exhibits a totally methylated pattern at PW71, was subcloned at
limiting dilution and cultured for an additional 22–23 generations.
Genomic DNA isolated from the subclones (NS1.3A–D) was analyzed
as in Fig. 1 A. Two of the subclones (NS1.A and B) exhibited a
methylation pattern similar to the original clone NS1.3, but the
remaining two subclones (NS1.3C and D) demonstrated the presence
of the 4.7-kb band observed in peripheral blood (NS1.PHA).

FIG. 4. Assay for both NciI polymorphism and CfoI methylation at
PW71 reveals loss of allelic methylation in peripheral blood and T cell
clones. (A) Primers were designed to span both a polymorphic NciI site
(p) and a diagnostic site of allelic methylation (1). (B) Genomic DNA
from a plasmid clone of the region (p1022) and peripheral blood from
a normal individual heterozygous for the NciI site (NS2.PBL) were
predigested with (1) or without (2) CfoI prior to PCR amplification.
After amplification, PCR products were then digested with (1) or
without (2) NciI to determine methylation status of each allele.
NS2.PBL DNA predigested with CfoI showed a predominance of the
NciI2 allele, demonstrating partial allelic methylation. (C) Genomic
DNA from peripheral blood (NS2.PBL), PBLs stimulated and cul-
tured for around 25 generations with PHA (NS2.PHA), and two T cell
clones (NS2.1 and 2) was assayed for allelic methylation as described
in B. NS2.PHA and NS2.PBL exhibited the same preference for the
methylated allele, but the two T cell clones varied in the degree of
methylation of the NciI1 allele. CfoI predigestion was complete, as
determined by the lack of amplification of a sequence containing
unmethylated CfoI sites from the BRCA2 locus (data not shown).
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stimulated in a bulk population for 20–25 cell divisions
(NS2.PHA) exhibited roughly the same pattern of allelic
methylation as unstimulated blood (NS2.PBL) with a 70%
preferential methylation of the NciI-allele. In the two T cell
clones that were derived from NS2, one (NS2.1) had no
evidence for allelic methylation and the other (NS2.2) was
predominantly methylated on the NciI-allele (87% NciI-
allele). These results demonstrate that clonal populations vary
in the maintenance of the allelic methylation pattern. The
predominance of one methylated allele, however, does not
change within the total population after two rounds of PHA
stimulation (20–25 generations).

DISCUSSION

The analysis of allelic methylation by Southern blot analysis at
the PW71 (D15S63) region has proven to be a reliable mo-
lecular diagnostic test for PWS and AS. Despite its usefulness,
several reports have demonstrated variability of allelic meth-
ylation patterns in tissues other than peripheral blood (26).
This variability has also been observed in single alleles cloned
from peripheral blood DNA as presented in a recent report
using the bisulfite protocol of genomic sequencing (22). Al-
though these previous reports have suggested that intercellular
variability may explain the variation, this hypothesis has not
been previously tested. The purpose of this report is to
investigate the cellular basis of methylation variability by a
direct examination of allelic methylation in individual clonal
cell populations. The pattern of allelic methylation at four
regions within the 59 end of the imprinted gene SNRPN was
examined in a panel of clonally derived T lymphocytes, re-
vealing clone to clone variation in the allelic methylation
pattern at several of these sites. In addition, variation between
sites was observed within a single clonal population. For
instance, no clone was either completely methylated or un-
methylated at all sites within the SNRPN region, indicating that
the variations in each site occur as independent events. The
variation appears to occur as a result of somatic cell division
and is not stably maintained in a clonal population. We have
calculated the frequency of variation at these sites to be
roughly one change in methylation pattern observed in 50% of
the cells every 22–25 generations.

Several lines of evidence argue against the variation in allelic
methylation patterns observed in T cell clones being simply an
artifact of cell culture in vitro. (i) The variability in allelic
methylation is also observed in DNA derived from uncultured
peripheral blood in around 20% of the alleles by both our
PW71yNciI methylation-sensitive PCR assay (Fig. 4) and the
genomic sequencing method (22). (ii) Variation in allelic
methylation was not observed on the inactive X chromosome
at the AR locus (Fig. 2 and refs. 3, 24, and 25) or at exon 1 of
SNRPN (Fig. 1C and ref. 22) even after 50 doublings in culture
(data not shown). The lack of an overall change in methylation
pattern is consistent with the observation by restriction land-
mark genomic scanning analysis that the overall methylation
pattern of primary T lymphocytes does not change after
several rounds of in vitro stimulation (27). (iii) The pattern of
allelic methylation does not change in the total population
during a comparable number of doublings as it does in the
clonal populations, demonstrating that although allelic meth-
ylation is dominant in a mixed population, the absence of
allelic methylation patterns are observed in some clones (Figs.
1 and 4C).

Variation in methylation patterns have been previously
observed at several sites including the promoter regions of
genes in clonal fibroblast populations (28–32) and PGK1 in
somatic cell hybrids (19). Moreover, little evidence for faithful
clonal maintenance of methylation patterns was observed in
lymphocytes at the FMR1 locus on X chromosome (33). The
variable methylation at PGK1 and FMR1 is in contrast to the

apparently more stable methylation in T cell clones at the AR
locus (Fig. 2). The reason for the differences in variability
between these X chromosome loci is not clear, although it
should be noted that several sites at FMR1 were examined but
only one AR site was analyzed herein. Analysis of additional
sites in the AR region might reveal a degree of variation similar
to that at FMR1. The unstable methylation at FMR1 (33) and
at PW71, as shown herein, appears to occur randomly as a
result of somatic cell division, suggesting that a low fidelity in
the maintenance of methylation during DNA replication plays
a role in the generation of variability (33). The random
variation in methylation patterns could be beneficial by en-
suring a degree of cellular heterogeneity within a continually
dividing cell population. Perhaps epigenetic heterogeneity of
clonally derived cells is advantageous in some regions of the
genome to prevent integrated viral or other harmful sequences
from being expressed in all cells (5, 34).

The observation of clonal heterogeneity in allelic methyl-
ation patterns in an imprinted region, however, brings up the
issue of how faithfully parental imprints are maintained during
somatic cell division. We have demonstrated that in peripheral
blood, methylation appears on the opposite allele in 20–30%
of the total DNA. Interclonal variation in methylation does not
occur, however, at one site in exon 1 of SNRPN and at the AR
locus on the inactive X chromosome. The difference suggests
that variation at these two sites is selected against in a dividing
population because of a growth disadvantage or that a differ-
ent mechanism of methylation maintenance exists at some sites
of allelic methylation. One possibility is that binding of tran-
scription factors to certain CpG sites actually protects the
methylation state from variation. DNA from a panel of T cell
clones, such as those investigated in this study, could provide
a useful resource for testing the maintenance of methylation at
specific sites in the human genome and further investigating
the mechanism of methylation maintenance.

Methylation patterns of imprinted regions are dynamic
during early developmental stages in diploid or tetraploid but
not haploid parthenogenic embryos, suggesting that a mech-
anism of methylation exchange may exist for imprinted regions
(20). In the fungus Ascobolus immersus, methylation can be
tranferred between alleles of homologous chromosomes dur-
ing meiotic pairing (35). Homologous association between
oppositely imprinted chromosomal domains is observed in
human lymphocytes during late S phase of mitotic cell division
(36), suggesting that methylation transfer between paired
alleles may also occur during somatic cell division. In support
of this model, a lower frequency of variation in the PW71
methylation pattern was observed in T cell clones from an AS
patient whose lymphocytes are deficient in homologous asso-
ciation of 15q11–13 alleles (J.M.L., unpublished results). Fur-
thermore, trans effects on methylation of the Igf2 gene were
recently observed in H19 heterozygous deletions in mouse,
providing additional evidence for transfer of methylation
between parental alleles (37).

Our results may have implications concerning the use of
allele-specific methylation as a diagnostic test for PWS and AS.
Previous reports have demonstrated that PW71 is an inaccu-
rate diagnostic indicator in DNA derived from fibroblast and
lymphoblast cell lines as well as cells cultured from amniotic
f luid and chorionic villus (17). Our results would suggest that
the irreproducibility of PW71 allelic methylation pattern in
these tissues reflects more of their clonal complexity after
growth in culture rather than any true tissue-specific difference
or artifact of cell culture as suggested (17). The most likely
reason that peripheral blood is the best tissue source for the
PW71 methylation assay is that this tissue is clonally complex
due to the generation of diversity for its immune function.
Consistent with recent reports (17, 26), our results indicate that
the site at exon 1 of SNRPN may be the most suitable site for
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molecular diagnosis if genomic DNA is derived from sources
other than peripheral blood.

This work was supported by the Howard Hughes Medical Institute
and National Institutes of Health Grants RO1-NS30628 and PO1-
HD18658.

1. Li, E., Beard, C. & Jaenisch, R. (1993) Nature. 366, 362–365.
2. Razin, A. & Cedar, H. (1994) Cell. 77, 473–476.
3. Riggs, A. D. & Pfeifer, G. P. (1992) Trends Genet. 8, 169–174.
4. Bestor, T. H., Chandler, V. L. & Feinberg, A. P. (1994) Dev.

Genet. 15, 458–462.
5. Bestor, T. H. & Tycko, B. (1996) Nat Genet. 12, 363–367.
6. Razin, A. & Shemer, R. (1995) Hum. Mol. Genet. 4, 1751–1755.
7. Lalande, M. (1996) Annu. Rev. Genet. 30, 173–195.
8. Nicholls, R. D., Knoll, J. H. M., Butler, M. G., Karam, S. &

Lalande, M. (1989) Nature. 342, 281–285.
9. Malcolm, S., Clayton-Smith, J., Nichols, M., Robb, S., Webb, T.,

Armour, A. L., Jeffreys, A. J. & Pembrey, M. E. (1991) Lancet.
337, 694–697.

10. Sutcliffe, J. S., Nakao, M., Christian, S., Orstavik, K. H., Tom-
merup, N., Ledbetter, D. H. & Beaudet, A. L. (1994) Nat. Genet.
8, 52–58.

11. Glenn, C. C., Saitoh, S., Jong, M. T., Filbrandt, M. M., Surti, U.,
Driscoll, D. J. & Nicholls, R. D. (1996) Am. J. Hum. Genet. 58,
335–346.

12. Buiting, K., Saitoh, S., Gross, S., Dittrich, B., Schwartz, S.,
Nicholls, R. D. & Horsthemke, B. (1995) Nat. Genet. 9, 395–400.

13. Buiting, K., Dittrich, B., Robinson, W. P., Guitart, M., Abelio-
vich, D., Lerer, I. & Horsthemke, B. (1994) Hum. Mol. Genet. 3,
893–895.

14. Dittrich, B., Robinson, W. P., Knoblauch, H., Buiting, K.,
Schmidt, K., Gillessen-Kaesbach, G. & Horsthemke, B. (1992)
Hum. Genet. 90, 313–315.

15. Dittrich, B., Buiting, K., Gross, S. & Horsthemke, B. (1993) Hum.
Mol. Genet. 2, 1995–1999.

16. Driscoll, D. J., Waters, M. F., Williams, C. A., Zori, R. T., Glenn,
C. C., Avidano, K. M. & Nicholls, R. D. (1992) Genomics. 13,
917–924.

17. Kubota, T., Aradhya, S., Macha, M., Smith, A. C., Surh, L. C.,
Satish, J., Verp, M. S., Nee, H. L., Johnson, A., Christan, S. L. &
Ledbetter, D. H. (1996) J. Med. Genet. 33, 1011–1014.

18. Dittrich, B., Buiting, K., Korn, B., Rickard, S., Buxton, J., Saitoh,
S., Nicholls, R. D., Poustka, A., Winterpacht, A., Zabel, B. &
Horsthemke, B. (1996) Nat. Genet. 14, 163–170.

19. Pfeifer, G., Steigerwald, S., Hansen, R., Gartler, S. & Riggs, A.
(1990) Proc. Natl. Acad. Sci. USA 87, 8252–8256.

20. Shemer, R., Birger, Y., Dean, W. L., Reik, W., Riggs, A. D. &
Razin, A. (1996) Proc. Natl. Acad. Sci. USA 93, 6371–6376.

21. Glenn, C. C., Nicholls, R. D., Robinson, W. P., Saitoh, S.,
Niikawa, N., Schinzel, A., Horsthemke, B. & Driscoll, D. J. (1993)
Hum. Mol. Genet. 2, 1377–1382.

22. Zeschnigk, M., Schmitz, B., Dittrich, B., Buiting, K., Horsthemke,
B. & Doerfler, W. (1997) Hum. Mol. Genet. 6, 387–395.

23. Dittrich, B., Gross, S., Buiting, K. & Horsthemke, B. (1993) Hum.
Mol. Genet. 2, 1509.

24. Naumova, A. K., Plenge, R. M., Bird, L. M., Leppert, M.,
Morgan, K., Willard, H. F. & Sapienza, C. (1996) Am. J. Hum.
Genet. 58, 1111–1119.

25. Allen, R. C., Zoghbi, H. Y., Moseley, A. B., Rosenblatt, H. M.
& Belmont, J. W. (1992) Am. J. Hum. Genet. 51, 1229–1239.

26. Kubota, T., Sutcliffe, J. S., Aradhya, S., Gillessen-Kaesbach, G.,
Christian, S. L., Horsthemke, B., Beaudet, A. L. & Ledbetter,
D. H. (1996) Am. J. Med. Genet. 66, 77–80.

27. Kuromitsu, J., Kataoka, H., Yamashita, H., Muramatsu, M.,
Furuichi, Y., Sekine, T. & Hayashizaki, Y. (1995) DNA Res. 2,
263–267.

28. Monk, M. (1990) Trends Genet. 6, 110–114.
29. Reis, R. J. & Goldstein, S. (1982) Nucleic Acids Res. 10, 4293–

4304.
30. Silva, A. J., Ward, K. & White, R. (1993) Dev. Biol. 156, 391–398.
31. Shmookler Reis, R. J. & Goldstein, S. (1982) Proc. Natl. Acad.

Sci. USA 79, 3949–3953.
32. Shmookler Reis, R. J., Finn, G. K., Smith, K. & Goldstein, S.

(1990) Mut. Res. 237, 45–57.
33. Stoger, R., Kajimura, T. M., Brown, W. T. & Laird, C. D. (1997)

Hum. Mol. Genet. 6, 1791–1801.
34. Barlow, D. P. (1995) Science 270, 1610–1613.
35. Colot, V., Maloisel, L. & Rossignol, J. L. (1996) Cell 86, 855–864.
36. LaSalle, J. & Lalande, M. (1996) Science 272, 725–728.
37. Forne, T., Oswald, J., Dean, W., Saam, J. R., Bailleul, B.,

Dandolo, L., Tilghman, S. M., Walter, J. & Reik, W. (1997) Proc.
Natl. Acad. Sci. USA 94, 10243–10248.

1680 Genetics: LaSalle et al. Proc. Natl. Acad. Sci. USA 95 (1998)


