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Summary

It is still unclear whether or not parent-of-origjn-
dependent differential methylation observed in some
transgenes reflects genomic imprinting of endogenous
genes. We have characterized a transgene locus showing
such methylation imprinting together with the corre-
sponding-native chromosome region. We show that only
part of the transgene is affected by methylation
imprinting and the methylation pattern is established
before early prophase I during spermatogenesis.
Interestingly, the native genomic region, which is
mapped to the proximal chromosome 11, shows no

evidence of methylation imprinting but displays heri-
table, strain-specific type of allelic methylation differ-
ences. The results demonstrate that transgenes do not
necessarily reflect the methylation status of either the
surrounding or corresponding chromosome region. In
addition, inherited type of allelic methylation variations
previously described in human may be widespread in
mammals.

Key words: transgenic mouse, DNA methylation, genomic
imprinting.

Introduction

There is evidence that certain loci of mammalian
autosomes display allelic difference with respect to their
DNA methylation levels (reviewed by Monk, 1990).
One such example is a heritable variation, which was
identified in human pedigrees by discriminating paren-
tal alleles using polymorphic tandem repeat markers
(Silva and White, 1988). The findings suggest that the
programs for tissue-specific DNA methylation can be
transmitted through the germ line unchanged. How-
ever, some transgenic mice show 'methylation imprint-
ing', in which the methylation level of the transgene is
determined by the sex of the parent from which the
transgene is transmitted (Reik et al. 1987; Sapienza et
al. 1987; Swain et al. 1987; Hadchouel et al. 1987; for
review, see Surani et al. 1988). In most of these cases
(with one exception reported by Hadchouel etal. 1987),
methylation patterns are erased and re-established
upon each passage through the germ line and then
propagated to somatic tissues.

The parent-of-origin-dependent allelic methylation
differences are consistent with a role for DNA
methylation in genomic imprinting. Genomic imprint-
ing is a process that modifies maternal and paternal
chromosomes differently by an unknown mechanism,

resulting in the differential expression of some parental
alleles. The importance of imprinting during mouse
embryogenesis has been established with ample exper-
imental evidence (for review, see Solter, 1988; Surani et
al. 1990) and, more recently, the possible importance of
imprinting in tumorigenesis and expression of disease
phenotypes has been suggested (for review, see Reik,
1989). Since observed methylation imprinting is appar-
ently independent of sequence, size or copy number of
the transgenes, the parental influence on methylation
can be a consequence of chromosomal position effect.
Thus methylation imprinting of transgenes could be a
reflection of the methylation behavior of the surround-
ing or corresponding host chromosome regions and, if
DNA methylation were to act as the imprinting
mechanism, one might expect to clone 'imprinted'
endogenous loci by using the transgenes as a tag.

However, several findings on methylation imprinting
of transgenes are not consistent with the possibility
discussed above especially because of the discrepancies
with the map for chromosome regions containing
imprinted genes that was produced by genetic comp-
lementation experiments (Searle and Beechey, 1985;
Cattanach, 1986). First, if we assume both random
integration of transgenes and random distribution of
endogenous imprinted loci throughout the genome, the
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frequency of transgenes showing methylation imprint-
ing (approximately 30%) is apparently higher than
expected. Second, the transgene was undermethylated
after paternal transmission in all instances except one
(Sapienza et al. 1987), but no such extreme bias is
expected from the map. Third, the only transgene that
has been mapped was present on chromosome 13
(Hadchouel et al. 1987) which, based on the genetic
experiments, appears not to be subject to imprinting.
These observations raise the possibility that transgene
methylation imprinting may not be relevant to genomic
imprinting of the host chromosomes and, therefore,
transgenes cannot be used as probes to identify
endogenous imprinted regions.

The first but crucial step to resolve this apparent
paradox is to clone and characterize the site of
integration of the transgenes, asking whether the
flanking or corresponding host sequences also show
differential methylation patterns.

We report the analysis of a new transgenic mouse line
in which part of the transgene shows methylation
imprinting. We describe cloning, chromosome mapping
and detailed methylation analysis of the transgene
locus. Furthermore, we have tested both the flanking
sequences of transgenic mice and the corresponding
native region of non-transgenic mice for allelic methyl-
ation variation. Our results demonstrate that the
methylation level of neither the flanking nor the native
chromosome region is changed by the parent of origin.
Instead, however, we have found a completely different
type of allelic methylation variation in the native
chromosomes, which is strain-specific and stably trans-
mitted unchanged through the germ line.

Materials and methods

Mice
The derivation and basic characterization of the transgenic
line MPA434 is described in previous reports (Sasaki et al.
1986, 1989). Embryos used for injection of DNA were the
result of matings between (C57BL/6JxC3H)F! females and
BALB/cJ males. MOL-MSM, a strain established from Mus
musculus molossinus mice originally collected at Mishima
(Harada et al. 1989), was provided from the National Institute
of Genetics, Mishima, Japan.

DNA extractions and Southern blotting
Extraction of DNA from mouse tissues and Southern blotting
analysis were performed as described (Sasaki et al. 1989). To
confirm complete digestion, 1/ig of lambda DNA was
included in each sample as a marker. Labeling of the probes
was done by using the Multiprime DNA labeling system
(Amersham, UK).

Genomic libraries and screening
The MPA434 genomic library was constructed from tail DNA
of a MPA434 male homozygous for the transgene by using
EMBL3 as a vector according to Frischauf et al. (1987). The
BALB/cJ library (vector: Charon28) was obtained from
Japanese Cancer Research Resources Bank and the DBA/2J
library (vetor: EMBL3) from Clontech (Palo Alto, USA).
These libraries were screened by plaque hybridization as
described (Maniatis et al. 1982).

In situ hybridization
Metaphase chromosomes were prepared from primary cul-
tures of lung fibroblast obtained from 18-day mouse embryos.
In situ hybridization and identification of chromosomes by the
replication banding method were performed essentially as
described (Buckle and Craig, 1986), except that the post-
hybridization wash was done with solutions containing
30-50% formamide at lower temperatures (39-41 °C).

Results

Methylation imprinting of the transgene promoter
We previously analyzed the tissue-specific activity and
methylation status of a transgene promoter in three
transgenic mouse lines (Sasaki et al. 1989). These lines
were established by injecting a 10.8 kb DNA fragment
which contains the mouse metallothionein-I promoter
linked to the human transthyretin (also called prealbu-
min) structural gene, as well as portions of pUC18
plasmid at both ends (Sasaki et al. 1986). During the
early experiments, we noticed that one line, designated
MPA434, showed methylation imprinting at the trans-
gene promoter, and this line was analyzed further. The
other two strains showed no evidence of methylation
imprinting in that their transgene promoter is always
non-methylated irrespective of the parent of origin. As
described previously, MPA434 mice contain-approxi-
mately one copy of the transgene, which is expressed at
a very low level to produce the human transthyretin
(Sasaki et al. 1989).

The methylation status of the promoter in tail DNAs
of MPA434 upon transmission through male and female
germ lines is summarized in Fig. 1A. The restriction
map and design of this experiment is depicted in
Fig. 4A,a. If the Hhal (a restriction endonuclease that
cleaves GCGC but not GmCGC; mC, 5-methylcytosine)
sites close to the transcription start site are non-
methylated, a 1.8 kb band appears, but if they are
methylated, a 5.6kb band is seen. As shown in Fig. 1A,
when this transgene was derived from the male germ
line, these Hhal sites were always undermethylated
(25/25 cases, of which 10 cases were derived from a
homozygous male). By contrast, when derived from the
female germ line, the sites were always hypermethy-
lated (13/13). If transgenic females were bred with
transgenic males, the offspring showed the undermeth-
ylated, hypermethylated and combined (undermethy-
lated plus hypermethylated) patterns at an approximate
ratio of 1:1:1 (11/30: 10/30: 9/30). We used BALB/cJ,
C57BL/6J, (C57BL/6JxC3H)F1 and MOL-MSM (see
later) mice for mating, but no change in methylation
phenotype was observed on these genetic backgrounds.
The expression level of the transgene was also
examined after maternal and paternal transmissions but
we were unable to detect any differences either in
somatic tissues or in serum probably because the
expression levels were very low.

The methylation pattern of the transgene promoter in
other tissues was basically the same as that in the tail,
except for the testis (Sasaki et al. 1989). The observed
undermethylation of maternally derived transgene in
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Fig. 1. Methylation imprinting of the transgene promoter
in MPA434 strain. The diagram for the interpretation of
the restriction fragments is shown in Fig. 4A,a.
(A) Methylation status of the transgene promoter of tail
DNA upon paternal and maternal transmissions.
(B) Methylation status of the promoter in male germ cells
from mice with maternally derived transgene.

testis suggests that the differential methylation pattern
is established during gametogenesis. We have extended
the study by analyzing prepuberal testis and sperm from
adult epididymis, in both cases from mice with
maternally derived transgene (Fig. IB). The results
showed that, already at day 10 after birth, testis DNA is
relatively undermethylated at the promoter when
compared with the tail DNA. At this point of
prepuberal testis development, the germ cells reach the
leptotene spermatocyte stage (Bellve et al. 1977). The
methylation level was further decreased in adult testis
and then remained almost unchanged in sperm. In

contrast, Hhal sites in the body of the transgene, which
is methylated in somatic tissues irrespective of the
parental origin (see Fig. 4B,b), was also methylated
throughout the course of germ cell development (data
not shown). These results suggest that the methylation
pattern observed in adult somatic tissues is established
prior to the zygotene stage of meiosis prophase I during
spermatogenesis.

Cloning, structural analysis and chromosome mapping
of the transgene locus
In order to analyze the structure of the transgene locus
and to determine its chromosomal location, we have
cloned the transgene together with the flanking mouse
DNA. A genomic library, constructed from tail DNA of
a MPA434 mouse, was screened with a mixture of
transgene probes A and B (Fig. 2) and, as a result,
three overlapping clones were obtained. The cloned
region spans 33 kb and its restriction map is shown in
Fig. 2. Fine restriction mapping and partial nucleotide
sequencing showed that the transgene integrant consists
of an almost intact copy of the injected DNA plus a 3'
part (238 bp) of another copy linked to the 5' end of the
intact copy.

To obtain unique sequence probes, various flanking
mouse DNA fragments were subcloned and tested by
hybridization to the total mouse genomic DNA. As a
result, six fragments designated D to I (Fig. 2, for
details, see legend) were shown to be unique. Two
genomic libraries constructed from normal mice
(BALB/cJ and DBA/2J, respectively) DNA were then
screened with a mixture of probes D, F, G, H and I to
obtain the corresponding mouse chromosome region. A
total of six overlapping phage clones covering 32 kb
were isolated. By comparing the restriction map of this
region with that of the transgene locus, we detected a
loss of one cellular Sail site but no other change of the
host genome in transgenic mice (Fig. 2). Further
analysis by nucleotide sequencing detected only one
change in the host DNA, a 34 bp deletion at the site of
transgene insertion. The lost Sail site was located just at
the 3' end of the deleted sequence.

In an attempt to characterize this chromosome
region, we next determined partial nucleotide se-
quences of the fragments D to I. However, computer-
aided searches of DNA databases failed to identify any
known sequences homologous to these. Also, within
the cloned region, there was no evidence for CpG
islands, which are often found associated with gene
promoters (Bird, 1986). In fact, this region contains a
relatively small number of sites for methylation-
sensitive enzymes whose recognition sequences contain
CpG dinucleotides (see Fig. 4A and 5A). Then, the
chromosomal location of the region was determined by
in situ hybridization analysis of metaphase chromo-
somes using fragment I as a probe. All together, 32
metaphase nuclei were examined. Out of a total of 130
sites of hybridization sites scored, 22 were located on
chromosome 11. Fig. 3 shows the distribution of the
grains on chromosome 11 and maps the locus to band
A5. It is interesting to note that the proximal
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Fig. 2. Structure and restriction map of the transgene locus and the corresponding normal chromosome region. Genomic
clone series ATG, ADBA and ABAL were isolated from the libraries constructed from DNA of transgenic mouse, DBA/2J
and BALB/cJ, respectively. pUC, pUC18 plasmid sequence; MT-I, mouse metallothionein-I promoter; TTR, human
transthyretin gene. Restriction sites shown are: B, BamHl; E, EcoRl; H, HindlH; S, Sail. Transgene probes and isolated
unique sequence probes are shown by solid lines and labeled with bold capital letters. These probe fragments are: A,
W(>icII-£coRI 0.65kb; B, HindlU-EcoW 1.05kb; C, EcoRl-PvuI 1.6kb; D, Satl-EcoRl 1.05kb; E, BgRl-Xbal 1.2kb;
F, Xbal-Bgai 1.05kb; G, EcoRl-BamHl 1.1kb; H, Hindlll 0.65kb; I, EcoRl-HindlU 1.6kb.

following paternal and maternal transmission. Fig. 4A
shows the overall structure of the transgene locus and
diagrams for the observed restriction bands. Two
methylation-sensitive enzymes, Hhal and Haell {Haell
cuts PuGCGCPy but not PuGmCGCPy), were used and
each sample was doubly digested with one of these
enzymes in combination with another restriction en-
zyme as indicated.

As already shown in Fig. 1A, the Hhal site cluster
within the transgene promoter derived from the mouse
metallothionein-I gene was undermethylated when
transmitted through the male germ line but methylated
when transmitted through the female germ line
(Fig. 4B,a). The same parental effect was seen on the
two Haell sites within the pUC sequences located
upstream of the promoter (b). (One of the expected
bands, which should be 0.4 kb in size, could not be
detected in this experiment.) In contrast, when three
Hhal sites within the body of the transgene were
examined, a 4.9kb band resulting from the EcoRl
digestion and a faint 4.2 kb band were always seen
irrespective of the parental origin (c). This suggests that
the most upstream Hhal site is always partially
demethylated but the other two sites are always
completely methylated.

In the downstream flanking region, three Haell sites
were tested by the transgene probe B. The result
showed that these sites were always methylated

Fig. 3. Chromosomal localization of the locus to
chromosome 11 band A5 by in situ hybridization.

chromosome 11 including band A5 (Searle et al. 1989)
has been shown to contain imprinted gene(s) by genetic
studies (Cattanach and Kirk, 1985).

Methylation status of the other part of the transgene
and the flanking chromosome sequences
By using probes from the transgene and the flanking
region, the methylation status of various portions of the
transgene and flanking mouse sequences was analyzed
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Fig. 4. Detailed methylation analysis of the transgene and the flanking mouse DNA. (A) Diagrams for the interpretation
of the restriction fragments observed. Overall structure of the locus and summary of the results obtained are also shown
(top). Open circles indicate the sites showing methylation imprinting and filled circles, the sites always methylated
irrespective of the parental origin. Samples were digested with the combination of enzymes (methylation-sensitive enzymes
are marked with *) shown and hybridized with the probe indicated (diagrams a-e). The EcoRl site marked with ** was cut
very little when the surrounding pUC and metallothionein sequences were methylated, giving rise to a 5.6kb band instead
of an expected 3.6 kb band. This is probably because the cytosine residue of this EcoRl recognition sequence is subject to
methylation. In fact, the residue next to the cytosine is guanine on the pUC side and thus creates a CpG dinucleotide, the
target sequence of methylase. It is known that EcoRl does not cut GAA1'1'"C. (B) Autoradiograms representing the
results. Each autoradiogram corresponds to the diagram marked with the same letter in A. Tail DNA samples analyzed
were from mice with paternally (lane 1) and maternally (lane 2) derived transgenes and mice having both maternal and
paternal copies (lane 3).

irrespective of the parental origin (only one band of
7.5 kb resulting from Stul digestion was observed in all
situations) (d). To test the upstream flanking region, we
used probe E from the flanking mouse DNA since the
transgene probes could not detect the flanking se-
quences when the pUC sequences were not methylated.
This is because the pUC region contains many

methylation-sensitive enzyme sites and is cut into small
pieces if non-methylated. When the samples were
digested with Seal only, probe E detected a 20 kb band
derived from the chromosome with the transgene
insertion and an 8.0 kb band derived from the normal
counterpart, together with a common 6.0 kb band. A
double digestion with Seal and Hhal showed that the
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Hhal site located 2.3 kb upstream of the insertion
junction is invariably methylated after maternal and
paternal transmissions (e).

The results of these experiments are summarized at
the top of Fig. 4A. Only part of the transgene is
affected by methylation imprinting and a clustering of
the differentially methylated sites within the transgene
is evident. Furthermore, our results demonstrate a lack
of methylation imprinting in the flanking mouse DNA.

Methylation status of the corresponding native
chromosome region in non-transgenic mice
Although we did not observe methylation imprinting in
the flanking region, it may be interesting to ask whether
the corresponding native chromosome region shows
such methylation variation in non-transgenic mice. To
obtain a marker for discriminating between paternally
and maternally derived chromosomes, we looked for
restriction fragment length polymorphisms between
different mouse strains. We first tested BALB/cJ and
C57BL/6J DNAs with four unique sequence probes (D,
E, H and I) and 24 restriction enzymes but failed to find
any polymorphisms. We therefore examined DNA
from several wild-derived strains of mice established at
the National Institute of Genetics, Mishima (samples
kindly provided by Dr T. Shiroishi and Dr K.
Moriwaki). Among the 11 restriction enzymes exam-
ined with probe E, EcoRI identified a polymorphism
between BALB/c and MOL-MSM, a Japanese strain of
wild mice referred to as Mus musculus molossinus
(Harada et al. 1989). Upon EcoRI digestion, DNA
from BALB/cJ gave a 4.5 kb band while DNA from
MOL-MSM gave a 6.3kb band (Fig. 5B,a). This
polymorphism can be attributed to the absence of an
EcoRI site in MOL-MSM as illustrated in Fig. 5A.
Then a BALB/cJ male was bred with a MOL-MSM
female and DNA from tail of both parents and an Fj
progeny was analyzed for methylation.

By using the EcoRI polymorphism, we could test a
total of three methylation-sensitive enzyme sites around
the insertion points. First, the Hpall (which cuts
CCGG but not CmCGG) site which is only 70 bp
upstream from the insertion junction was analyzed.
When samples were doubly digested with EcoRI plus
an isoschizomer of Hpall, Mspl (which cleaves both
CCGG and CmCGG), BALB/cJ DNA gave a 3.7 kb
band, MOL-MSM DNA a 4.9 kb band, and F] DNA a
combination of these (Fig. 5B,b). However, a double
digestion with EcoRI and Hpall generated the same
patterns as the EcoRI digestion only (c), suggesting that
this site is always methylated regardless of the parental
origin. Second, a Hhal site located 2.3 kb upstream of
the transgene insertion point (the same Hhal site
analyzed in Fig. 4B,e) was tested. Although a faint
3.3 kb band indicative of partial demethylation of this
site was seen in both MOL-MSM and F) samples, this
change was not dependent on the parental origin since
we did not observe corresponding partial digestion
(which should produce a 1.5 kb band) in BALB/cJ
samples (d). Third, the Sail site, which was lost in
transgenic mice by the deletion, was examined (Sad
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Fig. 5. Methylation analysis of the native chromosome
region corresponding to the transgene locus in non-
transgenic mice. (A) Map of the BALB/c and MOL-MSM
chromosomes showing the EcoRI polymorphism and
methylation-sensitive enzyme sites tested. E, EcoRI; Hh,
Hhal; Hp, Hpall; S, Sail. (B) Autoradiograms showing the
results. Tail DNA samples were digested with: a, EcoRI
only; b, EcoRl+Mspl; c, EcoRI+Hpall; d, EcoRl+Hhal;
e, EcoRl+SaH.

cuts GTCGAC but not GT^CGAC). Upon double
digestion with EcoRI and Sail, the samples gave bands
diagnostic for the cleavage at the Sail site (3.9 and
5.6 kb) (e). Although a faint band of undigested 4.5 kb
EcoRI fragment was observed in BALB/cJ and F]
samples, again, the methylation variation was not
dependent on the parental origin since neither of the
two homologous chromosomes of MOL-MSM showed
corresponding undigested band which should be 6.2 kb
in size. Thus, we did not observe methylation imprint-
ing at any of the three sites tested.

However, the data presented above provide another
example of allelic methylation variation. Interestingly,
it seems that the allelic methylation patterns are strain-
specific. For instance, partial demethylation of the
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Hha\ site was observed for the chromosomes of MOL-
MSM origin but not for the chromosomes derived from
BALB/cJ. Similarly, partial methylation of the Sad site
was likely to be specific to the chromosomes of
BALB/cJ origin.

To establish whether these methylation variations are
strain-specific and whether they are stably transmitted
through the germ line, we backcrossed F1 mice with
either of the parental strains and analyzed the F2
progenies. As shown in Fig. 6A, the Hhal site was
always partially demethylated on the chromosomes of
MOL-MSM origin but never on the BALB/cJ-derived
chromosomes. Similarly, the partial methylation of the
Sad site invariably co-segregated with the BALB/cJ
chromosome (Fig. 6B). These results demonstrate the
presence of an inherited type of allelic methylation
variation in the mouse, in a chromosome region where
an inserted transgene shows methylation imprinting.

Discussion

Transgene methylation imprinting in the MPA434 line
We have identified and characterized a new transgene
locus showing methylation imprinting in one of three
lines carrying a fusion gene construct. Characteristics of
the methylation imprinting observed are basically very
similar to previous reports (Reik et al. 1987; Sapienza et
al. 1987; Swain etal. 1987): the transgene promoter was
more methylated after maternal transmission; the
methylation pattern was reversible upon each germ-line
passage through the opposite sex; there was little

variation in methylation pattern in adult somatic tissues
(Sasaki et al. 1989). We note, however, that, although
maternally derived transgenes were clearly hypermeth-
ylated, a small fraction of DNA was still cut at the
promoter, giving rise to a faint 1.8kb band (Fig. 1A).
Since only one copy of the transgene is present in each
cell, this implies cellular mosaicism with respect to the
differential methylation patterns (McGowan et al.
1989). Our study on the prepuberal testis suggests that
the methylation pattern observed in the somatic tissues
is established before the zygotene stage of meiosis
prophase I during spermatogenesis. Since this methyl-
ation variation was not observed in the other two
transgenic lines, it is likely that the phenomenon results
from a chromosomal position effect.

The simple structure of the transgene locus (approxi-
mately one copy insertion without any host rearrange-
ment except one small deletion) made the efficient
cloning and detailed analysis of the locus feasible. One
feature revealed is the clear clustering of the differen-
tially methylated sites. This 'island' of methylation
imprinting is about 3.5 kb in size and composed of the
metallothionein promoter and plasmid sequences.
From the description of the previous cases, it is difficult
to judge whether such a clustering of the differentially
methylated sites is a general feature or not. One
interesting possibility suggested by the island is that the
differential methylation pattern of CpG sites within the
island may be determined as a block rather than
individually. Such a control seems possible if we
consider configurational changes of chromatin as a
mechanism of methylation imprinting (see later).
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Another interesting finding is the localization of the
locus to the proximal chromosome 11, a region likely to
contain imprinted gene(s); maternal duplication/
paternal deficiency for this region, as well as maternal
disomy 11, resulted in mice that were small in size while
paternal disomy 11 resulted in large mice compared to
the controls (Cattanach and Kirk, 1985). Although this
does not necessarily mean that the flanking host
sequences are imprinted, it is tempting to speculate that
a signal for endogenous imprinting may be present in
the 5' flanking region, since the island showing
methylation imprinting is located at the 5' end of the
transgene (see below).

Transgene methylation imprinting and endogenous
genomic imprinting
The main purpose of this study was to ask whether the
host sequences around the transgene insertion site show
methylation imprinting or not. If the endogenous
sequences were to show methylation imprinting, it
would strongly suggest both that DNA methylation is
actually involved in endogenous imprinting and that
this region is subject to genomic imprinting. We
examined four sites flanking the transgene and three
sites (one of which is the same as one of the above four)
on the corresponding native chromosome. However,
none of these sites showed methylation imprinting.
Instead, we found a completely different type of allelic
methylation variation, which was heritable and strain
specific, at two of the three sites tested in non-
transgenic mice.

One general conclusion drawn from the study is that
the methylation behavior of transgenes does not
necessarily reflect the methylation status of the host
sequences around the insertion site. Therefore, even if
differential methylation is the molecular mechanism of
endogenous imprinting, transgenes may not serve as
markers for imprinted regions. Besides the discrep-
ancies with the genetic maps for endogenous imprinted
regions and the possibility of involvement of other
chromosome modifications in the imprinting process
(Monk, 1988; Surani et al. 1990), this raises another
possibility that transgenes can be probes for endogen-
ous imprinting.

Regarding the mechanisms of transgene methylation
imprinting, the absence of methylation imprinting in
the host sequences does not necessarily indicate the
absence of the signal for that phenomenon. For
instance, the sequence coding for the signal might not
exhibit methylation imprinting itself; or, the signal for
methylation imprinting might be transmitted from a
distant site in a form other than DNA methylation. If,
however, such signals were present on chromosomes,
they should be widespread because of the observed high
frequency of transgene methylation imprinting.
Although several explanations may be applicable, the
difficulties in detecting endogenous methylation
imprinting in both human (Silva and White, 1988) and
mouse (Surani et al. 1990; this study) are inconsistent
with this view. Rather, it seems that there is some
special reason for transgenes being prone to methyl-

ation imprinting. One possible explanation is that
transgenes behave as insertional mutations which
interrupt the waves of chromosome modifications that
normally occur during gametogenesis and embryonic
development (Surani et al. 1990). The foreign or
displaced DNA may tend to lock the methylation status
of the locus, which cannot now be changed. It may be of
interest that our transgene is expressed in the testis,
most probably in germ cells (Sasaki et al. 1989).
Transcription beginning at the promoter may interrupt
the normal changes in chromatin structure in this
region, and the undermethylated state of the island in
male germ cells may then persist in adult somatic tissues
(although this does not apply to the plasmid se-
quences). Another possibility is that the plasmid
sequences may tend to interfere with such chromosome
modifications since all of the transgenes showing
methylation imprinting reported thus far contain some
kind of prokaryotic sequences: chloramphenicol acetyl
transferase gene (Reik era/. 1987), pBR322 (Sapienza et
al. 1987; Swain et al. 1987; Hadchouel et al. 1987) or
pUC18 (this study). Such an effect of prokaryotic
sequences could be associated with the fact that they are
rich in CpG dinucleotide. It is tempting to speculate
that these sequences can behave as CpG islands when
introduced into the mouse germ line, just like those
found at the 5' end of endogenous genes such as the
mouse metallothionein-I promoter (Bird, 1986). Since
CpG islands may be involved in distinctive chromatin
structures (Tazi and Bird, 1990), CpG-rich sequences
associated with transgenes may be similarly involved in
the process and could be targets for differential
methylation.

Our unexpected finding made during this study is the
identification of an inherited type of allelic methylation
variation in this chromosome region. The heritable
nature suggests that a signal controlling the methylation
variation of this type is apparently associated with the
affected sites (Silva and White, 1988). Since only the
inherited type of variation is detectable in non-
transgenic mice, perhaps the signal for methylation
imprinting, if it exists, may be controlled at a different
level. In this case, it is particularly interesting to ask
whether or not an inherited methylation pattern at
certain sites can be altered to show a parent-of-origin
type of methylation (or a combined pattern of the two
types).

Heritable, strain-specific methylation variations in the
mouse
The heritable, strain-specific type of allelic methylation
variation is by itself of considerable interest. Strain-
dependent changes in methylation patterns were
described previously (Sapienza etal. 1989; McGowan et
al. 1989; Allen etal. 1990) but these variations were not
due to the origin of the alleles but solely due to the
genetic background. Inherited types of allelic methyl-
ation differences were first demonstrated in human
pedigrees by Silva and White (1988). Using polymor-
phic markers based on variable numbers of tandem
repeats, they found that homologous chromosomes
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have distinct and heritable 'blueprints' for the tissue-
specific control of methylation. Although only one
tissue (tail) was tested in our study, the results
demonstrate the presence of an inherited type of allelic
methylation variation in the mouse genome and in a
region not associated with tandem repeat sequences.
Thus, this type of variation could be ubiquitous in
mammalian genomes.

At present, it is unknown whether the strain-specific
methylation variations arise from differences in the
adjacent DNA sequences. The frequency of sites
showing such methylation variation between different
Mus musculus subspecies seems quite high since two
out of three sites tested were variable. The frequency of
variation between certain strains could reflect their
relatedness or genetic distance. Another and probably
more important question is whether such variation can
occur within gene promoters or gene exons. Methyl-
ation of CpG dinucleotide can influence gene ex-
pression (Cedar, 1984) and, accordingly, there is the
interesting possibility that allelic methylation variations
of this type may affect phenotypes in heritable fashion.
Also, methylated CpG sites are mutation hotspots
(Coulondre etal. 1978; Bird, 1980) and, therefore, if we
assume such variations in germ line, the frequency of
mutation or polymorphism at certain loci may vary in
different populations depending on the frequency of the
methylated alleles.

Whatever the case, it is likely that heritable allelic
methylation differences are common in mammalian
genomes. The mouse offers a useful experimental
system to study the genetic basis and biological
significance of this interesting phenomenon as well as
those of other types of methylation variations, such as
methylation imprinting.
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