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ABSTRACT Recent investigations have shown that the
maintenance of genomic imprinting of the murine insulin-like
growth factor 2 (Igf2) gene involves at least two factors: the
DNA (cytosine-5-)-methyltransferase activity, which is re-
quired to preserve the paternal specific expression of Igf2, and
the H19 gene (lying 90 kb downstream of Igf2 gene), which
upon inactivation leads to relaxation of the Igf2 imprint. It is
not yet clear how these two factors are related to each other in
the process of maintenance of Igf2 imprinting and, in partic-
ular, whether the latter is acting through cis elements or
whether the H19 RNA itself is involved. By using Southern
blots and the bisulfite genomic-sequencing technique, we have
investigated the allelic methylation patterns (epigenotypes) of
the Igf2 gene in two strains of mouse with distinct deletions of
the H19 gene. The results show that maternal transmission of
H19 gene deletions leads the maternal allele of Igf2 to adopt
the epigenotype of the paternal allele and indicate that this
phenomenon is influenced directly or indirectly by the H19
gene expression. More importantly, the bisulfite genomic-
sequencing allowed us to show that the methylation pattern of
the paternal allele of the Igf2 gene is affected in trans by
deletions of the active maternal allele of the HI19 gene.
Selection during development for the appropriate expression
of Igf2, dosage-dependent factors that bind to the Igf2 gene, or
methylation transfer between the parental alleles could be
involved in this trans effect.

In mammals, the two parental haploid genomes are function-
ally nonequivalent (1, 2). The basis for this nonequivalence
primarily originates from gamete-specific epigenetic modifi-
cations that define a parental imprint for some of the genes.
The biological significance of this phenomenon appears obvi-
ous as defects in imprinting lead to developmental failure and
are involved in a growing number of pathological states in
humans (3). However, the selective advantages responsible for
the appearance and maintenance of the parental imprinting in
mammals are not understood and remain fervently debated (4,
5).
The best documented epigenetic marking of the chromo-
somes, thought to be involved in parental imprinting, is the
methylation of CpG residues (6). Allele-specific DNA meth-
ylation has been described in the vicinity of most of the 16
endogenous imprinted genes described so far in the mouse and
in the human (7). Targeted deletions of the maintenance
methyltransferase have demonstrated that DNA methylation is
required at least for the maintenance of the differential
expression of the imprinted genes in the mouse (8). The
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methylated state is usually associated with the inactive allele,
suggesting a transcriptional silencing of the genes. However,
specific methylation of the active allele has been described for
some imprinted genes such as Igf2r (9) and Igf2 (10, 11) in the
mouse.

The Igf2 gene was the first endogenously imprinted gene to
be identified in mammals (12). It is predominantly expressed
from the paternal allele in the postimplantation stage embryo
and encodes a major fetal growth factor. Several differentially
methylated regions (DMRs) have been identified upstream
and within the body of the gene (11). Because allele-specific
methylation of these regions is associated with the paternally
expressed copy of the Igf2 gene, we have suggested that the
DMRs may represent constitutive silencers that could be
inactivated by methylation (13).

The Igf2 gene lies in a cluster of at least five other imprinted
genes on chromosome 7 in the mouse. Within this cluster, the
H19 gene is located 90-kb downstream of the Igf2 and the two
genes share a common set of enhancers. The competition
between these genes for the use of the enhancers is now a well
documented model that explains their opposite allele-specific
expression patterns (14, 15). It is driven on the paternal allele
by the allele-specific methylation (16) and silencing of the H19
gene (8). In recent experiments, deletions of the active ma-
ternal allele of the HI9 gene have been shown to result in
biallelic expression of the Igf2 gene, thus, demonstrating that
the HI19 gene expression is indeed required for the mainte-
nance of the Igf2 imprinting (17, 18).

In this work, we attempt to shed light on the respective roles
of the allele-specific methylation patterns of the DMRs and the
H19 gene expression on the maintenance of Igf2 imprinting. To
this end, we exploit two strains of mouse with distinct deletions
within the H19 locus to investigate the precise allele-specific
methylation patterns of the Igf2 gene in these animals.

MATERIALS AND METHODS

Mouse Crosses. Cross I. Maternal inheritance of H19 gene
region deletion (H19A13) (17). Heterozygous females were
mated to SD7 males (SD7is a C57BL/6 X CBA Mus musculus
domesticus strain containing the distal portion of Mus spretus
chromosome 7).

Cross 1I. Paternal inheritance of H19 gene region deletion
(H19A13) (17). SD7 females were mated to heterozygous
males. In both cross I and II, tissue samples were collected
from neonates 2 days after birth.

Crosses III. Maternal inheritance of HI9 gene deletion
(H19A3) (18). Heterozygous females from a mixed back-
ground (129/MFI/C57BL6) were mated to SD7 males. Tissue
samples were collected from neonates 5 days after birth. For

Abbreviations: LOI, loss of imprinting; LOAM, loss of allelic meth-
ylation; DMR, differentially methylated region.
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each cross, the F; neonates were genotyped for the H79 gene
deletion by screening for the presence of the neomycin-
resistance transgene that was introduced by the targeting of the
H19 gene.

Southern Blots. DNA from each sample was digested with
Hpall, Dral, and EcoRI (DMR 1) or Hpall and BamHI (DMR
2) (Fig. 1). The fragments were separated into a 1% agarose
gel, transferred, and hybridized with the Igf2 specific probes as
described in ref. 11.

Bisulfite Genomic-Sequencing Technique. The bisulfite
genomic-sequencing technique was performed according to
Olek et al. (19). Briefly, genomic DNA was digested with
EcoR1, alkaline-denatured, and treated with bisulfite as
described (19). This chemical modification mutates all un-
methylated cytidine residues to thymidine residues whereas
the methylated cytidines are not modified. PCR amplifica-
tions were carried out at an annealing temperature of 54.5°C
and for 35 cycles (for primers, see ref. 19). The PCR products
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F1G. 1. Two DMRs of the Igf2 gene. (4) Map of the murine Igf2
gene. Solid bars depict the six exons and the two pseudoexons (W1 and
W2) of the Igf2 gene. Exons 1-3 are the leader exons from which the
expression is driven by promoters 1, 2, and 3 (P1-P3), respectively.
Exons 4-6 are the coding exons. The two DMRs are located on the
map: DMR 1 at ~3 kb upstream of exon 1 and DMR 2 in the 3’ coding
part of the gene. The relative levels of methylation on the maternal
(Mat.) and paternal (Pat.) alleles in wild-type embryos are indicated:
®, methylation; O, absence of methylation (11). (B) Restriction maps
of the DMR 1 and DMR 2 domains of the Igf2 gene. For DMR 1, the
map shows the EcoR1, Xbal, and Hpall (h) restriction sites. Ds* is a
polymorphic Dral site specific for Mus spretus. The location of the
DMR 1-specific probe (probe 1) is shown; this probe is a 717-bp
EcoRI-Xbal fragment. Below are shown the restriction fragments
h1-h7 detected by probe 1 in EcoRI/Hpall-digested genomic DNA.
For DMR 2, the map shows BamHI, Kpnl, and Hpall (h) restriction
sites. The location of the DMR 2-specific probe (probe 2) is shown; this
probe is a 904-bp BamHI-Kpnl fragment. Below are shown the
restriction fragments h1-h4 detected by probe 2 in BamHI/Hpall-
digested genomic DNA. The 703-bp sequence studied by the bisulfite
genomic-sequencing technique (Fig. 3) is indicated on the map.
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were cloned (TA cloning kit, Invitrogen) and sequenced by
using the Applied Biosystems sequencing system.
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FiG. 2. LOAM of the Igf2 gene in mice heterozygous for an H19
gene deletion (H19A13). (A) Methylation analyses of the DMR 1
domain. Heterozygous F; females were mated to SD7 males (cross I)
and the neonates were screened for the H19 deletion. DNA was then
extracted from liver of two wild-type and two mutant mice and
incubated with EcoRI and Hpall in the absence (lanes 8,9, 12, and 13)
or the presence (lanes 10, 11, 14, and 15) of the Dral restriction
enzyme. The DNA was then separated in a 1% agarose gel, transferred
to a nitrocellulose membrane, and hybridized with a probe specific to
DMR 1 (probe 1). Lanes 1-7 show control liver DNA digestions from
2-day-old wild-type neonates from the following crosses: M. musculus
domesticus X M. musculus domesticus (lanes 1, 4, and 5), M. spretus X
M. spretus (lanes 2, 6, and 7), and M. musculus domesticus X M. spretus
(lanes 3). DNA was digested with EcoRI and Dral (lanes 1, 2, and 3)
and with EcoRI and Hpall in the absence (lanes 4 and 6) or in the
presence (lanes 5 and 7) of the Dral enzyme. (Ds* designates the
polymorphic restriction site only present in the M. spretus alleles.) (B)
Methylation analyses of the DMR 2 domain. DNA from cross I
(maternal transmission of the deletion) was digested with BamHI and
Hpall restriction enzymes, separated in a 1% agarose gel, transferred,
and hybridized with a DMR 2-specific probe (probe 2). Lanes 2 and
6-10 show the digests from wild-type animals (+/+) and lanes 3 and
11-13) show digests from mutant mice (—/+). Lanes 4 and 5 show the
analysis of DNA samples obtained from crossing heterozygous males
with SD7 females (paternal transmission of the deletion, cross II). The
digests were obtained from 2-day-old neonate liver DNAs of wild-type
(+/+) and mutant mice (+/—), respectively. hm* is a polymorphic
Hpall fragment specific to M. musculus domesticus. Lane 1 shows
marker DNA fragments (the sizes are 390, 510, and 1,630 bp).
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RESULTS

Deletions of the Active H19 Gene Induce Methylation in Cis
on the Maternal Allele of the Igf2 Gene. We found previously
that the methylation patterns of two domains, DMR 1 and 2,
of the Igf2 gene in the mouse are monoallelic and are associ-
ated with the paternal expression of this gene (Fig. 14) (11).
To verify if, in mice carrying a deletion of the HI9 gene, the
loss of imprinting (LOI) of the Igf2 gene is correlated with the
loss of allelic methylation (LOAM) at this locus, we used the
Hpall-methylation-sensitive enzyme in combination with poly-
morphic restriction sites (Fig. 1B) to study by Southern blot
analysis the changes of the levels of methylation in both DMR
1 and 2.

The first H19 deletion that we studied is a targeted disrup-
tion of 13 kb encompassing not only H79 but also 10 kb of the
5" upstream region of the gene (17). We refer to this mutation
as the H19A13 deletion. DNAs from neonates with maternal
transmission of this deletion (cross I) were analyzed. By using
a M. spretus-specific Dral site (10), we were able to study the
methylation status of the maternal alleles from Hpall frag-
ments 6 and 7 (h6 and h7) in DMR 1 (see Fig. 1B). In liver (Fig.

A
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2A) and kidney (data not shown) of wild-type neonates, the
residual methylation at the level of h6 and h7 was very low on
the maternal allele (Fig. 24, compare lanes 8 and 9 with lanes
10 and 11). By contrast, in neonates with maternal transmission
of the deletion (H19A13), the same sites were highly methyl-
ated on the maternal allele in the liver (Fig. 24, compare lanes
12 and 13 with lanes 14 and 15) and in the kidney (data not
shown). No effect of the deletion was observed in the brain
(data not shown).

To investigate the allele-specific methylation of the DMR 2
in the same cross, we digested the same DNA samples with
Hpall and used a DMR 2-specific probe (probe 2). In liver
(Fig. 2B) and kidney (data not shown) of wild-type neonates,
the maternal allele was not methylated (absence of hm* band
in Fig. 2B, lanes 2 and 6-10). In contrast, mice carrying the
H19 deletion were methylated on the maternal allele since a
fragment was now detected at the level of hm* (Fig. 2B, lanes
3 and 11-13). Again, the deletion did not affect methylation
levels in brain.

As a control, the effect on DMR 1 and DMR 2 methylation
of the deletion of the inactive (paternal) copy of HI9 was
determined. This deletion did not have any effect on Igf2
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F1G. 3. Methylation analyses on individual maternal and paternal chromosomes in the DMR 2 of the Igf2 gene by the bisulfite genomic-
sequencing technique. (4) H19A13 deletion, maternal transmission. DNA samples from the kidney of neonates issued from cross I were modified
by sodium bisulfite (NaHSO3), PCR amplifications were performed, and the fragments were cloned and sequenced. The level of methylation was
then calculated (in percent) for each of the 16 CpGs analyzed. (Left) Comparison of the methylation patterns of the paternal alleles from wild-type
mice (+/+) with those from mice with a maternal transmission of the H19A13 deletion (—/+). (Right) Comparison of the methylation patterns
of the maternal alleles from the same samples. (B) H19A13 deletion, paternal transmission. The same analysis as above was performed with DNA
samples from the kidney of neonates issued from cross II (paternal transmission, +/—). In both cases, the wild-type and mutant mice were from
the same litter. The hatched bars delineate the “domain II” identified within the DMR 2 (see text). The P values were obtained after a statistical

analysis of the data using the Mann—Whitney U test.
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methylation (data not shown, but see Fig. 3B). Therefore,
deletion of an active (maternal) copy of H19 is needed to effect
changes of allelic methylation in Igf2. However, because this
deletion is rather large, the observed changes could be due to
factors other than the H79 gene itself. We therefore examined
a second deletion of H19 (H19A3) that is restricted to the 3 kb
encompassing the H19 transcription unit itself (18). The
effects of maternal transmission of this deletion on DMR 1 and
2 methylation were qualitatively identical to that of the
H19A13 deletion, but the extent of methylation of the maternal
Igf2 allele was lower (data not shown, but see Table 1). The
quantitative difference may be due to the different reporter
construct used for H19 deletion or to elements situated
upstream of H19 that are deleted in the HI9A13 but not in the
H19A3 deletion (20, 21).

To gain more detailed and quantitative insights into these
methylation changes, bisulfite genomic sequencing (19) was
performed on DMR 2. DMR 2 was chosen because allelic
methylation is consistently associated with Igf2 imprinting (ref.
11 and unpublished results) and because allelic methylation in
this region is conserved in humans (22).

We amplified a 703-bp fragment containing 31 CpG dinucle-
otides (numbered 1 to 31), and the allelic methylation in a
280-bp region including 16 CpGs numbered 16 to 31 was
analyzed because allelic methylation differences are most
pronounced in this region (unpublished results). The HI19
heterozygous mutant and wild-type control animals that were
compared were littermates. The results confirm that, in all
tissues analyzed, the maternal allele of the Igf2 gene became
methylated in mice carrying a deletion of the active allele of
HI19 (Fig. 34 Right, kidney) and remained unmethylated in
mice carrying a deletion of the inactive paternal HI19 allele
(Fig. 3B Right, kidney) (liver, not shown). Interestingly, math-
ematical analysis of these data showed that the highest increase
of methylation of the Igf2 maternal allele in mice with a
deletion of the H19 gene were found between CpGs 18 and 25
(domain II) in all tissues analyzed and that the increase was less

Proc. Natl. Acad. Sci. USA 94 (1997)

pronounced for the other CpGs (domains I and III, Fig. 3).
Indeed, statistical analysis (Mann-Whitney U test) showed
that, in some tissues such as the gut and the kidney, the
increase in methylation on maternal chromosomes was not
significant in domains I and III but was highly significant for
domain II in the same samples (Table 1, lower parts of section
A and B). These experiments show unequivocally that the H19
locus controls in cis the allelic methylation patterns of the
DMR 2 region in Igf2. Furthermore, the domain II, as defined
in this study and which is only 150 bp long, appears to be a
preferential target for this phenomenon.

Deletions of H19 Decrease Methylation in Trans on the
Paternal Allele of Igf2. While studying the cis effect of H19 on
the maternal allele of Igf2, we had made the assumption that
methylation on the paternal allele remained unaffected. Sur-
prisingly, however, the paternal allele of Igf2 in mice carrying
a deletion of the maternal H19 gene was found to be less
methylated than the paternal allele in wild-type mice (Fig. 34
Left and Table 1). This difference was statistically significant
(except in liver samples); its magnitude varied with the tissue
and seemed to be less affected by the deletion of the 5’ part of
the HI19 gene than the cis difference (Table 1, compare
sections A and B). Finally, as an important control, allelic
methylation in Igf2 was affected neither in cis nor in trans by
a paternally inherited deletion in H19 (Fig. 3B, kidney).

In conclusion, the deletion of the active H19 gene affects the
allelic methylation patterns of the Igf2 gene in two opposite
ways: it has a positive effect in cis, on the maternal allele, and
a negative effect in trans, on the paternal allele. Both effects
contribute to the LOAM at this locus. In contrast to the cis
effect, which is more pronounced in domain II, the trans effect
affects the whole region (Table 1). Furthermore, the magni-
tudes of the trans and the cis effect vary depending on the
tissue analyzed and seem to be influenced in an opposite
manner: in tissues where the cis effect is large, the trans effect
is small and vice versa. This is exemplified by the results
obtained from the liver samples for which the cis effect is the

Table 1. Relative amounts of methylation of Igf2 gene in mice with H19 gene deletions

DMR2 Mutant/wild-type
Section Genotype Tissue Allele domain DNA methylation
A HI9A13/+ Liver I+ 11+ III 1.29
Kidney I+1I+III 1.04
HI9A3/+ Liver I+ 11+ III 1.18
Kidney I+ 11+ III 0.60
Gut I+1I+III 1.18
B HI9A13/+ Liver Paternal I+ 1III 0.73 (P = 0.326; n = 6)
II 0.80 (P = 0.301;n = 6)
Maternal I+ III 3.99 (P = 0.035;n = 6)
II 11.00 (P = 0.027; n = 6)
Kidney Paternal I+ I 0.43 (P =0.019; n = 11)
II 0.49 (P = 0.031;n = 11)
Maternal I+ 11 1.85 (P =0.288;n = 6)
II 3.31 (P = 0.001;n = 6)
HI9A3/+ Liver Paternal I+ III 0.80 (P =0.212; n = 10)
II 0.87 (P = 0.330; n = 10)
Maternal I+ 11 4.39 (P = 0.026; n = 6)
II 3.74 (P = 0.031;n = 6)
Kidney Paternal I+ 11 0.29 (P = 0.023; n = 8)
II 0.53 (P =0.051;n = 8)
Maternal I+ 111 1.00 (P = 0.440; n = 10)
11 2.42 (P =0.021; n = 10)
Gut Paternal I+ 11 0.73 (P = 0.028; n = 10)
1II 0.94 (P = 0.298; n = 10)
Maternal I+ 10 1.85 (P = 0.145;n = 5)
1II 3.44 (P =0.004;n =5)

For each sample, the sequences obtained from the bisulfite-treated DNAs were used to calculate a value for the average of methylation levels
throughout DMR2 (Section A) or in domains I or domains I + III of DMR?2 separately for each parental allele (Section B). A ratio between the
mutant and wild-type values was calculated for each tissue analyzed. Statistical analysis was performed with the Mann-Whitney U test.
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largest while the trans effect is small and not statistically
significant (Tables 1, lower parts of sections A and B). These
results suggest that the two consequences of the H19 gene
deletions on the methylation patterns (cis and trans effects)
arise by two different but interdependent mechanisms that are
both influenced by H19 gene expression.

DISCUSSION

In this study, we used mice carrying deletions in the H19 locus
as a model to investigate the process of LOAM in the mouse.
We confirm that LOAM in these animals correlates with LOI
of the Igf2 gene (15). We show that deletions of the active
maternal allele of the H19 gene have both cis and trans effects
on the methylation patterns of the Igf2 gene but deletions of
the nonexpressed paternal H19 allele have no effects. These
results led us to conclude the expression of the HI9 gene,
and/or cis-acting sequences within the gene, is directly or
indirectly required for the maintenance of the monoallelic
patterns of methylation in the DMR 1 and 2 of the Igf2 gene.
Overall, our work provides insight into the molecular process
of LOAM in the mouse, a process of fundamental importance
for the understanding of the somatic maintenance of genomic
imprinting in mammals and that is known to be associated with
some pathological defects with LOI in humans (Wilms tumor
and Beckwith-Wiedemann Syndrome) (23-25).

Competition for Common Regulatory Factors and Enhanc-
ers. Our results emphasize the role of the H79 gene expression
in the maintenance of the allelic methylation patterns of the
Igf2 gene. The cis-acting effect is consistent with the proposed
model of competition for a common set of enhancers (14, 15).
The interaction of the enhancers with regulatory elements of
Igf2 would lead to the activation of transcription and methyl-
ation of the Igf2 gene in cis through the interaction with the de
novo methylation/demethylation system (26, 27). Alterna-
tively, or in addition, the H19 RNA could itself be involved in
regulating in cis (20) the accessibility to methylase/
demethylase activities. Upon HI9 inactivation, the methyl-
ation/demethylation activities would now be acting equally on
both parental alleles leading to an equalization of the levels of
methylation (LOAM). Even though the model of competition
for the enhancers, as described above, is able to explain in full
the cis effect on the methylation patterns, it is not sufficient by
itself to explain the trans effect.

The trans effect may reflect selection at the cellular level for
a reduction in the overall Igf2 expression in the H19 deleted
mice. In that case, cells in which the paternal Igf2 allele is less
methylated will be selected for in the H19 deleted animals.
Alternatively the two alleles of the Igf2 gene may compete for
a limiting pool of regulatory factors affecting either transcrip-
tion or methylation (Fig. 44). When the H19 gene is deleted,
activation of the second (maternal) Igf2 allele by interaction
with the HI9 enhancers would partly deplete the paternal
allele of the regulatory factors (Fig. 4B). One of these regu-
latory factors could be a repressor complex that binds to the
unmethylated DMRs on the maternal chromosome (13). Re-
pressor competition is further supported from the observation
that when Igf2 transgenic constructs, without the H79 enhanc-
ers, are introduced into mice, the transgene is inactivated and
the endogenous Igf2 gene is hyperactivated (unpublished ob-
servations). Introduction of ectopic copies of other imprinted
genes such as Xist and U2af in transgenic mice also results in
deregulation of the endogenous copy of the gene (28, 29). In
addition, the dependence on chromosome counting of some
allelically methylated sites in imprinted genes (30) also seems
to support the “competition for a limiting factor” model.

LOAM by Methylation Transfer. A third model to explain
the trans effects of the H19 deletions on Igf2 methylation is
suggested from recent observations in the fungus Ascobolus
immersus, where methylation can be transferred from meth-
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F1G. 4. Double competition model to explain the communication
between the two parental chromosomes at the Igf2/H19 locus. (4) The
two Igf2 alleles would be competing for both the H19 enhancers in cis
and a common limited stock of regulatory factors (transcription/
methylation) in trans. These latter are able to act on both Igf2 alleles
but with different efficiencies. On the paternal allele interaction of the
Igf2 gene with cis regulatory sequences (enhancers, O) blocks the
access to demethylating agents and/or favors the methylating factors
(®). Conversely, on the maternal allele, because of the competition of
the H19 gene for the enhancers and/or of the presence of the H19
RNA (acting in cis) (20), the methylating factors would be blocked
and/or demethylating agents favored (shaded pentagons). (B) Upon
deletion of the maternal H19 allele, the competition for the enhancers
is lost on the maternal chromosome, and in consequence, both Igf2
alleles are now able to interact with the regulatory factors with similar
efficiencies. Because these factors are in a limiting amount, a part
would be depleted from one Igf2 allele to interact with the other. This
would lead to lower levels of methylation on the paternal chromosome
and higher on the maternal.

ylated to unmethylated alleles through physical interactions
between the homologous alleles (31). This is mechanistically
linked to meiotic recombination and gene conversion (32) and
leads to both cis and trans effects on the methylation patterns
of the genes involved. A model for LOAM by methylation
transfer has been proposed for mammals (31, 33, 34) that could
account for LOI at the Igf2/H19 locus. Although meiotic and
mitotic gene conversion have been described in the mouse (35,
36), it is difficult to believe that these events occur at such a
frequency that they become detectable in our system. Indeed
the frequency of interchromosomal mitotic gene conversion is
known to be very low compared with meiotic or intrachromo-
somal gene conversion events in mammals (36, 37). In fact no
gene conversion events have been detected in our experiments,
although this fact alone does not exclude methylation transfer,
as it has been shown in Ascobolus that this process may also
occur independently of gene conversion (31).

It is thought that the low level of mitotic recombination in
mammals is due to the segregation of mammalian chromo-
somes into different subnuclear sites during interphase, thus
restricting their opportunity for contact (37). Interestingly,
LaSalle and Lalande (38) recently discovered an association of
imprinted domains (trans sensing) during the late S phase of
the cell cycle in humans (38) that would be compatible with the
formation of heteroduplex DNA and methylation transfer
between oppositely imprinted domains during the cell cycle in
somatic cells. However, it is important to point out that the
methylation transfer we have observed at the Igf2 gene in the
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HI19 deletion mice is not observed in wild-type mice, where
both DMR I and DMR 2 maintain their allele-specific meth-
ylation patterns (31). Clearly, further experiments are required
to investigate this intriguing phenomenon.
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