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Summary

We have developed a strategy to distinguish between
the methylation patterns of homologous chromo-
somes in tissues, and to follow these patterns in hu-
man pedigrees. This genetic approach uncovered evi-
dence of variation in the methylation of allelic sites on
homologous chromosomes. This variation was tissue-
specific and reproducible after transmission through
the germ line, demonstrating that homologous chro-
mosomes have distinct blueprints for the tissue-
specific regulation of methylation. Furthermore, this
approach can be used to study the relationship be-
tween parental imprinting and methylation in native
mammalian loci.

Introduction

The methylation of deoxycytosines in CG doublets of
mammalian DNA is a key developmental process, often
invoked in models of cell differentiation (for reviews see
Razin and Riggs, 1980; Holliday, 1987), X-dosage com-
pensation (for reviews see Gartler et al., 1985; Lyon,
1988), and parental imprinting (Reick et al., 1987; Sapien-
za et al., 1987; Swain et al., 1987). Although it is believed
that methylation plays a critical role in mammalian devel-
opment, it is unclear whether methylation is a primary sig-
nal for phenomena such as gene expression (Razin and
Riggs, 1980) or is a maintenance signal for patterns estab-
lished by other mechanisms (Bird, 1986; Lock et al., 1987).
This dichotomy of ideas arises in part from difficulty in
generalizing key observations (e.g., hypomethylated genes
are not always expressed; van der Ploeg and Flavell,
1980). Perhaps the resolution of this conflict will come
from a better understanding of the phenomenon of meth-
ylation itself, especially its regulation during development.

We introduce a novel genetic approach to study mam-
malian methylation. The strategy has allowed us to distin-
guish between the methylation status of identical sites in
homologous chromosomes (henceforth referred to as al-
lelic sites) and to follow the methylation patterns of these
sites in three-generation human pedigrees. We have un-
covered evidence that variation in the methylation status
of autosomal allelic sites in human tissues is heritable and
that allelic sites with identical methylation for one tissue
can differ for other tissues, suggesting that variant “blue-
prints” for the regulation of methylation are transmitted

through the germ line unchanged. Furthermore, this ge-
netic approach can be used to study the relationship
between methylation and parental imprinting in native hu-
man loci, obviating the use of transgenes for similar stud-
ies in other mammals (e.g., mice).

Experimental Strategy

A methylation-sensitive enzyme (Bird and Southern, 1978)
was used to generate methylation patterns that could be
visualized on Southern biots (Southern, 1975) with radio-
labeled locus-specific probes. We chose Hpall, which
digests CCGG but not C"CGG (Bird and Southern 1978),
because its isoschizomer, Msp!, digests both C"CGG
and CCGG. The.contribution of each allele to the methyl-
ation pattern was defined with the help of restriction frag-
ment length polymorphisms.

Polymorphism in each of the loci we studied reflects
variable numbers of small tandem repeats (VNTRs) (Bell
et al. 1982; Nakamura et al. 1987); in a heterozygous in-
dividual a different number of repeats is present in each
of the two alleles of a VNTR locus. Since the methylation
sites tested in these experiments surrounded the repeats
at each VNTR locus, we were able to distinguish the meth-
ylation patterns of maternally derived alleles from those of
paternally derived alleles in heterozygous individuals on
the basis of allele-size differences.

To optimize resolution of the methylation pattern of each
allele, the DNA samples were subjected to further diges-
tion with a methylation-insensitive enzyme(s) whose re-
striction site(s) flanks closely both the methylation site(s)
analyzed and the VNTRs. For example, in Figure 1 the
Hpall site is flanked by two BamH]! sites. The improved
resolution after this second digestion allowed the simul-
taneous analysis of several methylation sites flanking the
repeats.

In this protocol, an allele’s methylation pattern is defined
by the number of bands present and by the relative inten-
sity of those bands as measured by densitometry. In Fig-
ure 1 there are five bands in all heterozygous individuals:
four bands with repeats, and a band of constant length
that does not include the repeats. The number of bands
obtained for each allele reflects the number of sites ana-
lyzed. Polymorphic variation permits unequivocal separa-
tion of the bands in the methylation pattern that belong to
each of the alleles. The father in kindred 1418 in Figure 1
is heterozygous at the 3.4B2 locus: his larger allele (with
more repeats) was inherited from his father, his smaller al-
lele from his mother.

Sites methylated in some cells of a given tissue and not
methylated in others will be referred to as “partially methyl-
ated” For example, heterozygous individuals in Figure 1
have four bands that include the repeats: two bands
around 1.2 kb digested by Hpall, and two others around
3.3 kb left undigested by Hpall, presumably because of
methylation.
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Figure 1. Segregation of Methylation Patterns of the 3482 Locus

The autoradiograph shows a Southern transfer of DNA samples from
peripheral blood of members of kindred 1418. DNA was digested with
BamHI and Hpall, electrophoresed in a 1% agarose gel, and hybrid-
ized with radiolabeled p3.4B2 (Silva et al., 1987). Lane M contains size
markers, labeled at left. The pedigree drawn above indicates the sex
and kinship of all the samples (circles = females; squares = males).
The map of the Hpall and BamHI cleavage sites, the fragments ex-
pected from the digestion, and the position of the probe are shown at
right. Arrowheads indicate tandem repeats. B = BamHi; H = Hpall.

Results and Discussion

Variation in the Methylation of Allelic Sites

in Peripherat Blood and in Colon

The strategy outlined above allowed us to analyze the
methylation patterns of each allele in diploid loci. Surpris-
ingly, we found loci in homologous chromosomes that
were not identically methylated.

Figure 2A shows an example of variation of methylation
between alleles of the JCZ67 locus. The pJCZ67 probe
contains a 4.6 kb Mspl fragment with a VNTR marker,
cloned in pUC18. When hybridized to Mspl-digested DNA
from peripheral blood of an individual (2004) heterozy-
gous for JCZ67, pJCZ67 revealed two fragments, one from
each allele (see lane 1 in Figure 2A), and no other frag-
ments. Since BamHI sites flank the Mspl fragment con-
taining the repeats (see diagram in Figure 2A), pJCZ67
also hybridized to two bands (larger than those generated
by Mspl) in Southern blots of the same DNA digested with
BamHI. Double digestions with BamHI and Hpall of the
same DNA (Figure 2A, lane 2) generated six bands, three
from each allele. Since no pair of bands in Figure 2A, lane
2, was identical in size to the pair in lane 1, we concluded
that at least one of the two Mspl sites closest to the repeats
is highly methylated in the peripheral blood of this in-
dividual. However, another site close to the repeats must
be only partially methylated in blood, since we can detect
two fragments (marked with circles), one from each allele,
that are slightly larger than the Mspl fragments (Figure 2A,
lane 1; marked with crosses). The difference in size be-
tween these two fragments is identical to the size differ-
ence between the Mspl-cut fragments. Two larger bands
(marked with squares in Figure 2A, lane 2) with sizes
proportional to the allelic pairs just described reveal an-
other partially methylated Hpall site further from the
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Figure 2. Variation of Allelic Methylation in Two Human Tissues

(A) DNA isolated from peripheral blood of individual 2004 was digested
with Mspl (lane 1) or with BamHI and Hpall (lane 2). Samples were
electrophoresed in a 0.6% agarose gel and transferred to a nylon mem-
brane; the membrane was probed with radiolabeled pJCZ67 and ex-
posed to X-ray film for various times. Here the exposure oversaturated
the darker bands to reveal the lighter ones. (B) DNA isolated from nor-
mal colon of individual 1795 was digested with BamHI and Hpall (lane
1), BamHI alone (lane 2), or Mspl (lane 3); the samples were electro-
phoresed, transferred to a’nylon membrane, and hybridized to radiola-
beled pYNH24, :

Beneath both autoradiographs are diagrams for the interpretation of
the restriction fragments. Symbols identify each fragment class in the
autoradiographs. B = BamHI; H = Hpall. The asterisk in {A) marks
a site of the smaller allele that is methylated to a greater extent in pe-
ripheral biood than the same site in the larger allele.

repeats. Unlike the other pairs of bands just described, the
difference between the intensities here is striking: the
larger band is markedly more intense than the smaller
one. This intensity difference is not caused by the greater
number of repeats in the larger allelic band, because the
Mspl allelic bands (Figure 2A, lane 1), which also contain
the VNTR marker, have similar intensities. Densitometry
readings of the intensities of the bands in the methylation
pattern of the small allele (from the largest to the smallest)
are 78%, 16%, and 6% (where the numbers represent the
percentage of the total intensity of all the bands con-
tributed by the allele). Similar densitometry for the large
allele revealed substantial differences: 33%, 57%, and
10%, respectively. The smaller allele has a site (marked
with an asterisk in the diagram in Figure 2A) methylated
in more cells of peripheral blood than is the large allele,
demonstrating that allelic sites can be methylated to
different extents in the same tissue. A key implication
of this analysis is that some cells in peripheral blood of in-
dividual 2004 must have one of the homologs methylated
and the other unmethylated at that site within the same
nucleus.

Figure 2B shows another example of variation in the
methylation of allelic sites within the same tissue. In this
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Figure 3. Inheritance of Variant Methylation
Patterns of the JCZ67 Locus

DNA samples isolated from peripheral blood of
members of kindred 1456 were digested with
BamHI and Hpall (see diagram of kindred
above autoradiograph at right); DNA samples
from the grandparents and the mother were
also digested with BamHlI alone; in addition,
DNA samples from both parents were again
digested with BamH| and Hpall and with Mspl
side by side. All samples were electrophoresed
in a 0.6% gel, transferred to a nylon membrane,
and probed with pJCZ67. Below is a diagram of
the restriction fragments observed; each class
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case the variation is in normal colon cells, and the locus
is YNH24. Even though the larger allele is clearly visible
on the allelic pair digested by Hpall (bands with circles),
the smaller one is almost invisible. The intensity ratio be-
tween the two alleles digested with Mspl (Figure 28, lane
3) is 2.2/99; the intensity values were measured as the
areas under the densitometric tracings. However, the in-
tensity ratio  between the variable allelic bands in the
BamHI-Hpall double digest is 3.7/(<0.3) (bands with cir-
cles in lane 1). This differs strikingly from the ratio ex-
pected for these alleles if they were equally methylated
(3.71.7).

Transmission of Methylation Patterns
in Human Pedigrees
In the last section we demonstrated that the methylation
patterns of allelic loci may vary. In this section we estab-
lish that the blueprints for the variant methylation patterns
are transmitted through the germ line unchanged.
Since individual 2004 (Figure 2A) is part of Utah kindred
1456 (Figure 3, the father), we followed the segregation of
his two differentially methylated alleles of the JCZ67 locus
(alleles 3p and 5). Comparisons of methylation patterns at
this locus in three generations of the pedigree demon-
strated that the two allelic variants were stably inherited.
Densitometry measurements of the small allele (allele 5)
in the paternal grandmother, father, and one of the siblings
yielded the following relative intensities: 71% + 8%, 21%
+ 6%, and 8% = 2% for the larger, the middle, and the
smaller bands, respectively. (The numbers are presented
with one standard deviation.) Similar measurements on
the other allele in individual 2004 (allele 3p) yielded 34%
+ 7%, 55% = 2%, and 11% =+ 6%. Statistical analysis

of fragments in the diagram has a symbol that
identifies it in the autoradiograph. B = BamHl;
H = Hpall.

of the intensities of the large and middle bands in the
methylation patterns of alleles 5 and 3p yielded a signifi-
cant difference at the 98% confidence level (T distribu-
tion). The intensities of the smaller bands in the two alleles
are similar. Allele 4 is the only other allele segregating in
all three generations that is represented in the autoradio-
graph in Figure 3; its pattern is 36% =+ 11%, 51% =+ 9%,
and 14% = 6%, respectively, for the larger, middle, and
smaller bands. Since the band intensities in alleles 4 and
3p are within one standard deviation of each other, we
cannot argue that they represent different degrees of
methylation. Allele 3m (from the maternal side) has a
different pattern, again consistent in all three generations
(data for the third generation not shown): 64% =+ 8% and
56% =+ 8%, respectively, for the larger and medium
bands. Absence of the smaller band could be due to a
high degree of methylation at one of the Hpall sites close
to the repeats (see diagram in Figure 3) or to a base pair
mutation of that Hpall site. Our Southern data on the Mspl
restriction digest of the locus exclude the latter possibility
(see the Mspl digest of the mother in kindred 1456 and the
diagram of the restriction sites in Figure 3).

Figure 4 illustrates the segregation of variant methyl-
ation patterns at the YNH24 locus. In the last section we
demonstrated that the alleles of the YNH24 locus in colon
cells of individual 1795 were methylated differently. Since
we were not likely to obtain colon samples from complete
kindreds, we searched for allelic variation at this locus in
peripheral blood. However, the sites shown to be variant
in colon were completely methylated in the peripheral
blood of 21 unrelated individuals tested. Hence, we looked
further from the repeats by choosing a methylation-insen-
sitive enzyme (Bglll) that yielded larger fragments than
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Figure 4. Inheritance of Variant Methylation Patterns of the YNH24
Locus

DNA samples isolated from peripheral blood of members of kindred
1459 were digested with Bglll and Hpall; DNA samples from the par-
ents were aiso independently digested with Bglll and Mspl. All sam-
ples were electrophoresed in a 0.6% agarose gel and probed with ra-
diolabeled pYNH24. Fragments in the autoradiograph are represented
in the diagram below; symbals identify each fragment class.

BamHI, with more methylation sites. The probe used was
PYNH24, a 2 kb Mspl fragment containing the entire VNTR
region, cloned in pUC18; an Mspl digest of DNA from pe-
ripheral blood of the father in kindred 1459 (Figure 4)
shows that he is heterozygous for YNH24. The intensities
of the two Mspl bands were similar (51% of the total inten-

sity for the larger band and 49% for the smaller band;
bands marked by crosses in Figure 4). However, an allelic
pair of Hpall-digested bands (marked by squares in Fig-
ure 4) from the same individual shows a striking difference
in intensity: densitometry readings were 4.4 times more in-
tense in the smaller band. Because the intensities of the
Mspl bands were nearly identical, we concluded that a
site in the smaller alleie is methylated in fewer cells than
it is in the larger allele.

Analysis of pedigree 1459 in Figure 4 shows that the
larger allele (allele 3) of the father in the pedigree is pres-
ent in all three generations and that the intensity of allele
3 is similar in all generations. We could not use percen-
tages of total allele intensities because we were unable to
resolve the upper bands. Hence, we measured areas un-
der the densitometric peaks corresponding to;the bands
of interest. The area for allele 3 was 36 + 13 (all three
generations), while the area for the maternal allele 5 was
85 + 07. Unlike previous measurements of percentage of
total allele intensity, these do not account for differences
in the amount of total DNA loaded in each lane, so stan-
dard deviations were larger. T-distribution analysis gave
us 90% confidence that alleles 3 and 5 were of different
intensities but that the same allele in different generations
had the same intensity. This is another example of allelic
variants in methylation inherited in a codominant Men-
delian fashion.

Table 1 summarizes results on the number and fre-
quency of variant meth?lation patterns found in peripheral
blood for ten loci studied. Each locus was analyzed in at
least two pedigrees with heterozygous parents and grand-
parents. DNA from peripheral blood of each individual in
the pedigrees selected was digested with Hpall and then
with a methylation-insensitive enzyme optimized for band
resolution on Southern blots. As controls, all pedigrees
were also independently digested with Mspl and the
methylation-insensitive enzyme. In all cases the methyl-
ation status (partially methylated, fully methylated, or
completely unmethylated) of the sites studied remained
unchanged (see Figures 1, 3, and 4 for examples).

There are differences in the frequency of variants
among the loci studied (Table 1). For example, YNZ22 re-
vealed highly polymorphic methylation patterns in 21 un-
related heterozygous individuals tested, while YNH37 did
not show any variation among 16 unrelated heterozygous

Table 1. Summary of Methylation Data for Ten Loci in Peripheral Blood

Chromosome Pedigrees Sites Partially Variant Sites
Locus Localization Tested Methylated and Frequency?
YNZ22 17p 6 2 1, 21/22
YNH37 17p 3 2 0, 0/16
YNH24 2q 3 2 1, 3/121
CMM65 16p 2 2 0, 0/9
JCZ67 79 3 3 1, 3/19
RMU3 17g 2 3 0, 0/5
MCOC12 14 2 1 0, 0/5
c-Ha-ras-1 11p 3 4 0, 0/12
3.4B2 14q 3 1 0, 0/15
CMM101 14q 4 2 0, 0/8

a Ratios of unrelated heterozygous individuals with variant methylation patterns to total number of heterozygous individuals tested.
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Figure 5. Comparison of Methylation Patterns of the Locus 3.482 in
Three Different Tissues from Individual 1795

DNA was extracted from normal colon (N.C.), a colon carcinoma (C.C.),
and a metastatic carcinoma in the omentum (C.O.) from individual 1795.
The samples were digested as indicated with BamH| alone, BamH|
and Mspl, or BamHi and Hpall, electrophoresed, transferred to a nylon
membrane, and probed with radiolabeled p3.4B2. Below the autoradio-
graph is a diagram of the fragment classes obtained, and a table with
the densitometry measurements of the methylation patterns of each of
the alleles. Each horizontal column in the table corresponds to a frag-
ment size class in the diagram. B = BamHI; H = Hpall.

individuals. Curiously, the methylation patterns of the
same loci revealed extreme variation in cell lines of B lym-
phocytes transformed with Epstein-Barr virus. These vari-
ations were not inherited in these cell lines derived from
members of pedigrees in which heritable allelic methyl-
ation for peripheral blood had been demonstrated (data
not shown). This observation was consistent with evi-
dence suggesting that the methylation patterns of cells
tend to drift in culture (Reis and Goldstein, 1982; Wigler
et al., 1981; Pollack, 1980). All the variants detected were
in sites partially methylated.

Allelic Differences in Methylation

in Other Tissue Samples

It is well established that the extent of methylation of cer-
tain genes can vary from one tissue to another (for review
see Razin and Riggs, 1980). In the previous section we de-
scribed a site in the YNH24 locus that is completely meth-
ylated in blood and is methylated to varying extents for
different alleles in colon. As part of the present study, we
compared heterozygous methylation patterns in three tis-
sue samples from the same individual: normal colon, a co-
lon carcinoma, and a carcinoma in the omentum. The

DNA isolated from these tissues was digested with the
combinations of enzymes indicated above the autoradio-
graph in Figure 5. Densitometric analysis of the autoradio-
graph (3.4B2 locus) shows that one of the Mspl/Hpali sites
closest to the repeat (marked with circles in the diagram
and in the autoradiograph in Figure 5) is consistently more
methylated in the larger allele in all the tissue samples.
However, densitometry readings of the two bands (one
from each allele) marked with squares in the autoradio-
graph of Figure 5 show that the second site, further from
the repeats, is equally methylated in both alleles in normal
colon, more methylated in the smaller allele in a colon car-
cinoma, and less methylated in the smaller allele in a car-
cinoma in the omentum. As predicted, these changes in
intensity are accompanied by proportional changes in the
bands digested by BamHI but not Hpall (marked by trian-
gles). This feature of the strategy can be a control for other
phenomena that could affect band intensity, such as the
extent of DNA transfer to the nylon membrane, unequal
hybridization to the radiolabeled probe, or aberrant X-ray
film exposures. Curiously, the 3.4B2 locus had revealed
no allelic methylation differences in peripheral blood (Ta-
ble 1 and Figure 1). Furthermore, one of the sites that was
partially methylated in colon was completely methylated
in the peripheral blood of 15 unrelated individuals tested.
Three other loci (YNH24, YNZ22, and c-Ha-ras-1) were
tested in the same DNA samples described above. The
methylation of the YNZ22 alleles was different in the three
tissues sampled. However, we did not detect any variation
in the methylation of the YNH24 and the c-Ha-ras-1 loci in
the three tissue samples. The tissue samples we ana-
lyzed were polyclonal; even the carcinoma samples in-
cluded cells from surrounding tissue. Thus, it is possible
that the differences in methylation observed between the
tissues analyzed reflect their varied cell composition.

Methylation in Sperm versus Peripheral Blood

The results described in previous sections suggest that
cell types have specific methylation patterns. The only ho-
mogeneous cell type that we studied was sperm (which
are resistant to lysis in the absence of dithiothreitol while
lymphocytes in semen are not; Giusti et al., 1986). We
compared methylation in sperm and peripheral biood for
three unrelated individuals; Figure 6 illustrates the resulits.
All eight loci studied had homogeneous methylation pat-
terns in sperm but not in peripheral blood: some sites
were fully methylated, others were fully unmethylated, but
none were partially methylated in sperm.

Aband in the larger YNZ22 allele of the peripheral blood
of individual S001 (Figure 6A, top triangle in blood B/H
lane) has half the intensity of its counterpart in the smaller
allele (second triangle from the top), even though the in-
tensity of the two allelic bands is similar in a Mspl digest
(Figure 6A, blood M lane); the opposite is true for the al-
lelic bands marked with squares (Figure 6A). However,
both alleles are fully unmethylated in sperm (the Mspl pat-
tern was similar to the BamHI~Hpall pattern in Figure 6A).

In peripheral blood, locus YNZ22 was partially methyl-
ated at two sites flanked by two BamHI sites. The same
methylation sites in sperm were apparently completely un-
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Figure 6. Comparison of Methylation Patterns of Blood and Sperm for
Two Loci, YNZ22 and MCOC12

DNA was isolated from blood and semen of individuals S001 (A) and
RO001 (B). DNA extracted from semen was depleted of cells other than
sperm; a small degree of contaminating lymphocytes might have es-
caped the purification steps. The samples were digested with the com-
binations of enzymes shown (B = BamHi; H = Hpail; M = Mspl; P
= Pvull), electrophoresed, and transferred to nylon membranes. Mem-
branes were probed with pYNZ22 (A) or pMCOC12 (B). Below the au-
toradiographs are diagrams of the fragments obtained.

methylated. The opposite was true for the locus MCOC12
(Figure 6B): sites partially methylated in peripheral blood
were completely methylated in sperm (the Pvull pattern
was identical to the Pvull-Hpall pattern in Figure 6B). The
results were consistent in the three individuals tested.
Previous studies have reported that human satellite DNA
(Gamma-Sosa et al., 1983) and low-copy sequences (Ehr-
lich et al., 1985) are hypomethylated in sperm relative to
other adult tissues. Here we provide evidence that single-
copy sequences can also be hypomethylated in sperm
and that specific sites unmethylated in sperm can become
partially methylated in adult tissues, confirming claims
that de novo methylation events occur during develop-
ment and that tissue-specific patterns are not solely the
result of selective demetylation events. However, only two
of eight loci studied in sperm were unmethylated at the
sites observed, corroborating other reports on the hyper-
methylation of single-copy sequences in sperm (Rahe et
al., 1983) and on the abundance of demethylation events
in development.

Conclusions

We have developed the foundation for a genetic approach
to the study of methylation in DNA. One of the key features
of our strategy is the ability to distinguish between the
methylation status of sites in homologous chromosomes
and then to follow the methylation of these allelic sites
through human pedigrees. Since VNTRs are ubiquitous in
the human genome (Nakamura et al., 1987) and in the ge-

nomes of other mammalis (Jeffreys et al., 1987; Jeffreys
and Morton, 1987), this methodology will be applicable in
the study of biological phenomena involving methylation,
such as parental imprinting.

Since the methylation patterns of the ten loci we studied
were inherited unchanged from parents of both sexes, the
methylation of these loci was not parentally imprinted. In
contrast, the methylation of “imprinted” transgenic loci in
mice changes with the parental origin of the allele: mater-
nally derived alleles tend to be hypermethylated, while
paternally derived ones are more often hypomethylated
(Sapienza et al., 1987; Reik et al., 1987, Swain et al., 1987).
The combined frequency of differentially methylated “im-
printed” loci in mice deduced from transgenic experi-
ments (Sapienza et al., 1987; Reik et al., 1987; Swain et
al., 1987), and assuming random integration of the trans-
genes, is 6/21, in strong contrast to our results;'(0/10). This
suggests either that the phenomenon is less frequent in
humans or that the disparity between the two ratios arises
from differences between the methods. The experiments
in mice measured the methylation of hemizygous trans-
genic loci, while our experiments analyzed undisturbed
diploid loci in humans.

Studies on X-chromosome inactivation in females re-
vealed differences in methylation between homologous
loci in the active versus the inactive X-chromosome (for re-
view see Lyon, 1988). Even though these chromosome-
specific modifications are somatically inherited, they are
apparently erased in.the germ line. While the studies de-
scribed here were in progress, Chandler et al. (1987) sug-
gested that allelic versions of the c-Ha-ras-1 gene in hu-
man cell lines are not equally methylated. However, the
instability of methylation in cultured cells demonstrated by
these authors and by others (Reis and Goldstein, 1982;
Wigler et al., 1981; Pollack et al., 1980) complicates the in-
terpretation of their results. The allelic differences found
by Chandler et al. (1987) could be accounted for by ran-
dom drift in the methylation of the two alleles due-to this
instability in cells in culture. To avoid this problem, we fo-
cused our analysis on uncultured human tissues (colon,
blood, carcinomas).

We demonstrated that homologous chromosomes can
have different methylation patterns in uncultured tissue
samples. In peripheral blood these patterns are always re-
producible after transmission through the germ line; since
methylation changes throughout development, the entity
responsible for the Mendelian inheritance of methylation
must not be the methylation status of the gametes, but the
elements segregating with chromosomes that regulate
methylation. Changes in these elements could be respon-
sible for the variations between ailelic sites. These cis-
acting elements could either be sequences surrounding
the methylation sites, proteins that are associated with the
site, or DNA structures (Cedar, 1988) (or a combination of
these). Weissbach et al. (1985) and Bolden et al. (1986)
showed that synthetic oligonucleotides with high GC con-
tent are preferentially methylated de novo by Hela DNA
methylases, and Bird (1986) has suggested that the
hypomethylation of “HTF islands” is caused by a perma-
nent association with transcription factors that obstruct
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the activity of the methylases. Furthermore, Wang et al.
(1986) isolated a methylation- and sequence-specific hu-
man protein. We did not detect gross sequence differ-
ences between the alleles with variant methylations.

The loci studied all contain VNTRs, which could result
in structural variations around the methylation sites
tested. Since chromosome structure has been implicated
in the regulation of methylation (Cedar, 1988; Groudine
and Conkin, 1985; Razin and Riggs, 1980), we compared
the methylation status of sites within alleles of different
sizes for the loci that showed allelic variation in methyl-
ation. However, the number of tandem repeats does not
appear to affect the regulation of methylation at VNTR
loci, since we found numerous examples of alleles with
the same number of repeats that were methylated differ-
ently, and alleles of different sizes that were identically
methylated. Furthermore, the methylation sites studied
were not within the repeats.

The putative cis-acting elements must be close to the
sites to explain the complete cosegregation observed in
three generations for all loci with allelic variations in
methylation. Since we found variation of methylation pat-
terns in three out of ten loci, it is likely that most pairs of
homologous chromosomes will prove to have polymor-
phic methylation patterns at numerous places along the
chromosome in any given tissue. In addition, meiotic re-
combination might increase the diversity in methylation
among homologs by reshuffling variant segments be-
tween them. The heritable allelic variation in methylation
demonstrated here implies that each chromosome carries
a unique blueprint for methylation. The apparent abun-
dance of differences in methylation between homologs
suggests that most are not likely to affect gene expres-
sion. Perhaps these variant methylation sites are refer-
ence points for phenomena that require the distinction be-
tween homologs.

Allelic sites equally methylated in one tissue were
shown to be methylated to different extents in other tis-
sues (sperm versus blood, colon versus blood, and colon
versus carcinomas). These differences are unlikely to be
caused by somatic mutations at CG sites because the
methylation patterns showed Mendelian inheritance; fur-
thermore, several tissues within the same individual re-
vealed “partially methylated” patterns, which would re-
quire unusually high rates of somatic mutations. Since we
have shown that the methylation patterns of peripheral
blood cells are inherited, it is unlikely that the differences
observed between tissues are random. This suggests that
the postulated cis elements interact with cell-specific fac-
tors in the regulation of methylation and that the differ-
ences documented between the tissue samples reflect
the various cell types of the samples tested. This interpre-
tation is consistent with the results of others (Razin et al.,
1985) and with our results for the analysis of sperm, the
only homogeneous cell population that we studied. Unlike
other samples, which contained a mixture of cell types,
sperm cells contained sites that were either completely
methylated or unmethylated.

The trans-acting factors could be proteins that either
modify the methylases or interfere with them. For exam-

ple, rabbit liver contains methinin, an inhibitor of DNA
methylation (Lyon et al., 1987).

It is unlikely that every cell type possesses a unique
methylase complex and a specific cis-acting element for
each site. However, permutations of a small number of
these elements could account for the complexity and the
specificity documented here and in other reports.

We have demonstrated that methylation is a dynamic
process because we saw differences in the methylation of
independent sites, of the same site in different alleles, and
of allelic sites in different tissues. However, we have aiso
shown that this diversity is tightly regulated since the
blueprints for these complex patterns are stably inherited
in pedigrees. The results presented here suggest that ho-
mologous autosomes might carry different developmental
programs for methylation.

Experimental Procedures

DNA Samples and Isolation

Blood samples were collected in tubes of acid—citrate-dextrose solu-
tion. High molecular weight DNA was isolated from white blood cell
nuclei and from tissues as described by Wyman and White (1980).

Enzyme Digestion, Electrophoresis, and Hybridizations
Restriction enzymes were purchased from New England Biolabs,
Bethesda Research Laboratories, and Molecular Biology Resources
and were used under the conditions specified by the supplier. Human
DNA samples were digested with a 5- to 10-fold excess of enzyme;
reactions were monitored for completion by mixing an aliquot of the
digestion mixture containing 0.5 ug of human DNA with 05 pg of an
appropriate marker DNA for parallel digestion. Hpall (Molecular Biol-
ogy Resources enzyme) digestions were done as above except that
each sample was digested twice, and each time the controls reported
full digestion. Electrophoresis in agarose was as described elsewhere
(Wyman and White, 1980). Nylon-66 charged Biotrace membrane was
used in Southern blot transfers (Southern, 1975). The membranes
were hybridized with 8 x 108 cpm of probe per ml of hybridization so-
lution (50% formamide, 5x SSC, 0.02 M NaPOQ, [pH 6.7], 100 pg/mi
of total human carrier DNA, and 10% dextran) at 42°C. Labeling of
DNA with [32PJdCTP was done by the random primer method (Fein-
berg and Vogelstein, 1984). Routinely, hybridization membranes were
washed at 65°C for up to 1 hr with 0.1x SSC, 0.1% SDS.

Analysis of Methylation Patterns

The analysis of the methylation patterns proceeded in three stages.
First, we identified the bands in the pattern belonging to each of the
alieles, and compared the sizes of the bands obtained with those
resulting from single digestion with Mspl and with the methylation-
insensitive enzyme used. Using this information we constructed a map
accounting for the pattern seen; with this map we determined the num-
ber, the status (methylated, partiaily methylated, or unmethylated), and
the order of the methylation sites assayed. The diagrams of the restric-
tion sites in all the figures illustrate these results. Second, we mea-
sured the intensities of the bands with a densitometer, using exposures
that maximized the linear response of the film. Finally, we calculated
the sum of all band intensities for each allele and the percentage of
the total allele intensity present in each band. When we could not re-
solve alt the allelic bands (as in Figure 4), we compared intensities from
sample to sample without normalizing them for total intensity in each
allele. The intensity was measured as the area under the densitometric
tracing corresponding to the respective band in the methylation pat-
tern. Bands that did not include the repeats (e.g., the band around 2.2
kb in Figure 1) were not included in the calculations. Since the frag-
ments that do not include the repeats are not polymorphic, we could
not separate the contributions of each of the alleles to the total band
intensity.
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Densitometry

Measurements were done in a Beckman DU-8 spectrophotometer with
the Scan i software package. Background was subtracted with refer-
ence to the “defined lowest valiey,” and the areas under the peaks were
automatically calculated by the machine.

Acknowledgments

We would like to thank P. O’Connell, M. Leppert, J.-M. Lalouel, R. Sonti,
G. Herrick, D. Stauffer, R. Eldridge, M. Emi, S. Odelberg, R. Hegele,
and S. Sakonju for encouragement and helpful discussions; Robert A.
Weinberg for kindly providing us with pEJ66, and Yusuke Nakamura's
group, C. Martin, J. Cowan, M. Carlson, and R. Myers for all the other
probes used in this study; L. Nelson and M. Hadley for the isolation
of DNA from tissue samples; and R. Foltz for the editing of this manu-
script. The work described was supported in part by National Institutes
of Health grant 5R01GM29789 (to A. J. S.). R. W. is an investigator of
the Howard Hughes Medical Institute.

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

Received May 19, 1988.
References

Bell, G. 1., Selby, M. J., and Rutter, W. (1982). The highly polymorphic
region near the human insulin gene is composed of simple tandemly
repeating sequences. Nature 295, 31-35.

Bird, A. P. (1986). CpG-rich islands and the function of DNA methyl-
ation. Nature 327, 209-213.

Bird, A. P, and Southern, E. M. (1978). Use of restriction enzymes to
study eukaryotic DNA methylation: I. The methylation pattern in
ribosomal DNA from Xenopus laevis. J. Mol. Biol. 118, 27-47.
Bolden, A. H., Nalin, C. M., Ward, C. A., Poonian, M. 8., and Weiss-
bach, A. (1986). Primary DNA sequence determines sites of main-
tenance and de novo methylation by mammalian DNA methyltransfer-
ases. Mol. Cell. Biol. 6, 1135-1140.

Cedar, H. (1988). DNA methylation and gene activity. Cell 53, 3-4.
Chandler, L. A., Ghazi, H., Jones, P. A, Boukamp, P, and Fusenig,
N. E. (1987). Allele-specific methylation of the human c-Ha-ras-1 gene.
Cell 50, 711-717.

Ehrlich, M., Zhang, X.¥., and Wang, R. Y-H. (1985). Human DNA
methylation: methylated DNA-binding protein, differentiation and can-
cer. In Biochemistry and Biology of DNA Methylation, G. L. Cantoni
and A. Razin, eds. (New York: Alan R. Liss, Inc.), pp. 255-269.
Feinberg, A. P, and Vogelstein, B. (1984). A technique for radiolabeling
DNA restriction fragments to high specific activity. Anal. Biochem. 137,
266-267.

Gamma-Sosa, M. A,, Wang, R. Y-H., Kuo, K. C., Gehrke, C. W., and
Ehrlich, M. (1983). The 5-methylcytosine content of highly repeated se-
quences in human DNA. Nucl. Acids Res. 17, 3087-3095.

Gartler, S. M., Dyer, K. A., Graves, J. A. M., and Rocchi, M. (1985). A
two step model for mammalian X-chromosome inactivation. In Bio-
chemistry and Biology of DNA Methylation, G. L. Cantoni and A.
Razin, eds. (New York: Alan R. Liss, Inc.), pp. 223-238.

Giusti, A, Baird, M., Pasquale, S., Balazs, |., and Glassberg, J. (1986).
Application of deoxyribonucleic acid (ONA) polymorphisms to the anal-
ysis of DNA recovered from sperm. J. Forensic Sci. 31, 409.
Groudine, M., and Conkin, K. F. (1985). Chromatin structure and de
novo methylation of sperm DNA: implications for activation of the pater-
nal genome. Science 228, 1061-1068.

Holliday, R. (1987). The inheritance of epigenetic defects. Science 238,
163-169.

Jeffreys, A. J., and Morton, D. B. (1987). DNA fingerprints of dogs and
cats. Anim. Genet. 18, 1-15.

Jeffreys, A. J., Wilson, V., Kelly., R., Taylor, B. A., and Bulfield, G.
(1987). Mouse DNA ‘fingerprints’: analysis of chromosome localization

and germ-line stability of hypervariable loci in recombinant inbred
strains. Nucl. Acids Res. 75, 2823-2836.

Lock, L. F, Takagi, N., and Martin, G. R. (1987). Methylation of the Hprt
gene on the inactive X occurs after chromosome inactivation. Cell 48,
39-46.

Lyon, M. F. (1988). X-chromosome inactivation and the location and ex-
pression of X-linked genes. Am. J. Hum. Genet. 42, 8-16.

Lyon, S. B., Buonocore, L., and Miller, M. (1987). Naturally occurring
methylation inhibitor; DNA hypomethylation and hemoglobin synthesis
in human K562 cells. Mol. Cell. Biol. 7, 1759-1763.

Nakamura, Y., Leppert, M., O'Connell, P,, Wolff, R., Holm, T,, Culver,
M., Martin, C., Fujimoto, E., Hoff, M., Kumlin, E., and White, R. (1987).
Variable number of tandem repeat (VNTR) markers for human gene
mapping. Science 235, 1616-1622.

Pollack, Y., Stein, R., Razin, A., and Cedar, H. (1980). Methylation of
foreign DNA sequences in eukaryotic cells. Proc. Natl. Acad. Sci. USA
77, 6463-6467.

Rahe, B., Erickson, R. P, and Quinto, M. (1983). Methylation of unique
sequence DNA during spermatogenesis in mice. Nucl. Atids Res. 77,
7947-7959.

Razin, A., and Riggs, A. D. (1980). DNA methylation and gene function.
Science 270, 604-610.

Razin, A., Feldmesser, E., Kafri, T., and Szyf, M. (1985). Cell specific
DNA methylation patterns; formation of a nucleosome locking model
for their function. In Biochemistry and Biology of DNA Methylation,
G. L. Cantoni and A. Razin, eds. (New York: Alan R. Liss, Inc.), pp.
239-253.

Reik, W., Collick, A., Norris, M. L., Barton, S. C., and Surani, M. A.
(1987). Genomic imprinting determines methylation of parental alleles
in transgenic mice. Nature 328, 248-251.

Reis, R. J. S, and Goldstein, S. (1982). Variability of DNA methylation
patterns during serial passage of human diploid fibroblasts. Proc. Natl.
Acad. Sci. USA 79, 3949-3953.

Sapienza, C., Peterson, A. C., Rossant, J., and Balling, R. (1987). De-
gree of methylation of transgenes is dependent on gamete of origin.
Nature 328, 251-254.

Silva, A., Johnson, J., and and White, R. (1987). Characterization of a
highly polymorphic region §' to JH in the human immunoglobulin
heavy chain. Nucl. Acids Res. 75, 3845-3858.

Southern, E. M. (1975). Detection of specific sequences among DNA
fragments separated by gel electrophoresis. J. Mol. Biol. 98, 503-517.
Swain, J. L., Stewart, T. A, and Leder, P. (1987). Parental legacy deter-
mines methylation and expression of an autosomal transgene: a mo-
lecular mechanism for parental imprinting. Cell 50, 719-727.

van der Pioeg, L. H. T., and Flavell, R. A. (1980). DNA methylation in
the human y3p-globin locus in erythroid and nonerythroid tissues. Cell
19, 947-958.

Wang, R. Y-H., Zhang, X.Y., and Ehrlich, M. (1986). A human DNA-
binding protein is methylation-specific and sequence-specific. Nucl.
Acids Res. 74, 1599-1614.

Wareham, K. A,, Lyon, M. F, Glenister, P. H., and Williams, E. D.
(1987). Age related reactivation of an X-linked gene. Nature 327,
725-727.

Weissbach, A., Nalin, C. M., Ward, C. A., and Bolden, A, H. (1985).
The effect of flanking sequences on de novo methylation of C-G pairs
by the human DNA methylase. In Biochemistry and Biology of DNA
Methylation, G. L. Cantoni and A. Razin, eds. (New York: Alan R. Liss,
Inc.), pp. 79-94.

Wigler, M. H. (1981). The inheritance of methylation patterns in ver-
tebrates. Cell 24, 285-286.

Wigler, M. H., Levy, D., and Perucho, M. (1981). The somatic replication
of DNA methylation. Cell 24, 33-40.

Wyman, A. R., and White, R. (1980). A highly polymorphic locus in hu-
man DNA. Proc. Natl. Acad. Sci. 77, 6754-6758.



