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Landmark features of imprinted genes are differentially methylated domains (DMDs), in which one parental
allele is methylated on CpG dinucleotides and the opposite allele is unmethylated. Genetic experiments in the
mouse have shown that DMDs are required for the parent-specific expression of linked clusters of imprinted
genes. To understand the mechanism whereby the differential methylation is established and maintained, we
analyzed a series of transgenes containing DMD sequences and showed that imperfect tandem repeats from
DMDs associated with the Snurf/Snrpn, Kcnql, and Igf2r gene clusters govern transgene imprinting. For the
Igf2r DMD the minimal imprinting signal is two unit copies of the tandem repeat. This imprinted transgene
behaves identically to endogenous imprinted genes in Dnmtlo and Drnmt3L mutant mouse backgrounds. The
primary function of the imprinting signal within the transgene DMD is to maintain, during embryogenesis and
a critical period of genomic reprogramming, parent-specific DNA methylation states established in the germ
line. This work advances our understanding of the imprinting mechanism by defining a genomic signal that
dependably perpetuates an epigenetic state during postzygotic development.

Imprinted genes are defined by a difference in expression be-
tween the two parental alleles (20). For a typical imprinted gene,
one parental allele is silenced, and the opposite parental allele is
expressed. Genetic studies in humans and mice have identified
imprinting centers (ICs) within clusters of imprinted genes that
control the differential expression of linked genes (3, 4, 10, 18, 25,
28). Targeted deletion of the Igf2r (insulin-like growth factor type
2 receptor gene) IC in the mouse leads to the loss of imprinting
of a cluster of linked imprinted genes on chromosome 17. Similar
findings of targeted deletions in the mouse, or spontaneous de-
letions in the human, led to the identification of Snurf/Snrpn and
Kcngl ICs. The Snurf/Snrpn 1C is linked to the regulation of three
imprinted genes, the Kengl IC is linked to the regulation of seven
imprinted genes, and the Igf2r IC is important for the monoallelic
expression of four genes.

The aforementioned ICs coincide with differentially methyl-
ated domains (DMDs) (11, 23, 24). Prominent DMDs associated
with the Snurf/Snrpn, Kengl (called KvDMR), and Igf2r (called
DMD?2) gene clusters in the mouse are highly methylated on the
maternal allele and unmethylated on the paternal allele. There is
strong evidence that these different epigenetic states are first
established in the gametes and then maintained during embryo-
genesis (9, 14, 26). The DMD sequences of the Snurf/Snrpn, Igf2r,
and Kcngl genes have several common features including pro-
moter elements, CpG islands, and imperfect tandem repeats (Fig.
1A; CpG islands not shown). These three DMDs contain six to
nine tandem repeats, ranging in size from 18 to 170 bp and
containing 1 to 14 CpG dinucleotides per repeat copy (Fig. 1A)
(20). Within a given DMD the repeated copies are, on average,
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50% to 73% similar to one another, and the array of tandem
repeats spans 600 bp to 700 bp of genomic sequence (including
intervening sequence). There is no obvious sequence similarity
among the three mouse DMDs. To determine the roles of these
DMD features in genomic imprinting, DMD sequences were
analyzed in a mouse model system based on the imprinted
RSVIgmyc transgene (Fig. 1B) (5, 6, 21).

We chose the RSVIgmyc transgene model system for a number
of reasons. Targeted mutagenesis to remove entire DMDs has
identified them as regulatory sequences that physically overlap
ICs. However, the use of targeted deletions to more specifically
define imprinting elements within a DMD is limited because of
potential difficulties in interpreting the effects of small sequence
deletions. More importantly, because the three aforementioned
DMDs are largely comprised of imperfect tandem repeats, dele-
tions of critical portions of tandem repeats could result in persis-
tence of imprinting in the deleted mice because of a redundancy
of function encoded by the repeats.

An alternative approach to analyzing small sequence ele-
ments for their imprinting role is to move the sequences into a
heterologous context. This is a standard, time-honored ap-
proach for studying and defining cis-regulatory sequences, and
many investigators have applied such an approach to genomic
imprinting by generating mouse transgenes. Generally, large
bacterial artificial chromosome- or yeast artificial chromo-
some-sized transgenes centered over DMDs are consistently
imprinted with the same parent-specific methylation and tran-
scriptional expression as the endogenous gene (1, 27). At-
tempts to develop much smaller, consistently imprinted trans-
genes from the same endogenous imprinted genes that contain
DMDs have not succeeded (19, 27). Presumably, a critical
non-DMD sequence(s) or the appropriate genomic context is
lost in the smaller transgenes. If consistently imprinted, these
smaller transgenes would be manageable experimental systems
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FIG. 1. DMD sequences containing tandem repeats restore maternal-specific methylation to the Ig/myc transgene. (A) Schematics of the mouse
Snurf/Snrpn, Kengl, and Igf2r DMDs (white boxes). The Snrpn DMD contains the promoter and exon 1 of the Snurf/Snrpn locus, and the Kengl
and Igf2r DMDs contain promoters for untranslated antisense transcripts (bent arrows). Arrowheads or arrows within each DMD indicate tandem
repeats (different for each DMD). Gray bars represent the regions analyzed in Ig/myc transgenes in this study and previously (21). The Kcngl
region analyzed in this study included the conserved repeats examined by Mancini-Dinardo et al. plus additional DMD repeats (15). (B) Design
of transgenes analyzed in this study. The Ca and Sa regions of the mouse /g4 locus (Ig) and the 3’ untranslated region and c-myc exons (1-3) are
shown. A black bar depicts the probe for the Southern blots. The DMD sequences depicted by gray bars in panel A were subcloned into an EcoRI
site (flanking the black box). (C) Southern blot analysis of DNAs obtained from maternal and paternal carriers of each transgene. DNAs were
digested with Hpall and hybridized with the probe shown in panel B. Band sizes are shown in kilobases (kb). SnrpnR, SnrpnR/Igmyc; Kenql,
Kengl/Igmyc. (D) Summary of bisulfite genomic sequencing analyses performed on DNAs obtained from maternal and paternal carriers of the
SnrpnR/Igmyc transgene. The top line shows the location of tandem repeats (arrows) and the CpGs analyzed (open circles). Each line below
represents one sequenced allele. Filled circles indicate the positions of methylated CpGs. (E) Summary of bisulfite genomic sequencing data
obtained from preimplantation stage embryos following maternal or paternal inheritance of the SnrpnR/Igmyc transgene. Mor, morulae; Blast,
blastocysts. For the paternal allele only the eight-cell and blastocyst stages were examined. Each bar represents the percentage of CpGs found to
be methylated in all of the subclones analyzed. M, maternal; P, paternal.

to study the function of putative imprinting sequences from
many different genes. For these reasons, we developed a trans-
gene system based on the small RSVIgmyc transgene to identify
functionally important imprinting sequences (5, 6, 21).

We previously showed that a portion of the Igf2r DMD2
containing tandem repeats restored imprinting to the Ig/myc
transgene, a nonimprinted version of RSVIgmyc in which its
DMD sequences have been excised (21). Other DMD se-
quences, particularly the promoter region of the Snurf/Snrpn
gene, were not able to restore transgene imprinting. These
findings on the analysis of transgenes comprised solely of

mouse genomic sequences suggest that the tandem repeats
found within mouse DMDs are cardinal elements of the im-
printing mechanism (21). To explore this issue further, we
generated additional Igf2r- and Snurf/Snrpn-containing trans-
genes, as well as Kcngl-containing transgenes, and studied
their parent-specific methylation and expression in mice.

MATERIALS AND METHODS

Transgene constructs. All transgene constructs were derivatives of the RSVIgmyc
transgene and were generated as previously described (21). All transgenes, with
the exception of Snrpn/eGFP, were generated by the following method. The
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Ig/myc portion of the RSVIgmyc transgene was obtained by removal of an EcoRI
fragment containing the pBR322 and Rous sarcoma virus (RSV) sequences. The
unique EcoRlI site was used to insert all DMD sequences. The DMD sequences
were amplified by PCR from mouse genomic DNA with oligonucleotide primers
containing EcoRI restriction sites, and EcoRI restriction fragments were sub-
cloned into the Ig/myc transgene. The Snrpn/eGFP transgene was generated by
removal of the region encompassing pBR322, RSV, Ig, and exon 1 of c-myc. The
Snurf/Snrpn promoter, exon 1, and tandem repeats were inserted upstream of
c-myc exon 2, and the enhanced green fluorescent protein (eGFP) coding se-
quence was placed in frame with c-myc. The TR2+3/Igmyc transgene was pre-
viously described (21). The following primers were used: for SnrpnRIgmyc, GA
GAATTCGTGAGCAATCCTTTGG (forward) and CTGAATTCCTTGAAGCC
ACATGAAG (reverse); for Kengl/Igmyc, GGTGAATTCTGGTCCAGTCAGG
(forward) and AAGAATTCCCCTGCTTCTGTAAG (reverse); for DME2/Igmyc,
CTCGGAATTCCTCCGAGCCGTCT (forward) and CTCGAATTCTGCTGTGC
GATTCTGG (reverse); for DMEI.5L/Igmyc, TGAATTCAGAACCCTTCGAATC
(forward) and AGGGGAATTCAAAGCTCAGAGGG (reverse); for DME1.5C/
Igmyc, CTCGGAATTCCTCCGAGCCGTCT (forward) and AGGAGGGAATTC
GGAGGGTTTTAGAGGG (reverse); for DMEI/Igmyc transgene, GCTCACGA
ATTCCCGCGGAACCCTC (forward) and AGGAGGGAATTCGGAGGGTTT
TAGAGGG (reverse); for Snrpn/eGFP, GAGCTGGAATTCCTGGATGGCATT
(forward) and GCAACAGAGCTCCCAGAATTCC (reverse).

Transgenic mice. Transgene fragments for injection were removed from the
pKS™ plasmid by NotI digestion and gel isolated using a QiaexII kit (QIAGEN).
Fragments for injection were resuspended to a concentration of 5 ug/ml in TE
buffer (5 mM Tris-Cl, pH 8, 0.2 mM EDTA, pH 8) and injected into pronuclei
of fertilized eggs. All transgenic mouse lines were generated in the inbred FVB/N
strain background (Taconic).

Southern blot analysis of DNA methylation. Genomic DNAs were obtained
from tail biopsies performed at the time of weaning (3 to 4 weeks of age) (21).
Resulting DNAs were digested with Hpall (New England Biolabs), electropho-
resed on a 1% agarose gel, and transferred to Genescreen nylon membrane
(NEN, Boston, MA). DNAs were hybridized with a 3?P-labeled probe to the Ca
region of the transgene (Fig. 1B). Southern blots were washed in 2X SSC (1x
SSC is 0.15 M NaCl plus 0.015 M sodium citrate) with 0.1% sodium dodecyl
sulfate at room temperature and with 0.1X SSC with 0.1% sodium dodecyl
sulfate at 65°C.

Bisulfite genomic sequencing. Bisulfite genomic sequencing was performed as
previously described (7). Following bisulfite treatment, the DMD sequences
were amplified with PCR primers flanking the DMD (within the Ig and c-myc
sequences). This design allowed all transgene constructs, with the exception of
the Snrpn/eGFP transgene, to be amplified with the same primers. Transgene-
specific primers were also designed for the Snrpn/eGFP construct. Primer se-
quences are available upon request.

Collection of preimplantation embryos. Preimplantation embryos were col-
lected in M2 medium (Specialty Media) following natural matings. Blastocyst
stage embryos were flushed from the uterine horns at 3.5 days postcoitum (dpc).
Preimplantation embryos at the two-cell stage were removed from the oviducts
at 1.5 dpc; four-cell embryos, eight-cell embryos, and morulae were isolated from
the oviducts between 2 to 3 dpc. Meiosis II oocytes were collected from the
oviducts of superovulated female mice 24 h after injection with human choriogo-
nadotropin. Hyaluronidase was used to remove cumulus cells. All oocytes and
preimplantation embryos were washed in M2 medium followed by 1X phos-
phate-buffered saline. DNA was collected from pools of 30 to 100 preimplanta-
tion embryos by proteinase K digestion.

RNA isolation and RT-PCR. Brains were dissected from adult mice and stored
in RNALater stabilization reagent (QIAGEN). Brain tissue was homogenized
using a Minibeadbeater (BioSpec Products) and zirconia/silica beads (BioSpec
Products). Total RNA was extracted using an RNeasy MiniKit (QIAGEN).
Reverse transcription was performed on 1 pg of total brain RNA, using oligo(T)
hexamers and 200 U of Moloney murine leukemia virus reverse transcriptase
(Promega) at 37°C for 1 h. The eGFP/cMyc transcript was PCR amplified from
brain cDNA with Tag Polymerase (Invitrogen). The primers were Snexla (GA
TGCCAGACGCTTGGTTCTG) and Mex2b (CGTAGCGACCGCAACATA
GG). The hypoxanthine guanine phosphoribosyl transferase (Hprt) transcript
was PCR amplified as a positive control with the primers HprtF (TCTCATGC
CGACCCGCAGTCC) and HprtR (ATTCAACTTGCGCTCATCTTA).

RESULTS

Tandem repeats from other DMDs restore Ig/myc imprint-
ing. Because tandem repeats of the Igf2r DMD restored Ig/myc
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imprinting and because the promoter sequences of the Snurf/
Snrpn DMD were unable to restore Ig/myc imprinting, we
examined the effects of introducing the Igf2r DMD (Air) pro-
moter and the Snurf/Snrpn DMD tandem repeats on Ig/myc
imprinting. We constructed the SnrpnR/Igmyc transgene in the
same manner as the previously analyzed Igf2r-containing trans-
genes (Fig. 1A and B) (21). When analyzed by Southern blot-
ting of transgenic mouse DNA digested with the methylation-
sensitive restriction enzyme Hpall, the maternal SnrpnR/Igmyc
alleles were always methylated, and the paternal alleles were
always undermethylated (Fig. 1C). These results were seen in
each of three transgenic lines. We conclude from this that the
SnrpnR/Igmyc transgene is consistently imprinted in the mouse.

To demonstrate that the SnrpnR/Igmyc parental allele meth-
ylation differences evident on Southern blots (Fig. 1C) reflect
methylation differences within the SnrpnR/Igmyc tandem re-
peats, we analyzed the methylation of the tandem repeats using
the bisulfite genomic sequencing method. Bisulfite genomic
sequencing primers were designed within the transgene se-
quences flanking the repeats to distinguish the transgene
DMD sequences from endogenous Snurf/Snrpn sequence. One
of the three SnrpnR/Igmyc lines was analyzed in this way, and
its DMD-derived repeat sequences were differentially methyl-
ated (Fig. 1D). In adult tissue the maternal alleles of the
transgene were methylated at 99.7% of CpG dinucleotides
analyzed. In contrast, only 10.5% of CpGs on paternally inher-
ited transgene alleles were methylated.

The parent-specific methylation observed on the SnrpnR/
Igmyc transgene DMD in adult tissues was also seen in preim-
plantation embryos. The DMD of the maternally inherited
transgene was methylated in all stages examined, namely, four-
cell embryos, eight-cell embryos, morulae, and blastocysts (Fig.
1E). Because endogenous Snurf/Snrpn and RSVIgmyc DMD
methylation is established in oocytes, we interpret these results
to indicate that the imprinted SnrpnR/Igmyc transgene derives
its maternal allele methylation from the gamete and then
maintains it throughout preimplantation development. In con-
trast, the DMD of the paternally inherited SnrpnR/Igmyc trans-
gene was unmethylated in all stages examined, namely, the
eight-cell and blastocyst stages. Methylation on the paternal
transgene allele was not examined in other preimplantation
stages or in sperm. These data are consistent with the notion
that gamete-derived methylation is actively maintained during
preimplantation development, a developmental period in
which much genomic, but not DMD, methylation is lost (6, 16).

To further test the role of DMD-associated tandem repeats
in genomic imprinting, the repeat region from the Kcngl DMD
was used to generate the Kcngl/Igmyc transgene. Maternal
Kcnql/Igmyc alleles were methylated, and paternal alleles were
undermethylated when analyzed by Southern blotting (Fig.
1C). This pattern of transgene imprinting was also found in a
separate transgenic mouse line generated with the same trans-
gene construct (data not shown). Imprinting of the Kcngl/
Igmyc transgene was not affected by the orientation of the
tandem repeat array within the Ig/myc transgene, as the oppo-
site orientation of the Kcngl tandem repeats produced consis-
tently imprinted transgenes (data not shown). We conclude
from the imprinting of Snrpn- and Kcngl-containing trans-
genes that tandem repeats are likely important for parent-
specific methylation of DMD sequences.
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FIG. 2. A transgene containing the Snrpn promoter and tandem repeats shows maternal-specific methylation and paternal-specific expression
of an eGFP/myc fusion transcript. (A) The transgene is a derivative of the transgene shown in Fig. 1B. The black box indicates Snrpn sequence
(exon 1 of Snrpn is shown). Exon 2 of c-myc contains an in-frame fusion of the entire eGFP protein-coding region (GFP). Arrowheads represent
primers used for RT-PCR. (B) RT-PCR of ¢cDNAs obtained from adult brain of transgenic mice. M, maternal inheritance; P, paternal inheritance; —,
negative control. Paternal-specific eGFP/myc expression (top) and control amplification of the Hprt gene (bottom) are shown. The transgene-
specific spliced transcript is shown below. (C) Bisulfite genomic sequencing of maternal (M) and paternal (P) alleles of the transgene (as described
in the legend of Fig. 1). Position of sequence amplified by PCR with modified, semi-nested primers is shown in panel A (*).

Snurf/Snrpn tandem repeats control expression of a linker
reporter gene. To determine if methylation on the Snurf/Snrpn
repeat sequences is able to silence a linked promoter, a
genomic fragment containing the Snurf/Snrpn first exon, 800 bp
of upstream sequence, and the tandem repeats was coupled to
a genomic c-myc reporter construct. GFP coding sequence was
inserted in frame into c-myc coding sequence to distinguish the
transgene-specific transcript from endogenous c-myc expres-
sion (Fig. 2A). One Snrpn/eGFP transgenic line was created
and analyzed for expression and methylation. The transgene-
specific transcript predicted by splicing of Snurf/Snrpn and
c-myc exons is shown in Fig. 2B. A paternal-specific transcript
was detected in adult brain of transgenic mice, indicating that
the transgene was imprinted (Fig. 2B). We used bisulfite
genomic sequencing to determine the methylation of transgene
Snurf/Snrpn repeats adjacent to c-myc sequences; only the si-
lenced maternal allele of the Snrpn/eGFP transgene was meth-
ylated in this region (Fig. 2C). Thus, the tandem repeats and
promoter of a DMD can establish an imprinted transcriptional
unit when moved to a heterologous position 5" of a c-myc
reporter gene. We conclude that the Snurf/Snrpn intronic tan-
dem repeats are a key element for imprinting the reporter
construct for a number of reasons: the endogenous c-myc gene
is not imprinted (8); deletion of the endogenous Snurf/Snrpn
promoter had no effect on imprinting within the gene cluster
(4); the Snurf/Snrpn promoter alone in the Ig/myc transgene
was not imprinted (21); and the Snurf/Snrpn tandem repeats in
the Ig/myc transgene were consistently imprinted (Fig. 1).

The Igf2r tandem repeats and not the Air promoter are
required for transgene imprinting. An Airprom/Igmyc trans-
gene was created that contained a 550-bp region of the Igf2r
DMD?2 encompassing the Air transcription start site and pro-
moter (Fig. 1A). One Airprom/Igmyc transgenic line was gen-
erated. Maternal and paternal transgene alleles were analyzed
by Southern blotting for methylation differences (Fig. 3A).

Both parental alleles of the Airprom/Igmyc transgene were
equally methylated. Thus, the Air promoter does not confer
imprinting to the Ig/myc transgene.

We had previously shown that 2.5 unit copies of the TR2+3
repeat within the Igf2r DMD?2 was differentially methylated in
one transgenic line (17, 21). To confirm the imprinting func-
tion of the TR2+3 repeats, two additional TR2+3/Igmyc lines
were generated and tested for parental allele-specific differ-
ences in methylation (Fig. 1A). Both new lines were imprinted
when maternal and paternal allele methylation patterns were
compared using Hpall digests or bisulfite genomic sequencing
(Fig. 3A and B). These data demonstrate that we have identi-
fied sequences in the Igf2r DMD?2 that are able to generate a
maternally methylated, imprinted transgene locus. Together,
these observations indicate that the Igf2r tandem repeats, and
not the promoter, are capable of creating a maternally meth-
ylated transgene locus. The ability of tandem repeat sequences
from the Igf2r, Snurf/Snrpn, and Kcngl DMDs to restore allelic
methylation differences to the Ig/myc and eGFP/myc trans-
genes is the first demonstration of an essential imprinting func-
tion for a feature present in multiple DMDs.

Identification of a minimal Igf2r DMD imprinting element.
We have designated the 459-bp region of Igf2r that possesses
the ability to establish an imprinted transgene locus the differ-
ential methylation element (DME) of the Igf2r DMD2. The
DME was used as a starting point to define the minimal Igf2r
DMD sequence needed to generate an imprint. Five trans-
genes were generated that eliminated portions of the DME
sequence (Fig. 1A and Fig. 4A). At the 5’ end of the DME, an
83-bp segment that contained two CpG dinucleotides was re-
moved, leaving a sequence equivalent to two unit copies of the
TR2+3 repeat. In each of three independently generated
DME2/Igmyc transgenic lines, maternal alleles were heavily
methylated, and paternal alleles were undermethylated (Fig.
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3A and C). Thus, the DME2/Igmyc transgene retained the
imprinting function of the DME.

The removal of an additional 73 bp of sequence that
contained three CpG dinucleotides from the 3’ end of
DME?2 disrupted transgene imprinting (Fig. 4B and C). This
DME1.5C/Igmyc transgene contained just over 1.5 copies of
the TR2+3 repeat in the center of the DME. In a single
transgenic line, paternal alleles were largely unmethylated,
and methylation on maternal alleles was variable; some ma-
ternal alleles were completely methylated, and the remain-
ing alleles were completely unmethylated. In a second
DME]1.5C/Igmyc line, maternal alleles were methylated, and
paternal alleles were unmethylated. These results suggested
that the DME1.5C/Igmyc transgene retained some aspects of
the imprinting function of the DME, but it was not consis-
tently imprinted.

Two additional transgenes clearly lost the imprinting func-
tion of the DME. The DMEI1.5L/Igmyc transgene contained
just under 1.5 unit copies of the TR2+3 repeat at the 5’ end of
the DME, and the DME]/Igmyc transgene contained a single
complete unit copy of the TR2+3 repeat at the center of the
DME. Two transgenic lines were generated for each construct.
In all four transgenic lines, the maternal and paternal trans-
gene alleles acquired comparable levels of methylation (Fig.
4D and E). Therefore, we conclude that there is no identifiable
sequence element smaller than the 376-bp DME2 that com-

EPIGENETIC MAINTENANCE SIGNAL AT IMPRINTED GENES

8351

B
TR2+3/Igmyc

=-0—QDD—00—00~0000C000-0-0—0—0000C0000—0-00—

-0 00000000— 00—

I

FIG. 3. The TR2+3 repeat from the Igf2r DMD, but not the Air
promoter, is able to create an imprinted transgene locus. (A) Southern
blot analysis of DNAs obtained from maternal and paternal carriers of
each transgene construct. DNAs were digested with Hpall and hybrid-
ized with the probe depicted in Fig. 1B. Band sizes are shown in
kilobases (kb). Airprom, Airprom/Igmyc; TR2+3, TR2+3/Igmyc;
DME?2, DME?2/Igmyc. Positions within the DMD are shown in Fig. 1A.
(B and C) Summary of bisulfite genomic sequencing analyses per-
formed on DNAs obtained from maternal and paternal carriers of the
TR2+3/Igmyc (B) and DME2/Igmyc (C) transgenes (as described in the
legend of Fig. 1). M, maternal; P, paternal.

pletely restores Ig/myc imprinting. Different sequences were
removed from DME2 in generating the DMEI/Igmyc, the
DME1.5L/gmyc, and the DME1.5C/Igmyc transgenes, yet these
transgenes were either not imprinted or only partially im-
printed.

DME2 CpG dinucleotides are required for transgene im-
printing. The imprinting function of the DME2/Igmyc trans-
gene was unambiguously lost when it was reduced to one
unit copy (DMEI/Igmyc). This result could be due to a loss
of one unit copy of the repeat or to a loss of CpG dinucle-
otides commensurate with the reduction in size. Based on
this reasoning, we constructed a version of the DME2 trans-
gene that eliminated a portion of its CpG dinucleotides but
retained its size. The CpG dinucleotides within the central
DMEIL sequence were retained, and the remaining 15 CpGs
were changed to TpGs by site-directed mutagenesis to gen-
erate the DME2-CG/Igmyc transgene. This left a DME2-CG
sequence that contained 15 fewer CpG dinucleotides but
was otherwise identical to the original DME2 (95% of the
sequence remained unchanged). One DME2-CG/Igmyc
transgenic line was created and analyzed for allele-specific
methylation by bisulfite genomic sequencing (Fig. 4F). Both
maternal and paternal transgene alleles showed comparable
levels of methylation. These results are consistent with a
specific CpG dinucleotide requirement for DME2/Igmyc im-
printing and suggest that a DME2 transgene that keeps all
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FIG. 4. Igf2r DMD sequences smaller than two unit copies of the TR2+3 repeat are not capable of creating an imprinted transgene locus.
(A) Arrows depict the TR2+3 repeats of the Igf2r DMD?2. Lines below indicate the DNA fragments used to create several hybrid transgenes. Filled
circles represent the number and approximate location of CpGs (not to scale). All transgenes were constructed as described in the legend of Fig.
1. (B to F) Bisulfite genomic sequencing analysis of the DMD region of each transgene. For each panel bisulfite genomic sequencing was performed

as described in the legend of Fig. 1D.

CpG dinucleotides, but eliminates tandem repetitiveness,
would remain imprinted.

Dnmtlo and Dnmt3L are required for DME2/Igmyc imprint-
ing. To determine if the same molecular machinery controlling
the imprinting of endogenous genes governs DME2/Igmyc im-
printing, we studied the effect of Dnmtlo methyltransferase
deficiency and Dnmt3L protein deficiency on DME2/Igmyc im-
printing (2, 12, 13). Homozygous Dnmt1*//*'° female mice or
heterozygous DnmtI*'”’* female mice carrying the DME2/
Igmyc transgene were mated to wild-type FVB/N males, and
methylation of the transgene was analyzed in embryonic day
9.5 (E9.5) embryos. In an embryo obtained from a Dnmt147/*
heterozygous female, the maternal DME2/Igmyc allele was
methylated on every allele examined (Fig. 5A, top). In con-
trast, in an embryo obtained from a Dnmt14/*/*° homozygous

mutant female, there were two types of maternal alleles (Fig.
5A, bottom). Seven of 11 sequenced alleles had the high level
of methylation normally seen on a wild-type Dnmtl back-
ground. No methylation, or a very low level of methylation, was
seen on the remaining maternal DME2/Igmyc alleles. Such a
distribution of methylated and unmethylated maternal alleles
was also seen at endogenous imprinted loci in embryos that
developed in the absence of Dnmtlo protein. We conclude
from this analysis that DME2/Igmyc imprinting requires
Dnmtlo protein from the oocyte, much as oocyte-derived
Dnmtlo is required for the imprinting of endogenous genes.

The Dnmt3L protein is required for the establishment of
maternal-specific methylation in oocytes, specifically at im-
printed gene DMDs (2, 12). Homozygous Dnmt3l’~ mice are
viable, but males and females are infertile. Embryos from
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FIG. 5. Transgene methylation in mutant mouse backgrounds and during preimplantation development. For each panel bisulfite genomic
sequencing was performed as described in the legend of Fig. 1D. (A) The DME2/Igmyc transgene was placed into the DnmtI*'° mutant mouse
background, and methylation of the DME2/Igmyc DMD was analyzed in E9.5 transgenic embryos derived from heterozygous Dnmt1*’*'* (top) or
homozygous Dnmt1**/A° (bottom) transgenic females. (B) The DME2/Igmyc transgene was placed into the Dnmt3l mutant background, and
methylation of the DME2/Igmyc DMD was analyzed in E9.5 transgenic embryos derived from heterozygous Dnmt3l~'* (top) or homozygous
Dnmt3[~'~ (bottom) transgenic females. (C and D) Bisulfite genomic sequencing of transgene DMD methylation for DME2/Igmyc (C) and
DMET1/Igmyc (D). Methylation of maternal transgene alleles was compared to paternal transgene alleles. Not all stages were analyzed for the
paternal allele.

homozygous Dnmt3l '~ mothers died by E10.5 of gestation
and showed nearly a complete loss of methylation at mater-
nally methylated imprinted gene DMDs. Homozygous
Dnmt3l~'~ female mice carrying the DME2/Igmyc transgene
were mated to wild-type males, and embryos were collected at
E9.5 of gestation. Heterozygous Dnmt3l~'* female mice carry-
ing the DME2/Igmyc transgene were mated to wild-type males,

and E9.5 embryos were used as controls. DNA was collected
from individual embryos and analyzed by bisulfite genomic
sequencing. In a control embryo, the transgene was nearly
completely methylated on all alleles examined (Fig. 5B, top).
In contrast, methylation on the transgene in an embryo ob-
tained from the homozygous Dnmt3[~'~ female was almost
completely lost (Fig. 5B, bottom). A few methylated CpGs
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remained on each allele, and only one allele contained a high
level of methylation. These data indicate that the imprinted
DME2/Igmyc transgene requires the Dnmt3L protein for es-
tablishment of methylation, as seen at endogenous imprinted
loci.

Developmental function of the minimal DME2 element. We
have shown that the DME2/Igmyc transgene requires Dnmt3L
and Dnmtlo proteins, present in oocytes and in preimplanta-
tion embryos, for the differential methylation on its DME2
element. These observations suggest that the transgene’s
DME?2 sequences are needed for the germ line establishment
and/or early embryonic maintenance of DME2/Igmyc imprint-
ing. We analyzed the methylation of maternal and paternal
alleles of DME]I/Igmyc and DME2/Igmyc transgenes in the
gametes and in preimplantation embryos. The DME]/Igmyc
transgene is a nonimprinted mutant version of the imprinted
DME2/Igmyc transgene. Abnormalities in the establishment
and/or inheritance of methylation of the nonimprinted DME1/
Igmyc transgene, in comparison to methylation on the im-
printed DME2/Igmyc transgene, should identify the develop-
mental times at which DME2 sequences are required for
genomic imprinting.

The maternal and paternal differences in DME2/Igmyc trans-
gene methylation were evident in the gametes (Fig. 5C). More-
over, these gametic methylation states were maintained in
eight-cell embryos and preimplantation blastocysts (Fig. 5C).
At the blastocyst stage, each maternal allele was methylated at
over 60% of CpG dinucleotides. By comparison, paternal
DME?2/Igmyc alleles were methylated in blastocysts at only
0.7% of CpG dinucleotides. These data demonstrate that the
two distinct epigenetic states of the DME2/Igmyc parental al-
leles are established and maintained in the same manner as the
imprinted SnrpnR/Igmyc transgene (Fig. 1E) and many endog-
enous imprinted genes (14, 26).

The maternal and paternal alleles of the nonimprinted
DME]/Igmyc transgene were partially methylated to approxi-
mately equal levels in adult tissue (Fig. 2F). Specifically, 68%
of CpG dinucleotides on maternal alleles were methylated, and
55.5% of CpG dinucleotides of paternal alleles were methyl-
ated in adult transgene carriers. Paternal transgene alleles
were unmethylated in sperm, indicating that the partially meth-
ylated paternal state developed entirely during postzygotic de-
velopment (Fig. 5D). Because only 1.25% of CpGs were meth-
ylated on paternal alleles in blastocysts collected at 3.5 dpc, the
paternal allele methylation was established de novo at a later
blastocyst stage or following implantation. Although the pre-
cise time of acquisition of this methylation is unknown, the
level of 65.5% methylation of paternal DME]/Igmyc alleles at
E9.5 (Fig. 5D) is approximately the same as the level in adult
paternal carriers, indicating that the acquisition occurred be-
tween E3.5 and E9.5 of development.

The time course of the acquisition of the adult methylation
of the maternal DMEI/Igmyc was different from that of the
paternal allele. Maternal alleles were highly methylated in
oocytes. Notably, the obvious epigenetic differences between
DME]/Igmyc alleles in sperm (unmethylated) and oocytes
(methylated) indicate that imprinting is established on the
DME1/Igmyc transgene. The perpetuation of the methylation
on oocyte-derived alleles was examined by measuring the
methylation of maternal DME]/Igmyc alleles at different pre-
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FIG. 6. Model for the establishment and maintenance of transgene
DMD methylation during development. The DME1/Igmyc transgene
(single arrow) is compared to the DME2/Igmyc transgene (double
arrows). The methylation state of the maternal (M) allele is on the top
and the methylation state of the paternal allele (P) is on the bottom.
The DME2/Igmyc transgene represents the “wild-type” methylation
pattern on each allele throughout development, while the “mutant”
DME]1/Igmyc transgene pattern depicts when and to what extent meth-
ylation levels change during development.

implantation stages (Fig. 5D). The maternal allele was highly
methylated in eight-cell embryos to a level comparable to the
level seen in oocytes. However, in blastocysts two epigenetic
forms of DME1/Igmyc alleles were found. Five of 15 maternal
DME]/Igmyc alleles examined were unmethylated at all 16
CpG dinucleotides. All other maternal alleles were nearly
completely methylated. Interestingly, the unmethylated alleles
acquired significant methylation after the blastocyst stage, as
almost all maternal DME1/Igmyc alleles were partially meth-
ylated in the adult.

DISCUSSION

Developmental function of the DMD epigenetic mainte-
nance signal. We have identified a bifunctional genomic
element (DME?2) that is essential for the maintenance of dif-
ferential methylation in the DME2/Igmyc imprinted transgene.
The DME?2 sequence is a component of the Igf2r DMD?2, an
element central to the epigenetic regulation of the Igf2r cluster
of imprinted genes (28). A model of DME2 function is pre-
sented in Fig. 6. The imprinted DME2/Igmyc transgene main-
tains DNA methylation on alleles inherited from the oocyte
and keeps the alleles inherited from the sperm unmethylated
(Fig. 6, bottom). These two epigenetic maintenance functions
may be controlled by the same sequence, as both functions
were eliminated in the nonimprinted DME]/Igmyc transgene
(Fig. 6, top). Our data suggest that similar elements exist in the
Snurf/Snrpn and Kcngl DMDs, and it is these bifunctional
elements that likely distinguish imprinted genes from
nonimprinted genes.

The two functions of DME2 operate at different develop-
mental stages (Fig. 6). Because approximately half of the ma-
ternal alleles of the imprinted DME2/Igmyc transgene lose
methylation in the absence of preimplantation Dnmtlo, nor-
mal DME?2/Igmyc imprinting depends critically on a Dnmtlo
maintenance methyltransferase activity during preimplanta-
tion development (Fig. SA). This view is strengthened by the
observation that similar proportions of methylated and un-
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methylated maternal alleles of the nonimprinted DME1/Igmyc
transgene are found in preimplantation blastocysts soon after
Dnmtlo’s maintenance function (Fig. 5D). In contrast, pater-
nal alleles of the DME]I/Igmyc transgene do not lose their
unmethylated state until embryogenesis, suggesting that it is at
this time that the DME2 element is required to block de novo
methylation of an imprinted locus (Fig. 5D).

Role of the genomic context of the epigenetic maintenance
signal in genomic imprinting. Small DMDs of endogenous
imprinted gene clusters function within a large genomic con-
text of different chromatin conformations and different levels
of transcriptional activity of several genes. These characteris-
tics complicate the analysis of function for any small sequence
element residing within that genomic context. The significant
influence that genomic context has on imprinting can best be
appreciated by the collection of transgenes built around the
Igf2r DMD2. Consistent imprinting was achieved with a 300-kb
transgene construct whose imprinting was dependent upon
DMD?2 (27). However, smaller Igf2r transgenes were often not
imprinted or were inconsistently imprinted. A transgene con-
taining 44 kb of sequence surrounding the Igf2r DMD2 was
imprinted in one of three transgenic lines, and smaller trans-
genes of 3 kb, 9 kb, and 14 kb were not imprinted (22, 27).
These results indicate that the ability of DMD2 to attain the
correct parent-specific methylation can be found in greater
than 40 kb but less than 300 kb of surrounding sequence. From
the analysis of our Igf2r-containing transgenes, we conclude
that the DME element is required for imprint maintenance
and not for imprint establishment. The much larger genomic
context surrounding a DMD would provide the signal to es-
tablish gametic methylation differences on that DMD (21).
Loss of all or a significant portion of this genomic context
would therefore preclude the establishment of gametic meth-
ylation differences.

In moving the DMD sequences from endogenous genes into
the Ig/myc model transgene, we have significantly reduced the
size of the genomic context required for transgene imprinting.
The genomic environment provided by this transgene results in
consistent imprinting upon addition of endogenous DMD se-
quences. Therefore, we are able to address a specific function
of the DMD sequences, namely their ability to maintain par-
ent-specific DNA methylation patterns. This provides a de-
cided advantage over deleting the sequences from their endog-
enous genomic context and monitoring the effect, particularly
when the goal is to monitor small changes in methylation at
early preimplantation stages.

Roles of DMD tandem repeats and CpG dinucleotides in
genomic imprinting. The Snurf/Snrpn, Kenql, and Igf2r DMDs
all contain unique tandem repeats. In all three cases the im-
perfect tandem repeats are important for creating a differen-
tially methylated transgene locus, and for Snurf/Snrpn the tan-
dem repeats are important for the imprinted expression of a
heterologous reporter gene from the adjacent Snurf/Snrpn pro-
moter. In defining the minimal sequence required to create a
differentially methylated transgene containing Igf2r DMD se-
quences, we established that no sequence containing less than
two unit copies of the repeat was capable of reproducibly
creating an imprinted locus. This result suggests that the re-
peated nature of the DMD sequence is critical.

Importantly, the tandem repeats of the Igf2r DMD2 are
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within a region rich in CpG dinucleotides. Because the posi-
tions of many CpGs are conserved among adjacent unit copies
of the TR2+3 repeats (21), an ordered arrangement of CpGs
is obtained in the DME tandem repeats. Moreover, a similar
ordered arrangement of CpG dinucleotides is imposed by tan-
dem repeats of the Snurf/Snrpn and Kcngl DMDs (20). It is
interesting to speculate that, once differential DMD methyl-
ation is established in the gametes, the maintenance of the
methylated state on the maternal allele would be governed by
the regular pattern of methylated CpGs, and the maintenance
of the unmethylated state on the paternal allele is governed by
the similar arrangement of unmethylated CpGs. In this way the
two distinct epigenetic states of the DME2 element direct their
own perpetuation during embryogenesis.

The CpG dinucleotide content of the tandem repeats
changes across the 560-bp repeated region of the Igf2r DMD2;
TRI1 repeats have a low CpG content compared to the TR2+3
repeats (21). We can speculate that the low CpG content of the
TRI1 repeats is related to the inability of the TR1 repeats to
imprint the Ig/myc transgene, and the high CpG content of the
TR2+3 repeats is related to their ability to imprint Ig/myc. In
this regard, it is interesting that the CpG content varies across
the repeated regions of both the Snurf/Snrpn and the Kcngl
DMDs (20). Certain tandem repeats lie within CpG-rich DMD
regions, whereas other repeats lie in relatively CpG-poor re-
gions. We would predict from this observed variation that only
particular subsets of Snurf/Snrpn and Kcngl tandem repeats
govern the maintenance of the parent-specific DMD methyl-
ation.

If CpG dinucleotide content and/or position within an epige-
netic maintenance element is indeed essential for imprinting, then
these CpGs and their direct interaction with maintenance meth-
yltransferases may alone determine the maintenance of parental
imprinted methylation states. Such a model would require an
innate ability of the Dnmtl maintenance methyltransferase to
distinguish sequence or structural features of genomic DNA.
Although no such distinguishing ability of Dnmtl has been
defined, this possibility has not been directly addressed in vivo.
It may be important to address this particular issue during
preimplantation development, a period in which the main-
tenance of imprinted methylation patterns may be most im-
portant.
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