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Letter

Allele-specific DNA methylation in mouse strains
is mainly determined by cis-acting sequences
Elmar Schilling, Carol El Chartouni, and Michael Rehli1

Department of Hematology, University Hospital Regensburg, 93042 Regensburg, Germany

DNA methylation is a vital epigenetic mark that participates in establishing and maintaining chromatin structures and
regulates gene transcription during mammalian development and cellular differentiation. Differences in epigenetic pat-
terns between individuals may contribute to phenotypic variation and disease susceptibility; however, little is known
about the extent of such variation or how different epigenetic patterns are established. Here we have compared DNA
methylation profiles of macrophages from two inbred mouse strains (C57BL/6 and BALB/c) at 181 large genomic intervals
that were selected based on differential gene expression patterns. Using a DNA methylation-dependent fractionation
approach based on a combination of methyl-CpG immunoprecipitation and locus-wide tiling arrays, we identified several
hundred differentially methylated regions, and simultaneously uncovered previously unrecognized genetic variability
between both mouse strains at the studied loci. DNA sequence and methylation differences were validated by DNA
sequencing and mass spectrometry analysis of bisulfite-treated DNA for a subset of regions. Importantly, we show that in
F1 hybrids, the majority of strain-specific methylation patterns in somatic cells were maintained on the parental allele,
regardless of their status in the male germ line. The common association of differentially methylated regions with se-
quence polymorphisms suggests that the genomic context determines the developmentally regulated epigenetic status at
most nonimprinted regions of mammalian genomes.

[Supplemental material is available online at http://www.genome.org. The microarray data and the results from locus-
wide comparative hybridizations data from this study have been submitted to Gene Expression Omnibus
(www.ncbi.nlm.nih.gov/geo) under accession nos. GSE14644 and GSE14463, respectively. The sequence data from this
study have been submitted to GenBank (www.ncbi.nlm.nih.gov/Genbank) under accession nos. FJ751937–FJ752004].

Epigenetic processes are fundamental to the differentiation and

development of multicellular organisms by controlling chromatin

accessibility and transcription (Bird 2002). Although phenotypic

variation is mainly driven by genetic traits, there is also evidence

that epigenetic mechanisms may contribute to interindividual

phenotypic differences in mammals (Rakyan et al. 2002). Exam-

ples for epigenetic differences between individuals are compara-

tively rare and mostly, but not exclusively, confined to the level of

DNA methylation, which represents a relatively stable epigenetic

modification that can often be measured in an allelic context.

There is well-documented evidence that epigenetic states can be

inherited across generations, e.g., at the Agouti viable yellow (Avy )

allele in mice (Morgan et al. 1999; Blewitt et al. 2006), and that

allelic variation at certain epigenetic modifier genes in mice, like

DNA methyl transferases or chromatin remodeling factors may

influence the inheritance of CpG methylation patterns in trans

(Chong et al. 2007; Blewitt et al. 2008). It has also been demon-

strated that supposedly genetically identical, monozygotic twins

can show differences at the level of DNA methylation that are ac-

quired during the lifetime of each individual (Fraga et al. 2005;

Kaminsky et al. 2009) through largely unknown mechanisms.

In addition to trans regulation, there are several reports dem-

onstrating that DNA sequence variants associate with specific epi-

genetic states (Murrell et al. 2004; Flanagan et al. 2006; Heijmans

et al. 2007). Along this line, a recent study in humans identified

several cases of allele-specific DNA methylation at nonimprinted

gene loci (Kerkel et al. 2008), where the methylation status of each

allele was likely controlled in cis by the local DNA sequence. The

published data suggest that three types of inheritance of CpG

methylation patterns may exist in vivo: Methylation patterns at

nonimprinted loci may be inherited across generations based on

genetic mechanisms (in cis and in trans) or based on epigenetic

mechanisms. The extent of contribution of each type of mecha-

nism in shaping individual epigenetic or phenotypic differences is

currently unknown.

Inbred mice are ideally suited to study the inheritance of an

epigenetic mark like DNA methylation, because the sameness of

genetic backgrounds within a strain allows for reproducible mating

conditions between two inbred mouse strains. To study the in-

heritance of an epigenetic mark in the F1 generation, one first

needs to define regions that are epigenetically different in cells of

both strains. However, systematic screens for epigenetic differ-

ences in mice have not been performed and only a handful of

epigenetically variable regions have been studied so far (Rakyan

et al. 2002). In the present study, we performed a combined genetic

and epigenetic profiling of strain-specific differences in inbred

mice and uncovered more than 400 differentially methylated re-

gions (DMR). The methylation patterns of DMR in F1 hybrids

clearly suggest that the majority of allelic differences between in-

dividual mammals are determined by cis-acting sequences.

Results

Comparative methyl-CpG immunoprecipitation (MCIp)
to dissect genetic and epigenetic differences

We utilized MCIp (Gebhard et al. 2006; Schilling and Rehli 2007;

Schmidl et al. 2009) to compare methylation profiles of a defined

cell type (bone-marrow-derived macrophages) from two inbred
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mouse strains (C57BL/6 and BALB/c) that represent prototypic

models for Th1- or Th2-dominated immune responses (Locksley

et al. 1987; Gessner et al. 1993). A schematic overview of the me-

thodical approach is shown in Figure 1. We chose to analyze

macrophages, because they may actually contribute to some im-

mune-related phenotypic differences in these strains, and because

they can be grown as a homogenous cell population (usually >98%

macrophages) from mouse bone marrow. We expected to find

functionally relevant, strain-specific methylation differences with

greater probability in regions with differential transcriptional ac-

tivity, and therefore limited our analysis to whole gene loci that

showed strain-specific gene expression in C57BL/6 versus BALB/c

macrophages, plus a handful of control regions that were equally

expressed (or not expressed) in both cell types. The expression

profiling is described in detail in the Supplemental material and

examples of qRT-PCR validation of strain-specific differences in

gene expression are given in Supplemental Figure S1. Based on the

transcriptome analysis, a tiling microarray was designed that

covered 28 megabases of the mouse genome and contained 181

genomic segments (with a median size of 110 kb), more than 550

proximal promoter regions and at least 800 genes, which included

a number of well-known and immunologically relevant genes like

Plau, Marco, Ltb, Il1b, etc. (a complete list of regions is given in

Supplemental Table S1).

We separated gDNA of macrophages from both strains into

unmethylated (CpG) and methylated pools (mCpG) using MCIp

and cohybridized the two unmethylated or the two methylated

DNA pools to the locus-wide tiling arrays. (Each hybridization was

performed twice using independent sample preparations.) As

enriched DNA fragments from one strain in the methylated frac-

tion should be depleted in the unmethylated fraction, the signal

intensities in CpG pool and mCpG pool hybridizations should

complement themselves and thereby allow the identification of

differentially methylated regions (DMR). However, the analysis is

complicated by the fact that the sequence of microarray probes

corresponds to only one strain’s genome (the reference genome of

C57BL/6) and sequence variations between mouse strains can ad-

ditionally influence the hybridization efficiency of microarray

probes. Since the extent of genetic variation between both strains

at the investigated loci was largely unknown, we utilized the fact

that we had essentially analyzed the entire genome of both strains

in two halves, and recombined the two independent microarray

results of each of the two independent biological replicates to

obtain a virtual comparative genome hybridization (vCGH) of

both strains. As shown in Figure 2A, a large fraction of microarray

probes (15.1%) demonstrated preferential hybridization with

gDNA from C57BL/6 macrophages, which is most likely due to the

presence of sequence variants between C57BL/6 and BALB/c. In

line with this, the majority of known SNPs (13,535) overlapped

with probe sequences showing unequal hybridization behavior,

whereas all other probes associated with relatively few SNPs (2801).

We sequenced a representative set of regions that were indicative

of sequence variations (the complete list of alignments is given

in Supplemental Fig. S2) and found that every affected probe

contained at least one, but more often two or three, sequence

variations, including SNP, microdeletions, or insertions. The num-

ber of probes demonstrating unbalanced hybridization behavior

(34,096) was substantially larger than the number of known vari-

ations, suggesting that sequences of both strains are far more var-

iable at the studied genomic regions than previously published

SNP data (Frazer et al. 2007) suggests. This is in line with an earlier

study, suggesting that the published SNP data only capture a frac-

tion of the variations found in the laboratory mouse (Yang et al.

2007). The distribution of known SNP markedly varied across all

interrogated regions with 15%–20% of all regions having compa-

rably low or high SNP densities (less than 2/10,000 or more than

15/10,000, respectively; a diagram is provided in Supplemental Fig.

S3A). The average SNP density (1 SNP every 1200 bp) on our array

was approximately two times higher as compared to the whole

genome (1 SNP every 2500 bp), suggesting that differentially

expressed genes tend to contain more polymorphisms. Accord-

ingly, the variation detected in our vCGH approach was generally

higher in genes that showed differential expression in macro-

phages of both strains (Fig. 2A, gray dots) than in equally

expressed/nonexpressed control genes (Fig. 2A, black dots). In

addition, we also identified a number of regions where vCGH

signals indicated copy number variations (CNVs) and validated

gene duplications for three locations using qPCR (see Fig. 2C).

Some of the larger CNVs were previously identified using standard

CGH approaches (She et al. 2008), suggesting that the vCGH

analysis correctly identified genetic alterations between both

mouse strains.

All probes indicating sequence variation were excluded and

the residual set was used to identify DMR. A representative scatter

Figure 1. Simultaneous detection of epigenetic and genetic differences using methyl-CpG immunoprecipitation (MCIp). The experimental workflow is
presented schematically. (A) Fragmented genomic DNA from bone marrow-derived macrophages of either mouse strain was fractionated using a MBD-Fc
column and separated into methylated (mCpG) and unmethylated (CpG) DNA pools. (B) Both DNA pools are fluorescently labeled and compared
between mouse strains by cohybridization on a locus-specific microarray using stringent conditions. (C ) Array results are combined in a virtual CGH
analysis to detect CNVs and sequence polymorphic regions, that are removed (D) from further analysis. (E) Differentially methylated regions are detected
by analyzing remaining array probes for diametrically opposed enrichment behavior between both hybridizations (e.g., a region that is relatively enriched
in the unmethylated pool of BALB/c and shows reverse enrichment behavior in the methylated pool is considered hypomethylated in BALB/c).
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plot of vCGH-corrected comparative microarray hybridizations

from unmethylated (CpG) and methylated pools (mCpG) is shown

in Figure 3A, where microarray probes showing the expected

complementary behavior are colored in red (hypomethylated in

C57BL/6 BMM [bone marrow-derived macrophages]) and blue

(hypomethylated in BALB/c BMM). In total, we identified 435 re-

gions with lineage-specific CpG methylation that were associated

with 171 genes. A complete list of DMR, together with expression

data of associated genes, is given in Supplemental Table S2. As ex-

pected, DNA methylation at proximal promoter regions correlated

with lower gene expression levels in all cases, whereas no signifi-

cant correlation between the methylation and the transcription

state was evident at promoter distal (intergenic), or intragenic sites.

At the current stage it is unclear, whether promoter distal DMR are

functionally relevant and whether they contribute to the observed

phenotypic differences between both mouse strains.

We also studied correlations between genetic variability and

differential methylation status. According to the classifications

provided by the Perlegen study (Frazer et al. 2007), 80 of our ge-

nomic intervals contained DMR of intersubspecific origin and 66

intervals contained DMR of intrasubspecific origin. Thirty-two

regions were predicted to be of the same haplotype. However, the

majority of DMR in the latter class were also associated with probes

showing unbalanced hybridization behavior in the vCGH, sug-

gesting that most of them actually are of intrasubspecific origin

(Supplemental Fig. S3B). In total, about 90% of the identified DMR

contained probes that showed unbalanced hybridization behavior

in the vCGH. The DMR and SNP count per region correlated (r2 =

0.59) suggesting a link between DMR occurrence and genetic var-

iation between both strains. A corresponding diagram and a box

plot on DMR/SNP correlation are provided in Supplemental Figure

S3C,D.

Fine mapping of strain-specific DNA methylation differences
in macrophages, spleen, and male germ line

To validate and quantify methylation differences, a representative

set of DMR was sequenced in both strains before subsequent

analysis by MALDI-TOF MS of bisulfite treated DNA. (For in-

formation on sequences and primers see Supplemental Fig. S2 and

Supplemental Table S3, respectively.) DNA sequencing indicated

that DMR were often associated with strain-specific insertions of

CpG-containing repetitive sequences (not overlapping with

microarray probes), which were likely methylated and responsible

for the observed methylation pattern. We primarily focused our

validation panel on sequences showing no repeat variations and

performed an initial round of MALDI-TOF MS analysis at 18

selected DMR. (For information on amplicons and complete

Figure 2. Detection of genetic variation. (A) The histogram shows a CGH-like presentation of combined signal intensities from the separate hybrid-
izations of methylated and unmethylated DNA pools. Control loci (in black) show relatively few C57BL/6-enriched signals. Two regions (Nlrp1b and Skint,
in red) are deleted in BALB/c, two regions (Chia/Chi3l3/Chi3l4 and 2610305D13Rik; in dark red and orange, respectively) are duplicated in C57BL/6, and
five regions (Btbd9/Glo1/Dnahc8/Glp1r, Cd244, Ifi202b, Tmem14a, and Gbp1/Gbp2; in blue or green) appear (at least) duplicated in BALB/c. Genomic
locations are provided for individual regions. The signs > and < indicate that the affected regions extended over the analyzed area. Data represent mean
values of two biological replicates. (B) Sequences of an exemplary region where several probes (boxed in gray) showed C57BL/6-enriched signals.
Compared to the reference strain, BALB/c contains several nucleotide exchanges (highlighted in red). (C ) QPCR validation of three CNVs (Chia/Chi3l3/
Chi3l4, three amplicons; Btbd9/Glo1/Dnahc8/Glp1r, five amplicons; Gbp1/Gbp2, one amplicon) detected by vCGH.
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MALDI-TOF MS results for the initial test set, see Supplemental

Tables S4, S5). With one exception (Eps8l1), the selected and vali-

dated DMR contained sequence variations between strains. Data

for the validation set are summarized in Table 1 and results of

representative DMR are shown in Figure 3B and Supplemental

Figure S4. Thirteen out of 18 regions showed ‘‘true’’ methylation

differences. In the remaining five cases, the differential MCIp en-

richment behavior resulted from an increased number of methyl-

ated CpGs in one strain, either due to the presence of SNPs (Pi4k2b,

Ppp1r14d, Spint1) or due to the insertion of methylated sequences

in one strain (Pop4, Zfp568). One DMR-associated gene (Asb4) was

previously shown to be paternally imprinted (Mizuno et al. 2002),

however, the observed methylation pattern at the DMR was clearly

strain-specific.

To check whether the observed differences related to the ar-

tificial BMM culture system and how methylation patterns differed

between somatic and germ line cells, we additionally analyzed the

two tissues, spleen and testis. The latter was prepared to mainly

contain germ line cells (70%–90%) as judged by the predomi-

nantly unmethylated status (95%–85%) of the maternally im-

printed Snrpn and Mest alleles in these preparations (data not

shown). The two biological replicates of each cell or tissue type

were highly similar (median r2 > 0.95) at the analyzed regions. The

two somatic samples, spleen and BMM, also correlated well within

the same strain (median r 2 > 0.93), suggesting that the observed

patterns are not a cell culture-induced artifact.

Interestingly, the majority (15/18) of the validated DMR only

acquired differential DNA methylation in somatic cells (BMM,

Figure 3. Validation of strain-specific CpG methylation by MALDI-TOF MS of bisulfite treated DNA. (A) Scatter plots of normalized signal intensities from
independent hybridizations of methylated (mCpG) and unmethylated (CpG) DNA pools. Probes in differentially methylated regions (colored in red and
blue) show the expected intensity distribution (enriched in one pool and depleted in the other one). (B) One example of a DMR detected by the MCIp-
microarray approach and validation using MALDI-TOF MS of bisulfite treated DNA (three additional examples are presented in Supplemental Fig. S4). MCIp
results are presented in the upper panels. Shown are the following tracks (from top to bottom) that were generated using the UCSC Genome Browser (http://
genome.ucsc.edu/): repetitive regions as identified by the RepeatMasker program, single nucleotide polymorphisms from the dbSNP (NCBI database for
genomic variation) build 126 (both in black), hypomethylation scores for BMM of both mouse strains (defined as the difference product of log10 signal
intensity ratios of both hybridizations; in green), vCGH signals indicating the presence of genetic variation at probe level (in brown), as well as gene structures
(in purple) and the position of amplicons (Epityper Ampl., in blue) that were designed for MALDI-TOF MS analysis of bisulfite treated DNA. The relative
position of CpGs within amplicons is indicated below by small lollipops (with the upward orientation representing C57BL/6, and the downward orientation
representing BALB/c). Sequence variations are highlighted in red and blue, black bars mark the position of exons, and gray lollipops are not analyzed by the
MS. Methylation levels of individual CpGs in the indicated cell types (two individuals for each strain) are shown color-coded. The scale ranges from pale
yellow (0% methylation) to dark blue (100% methylation), strain-specifically absent CpGs are colored black, nondetectable CpGs are marked in gray.
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spleen), but showed similar methylation states in the testis/germ

line preparations of both strains. Thus, the differential patterns are

likely established after fertilization, and DNA methylation itself

cannot be the inherited mark.

Inheritance of DNA methylation differences in F1 hybrids

How, then, are the observed methylation patterns established

during development? To address this question, we generated F1

hybrids in both possible mating combinations and compared the

degree of CpG methylation at selected loci of F1 hybrids with their

wild-type parents.

The initial screen included only male mice. Bisulfite/MALDI-

TOF MS analysis of methylation patterns in females suggested that

the DMR are equally detected on autosomes of both genders.

Methylation patterns in F1 animals were highly similar between

samples from the somatic tissues suggesting a minor impact of

mating combinations or offspring gender. A complete correlation

matrix is given in Supplemental Figure S5. Methylation ratios for

all analyzed amplicons and samples are given in Supplemental

Tables S6–S8 (BMM, spleen, and testis, respectively). A comparison

of microarray and MALDI-TOF MS analysis for representative re-

gions is given in Figure 4 and Supplemental Figure S6.

At most DMR regions analyzed by MALDI-TOF MS, the overall

methylation level of individual CpGs in F1 hybrids equaled the

mean methylation level of their parents (see Fig. 5A for BMM;

Supplemental Fig. S7 for spleen). The simplest and most plausible

explanation for this pattern is that the methylation level of each

allele is inherited independently and that the methylation level is

controlled in cis during development. DMR that show a different

distribution between parents and offspring (like the Sfi1 pseudo-

gene, Eps8l1, and Isoc2b) may have a trans-regulating component

in their inheritance.

Because the MS analysis does not discriminate between the

two different parental alleles, we performed traditional bisulfite

sequencing on independently cloned amplicons that maintained

a characteristic sequence difference after bisulfite treatment. As

shown in Figure 5B for Coro2a, in Figure 5C for Pdgfrb (in Supple-

mental Fig. S8 for Asb4, 1600021P15Rik, and Slc27a6), allelic

methylation patterns in F1 hybrids were established essentially as

observed on the parental alleles, suggesting that DNA methylation

at these sites is indeed largely controlled in cis. Only at the Isoc2b

promoter (see Fig. 5D), a mixed DNA methylation pattern was

observed with some sequences being unmethylated and others

being methylated, independent of their origin. Here the differen-

tial pattern must be controlled in trans, e.g., through a yet un-

known strain-specific epigenetic modifier. Isoc2b methylation

levels in F1 hybrids were considerably more variable (ranging from

15% to 45% in individual F1 mice) as compared to cis-controlled

loci, likely representing a novel example of a metastable epiallele in

inbred mice.

Discussion
In this study we performed a broad analysis of differential DNA

methylation in two inbred mouse strains using DNA methylation-

dependent genome fractionation and locus-wide tiling arrays. By

using stringent hybridization conditions for microarray analyses

of CpG-methylated and unmethylated genome fractions, we could

simultaneously identify several hundred DMRs, as well as pre-

viously unrecognized strain-specific sequence variations that track

with the large majority of DMRs. The microarray results were val-

idated by DNA sequencing (to confirm sequence variations) and

a combination of bisulfite treatment of genomic DNA and mass

spectrometry (to confirm CpG methylation differences) suggesting

that our approach is highly reproducible and correctly identifies

both types of differences. To our knowledge, our study describes

the first extensive identification of allele-specific DNA methyla-

tion in mice, and provides a resource for further mechanistic

studies.

Having defined a large number of allele-specific methyla-

tion events, we were able to ask how methylation patterns are

established at a representative set of genomic regions. Interest-

ingly, most DMR (15/18) that were studied in detail were only

Table 1. MCIp-detected DMR (validation set)

Genomic region
(mouse assembly mm8)

Associated
gene

Distance from
TSS (kB)

MCIp indicated
demethylation in

Bisulfite-MS analysis
(number of amplicons)

Methylation status
in sperm (C57-BALB)

chr. 16: 28833304–28834357 1600021P15Rik 15.6 C57BL/6 confirmed DMR (2) mCpG-mCpG
chr. X: 119220336–119220381 3110007F17Rik �0.1 C57BL/6 confirmed DMR (5) CpG-CpG
chr. 6: 5333111–5334506 Asb4 �6.6 C57BL/6 confirmed DMR (6) CpG-CpG
chr. 4: 46620908–46622454 Coro2 1.3 C57BL/6 confirmed DMR (4) mCpG-mCpG
chr. 7: 4064078–4064123 Eps8l 0.2 BALB/c confirmed DMR (3) CpG-CpG
chr. 4: 147309756–147309900 Mtor 17.4 C57BL/6 confirmed DMR (3) mCpG-mCpG
chr. 7: 4468706–4470122 Isoc2 �0.2 C57BL/6 confirmed DMR (6) CpG-CpG
chr. 18: 61190864–61191597 Pdgfr 20.7 BALB/c confirmed DMR (2) mCpG-CpG
chr. 5: 53026418–53026767 Pi4k2 �3.2 C57BL/6 one additional mCpG

in BALB/c (2)
mCpG-mCpG

chr. 7: 37961808–37962602 Pop4 18.2 BALB/c methylated insertion
in C57BL/6 (2)

m-CpG-ND

chr. 2: 118921263–118922015 Ppp1r �0.3 C57BL/6 two additional mCpGs
in BALB/c (2)

mCpG-mCpG

chr. 9: 102968600–102969350 Rab6 �0.9 BALB/c confirmed DMR (2) CpG-CpG
chr. 11: 3092678–3093978 Sfi1 0.1 BALB/c confirmed DMR (5) mCpG-CpG
chr. 2: 165163847–165165182 Slc13 �0.1 BALB/c confirmed DMR (3) CpG-CpG
chr. 18: 58681880–58682279 Slc27 0.5 C57BL/6 confirmed DMR (2) CpG-CpG
chr. 18: 58686133–58686695 Slc27 4.8 C57BL/6 confirmed DMR (2) CpG-CpG
chr. 2: 118931167–118931543 Spint1 2.5 C57BL/6 two additional mCpGs

in BALB/c (4)
mCpG-mCpG

chr. 7: 29692014–29692149 Zfp56 �0.6 C57BL/6 methylated insertion
in BALB/c (4)

CpG-CpG

Allele-specific DNA methylation in mice
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differentially methylated within the somatic tissues studied (BMM

and spleen) and showed equal levels of methylation in the male

germ line, suggesting that the observed differences are established

post-fertilization and DNA methylation itself cannot be inherited.

Furthermore, the exemplary mass spectrometry validation of DMR

and allele-specific examination of DNA methylation in F1 hybrids,

using traditional sequencing of bisulfite treated genomic DNA,

suggest that the propensity for acquiring DNA methylation during

development mainly depended on the local sequence context in

cis. It is formally possible that another, yet uncharacterized epi-

genetic mark at these sites determines the allelic methylation sta-

tus in heritable fashion. However, since we found a common as-

sociation of DMR with sequence variations, it is much more likely

that the establishment of differential methylation patterns during

embryonic development may involve cis-acting regulators, in-

cluding sequence-specific DNA-binding proteins or other se-

quence-dependent regulatory mechanisms. The genomic intervals

investigated in this study were enriched for genetic variation as

compared to the whole genome, which could produce a bias to-

ward cis-dependent DMR. However, the regions studied do contain

balanced numbers of all SNP densities that clearly correlate with

the density of DMR. Thus, only a relatively small proportion of

strain-specific DMR (like the ones identified in Isoc2b, Sfi1 pseu-

dogene, or Eps8l1) are expected to depend dominantly on trans-

acting mechanisms. In fact, this is not surprising, since the absence

or functional inactivation of the few known epigenetic modifiers

that mediate DNA methylation in trans show profound de-

velopmental abnormalities (Ashe et al. 2008).

Our findings are in line with a number of previous studies

linking allelic DNA methylation and genetic variation (Murrell

et al. 2004; Flanagan et al. 2006; Heijmans et al. 2007; Kerkel et al.

2008) and share an obvious corollary with the recent observation

that the genetic sequence is largely responsible for directing spe-

cies-specific transcription in mice carrying the human chromo-

some 21 (Wilson et al. 2008). Our analysis contrasts a recently

published study that did not find significant variation in DNA

methylation between inbred or outbred mice and concluded that

the impact of DNA polymorphisms on DNA methylation would

not seem to be common (Kaminsky et al. 2009). The reasons for the

deviant findings are not clear, but may relate to the different

Figure 4. Inheritance of stain-specific methylation patterns in F1 hybrids. Two examples (Slc27a6 and Zfp568) for allelic inheritance of stain-specific
methylation patterns are shown. In the top panels, hypomethylation scores for BMM of both strains are displayed as described in Figure 3. Averaged
methylation levels of individual CpGs were determined by MALDI-TOF analysis at the indicated DMR in BMM, spleen, and testis and are shown color-
coded (as in Fig. 3) for parental strains and F1 hybrids. Data are mean values of two to four individual samples.
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technologies and readout systems used in each study. For example,

the above study used a CpG island microarray covering 2176

unique CpG island regions of the mouse genome that are likely

more conserved, frequently contain gene promoters, and are often

unmethylated. Based on our findings that differential DNA

methylation is associated with genetic variation and promoter-

distal sites, we would predict that the microarray platform utilized

by Kaminsky et al. (2009) is less likely to detect allele-specific DNA

methylation than the considerably larger and locus-wide micro-

array used in our study.

The presented findings suggest that genetic variability has

a major impact on epigenetic variability, likely due to its influence

on the propensity of individual alleles to become methylated (or

demethylated) during development. This relationship is likely not

restricted to early embryonic development in mice, but may also

apply to other developmental (including disease- and age-related)

processes in mammals. In essence, our results imply that the ma-

jority of DNA sequences (at nonimprinted loci) carry intrinsic in-

formation that recruits cis-acting factors and determines its DNA

methylation status during mammalian development.

Methods
A full description of all experimental methods is provided in the
Supplemental material.

Cells and tissues

Wild-type inbred C57BL/6JCrl and BALB/cAnNCrl mice were
purchased from Charles River Laboratories. F1 hybrid offspring

were produced by natural matings. The generation of bone mar-
row-derived macrophages (BMM) is described in the Supplemental
material. Total cellular RNA was isolated using the RNeasy Kit
(Qiagen). Genomic DNA was prepared using the Qiagen Blood &
Cell Culture DNA Kit. DNA and RNA concentrations were de-
termined using the NanoDrop ND-1000 Spectrophotometer
(PeqLab) and quality was assessed by agarose gel electrophoresis. In
addition, spleen and testis DNA were prepared using a TissueLyser
(Qiagen) and the DNeasy Blood & Tissue kit (Qiagen).

MCIp and comparative microarray hybridization

The recombinant MBD-Fc protein was produced as previously de-
scribed (Gebhard et al. 2006). MCIp was essentially performed as
described with slight modifications (for details see the Supple-
mental material). The separation of CpG methylation densities of
individual MCIp fractions was controlled by qPCR using primers
covering an imprinted region of Mest and a genomic region lacking
CpGs. Prior to labeling, fractions containing mainly unmethylated
DNA (300–400 mM, CpG pool) or methylated DNA ($500 mM,
mCpG pool) were combined. Based on the expression analysis we
created a custom 240,000 tiling array (Agilent) for 181 genomic
regions covering 28 Mb of the mouse genome using the web-based
tool eArray (earray.chem.agilent.com). Regions and corresponding
genes are given in Supplemental Table S1. Two sets of independent
comparative hybridizations of fluorescently labeled hypo- and
hypermethylated fractions were performed on the 240,000 tilling
array using a stringent hybridization protocol as detailed in the
Supplemental material. Images were scanned using a DNA micro-
array scanner (Agilent) and processed using Feature Extraction

Figure 5. Strain-specific methylation patterns are mainly controlled in cis. (A) Averaged CpG methylation ratios of parental BMM (n = 3 for each strain)
are plotted against averaged CpG methylation ratios of F1 hybrids derived from C57BL/6 (top, n = 5) or BALB/c (bottom, n = 3) sires. In eight out of 11 DMR
analyzed by MALDI-TOF (marked in black), methylation patterns in F1 hybrids are almost identical to the average methylation level in parental strains (r 2 >
0.97). Three DMR (Sfi1 pseudogene, Isoc2b, and Eps8l1, marked in red, green, and blue, respectively) either acquire (Sfi1 pseudogene) or lose methylation
(Isoc2b, Eps8l1) in F1 hybrids relative to parental strains. (B–D) Allele-specific bisulfite sequencing of DMR in Coro2a (B, controlled in cis), Pdgfrb (C,
controlled in cis), and Isoc2b (D, controlled in trans). The genomic position of CpGs within the amplicons is shown at the top. Sequence variations used
to distinguish the different parental alleles are marked in blue for C57BL/6 and in red for BALB/c. Individual CpGs are represented by either white
(unmethylated) or black (methylated) squares. Lines of squares represent independently sequenced clones derived from two independent sample
preparations derived from reciprocal crosses. Three additional examples of DMR controlled in cis are given in Supplemental Figure S8.
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Software 9.5.1 (Agilent) and the standard CGH protocol. Processed
signal intensities were normalized depending on the GC content
of probes and imported into Microsoft Office Excel 2007 for further
analysis. About 23,000 probes were excluded due to low signal
intensities. The vCGH was generated by adding up signal in-
tensities of both genome pools for each strain. Unbalanced hy-
bridization behavior in the vCGH (log10 ratio of cumulative signal
intensities >0.15 as compared to the surrounding probes) resulted
in the removal of another 33,000 probes. Three of the detected
CNVs were validated using qPCR as described in the Supplemental
material. DMR were identified in the remaining probe set using
a sliding window approach (five probes) as described in the Sup-
plemental material.

Analysis of bisulfite-converted DNA

We chose a representative set of 18 regions based on the MCIp
microarray results and sequenced underlying gDNA of both strains
before MALDI-TOF-MS analysis, which was performed essentially
as described (Ehrich et al. 2005) (see the Supplemental material for
detailed information).

For allele-specific analyses, bisulfite amplification products of
distinguishable alleles were directly cloned into a pCR 2.1-Topo
vector using the TOPO TA Cloning kit (Invitrogen). Insert-con-
taining plasmids of single colonies were sequenced (GENEART)
and analyzed using GeneRunner (http://www.generunner.net/)
and BioEdit (http://www.mbio.ncsu.edu/BioEdit/BioEdit.html)
software tools.
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