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Introduction

Genomic imprinting is controlled at the level of transcription and 
results in the parent of origin-specific monoallelic expression of a 
subset of mammalian genes.1 To ensure appropriate expression of 
imprinted genes, the transcriptional machinery must be able to 
distinguish between the maternal and paternal alleles and regu-
late their expression accordingly. The elements responsible for 
controlling imprinted gene regulation must be both heritable and 
reversible in order to maintain the appropriate regulatory state 
following somatic cell division while still allowing the mark to 
be reset during gametogenesis such that the appropriate parent of 
origin-specific imprinting mark will be transmitted via the gam-
ete to the next generation.2 Comprehensive studies of the various 
epigenetic elements responsible for controlling imprinted gene 
expression are necessary in order to fully understand the regula-
tion of imprinted genes.

To date, approximately 140 imprinted genes have been identi-
fied in mammals (www.mgu.har.mrc.ac.uk/research/genomic_
imprinting; www.otago.ac.nz/IGC) and the vast majority of 
these imprinted genes are located in clusters spread throughout 
the genome. Recent efforts to identify imprinting marks and elu-
cidate the mechanisms by which they regulate the expression of 
imprinted genes have focused on the imprinting control regions 
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(ICRs) associated with imprinted gene clusters. Each ICR serves 
as a shared regulatory element that functions both to specify 
parental origin and control expression (reviewed in refs. 3 and 4). 
ICRs are comprised of CpG-rich regions at which the cytosines 
in CpG dinucleotides are methylated on one parental allele but 
not the other, thereby conferring parental identity on the mater-
nal and paternal alleles. Parent of origin-specific DNA methyla-
tion of the ICRs is established during gametogenesis; paternal 
allele-specific DNA methylation inherited via the sperm has been 
observed at the imprinting clusters including H19/Igf2, Dlk1/
Gtl2, Rasgrf1 and Zdbf2, while maternal allele-specific DNA 
methylation originates in the oocyte for clusters including the 
imprinted Snurf/Snrpn, Peg3, Mest/Peg1 and Air/Igf2r genes.5-10 
Establishment of germline DNA methylation at imprinted loci 
requires the activity of both the de novo DNA methyltransfer-
ase Dnmt3A and the related Dnmt3L.11-13 These gametic DNA 
methylation differences are maintained on the parental alleles 
throughout development, thereby serving as an imprinting mark 
that differentiates the parental alleles.

In addition to gametic ICRs, many imprinted genes are asso-
ciated with other epigenetic modifications that are differentially 
distributed on the parental alleles. Non-gametic secondary dif-
ferentially methylated regions (DMRs) have been identified at 
several imprinted genes.6,14,15 These secondary DMRs acquire 
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DMRs within this imprinting cluster: the Dlk1-DMR, located 
at the 3' end of the Dlk1 gene, and the Gtl2-DMR, which flanks 
the 5' end of Gtl2.6 Unlike DNA methylation at the IG-DMR, 
paternal allele-specific DNA methylation at the Dlk1- and Gtl2-
DMRs must be acquired post-fertilization, as sperm DNA is 
unmethylated in these regions.6

The developmental dynamics of DNA methylation at second-
ary DMRs have not been well established, and it is not known 
whether the acquisition of methylation at post-fertilization 
DMRs is coordinately regulated across the genome. To address 
these questions, we have conducted a temporal analysis of DNA 
methylation patterns at the IG- and Gtl2-DMRs in pre- and 
post-implantation mouse embryos. This study has allowed us to 
determine the developmental dynamics of DNA methylation and 
imprinted expression at the mouse Gtl2 locus on chromosome 
12 and compare these results with data we previously obtained 
detailing the post-fertilization acquisition of DNA methylation 
at the Cdkn1c locus on chromosome 7.14 Our findings indicate 
that differential methylation at secondary DMRs is not required 
to implement imprinted expression and that the temporal acqui-
sition of DNA methylation at secondary DMRs is variable at dis-
tinct imprinted loci.

Results

Paternal allele-specific methylation of the IG-DMR serves as 
a primary imprinting mark. The IG-DMR, centered approxi-
mately 12 kb upstream of the Gtl2 transcriptional start site, 

DNA methylation on one parental allele after fertilization and 
may function to maintain imprinted expression throughout 
development. For example, monoallelic expression of the mater-
nal Cdkn1c allele in mouse requires paternal allele-specific DNA 
methylation at the promoter, despite the fact that DNA methyla-
tion is not acquired on the paternal allele until post-implantation 
development.14,16 Furthermore, recent reports have implicated a 
role for differential allelic distribution of modified histones in 
the regulation of imprinted genes.17-20 Thus, parent of origin-
specific expression of imprinted genes is likely achieved via the 
coordinated activity of ICRs, DMRs and additional differential 
epigenetic modifications, such as histone acetylation and histone 
methylation.

The Dlk1-Dio3 locus is one example of an imprinting clus-
ter containing multiple epigenetic regulatory elements. This 
imprinting cluster spans 1 Mb on mouse chromosome 12, and 
contains three paternally expressed protein-coding genes (Dlk1, 
Rtl1 and Dio3) as well as multiple maternally expressed untrans-
lated RNAs.21-25 Three distinct DMRs have been identified at this 
locus.6 The IG-DMR, centered 12 kb upstream of Gtl2, func-
tions as the ICR for this cluster (Fig. 1); maternal transmission 
of an IG-DMR deletion confers a paternal expression pattern on 
the maternally inherited genes within this imprinted locus, while 
paternal transmission of the deletion has no effect.26 Paternal 
allele-specific DNA methylation of the IG-DMR is inherited 
from sperm, implicating differential DNA methylation of this 
region as the primary imprinting mark.6 Preferential DNA meth-
ylation of the paternal allele has also been observed at two other 

Figure 1. (A) Dlk1-Gtl2 imprinting cluster, including transcriptional start sites (arrows) and transcription units (hatched boxes). (B) Portion of IG-DMR 
analyzed in this study. The 458 bp region analyzed by bisulfite mutagenesis and DNA sequencing corresponds to positions 110,766,298–110,766,755, 
NC_000078.5 (black box). Polymorphisms (*) between C57BL/6J and Mus musculus castaneus are as follows: (B6/CAST): 110,766,439 (A/G), 110,776,579 
(G/A), 110,766,774 (G/A), 110,766,902–110,766,904 (TTT/TT), 110,767,052 (A/G). (C) Schematic of the Gtl2-DMR, including the Gtl2 transcriptional start 
site (arrow) and exon 1 (hatched box); +1 corresponds to position 110,779,206. Regions analyzed correspond to positions 110,778,378–110,778,966 and 
110,779,331–110,780,052. Polymorphisms are as follows: 110,779,741 (G/A), 110,779,881 (A/G), 110,780,030–110,780,031 (AA/GC).
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reciprocal crosses between B6 and CAST (Fig. 4). To determine 
if paternal allele-specific methylation spans the CpG-rich region, 
we also performed bisulfite analysis on a 589 bp region containing 
15 CpGs located between -828 and -240 bp (Fig. 1C). We were 
unable to definitively assign parental identity to the subclones 
obtained from this region as there were no polymorphisms; how-
ever, analysis of both B6 x CAST and CAST x B6 F

1
 hybrid 

somatic DNA yielded two distinct classes of subclones: those that 

has been shown to harbor paternal 
allele-specific methylation in uni-
parental disomic embryos.6 To con-
firm this pattern of methylation in 
mice bearing both paternally and 
maternally derived alleles, bisulfite 
analysis was performed on F

1
 hybrid 

somatic tissue derived from recip-
rocal crosses between C57BL/6J 
(B6) and Mus musculus castaneus 
(CAST) mice. We identified five 
polymorphisms between B6 and 
CAST mice in a 1 kb region of the 
IG-DMR that contains 40 CpG 
residues (Fig. 1B). Thirty-two of 
40 CpG dinucleotides are located 
within a 458 bp region that includes 
two polymorphisms, allowing the 
parental alleles to be distinguished. 
Multiple independent PCR reactions were subcloned 
and sequenced to assess the methylation status at all 32 
cytosines in this region. We observed methylation on the 
paternal strands in somatic tissue, while the maternally 
inherited strands generally lacked methylation (Fig. 2).

To determine if paternal allele-specific methylation of 
the IG-DMR can serve as a primary imprinting mark, we 
assessed the methylation status of this region in F

1
 hybrid 

spermatozoa and blastocysts. The IG-DMR was methyl-
ated on both paternal and maternal strands in spermato-
zoa (Fig. 2), consistent with previous observations that 
DNA methylation is acquired during spermatogenesis and 
that sperm contribute a methylated paternal allele at fer-
tilization.27,28 Analysis of DNA from 3.5 d.p.c. blastocysts 
yielded methylated paternal strands and unmethylated 
maternal strands (Fig. 3). As the blastocyst genome is gen-
erally hypomethylated,29,30 this result supports the hypoth-
esis that methylation of the paternal IG-DMR serves as the 
primary imprinting mark for this imprinting cluster.

We further investigated IG-DMR methylation in 6.5–
9.5 d.p.c. F

1
 hybrid post-implantation embryos. Consistent 

with the hypothesis that differential methylation is main-
tained at the IG-DMR throughout development, we 
observed methylated paternal strands and unmethylated 
maternal strands at all stages analyzed (Fig. 3).

Paternal allele-specific methylation is present in 
a CpG-rich region flanking the Gtl2 transcriptional 
start site. The transcriptional start site of the Gtl2 gene 
is flanked by a 2.35 kb CpG-rich region, located from 
-1,400 bp to +950 bp (NC_000078.5, with +1 corresponding to 
bp 110,779,206). We identified three polymorphisms between 
B6 and CAST, clustered at the 3' end of the CpG-rich region  
(Fig. 1C).

Using bisulfite mutagenesis followed by DNA sequencing, we 
analyzed a 722 bp region, containing 29 CpG residues, span-
ning from +126 to +847 bp (Fig. 1C). This region is exclusively 
methylated on the paternal allele in somatic tissue derived from 

Figure 2. Paternal allele-specific methylation of the IG-DMR is inherited from sperm. Bisulfite mutagene-
sis and sequencing of DNA from B6 x CAST and CAST x B6 F1 hybrid liver and B6 x CAST F1 hybrid sperma-
tozoa. Each circle represents one of 32 potentially methylated CpG dinucleotides, the first one located at 
position 110,766,345 (NC_000078.5). Each row of circles represents an individual strand sequenced. Filled 
circles represent methylated cytosines, open circles represent unmethylated cytosines, absent circles 
represent positions at which methylation data was not obtained.

Figure 3. Methylation of the paternal IG-DMR is maintained during pre- and 
post-implantation development. Bisulfite mutagenesis and sequencing of DNA 
from B6 x CAST F1 hybrid embryos. Details as described in Figure 2.
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Therefore, the methylation of the 
Gtl2-DMR may directly influence 
Gtl2 expression.

We performed an RT-PCR assay 
to assess Gtl2 expression in pre- 
and post-implantation embryos. 
Expression of Gtl2 was consistently 
observed in 6.5–9.5 d.p.c. embryos 
(Fig. 6B and C). In order to dis-
tinguish between maternally- and 
paternally-derived RT-PCR prod-
ucts, we performed allele-spe-
cific restriction digestion, taking 
advantage of B6-specific restric-
tion endonuclease recognition sites 
contained within the RT-PCR 
products. For the AB primer pair, 

the paternal CAST and maternal B6 products were expected to 
be 306 bp and 216 + 90 bp, respectively,22 while the FR primer 
pair was expected to yield 424 bp and 216 + 208 bp products 
following allele-specific restriction digestion. Our analysis of 
products derived from both sets of primers indicated that Gtl2 
was expressed solely from the maternal allele in 6.5–9.5 d.p.c. 
F

1
 hybrid embryos (Fig. 6D). This result is consistent with the 

hypothesis that parental allele-specific methylation plays a role in 
regulating imprinted expression at Gtl2.

Since the paternally-inherited Gtl2-DMR is unmethylated in 
3.5 d.p.c. blastocysts, we investigated the expression of Gtl2 at 
this stage of development. Although the assay was not quanti-
tative, we regularly obtained much less RT-PCR product from 
3.5 d.p.c. RNA than the RNA derived from post-implantation 
embryos; low levels of expression were detected in 86% of our 
replicates. To increase the amount of product derived from blas-
tocysts, we developed a semi-nested RT-PCR assay. As controls, 
we performed both unnested and semi-nested assays using B6 
and CAST brain RNA, and showed that both the original and 
new assay yielded the same products (Fig. 6E and F). We found 
that Gtl2 was expressed solely from the maternal allele in 3.5 
d.p.c. blastocysts, despite the absence of paternal allele-specific 
methylation at this stage of development (Fig. 6E and F and data 
not shown).

When developing the allele-specific RT-PCR assay, we 
observed that the FR primer pair consistently amplified two 
distinct products (Fig. 6C and E). We hypothesized that this 
RT-PCR reaction was amplifying splice variants, as alternative 
splicing of Gtl2 has been described previously (Fig. 6A).32,33 To 
test this hypothesis, we subcloned and sequenced the two distinct 
PCR products. The sequence data we obtained indicated that 
the longer RT-PCR product included exon 6, while exon 6 was 
absent from the shorter product (data not shown). B6-specific 
restriction digestion of the shorter product yields 216 + 127 
bp products. The 127 bp digestion product is less apparent in  
Figure 6D due to its low relative concentration as compared to 
the 216 and 208 bp products.

CpG-rich regions internal to the Gtl2 transcription unit 
are biallelically methylated. In order to assess the methylation 

were highly methylated and those that were unmethylated (data 
not shown). Therefore, we conclude that paternal allele-specific 
methylation is distributed across the 2.35 kb CpG-rich region.

Takada et al.6 reported that the Gtl2-DMR is not methyl-
ated in sperm. To verify this result in our strain background, we 
examined the 722 bp region in sperm derived from B6 x CAST 
F

1
 hybrid mice. We observed a striking absence of methylation 

on both the paternal and maternal alleles in sperm in this region 
(Fig. 4), indicating that the paternal allele-specific methylation 
of this region observed in somatic tissue must be acquired during 
post-fertilization development.

Paternal allele-specific methylation at the Gtl2-DMR 
is acquired before 6.5 d.p.c. To determine when paternal 
allele-specific methylation is acquired at the Gtl2-DMR, we 
examined the methylation status of this region in pre- and post-
implantation embryos. We observed an absence of methylation 
on both the paternal and maternal alleles in 3.5 d.p.c. blasto-
cysts, indicating that the paternal allele does not acquire DNA 
methylation during pre-implantation development (Fig. 5). 
This result is consistent with the observation that the paternal 
allele is unmethylated at fertilization (Fig. 4) and with the low 
levels of global DNA methylation observed in pre-implantation 
embryos.29,31

We next analyzed the methylation status at the Gtl2-DMR in 
6.5–9.5 d.p.c. post-implantation embryos. At all four stages, we 
consistently observed methylation on the paternal allele and an 
absence of methylation on the maternal allele (Fig. 5). The extent 
of methylation on the paternal allele did not change apprecia-
bly between 6.5 and 9.5 d.p.c., indicating that the acquisition of 
methylation on the paternal allele is primarily accomplished by 
6.5 d.p.c.

Gtl2 is imprinted in pre- and post-implantation embryos. 
Repression of the paternal Gtl2 allele correlates directly with 
its paternal allele-specific methylation: the silent paternal allele 
is methylated at both the IG-DMR and the Gtl2-DMR, while 
the expressed maternal allele lacks methylation in both of these 
regions (Figs. 2 and 4). When a deletion of the IG-DMR is mater-
nally inherited, the Gtl2-DMR located in cis becomes methyl-
ated, concurrent with repression of the maternal Gtl2 allele.26 

Figure 4. Paternal allele-specific methylation of the Gtl2-DMR is not inherited from sperm. Each circle rep-
resents one of 29 potentially methylated CpG dinucleotides, the first one located at position 110,779,349 
(NC_000078.5). Details as described in Figure 2.
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expression at Gtl2, we investigated the dynamics of DNA meth-
ylation acquisition and maintenance at this locus. The IG-DMR 
serves as the imprinting control region, and it is well established 
that paternal allele-specific methylation of this region is inherited 
from sperm and is maintained throughout development (data 
herein).6,26 In contrast, although both Steshina et al.45 and Sekita 
et al.46 provide evidence that DNA methylation at the Gtl2-DMR 
is directly responsible for repression, our current study demon-
strates that methylation of this region is acquired during post-fer-
tilization development, after the onset of imprinted expression.

The lack of a direct correlation between the onset of allele-
specific DNA methylation and imprinted expression at Gtl2 
highlights the complex relationship between secondary DMRs 
and the expression of imprinted genes. Previous studies have 
established a link between DNA methylation and transcriptional 
silencing of imprinted genes.13,16,47 Despite this correlation, there 
are several examples of imprinted genes that exhibit monoal-
lelic expression prior to the acquisition of paternal allele-specific 
methylation at their repressed promoters. For example, the pater-
nal alleles of both Cdkn1c and Igf2r are silenced before paternal 
allele-specific methylation is achieved.14,48 Similarly, in this study 

status of other sequences within the Gtl2 transcription 
unit, we examined the genomic sequence for the presence 
of additional CpG-rich regions. We identified two CpG-
rich regions located 3' relative to the Gtl2-DMR (Fig. 6A).  
A 350 bp CpG-rich region (E1) is located in exon 5, begin-
ning approximately 600 bp downstream from a putative 
alternate promoter. An additional 360 bp CpG-rich region 
(E3) is located 4 kb further downstream, spanning exons 
7 and 8. To determine if methylation of either of these two 
regions correlates with imprinted expression, we conducted 
bisulfite analysis on somatic DNA isolated from reciprocal 
crosses between B6 and CAST mice.

The E1 region lacks B6 vs. CAST polymorphisms; 
therefore, we were unable to definitely assign parental iden-
tity to the subclones we analyzed. However, bisulfite anal-
ysis of two independent PCRs for each of the reciprocal 
crosses yielded only methylated subclones, suggesting that 
both the maternal and the paternal alleles are methylated in 
this region (data not shown). The E3 region contains one 
polymorphism, which allowed us to distinguish between 
the maternal and paternal alleles. Although our amplifica-
tions of the E3 region were biased towards the B6 allele, we 
consistently observed methylation of both parental alleles, 
suggesting that this region is not differentially methylated 
(data not shown). Based on our results, it is unlikely that 
the methylation status of these CpG-rich regions plays a 
role in regulating imprinted expression of Gtl2.

Discussion

The functional inequivalence of the parental genomes as 
a consequence of genomic imprinting means that genetic 
contribution from both the maternal and paternal genomes 
is required for normal mammalian development.34,35 Loss 
of imprinting can result in developmental disorders and 
disease, such as Beckwith-Wiedemann Syndrome, transient neo-
natal diabetes mellitus and cancer.36 The Dlk1-Dio3 imprinting 
cluster has long been implicated as playing a role in mamma-
lian growth and development and, along with Igf2-H19, serves 
as a block to parthenogenesis.37-40 Gene knockout studies have 
begun to pinpoint the relative contributions of individual genes 
in the Dlk1-Dio3 cluster,41,42 and recent work has highlighted 
the importance of Gtl2 in maintaining the imprinting status of 
the genes contained within this locus. Deletion of the paternally 
methylated, maternally expressed Gtl2 results in the misregula-
tion of other genes in the Dlk1-Dio3 cluster, ultimately causing 
lethality.21,22,43,44 Therefore, comprehensive analysis of the allele-
specific acquisition of epigenetic modifications responsible for 
controlling the expression of Gtl2 provides an important step 
towards understanding the regulation of imprinting across this 
cluster.

Paternal allele-specific methylation of the Gtl2-DMR may be 
directly responsible for silencing Gtl2, based on the observation 
that a paternally inherited insertional mutation causes loss of 
imprinting concordant with a loss of DNA methylation.45,46 To 
fully understand the relationship between DNA methylation and 

Figure 5. Methylation of the paternal Gtl2-DMR is acquired between 3.5 and 
6.5 d.p.c. Bisulfite analysis and sequencing of DNA from B6 x CAST F1 hybrid 
embryos. Details as described in Figures 2 and 4.
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MEG3-DMR. Deletion of the maternally inherited IG-DMR 
in patient 1 resulted in the paternalization of the maternally-
inherited allele in body tissues, including hypermethylation of 
the MEG3-DMR and a concordant absence of MEG3 expression. 
These data illustrate that the methylation status of the MEG3-
DMR is dependent on the methylation status of the IG-DMR 
and directly influences expression in cis, consistent with data from 
mouse45,46 and supporting the hypothesis that the methylation 
status of the Gtl2/MEG3-DMR is responsible for maintaining 
imprinted expression of Gtl2/MEG3 during development. Based 
on the absence of a placental phenotype in patient 2, Kagami  
et al.49 conclude that the MEG3-DMR is not required to regulate 
imprinting in the placenta, raising questions about tissue-specific 
differences in the regulation of imprinted genes. Further studies 
are necessary to address this issue, as well as to clarify the precise 
functional role of the Gtl2-DMR in mice.

To fully understand the role of secondary DMRs in main-
taining imprinted expression, it is important to define when dif-
ferential methylation is acquired at these loci. A comparison of 
the temporal acquisition of methylation at Cdkn1c and at the 

we showed that Gtl2 is imprinted in blastocysts that lack pater-
nal allele-specific methylation at the Gtl2-DMR. If imprinting 
can be achieved in the absence of differential methylation at sec-
ondary DMRs, what role do secondary DMRs play? We propose 
that the role of secondary DMRs is to reinforce imprinting that 
has been established by other epigenetic elements, such as the 
ICR. Several lines of evidence support this hypothesis. For exam-
ple, although paternal allele-specific DNA methylation is not 
required to implement imprinted expression of Cdkn1c, Dnmt1 
mutant mice lacking DNA methylation at this locus exhibit bial-
lelic expression of Cdkn1c, suggesting that DNA methylation at 
this secondary DMR plays a role in maintaining an imprinted 
expression pattern.14

Evidence for a functional role for the human homolog of the 
Gtl2-DMR (MEG3-DMR, human chromosome 14) has recently 
been reported. Kagami et al.49 analyzed DNA from patients with 
paternal uniparental disomy 14 [upd(14)pat] phenotypes: one 
patient with both body and placental phenotypes was heterozy-
gous for a deletion of the IG-DMR, while a second patient had 
only body phenotypes and was heterozygous for a deletion of the 

Figure 6. Expression analysis of Gtl2 in embryonic tissues. (A) Genomic structure of Gtl2, including exons (black boxes), B6 vs. CAST polymorphisms (*), 
major transcripts, primers used for RT-PCR and CpG-rich regions analyzed in this study (grey boxes). (B and C) RT-PCR of RNA from neonatal B6 liver 
and 6.5–9.5 d.p.c. B6 x CAST embryos using PCR primers A/B (B) and F/R (C). MW, molecular weight marker; 0, no template; + and - represent samples 
with and without reverse transcriptase (RT). (D) RT-PCR products from (B and C) were digested with SfcI and NgoMIV, respectively, to distinguish 
between products derived from maternal B6 vs. paternal CAST alleles. (E) RT-PCR of RNA from B6 brain, CAST brain and 3.5 d.p.c. B6 x CAST blastocysts 
using PCR primers F/R; B-N, C-N and 3.5 d.p.c. products were generated using a nested PCR approach described in the Materials and Methods. Alterna-
tive splice forms were detected in B6 and CAST samples; only the larger splice variant was detected in the +RT 3.5 d.p.c. sample. (F) RT-PCR products 
from E were digested with NgoMIV to distinguish between products derived from digested B6 vs. undigested CAST alleles.
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strands of DNA. The following primer pairs were used for nested 
or semi-nested amplification of the mutagenized DNA, with 
all base pair numbers from NC_000078.5. Gtl2 IG-DMR, 
with the first nucleotide of IG-BS-F1 corresponding to position 
110,766,235: 30 cycles of 94°C for 30 sec, 52°C for 1 min, 72°C 
for 1 min, using primers IG-BS-F1/IG-BS-R, followed by 35 
cycles using IG-BS-F2/IG-BS-R and the same cycling conditions 
as above. Identical reaction conditions were used to amplify the 
Gtl2-DMR, with the first nucleotide of Gtl2BI4F1 correspond-
ing to position 110,779,293: Gtl2BI4F1/Gtl2BI4R1 followed 
by Gtl2BI4F2/Gtl2BI4R2. Primer sequences follow. IG-BS-F1, 
5'-GTA TGT GTA TAG AGA TAT GTT TAT ATG GTA-3'; 
IG-BS-F2, 5'-GTG TTA AGG TAT ATT ATG TTA GTG 
TTA GGA-3'; IG-BS-R, 5'-GCT CCA TTA ACA AAA TAA 
TAC AAC CCT TCC-3'; Gtl2BI4F1, 5'-GAA GAA TTT TTT 
ATT TGG TGA GTG G-3'; Gtl2BI4F2, 5'-GTT TGA AAG 
GAT GTG TAA AAA TG-3'; Gtl2BI4R1, 5'-CAA CAC TCA 
AAT CAC CCC CC-3'; Gtl2BI4R2, 5'-GCC CCC CAC ATC 
TAT TCT ACC-3'. Primer sequences and reaction conditions 
for amplifying CpG-rich regions E1 and E3 are available upon 
request.

RT-PCR. Ten milligrams B6 liver, B6 brain, CAST brain or 
single 6.5–9.5 d.p.c. embryos were disrupted using a pestle and 

Gtl2-DMR illustrates that the establishment of 
allele-specific methylation during post-fertiliza-
tion development is not universally controlled. 
Methylation of the paternal Cdkn1c allele is 
acquired between 7.5–9.5 d.p.c. and is not fully 
established until 9.5 d.p.c. (Fig. 7).14 In con-
trast, methylation at the paternal Gtl2-DMR is 
acquired prior to 6.5 d.p.c. and does not change 
appreciably after that stage of development  
(Fig. 7). Furthermore, paternal allele-specific 
methylation at Igf2r is acquired during late 
embryogenesis.48 Combined, these data indi-
cate that different imprinted loci acquire DNA 
methylation at secondary DMRs at various 
stages of development, and that this process is 
not globally coordinated across the genome. It is 
possible that differences in the temporal acqui-
sition of methylation at secondary DMRs may 
correlate with the maintenance of imprinted 
expression during early embryonic develop-
ment. Perhaps the earlier establishment of 
allele-specific DNA methylation helps to ensure 
monoallelic expression, while the absence of a 
secondary region of differential methylation 
permits a more labile expression pattern.

Materials and Methods

Mice. C57BL/6J (B6) and Mus musculus cas-
taneus (CAST) mice were purchased from the 
Jackson Laboratory. To facilitate the isolation 
of F

1
 hybrid mice, a strain of mice that served 

as the source of the M. m. castaneus allele 
[B6(CAST12)] was constructed. M. m. castaneus males were 
mated to B6 females. The resulting B6/C F

1
 hybrid females were 

backcrossed to B6 males. The backcross progeny were screened 
for the CAST12 allele at microsatellite markers D12Mit101  
(50 cM), D12Mit80 (53 cM), D12Mit133 (56 cM) and D12Mit20 
(58 cM), as well as at an NcoI RFLP located within the IG-DMR; 
Gtl2 is located at 54 cM. CAST12/B6 females were backcrossed 
to B6 males and CAST12/B6 male and female offspring were 
identified among the progeny from the second backcross. 
CAST12/B6 males and females were mated, and their offspring 
were screened for male and female progeny homozygous for the 
CAST12 allele; these animals were interbred to produce the 
CAST12 strain. Natural matings between B6 and B6(CAST12) 
or CAST were used to generate F

1
 hybrid tissues for bisulfite and 

RT-PCR analyses. Procedures involving animals were approved 
by the Bryn Mawr College Institutional Animal Care and Use 
Committee.

DNA purification and bisulfite analysis. DNA was isolated 
and subjected to bisulfite modification, PCR amplification, sub-
cloning and sequencing either as previously described in reference 
50, or using an EZ DNA methylation-direct kit (Zymo Research, 
cat# D5020). All mutagenized DNAs were subjected to multiple 
independent PCR amplifications to ensure analysis of different 

Figure 7. Methylation is acquired at the Gtl2 and Cdkn1c DMRs during different develop-
mental stages. Graphs summarizing the percentage of methylation on paternal strands at 
each CpG dinucleotide at the Gtl2- and Cdkn1c-DMRs in 6.5–9.5 d.p.c. embryos. Cdkn1c data 
derived from Bhogal et al.14
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semi-nested RT-PCR protocol was developed. Briefly, pools of 
6–8 3.5 d.p.c. blastocysts were used to prepare RNA and cDNA 
as described above, and 0.5 μl brain RT or 2 μl of blastocyst 
RT product was subjected to 30 cycles of PCR as described 
above, using primers Gtl2-RTF and Gtl2-RTB to yield a 650 
bp product. F/B PCR products were diluted in ddH

2
O (1:1,000 

for brain, 1:10 for blastocysts) and subjected to an additional 
30 cycles of PCR using either primer pair Gtl2-RTA/B or Gtl2-
RTF/R, as described above.
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total RNA was isolated using a High Pure RNA Tissue Kit (Roche 
Applied Science, cat# 12033674001). Reverse transcription was 
performed according to manufacturer’s instructions using 10% 
of the isolated RNA in a 20 μl reaction containing SuperScript 
II and oligo dT (Invitrogen, cat# 18064022, 18418012). One 
microliter of the RT product was subjected to PCR in the 
presence of 1x PCR Master Mix (Promega, cat# M7502) and  
0.5 μM of each primer. For all tissues, 30 cycles of PCR were 
performed under the following conditions: 94°C, 30 sec; 55°C, 
1 min; 72°C, 1 min. Primer pairs: Gtl2-RTA, 5'-GCC AAA 
GCC ATC ATC TGG ATT C-3'/Gtl2-RTB, 5'-CAC AGA 
TGT AGA CTC AAC AGT GAA G-3' and Gtl2RT-F, 5'-CGC 
TCT TCT CCA TCG AAC GG-3'/Gtl2RT-R, 5'-TTA CAG 
TTG GAG GGT CCT GG-3'. Gtl2-RTA/B and F/R PCR 
products were digested with SfcI and NgoMIV (New England 
Biolabs, cat# R0561, R0564), respectively, and resolved on a 
10% acrylamide gel or a 2% agarose gel to distinguish between 
B6 and CAST products. To obtain sufficient RT-PCR product 
for clear visualization from 3.5 d.p.c. blastocysts, a modified 
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