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Introduction

DNA CpG methylation is a major epigenetic mechanism impli-
cated in gene regulation, normal development, differentiation, 
genomic imprinting, X-chromosome inactivation, transgen-
erational epigenetic inheritance and disease. It is important 
to correctly recognize 5-methylcytosine (5mC) in DNA. It is 
especially crucial to distinguish 5mC from another DNA cova-
lent modification, 5-hydroxymethylcytosine (5hmC),1,2 that 
has recently come into the focus of attention being a poten-
tially very important epigenetic mark.3,4 Significant amount of 
5hmC exists in brain cells and ES cells but 5hmC is depleted 
in cancer cell lines. The Tet family proteins are responsible for 
catalyzing the oxidation of 5mC to 5hmC. The Tet proteins are 
expressed in a wide range of cell types.5 It is therefore conceiv-
able that 5hmC is present in several tissues. 5hmC may be an 
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intermediate product in DNA demethylation4,5 and, as such, 
may be involved in diverse biological functions.

The standard method for detecting 5mC has been bisulfite 
sequencing and its derivatives, such as COBRA. Sodium bisul-
fite distinguishes between cytosine and 5mC, converting cyto-
sine but not 5mC into uracil.6,7 However, the CpG sites that 
remain unconverted by sodium bisulfite can be either 5mC or 
5hmC.8,9 DNA digestion by methylation-sensitive restriction 
enzymes and detection of the products by Southern blotting or 
PCR are alternative detection methods. However, methylation-
sensitive restriction enzymes are equally blocked by 5mC or 
5hmC.8,9 The methylated CpG island recovery assay (MIRA)10,11 
is suitable for specific methyl-C detection, because unlike bisul-
fite sequencing8,9 or restriction digestion,8,9 it doesn’t recognize 
5hmC.9 This method is based on affinity capture of methyl-
ated DNA by recombinant methyl-CpG binding protein 2b 
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and female germ lines, respectively, by the de novo DNA meth-
yltransferases Dnmt3a and Dnmt3b together with Dnmt3L14-16 
and are maintained by Dnmt1 during somatic cell divisions.17 

Figure 1. MIRA assay for detecting allele-specific methylation. (A) 
DMRs exhibit parental allele-specific CpG methylation inherited either 
from the mother or the father. The latter case is shown with CpG-
methylated (closed lollipops) paternal (PAT) allele and unmethylated 
(open lollipops) maternal (MAT) allele. The alleles can be distinguished 
by associated SNPs (G/T example is depicted). (B) In the MIRA assay, the 
MBD2b and MBD3L1 proteins are used to affinity-capture specifically 
the CpG-methylated allele of the DMR. The MIRA-captured alleles are 
proportionally PCR-amplified (horizontal arrows). (C) The ratio of the 
DMR alleles is quantified. In primer extension on the DMR templates 
ddCTP or ddATP nucleotides incorporate into the SNuPE primer, 
resulting in two different extension products. (D) The products are 
distinguished by their molecular masses using mass-spectrometry. The 
ratio of their peaks (indicated by vertical arrows) is proportional to the 
ratio of methylation between the MAT and PAT alleles of the DMR. The 
theoretical position of the unextended primer (UEP) is also indicated in 
the mass spectrum.

Figure 2. Model systems for allele-specific CpG methylation analysis. 
Maternally and paternally inherited alleles of Chr7 (red and blue) and 
Chr15 (pink and light blue) are shown. At least three known germ line 
DMRs can be investigated on Chr7. The Snrpn DMR and the KvDMR1 are 
methylated in the maternal allele and unmethylated in the paternal  
allele whereas the H19/Igf2 ICR is methylated in the paternal allele.  
(A) Normal embryos inherit one set of chromosomes from each parent. 
SNPs can be used to distinguish the parental alleles in 129 X JF1 or 
JF1 X 129 reciprocal mouse crosses (mother is written first).  (B and C) 
Uniparental duplication of distal chromosome 7, telomeric to the T9H 
translocation breakpoint, allows the analysis of allele-specific methyla-
tion at the H19/Igf2 ICR and at the KvDMR1. The Snrpn DMR can be used 
as a control, because it is not in the duplicated region. (B) In MatDup.
dist7 MEFs two copies of the distal Chr7 segment, are inherited from the 
mother. (C) In PatDup.dist7 MEFs two copies of distal Chr7 are inherited 
from the father.

(MBD2b) and MBD3L1. We explored the potential of MIRA 
to measure allele-specific CpG methylation at imprinted regions 
(Fig. 1).

Imprinted genes exhibit parent-of-origin specific monoallelic 
expression. In somatic cells, the paternally and maternally inherited 
alleles of imprinted genes exist in opposite epigenetic states, char-
acterized by allele-specific DNA methylation at DMRs (Fig. 1A).  
Gamete-specific DNA methylation marks are established at pater-
nally or maternally methylated germ line DMRs12,13 in the male 
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the Mus musculus musculus, 129S1 (129) and the Mus musculus 
molossinus, JF1 mice.

MIRA assay correctly captures methylated DMRs. To 
test whether the MIRA assay is suitable for detecting allele- 
specific CpG methylation at DMRs, we first subjected 500 ng of 
MatDup.dist7 and PatDup.dist7 MEF genomic DNA to MIRA 

DNA methylation at DMRs is essential for the allele-specific 
expression of most imprinted genes.17

DMRs that control the monoallelic expression of the associ-
ated genes in the respective domains18-25 are considered imprinting 
control regions (ICRs). For example, in the H19/Igf2 imprinted 
region, a paternally methylated DMR, regulates parental allele-
specific expression of the oppositely imprinted H19 and Igf2 
genes.21,26,27 CTCF insulator binds in the unmethylated maternal 
ICR allele and blocks communication between the Igf2 promoters 
and the shared downstream enhancers. CTCF binding is inhib-
ited in the paternal ICR allele by DNA methylation, allowing 
Igf2 promoter access to the enhancers.28-32 The maternally meth-
ylated Kv differentially methylated region (KvDMR1)19,33,34 con-
trols the Cdkn1c/Kcnq1 imprinted domain. KvDMR1 is a CpG 
island in the intron of the Kcnq1 transcript.35 The unmethylated 
paternal allele produces a non-coding RNA, Kcnq1 overlapping 
transcript 1 (Kcnq1ot1).35 This RNA is required for repressing 
the paternal allele of an array of maternally expressed imprinted 
genes in the domain.19,36,37

Methylation analysis at DMRs is usually performed by bisul-
fite conversion in combination with PCR and sequencing of the 
amplified and cloned fragments.6,7 Allele-specific methylation 
is observed when approximately half of the sequenced clones 
are fully methylated and the other half is fully unmethylated.38  
The parental allele can be ascertained when a single nucleotide 
polymorphism resides in the sequenced fragment. This analysis 
is labor intensive and not fully quantitative. Restriction digestion 
with methylation sensitive enzymes using Southern blot39 is an 
alternative method, and can be allele-specific if the region con-
tains a suitable RFLP, but requires large amounts (about 10 μg) 
of genomic DNA. PCR detection of the methylation-sensitive 
site40 requires less DNA but is not allele-specific. The drawback 
of these bisulfite- and restriction enzyme based methods is that 
they do not distinguish between 5mC and 5hmC.8,9

In this study we show that the MIRA method,11,41 which is 
specific to methyl-C,9 can reliably measure allele-specific CpG 
methylation with great precision and sensitivity.

Results

We used two model systems (Fig. 2) for detecting allele-specific 
CpG methylation with MIRA. In the first system, the mater-
nal and paternal alleles were assessed separately in MEFs car-
rying maternal or paternal duplication of distal chromosome 7, 
MatDup.dist7 and PatDup.dist7, respectively (Fig. 2B and C). 
MatDup.dist7 embryos (Fig. 2B) are maternally duplicated for 
the hypomethylated Igf2/H19 ICR21,27,42,43 and hypermethylated 
KvDMR1 ICR.19,33,34 PatDup.dist7 embryos are paternally dupli-
cated for the hypermethylated H19/Igf2 ICR and hypomethyl-
ated KvDMR1 (Fig. 2C). The maternally methylated Snrpn 
DMR lies outside the duplicated region and serves as an internal 
positive control in both MatDup.dist7 and PatDup.dist7 MEFs. 
In the second model system, SNPs between the mother and 
father allow allele-specific analysis and the two parental alleles 
are assessed in the same cell (Fig. 2A). For this purpose we used 
MEFs and fetal organs from reciprocal mouse crosses between 

Figure 3. MIRA for detecting CpG methylation at DMRs. MatDup.dist7 
(Mat) and PatDup.dist7 (Pat) MEF DNA was subjected to MIRA assays. 
Equal aliquots of the MIRA fraction were used for quantitation of the 
H19/Igf2 ICR, the KvDMR1 and the c-myc promoter regions. The copy 
numbers of methylated DNA molecules were determined by comparing 
the real-time amplification to a dilution set of genomic DNA. The assay 
captured the paternally methylated H19/Igf2 ICR from PatDup.dist7 cells 
and the maternally methylated KvDMR1 from MatDup.dist7 cells. The 
background was very low at the KvDMR1 in Pat MEFs and at the H19/Igf2 
ICR in Mat MEFs and also at the unmethylated c-myc promoter in Mat 
and Pat MEFs. The positive control Snrpn DMR was captured in Pat and 
Mat MEFs. The MIRA assays and real-time PCR-s were done in dupli-
cates. Average values and standard deviations were calculated from 
four measurements.
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assays and quantified the MIRA (5mC-enriched) fraction using 
real-time PCR at the H19/Igf2 ICR and at the KvDMR1 (Fig. 3).  
MIRA11,41 correctly captured the maternally methylated 
KvDMR1 allele in MatDup.dist7 MEFs but did not capture 
it in PatdDup.dist7 MEFs. The paternally methylated H19/
Igf2 ICR was correctly captured from PatDup.dist7 MEFs 
but not from MatDup.dist.7 MEFs. The presumed mater-
nal allele of the positive control Snrpn DMR was correctly 
captured from both MatDup.dist7 and PatDup.dist7 MEFs. 
The negative control, the unmethylated c-myc promoter, was 
correctly not captured in either MEF.

In the experiment above, MIRA proteins were presented 
with only the methylated or unmethylated allele of the H19/
Igf2 ICR and KvDMR1 in the PatDup.dist7 or MatDup.
dist7 MEFs. To test whether MIRA proteins can distinguish 
methylated and unmethylated alleles in the same reaction, we 
mixed DNA from MatDup.dist7 and PatDup.dist7 MEFs in 
different ratios and subjected these to MIRA assays (Fig. 4). 
Real-time PCR revealed that increasing amount of PatDup.
dist7 DNA in the mix resulted in proportionally increased 
capture of the H19/Igf2 ICR and decreased capture of the 
KvDMR1. Therefore, the MIRA assay should be suitable 
for quantifying methylation level of two parental alleles in  
normal cells as well.

Testing the sensitivity of the MIRA assay at DMRs. 
To test the limitations of the MIRA method we used differ-
ent amounts of 129 X JF1 and JF1 X 129 MEF DNA in a 
series of MIRA assays (Fig. 5). The MIRA and the unbound 
fractions were quantified using real-time PCR at the H19/
Igf2 ICR, KvDMR1, Snrpn DMR and c-myc promoter. 
The MIRA reactions captured a sufficient number of DNA 
molecules at the three DMRs, but not at the control c-myc 
promoter. The MIRA-captured fraction showed a linear 
response to the DNA amount. The reciprocal mouse crosses 
exhibited very similar levels of methylation, reflecting that 
each normal cell type has one copy of the methylated allele. 
Although expected to be equal, the unbound fraction was 
higher than the bound fraction at each region at 1,000 ng,  
500 ng and 250 ng DNA, suggesting that the given  
amount (1 μg) of MBD protein is limiting for complete 
capture.

MIRA enrichment corresponds to the number of meth-
ylated alleles. We performed MIRA with normal, MatDup.
dist7 and PatDup.dist7 samples in the same experiment 
side-by-side (Fig. 6) to test whether the MIRA enrich-
ment follows a linear response with regard to the number of 

Figure 4. Mixing experiment. DNA from MatDup.dist7 and PatDup.
dist7 MEF was mixed in the ratios indicated and was subjected 
to MIRA assays. The MIRA fraction was quantified using real-time 
PCR at the indicated regions. Increasing amounts of PatDup.dist7 
(Pat) and decreasing amount of MatDup.dist7 (Mat) DNA in the mix 
resulted in increased capture of the H19/Igf2 ICR and decreasing 
capture of the KvDMR1. The linearity of the response was more 
obvious when we normalized the MIRA fraction of the H19/Igf2 ICR 
and the KvDMR1 separately to the MIRA fraction of the Snrpn DMR 
and expressed each DMR as a % in the total capture (last chart).



216	 Epigenetics	 Volume 6 Issue 2

methyated alleles. 2 > 1 > 0 alleles 
of methylated KvDMR1 are present  
in MatDup.dist7 > wild type > 
PatDup.dist7 MEFs, and the levels 
of the normalized MIRA-captured 
fractions were consistent with these 
numbers. The same was true for 2 > 
1 > 0 methylated alleles of the H19/
Igf2 ICR in PatDup.dist7 > wild type 
> MatDup.dist7 MEFs. The MIRA-
captured fractions had similar levels 
in the three types of cells consistent 
with one allele of methylated Snrpn 
DMR in each cell type. Only back-
ground level of MIRA enrichment 
was observed at the c-myc promoter, 
corresponding to zero methylated 
allele in each cell types. The level of 
MIRA capture, therefore, depended 
on the relative number of methyl-
ated DMR alleles in the different cell 
types.

Measuring allele-specific CpG 
methylation in normal cells. 
Normal cells derived from JF1 
mother X 129 father or from 129 
mother X JF1 father mouse crosses  
(Fig. 1A) allow the assessment of 
allele-specific CpG methylation 
along the entire genome based on SNPs between the 129 and JF1 
mouse lines. To measure allele-specific CpG methylation in nor-
mal cells at a set of maternally and paternally methylated germ 
line DMRs (Fig. 7), we used MIRA in combination with our 
recently developed 16-plex SNuPE assays.44 The MIRA-SNuPE 

Figure 5. MIRA assays to quantify CpG 
methylation levels in normal cells. Dif-
ferent amounts (in ng, as indicated) of 
129 X JF1 and JF1 X 129 MEF DNA were 
used in MIRA assays. The MIRA and the 
unbound fractions were quantified 
using real-time PCR. The reciprocal 
crosses exhibited very similar levels of 
methylation, reflecting that each cell 
type had one copy of the methylated 
allele. The unbound fraction was very 
high at the 1,000 ng data point for 
each region, suggesting that the DNA 
amount is saturating at the given MBD 
protein concentration. To the right,  
500 ng total DNA from different mixes 
were used for MIRA (0, 10, 25, 50, 75, 
90 and 100% 129 X JF1 DNA was com-
bined with 100, 90, 75, 50, 25, 10 and 
0% JF1 X 129, respectively in samples 
a–g). These mixes correctly exhib-
ited similar MIRA enrichment levels, 
reflecting that the total amount of the 
methylated DMR was similar.

assays determine the ratio of maternal or paternal allele in the 
total captured fraction by measuring the incorporation of dide-
oxynucleotides at sites of SNPs between 129 and JF1 mouse 
genomic DNA (Fig. 1C and D). DNA methylation was mea-
sured within the maternally methylated DMRs (Zac1, Snrpn, 
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that the sensitivity of the allele-specific 
MIRA-SNuPE assays was sufficient at 
62 ng of total input DNA.

To assess the linearity of the allele-
specific response, we mixed DNA from 
129 X JF1 and JF1 X 129 MEFs in 
different ratios (0, 10, 25, 50, 75, 90 
and 100% of 129 X JF1 DNA with 
100, 90, 75, 50, 25, 10 and 0% of JF1 
X 129 DNA) and 500 ng DNA from 
each of these mixes were subjected 
to MIRA-SNuPE assays (Fig. 8).  
These samples (a–h samples in Fig. 5)  
resulted in a similar level of MIRA 
capture as assessed by real-time PCR. 
SNuPE assays were used to measure 
the 129 and JF1 component in the 
MIRA fraction at the H19/Igf2 ICR 
(-3 kb and -4 kb upstream of the H19 
TSS), at the KvDMR1 and at the Snrpn 
DMR. At the paternally methylated 
H19/Igf2 ICR, the paternal JF1 allele 
increased with increasing amounts 
of the 129 X JF1 DNA. At the same 
time, the 129 paternal allele decreased 
with the decreasing amount of JF1 X 
129 DNA. The maternally methylated 
KvDMR1 and Snrpn DMRs showed 
the reciprocal trend, as expected.  
We concluded that the MIRA-SNuPE 
is capable of detecting a wide range of 
allele-specific differences in CpG meth-
ylation and the measurements follow a 

linear response.
The amount of starting material can be limiting. DNA then 

has to be purified from small number of cells, separately soni-
cated, quantified and subjected to MIRA assays. To test the appli-
cability of MIRA-SNuPE for analyzing small numbers of cells, 
we prepared DNA from aliquots of 100,000 cells from 129 X JF1 
and JF1 X 129 MEFs and 500 ng from this DNA preparations 
were subjected to MIRA-SNuPE assays. MIRA-SNuPE assays 
correctly quantified the maternal and paternal allele-specific 
CpG methylation at each maternally and paternally methylated 
DMR (data not shown). We concluded that the MIRA-SNuPE 
can be used to sensitively detect allele-specific CpG methylation 
in small number of cells.

Measuring allele-specific CpG methylation at the H19/Igf2 
ICR in normal and CTCF site mutant fetuses. We tested the 
applicability of the MIRA-SNuPE for detecting loss-of imprint-
ing situations. We, and others have shown earlier that maternal 
allele-specific CTCF binding in the H19/Igf2 ICR is essential 
for parental-allele-specific expression of H19 and Igf2 and for 
protecting the ICR and the distantly located Igf2 DMRs from 
de novo methylation in somatic cells.45-47 We now performed 
MIRA-SNuPE analysis using kidney and liver DNA from  
17.5 dpc 129 X CS normal and CTCFm X CS mutant47 fetuses 

Igf2r, Peg3, Peg1-Mest, U2af1 DMRs and the KvDMR1) and 
paternally methylated DMRs (H19/Igf2, Rasgrf1 DMRs and 
IG-DMR).44 Alternative SNPs were included for the H19/Igf2 
ICR (-3 kb and -2 kb from the TSS of H19). We found that 
each DMR, except for the U2af1 DMR, exhibited the expected 
parental-specific CpG methylation bias in the reciprocal crosses  
(Fig. 7 and not shown). The U2af1 SNP in the 16-plex44 assay 
lies at the outside boundary of the U2af1 DMR, and although 
it is suitable to discern allele-specific chromatin features associ-
ated with the U2af1 DMR,44 it does not map to an area of the 
actual differential CpG methylation. Other known SNPs that 
map to the DMR are embedded in repeat elements,12 and cannot 
be used in SNuPE assays. The paternal allele was strongly over-
represented in the MIRA fraction at each paternally methylated 
DMR, the H19/Igf2 ICR, the Rasgrf1 DMR and the IG-DMR 
(Fig. 7). The maternal allele was overrepresented at each mater-
nally methylated DMR, the Snrpn, Igf2r, Zac1 DMRs and at the 
KvDMR1 (Fig. 7).

To assess the sensitivity of allele-specific DNA methylation 
detection, MIRA fractions obtained with different amounts, 
1,000, 500, 250, 125 and 62 ng of input DNA were subjected 
to Sequenom allelotyping (Fig. 7). We found that the allele-spe-
cific bias was similar at each of these conditions. We determined 

Figure 6. The number of MIRA-captured DNA molecules depends on the number of methylated 
DMR alleles per the cell. MIRA enrichment was quantified using real-time PCR and was normalized 
for corresponding input values in MatDup.dist7, wild type and PatDup.dist7 MEF cell DNA. Aver-
age values and standard deviations were calculated from four independent MIRA experiments. 
Statistically significant differences, determined using student’s t-test, are indicated by asterisks. The 
relative levels of MIRA fractions corresponded to 2 > 1 > 0 methylated KvDMR1 alleles and  0 < 1 < 2 
methylated H19/Igf2 ICR alleles in MatDup.dist7 > wild type > PatDup.dist7 MEFs. The MIRA enrich-
ment at the Snrpn DMR and c-myc promoter was similar between the three cell types, consistently 
with the constant number of methylated alleles (1 and 0, respectively).
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bias. Additionally, two maternally methylated DMRs, the Zac1 
and the Igf2r DMRs, also exhibited less maternal bias in the pla-
centa than in any other organs. In this case the methylation bias 
could not have been reduced because of maternal contamination. 
We also measured allele-specific methylation at DMRs in 13.5 
dpc 129 X JF1 embryos (data not shown) and confirmed that 
placenta DNA exhibited weaker methylation bias than brain, 
liver, kidney, heart, lung, muscle, amnion and yolk sac. We 

where the CTCF site mutations 
resided in the maternally inherited 
129-type ICR allele. A previously 
validated 7-plex Sequenom assay44 
distinguished between 129 and 
CS alleles in the MIRA fraction. 
MIRA-SNuPE results (Fig. 9) are in 
agreement with our previous bisul-
fite sequencing and Southern blot 
methylation analyses47,66 and con-
firmed that whereas CpG methyla-
tion is specific to the paternal allele 
in normal fetuses at the ICR and 
Igf2 DMRs, it is biallelic in fetuses 
carrying ICR CTCF site mutations. 
This result demonstrates that allele-
specific methylation analysis using 
MIRA-SNuPE will be applicable for 
detecting loss of imprinting due to 
biallelic methylation, for example in 
tumors.

Measuring allele-specific meth-
ylation at 11 DMRs in normal 
mouse fetuses. To test the applicabil-
ity of the MIRA-SNuPE for allele-
specific methylation analysis during 
fetal development, we measured the 
allele-specific DNA methylation 
in the placenta, yolk sac, amnion, 
brain, heart, kidney, liver, lung and 
muscle of 15.5 dpc JF1 X 129 normal 
fetuses (Fig. 10). DNA methylation 
was determined near single nucleo-
tide polymorphisms (SNPs) within 
maternally methylated (Zac1, Snrpn, 
Igf2r, DMRs and at the KvDMR1) 
and paternally methylated DMRs 
(H19/Igf2 and Rasgrf1 DMRs and 
IG-DMR) by quantitative 16-plex 
assays.44 Alternative SNPs were 
included for the H19/Igf2 ICR (-3 kb 
and -4 kb from the transcription start 
site of H19). MIRA was performed in 
three independent fetuses. We found 
that the MIRA fraction but not the 
input DNA in each fetal organ and 
the extraembryonic organs, amnion 
and yolk sac, exhibited strong bias of allele-specific CpG meth-
ylation. The allele-specific methylation, however, was less strict 
in the placenta. The placenta is a composite organ of cells origi-
nating from the zygote and from the mother and cells of mater-
nal origin may mask the paternal bias at paternally methylated 
DMRs. The input DNA, however, was only very slightly biased 
towards the maternal allele, arguing that the contribution of 
maternal cells is not sufficient to mask the paternal methylation 

Figure 7. Measuring the ratio of CpG methylated and CpG-unmethylated alleles at maternally and 
paternally methylated DMRs. Allele-specific DNA methylation was measured by quantitative MIRA-
SNuPE assays in normal MEFs using Sequenom 16-plex assays.44 MIRA was performed from different 
amounts of genomic DNA as indicated under the bars in nanograms from JF1 mother X 129 father 
or from 129 mother X JF1 father crosses (maternal allele comes first). The percent allele-specific DNA 
methylation is shown at the maternally methylated (to the left) and paternally methylated (to the right) 
DMRs. Alternative SNPs were included for the H19/Igf2 ICR (-3 kb and -4 kb from the transcription start 
site of H19). The ratio of allele-specific CpG methylation at a specific region was expressed as percent of 
129 (black bars) or JF1 (grey bars) alleles in the total (129 + JF1 or 100%) of MIRA-enriched DNA. Standard 
deviations are indicated as error bars. The MIRA-SNuPE is quantitative at 62 ng of DNA.
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Discussion

In this study we provided a novel sensitive and quantitative 
method for measuring allele-specific CpG methylation at DMRs 
of imprinted genes. We showed that the MIRA method11,41 cor-
rectly captured the methylated alleles of known DMRs from 
MEFs carrying parental duplication of distal Chr7. The MIRA 
assay can be used for measuring DNA methylation not only 
in sequences with high but also with moderate CpG content. 
Whereas the KvDMR1 is a classical CpG island, the H19/Igf2 
DMR is not. Additionally MIRA-SNuPE correctly detected the 
methylated parental alleles of a range of maternally and paternally 
methylated germ line DMRs in normal MEFs in a multiplex assay.

Assessing methylation using MIRA-SNuPE will have rel-
evance in the fields of genomic imprinting and X-chromosome 
inactivation allowing the tissue-specific analysis of paren-
tal allele-specific 5mC patterns during embryo development.  
We provided quantitative information on the allele-specific CpG 
methylation at DMRs in fetal and extra-embryonic organs using 
MIRA-SNuPE assays. The MIRA will be very useful for exam-
ple for analyzing cellular systems where imprinting is lost due 
to methylation defects such as hypomethylation or hypermeth-
ylation of DMRs, for example in cancer. Allele-specific analysis 
of hypermethylated DMRs is expected to reveal biallelic meth-
ylation. We demonstrated the feasibility of this approach using 
our previously developed mouse line containing CTCF site muta-
tions in the H19/Igf2 ICR.47 Other potential applications of the 
method can be to verify, quantify and screen at the population 
level, allele-specific haplotype-associated methylation differences 
resulting from deep sequencing after MeDIP, MIRA or bisulfite 
conversion,48,49 in genome-wide association studies.50

SNuPE quantitation can potentially be similarly applied to 
methylated DNA immunoprecipitation (MeDIP)51 and hydroxy-
methylated DNA immunoprecipitation. Unlike MeDIP, which 
is based on the enrichment of methyl-C using an anti-methyl-C 
antibody, MIRA does not require denaturation of the DNA. This 
is an advantage, because incomplete denaturation in MeDIP may 
contribute to bias against regions of high CpG content. The 
methylated and unmethylated alleles can be quantified after 
MIRA manually using traditional radioactive SNuPE assays52-54 
(Oates N and Szabó P, unpublished) when the Sequenom instru-
mentation is not available. The two alleles can also be potentially 
quantified using HPLC or by spotting on a membrane, similarly to 
MS-SNuPE.55-58 Multiplexing on the Sequenom platform, however, 
greatly reduces the work load and the amount of DNA required 
and allows CpG methylation studies using limiting amount of 
research material, such as small embryos and sorted cells.

There are multiple advantages of the current method over 
traditional bisulfite sequencing and restriction digestion-based 
methods. Restriction sites represent a very small fraction of a 
CpG island or a DMR. The MBD proteins bind to a large num-
ber of CpGs along a DNA fragment. Therefore, the MIRA assay, 
just like chromatin immunoprecipitation, is responsive to the epi-
genetic status of an entire DNA fragment and not only a single 
methylation sensitive restriction site. Bisulfite sequencing is labor 

determined that parental allele-specific DNA methylation is gen-
erally less biased at DMRs in the placenta than in the fetus, the 
amnion and the yolk sac.

Figure 8. Mixing experiment. DNA from 129 X JF1 and JF1 X 129 MEFs 
was mixed in different ratios: (0, 10, 25, 50, 75, 90 and 100% 129 X JF1 
with 100, 90, 75, 50, 25, 10 and 0% JF1 X 129) and was subjected to MIRA 
(a–h samples in Fig. 5). SNuPE assays were used to measure the 129 
and JF1 alleles in the total MIRA fraction. At the paternally methylated 
H19/Igf2 ICR (-3 kb and -4 kb upstream of the H19 TSS), the paternally 
inherited JF1 allele increased with increasing amounts of the 129 X 
JF1 DNA. At the same time with the decreasing amount of JF1 X 129 
DNA, the paternally inherited 129 allele decreased. The maternally 
methylated KvDMR1 and Snrpn DMRs showed the reciprocal trend, as 
expected.
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intensive and not quantitative. A variation of the bisulfite 
method, MS-SNuPE can quantify the ratio of methylated and 
unmethylated alleles and can be used in a small multiplex. The 
SNuPE step in MS-SNuPE is primarily used to distinguish 
C/T resulting from converted C and unconverted 5mC.55-60 
Proof of principle experiment showed that an additional SNP 
close to the CpG site can be utilized to distinguish parental 
alleles by molecular mass.60 It is, however, easier to utilize the 
SNP in the MIRA-SNuPE, because the SNuPE step is exclu-
sively used for discriminating between parental alleles after 
the methylated DNA fraction is collected. This allows a pre-
cise quantitation of allelic ratios. One important advantage of 
the MIRA-based allele-specific methylation detection is that 
whereas other commonly used methods, bisulfite genomic 
sequencing and restriction digestion using methylation sensi-
tive enzymes do not distinguish between 5mC and 5hmC,8,9 
the MIRA assay specifically detects 5mC.9 It is important to 
distinguish 5mC from 5hmC, because 5hmC is emerging as 
the sixth nucleotide with potential relevance to gene regula-
tion and development.3,4

DMR methylation is essential for the allele-specific expres-
sion of many imprinted genes,17 but there are exceptions.61-63 
Genes exhibiting imprinted expression specifically in the pla-
centa often do not depend on DNA methylation. Imprinted 
gene expression in the placenta, at the same time is more sen-
sitive to chromatin modifications, such as histone methyla-
tion.62-65 This is in agreement with our finding that placenta 
generally exhibited less allele-specific methylation at DMRs 
than the fetal organs and the other two extraembryonic layers, 
the yolk sac and the amnion. Using the MIRA-SNuPE, it will 
be interesting to address whether environmental insults, such 
as endocrine disruptor chemicals affected allele-specific CpG 
methylation at DMRs of imprinted genes, and if DNA in the 
placenta responded differently than in the embryo proper, 
yolk sac and amnion.

Materials and Methods

Cells and fetuses. DNA for MIRA was prepared from fetal 
and extra-embryonic organs and MEFs by standard phenol-
chloroform extraction. Primary MEFs were derived from 
13.5 dpc embryos.66 Fetuses were derived from reciprocal 
matings of 129 mother X JF1 father and JF1 mother X 129 
father at 13.5 and 15.5 dpc. To generate MatDup.dist7 and 
PatDup.dist7 MEFs,43,67-69 intercrosses of mice heterozygous 
for a reciprocal T(7;15)9H translocation at the T9H break-
point had been used.68 PatDup.dist7 embryos die at 10.5 dpc 
due to failure in placental spongiotrophoblast development.69  
To obtain MEFs at 13.5 dpc, the PatDup.dist7 embryos had 
been rescued by an achaete-scute complex homolog 2, Ascl2 
transgene.70

MIRA.10,11 Genomic DNA was fragmented by sonica-
tion to an average fragment size of 500 bp. The amount of 
input DNA in the MIRA reaction was 500 ng if not stated 
otherwise in the Figures. The methylated fraction was cap-
tured using recombinant MBD3L1 and MBD2b proteins as 

Figure 9. Measuring allele-specific CpG methylation in case of loss of 
imprinting. DNA from livers and kidneys of normal (Wt) and mutant 
(Mut) fetuses, carrying CTCF site mutations in the maternal H19/Igf2 ICR 
allele,47 was subjected to MIRA-SNuPE assays using previously validated 
7-plex Sequenom assays.44 DNA methylation was paternal allele-specific 
in normal, but biallelic in mutant organs at the H19/Igf2 ICR (at -4 and -3 
kb from the TSS) and at the Igf2 DMR2, confirming that the CTCF sites 
maintain DNA hypomethylation in the maternal allele.47,66 The control 
Igf2 P2 promoter is not differentially methylated in normal or mutant 
organs. The ratio of allele-specific CpG methylation at a specific region 
was expressed as a percent of maternal (black bars) or paternal (grey 
bars) in the total of MIRA-enriched DNA. The ratio of the parental alleles 
in the control input DNA was close to 50%. Average values from two 
independent fetuses are shown with standard deviations.
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described previously.10,11 The fragmented DNA was added to 
the pre-incubated mix containing one μg each of MBD2b and 
MBD3L1 proteins, and binding of the MBD2b/MBD3L1 com-
plex to methylated CpGs was achieved after an overnight incu-
bation. The MBD2b/MBD3L1/methylated DNA complex was 
magnetically captured using pre-washed MagneGST glutathione 
particles (Promega, Madison, WI), and purified according to the 
manufacturer’s instructions. One condition differed from the 

standard MIRA protocol; the washing buffer contained 400 mM 
NaCl. This modification enhanced the enrichment of methyl-
ated DNA at non-CpG island sequences. The enriched MBD2b/
MBD3L-bound methylated CpG fraction was further processed 
using the QIAquick PCR purification kit (Qiagen) to elute the 
methylated CpG fraction.

Real-time PCR. Real-time PCR was performed to mea-
sure the region-specific overall MIRA enrichment levels at the 

Figure 10. Allele-specific methylation at 7 DMRs in developing normal mouse fetuses. DNA methylation was assessed by quantitative MIRA-SNuPE 
assays in the placenta, yolk sac, amnion, brain, heart, kidney, liver, lung and muscle of 15.5 dpc JF1 X 129 type normal fetuses. Previously validated 
16-plex DMR Sequenom assays44 were used at SNPs within maternally methylated (to the left) and paternally methylated (to the right) DMRs. The ratio 
of allele-specific CpG methylation at a specific region was expressed as a percent of maternal or paternal allele in the total of MIRA-enriched DNA. 
The ratio of the parental alleles in the control input DNA was close to 50%. Average values from three independent fetuses are shown with standard 
deviations.
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H19-Igf2 ICR,66 at the KvDMR1 and Snrpn DMRs and at the 
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