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Methylation perturbations in retroelements within the genome of a Mus
interspecific hybrid correlate with double minute chromosome formation
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Abstract

A reduction in the DNA modification of cytosine methylation has been linked directly to chromosome rearrangements concomitant with
retroelement amplification in several marsupial hybrid genomes. While phenotypes observed for interspecific eutherian hybrids are suggestive of
methylation perturbations and retroelement instability, no link between retroelements, DNA methylation, and chromosome instability has yet been
identified. Previous studies in eutherian hybrids, however, have been limited to a gross examination of methylation using methylation-sensitive
restriction enzyme analysis or focused on single-copy genes and/or have avoided examination of repetitive DNA. Methylation changes and
retroelements are proposed as mechanisms for double minute chromosome formation and oncogene amplification, both present in the genome of a
Mus hybrid model, thus making it an ideal system to evaluate methylation status more closely. We have used the PCR-based methodologies
methylation-sensitive amplicon subtraction (MS-AS) and methylation-sensitive representational difference analysis (MS-RDA) to detect
differentially methylated sequences between three complex genomes and to isolate methylation perturbations in a Mus musculus×Mus caroli
hybrid. This novel application of MS-AS and MS-RDA resulted in the isolation of differentially methylated retroelements surrounding the locus
on Chromosome 10 responsible for double minute chromosome formation within this interspecific eutherian hybrid.
© 2007 Elsevier Inc. All rights reserved.
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Three cell lines derived from a grossly normal interspecific
murine hybrid were reported to all contain double minute
chromosomes [1], later determined by fluorescence in situ
hybridization to be of the same chromosomal origin, Chromo-
some 10 [2]. Each of these cell lines exhibits amplification and
associated overexpression of the paternal copy of the same gene
(Mdm2) on the double minutes. Both the cytogenetic manifesta-
tion of DNA amplification as double minute chromosomes and
the transcriptional upregulation of Mdm2 are causally linked to
CpG methylation in the genome, the former through the action
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of retroelements [3] and the latter through the p53 gene pathway
[4]. Mutations in the genes and/or proteins involved in the
establishment and maintenance of methylation patterns during
mouse development result in embryonic lethality, loss of im-
printing, and behavioral abnormalities (reviewed in [5]); an
increased rate of chromosomal instability, gene rearrangements,
and tumor susceptibility [6,7]; as well as retroelement activation
manifesting as meiotic failure [8].

While perturbations to methylation were identified globally
within hybrid marsupial genomes [9], genome-scale methylation
patterns were reportedly normal in eutherian hybrids between
antelope species [10] and in Equidae, Muridae, and Camelidae
hybrids [11], as assayed by restriction enzyme analyses. Inter-
specific hybrids of Peromyscus also do not show whole-genome
changes in methylation using this same method (R.J. O'Neill
et al., unpublished observations), yet they exhibit imprinted gene
expression perturbations associated with allele-specific hypo-
methylation [12,13]. In addition, restriction enzyme analysis
using isoschizomeric enzymes (MspI and HpaII) allows for
identification of large-scale methylation modifications; however,
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Table 1
Retroelement identity of clones isolated by MS-RDA and MS-AS from a Mus
musculus×Mus caroli hybrid genome

Identity to
retroelement

Clone name

L1_MM (M29324) MS-RDA: 13, 15, 16, 21, 22, 24, 25, 28, 31, 33, 35, 45
MS-AS: 24-M17, 25, 32

L1_MM_F (X57795) MS-RDA: 6, 12, 20, 26, 32, 40
MS-AS: 37

LTR MS-RDA: 11, 14
MS-AS: 23

B1 MS-AS: 13-M6
B3 MS-RDA: 38
MIR MS-RDA: 29

268 J.D. Brown et al. / Genomics 91 (2008) 267–273
it does not provide the resolution needed to detect small-scale
changes [14]. Subtle changes in genome methylation may be the
underlying cause of the loss of imprinting observed in the Pero-
myscus hybrids, the placental dysplasia and sterility reported in
closely related Mus hybrids [15–17], and the genetic instability
observed in our Mus hybrid [2].

A comparative analysis was performed to assess the ability of
PCR-based genome scanning methods (MS-AS, methylation-
sensitive amplicon subtraction, and MS-RDA, methylation-
sensitive representational difference analysis) to detect sequences
carrying unique demethylated CpGs in an interspecific Mus
musculus×Mus caroli hybrid genome.MS-AS andMS-RDA are
two methods that were designed to identify changes in methy-
lation of unknown genes in complex genomes rather than limiting
the evaluation to known genes [18–21]. We have successfully
adapted the MS-AS and MS-RDA procedures to examine the
differences between three genomes: two parental species and an
interspecific hybrid. Both procedures produced a library of hybrid-
specific demethylated sequences enriched inLINE-1 elements that
map to Chromosome 10, adjacent to the locus derived in the
double minute chromosomes. This is the first direct evidence of
the involvement of retroelement demethylation in eutherian hybrid
dysgenesis and genome instability.

Results and discussion

MS-AS and MS-RDA of three complex genomes

MS-RDA, a modification of representational difference ana-
lysis [22], is based on using a representation of unmethylated
sites in the genomes to be compared [23]. The representations
of the genomes are prepared by digesting the genomes with a
methylation-sensitive restriction enzyme (HpaII) that targets
approximately 10–20% of methylatable CpGs, and then the ratios
of the genomes are optimized to allow the detection of methylation
differences at the resolution of a single copy per diploid genome.
Representations of the genomes (tester and driver) are amplified
and enriched by PCR after ligation of the digested sequences to an
oligonucleotide adaptor. Multiple cycles of subtractive hybridiza-
tion between the tester and the driver samples are possible by
switching the adaptors used in each round of subtraction.
Traditional subtractive hybridization removes sequences common
to the driver and tester and allows for the enrichment of unique
double-stranded target tester sequences by PCR. This modification
isolates uniquely demethylated target sequences in the tester
genome. The MS-AS procedure differs from MS-RDA in that
digested representations of the driver and tester genomes undergo
only one round of competitive hybridization [24]. Two rounds of
selective PCR amplification of the subtracted hybridization
product are performed using adaptor-specific primers. The
significant difference between MS-AS and MS-RDA is that MS-
AS does not rely on multiple rounds of adaptor switching and
amplification, thereby reducing the potential for spurious products
and/or a lower yield. MS-AS is, however, limited by restriction
enzyme choice based on adaptor design. The identification of
demethylated sequences in a hybrid genome is a novel application
of both the MS-AS and MS-RDA techniques.
After two rounds of subtractive hybridization, a range of
difference products from 50 to 600 bp (MS-RDA) and from 50
to 500 bp (MS-AS) was cloned and sequenced. Clones (average
insert size of 156 bp for MS-RDA and 160 bp for MS-AS) were
initially categorized as a retroelement, an unannotated sequence
from the mouse genome (typically identified on a single BAC
clone in GenBank), or unidentified in GenBank. Within the pool
of sequences isolated by MS-RDA, 66.6% (22/33 total clones)
carried homology to LINE-1, long terminal repeat (LTR), or
SINE sequences; 24.2% (8/33) were identified as nonrepetitive
BAC clone sequences; and 9% (3/33) were unidentifiable by
sequence searches to BLASTN, BLASTX, and tBLASTX. The
pool of sequences isolated by MS-AS was reduced to only those
clones containing homology to retroelements (12.7%, 6/47 total
clones). This refinement was implemented specifically in the
current analysis as it has previously been documented that
hypomethylation can lead to instability of these repetitive types
of sequences [25] and because a high percentage of these types
of sequences had been isolated by MS-RDA in this hybrid
system. The remainder of the sequences isolated by MS-AS,
including clones that contained simple sequence repeats of
(GGGAGA)n, (AC)n, or rDNA (12, 2, and 5/47 total clones,
respectively) and nonrepetitive BAC clone sequences, were put
aside for future studies.

The identities of the retroelement pools of sequences from
MS-RDA (22 clones) and MS-AS (6 clones) were compared to
one another (Table 1). Of these, there are three SINEs, one MIR,
and two mouse B elements (B1 and B3), while three sequences
(MS-RDA11, MS-RDA14, and MS-AS23) were homologous to
LTRs of different retroelements (ERV-K, ERV-1, and MaLR,
respectively) [26] and thus did not share identity with one
another. The remainder of the MS-RDA and MS-AS clones (22
clones) were derived from LINE sequences; however, various
portions of aM. musculus LINE were represented by a subset of
sequences, homologous to the first, second, and third monomers
of the 5′ UTR, ORF2, and 3′ UTR (Fig. 1). Classification and
location of the clones in the LINE sequence were based on SNPs
(Table 1 and Fig. 1). The percent identity of the clones to the
LINE sequence shown in Fig. 1 were 66–96% spanning the
5′UTR, 93% in ORF2, and 88–100% for clones mapping to the
3′ UTR.



Fig. 1. Schematic of MS-RDA and MS-AS (bold italics) clones aligned to a M. musculus LINE-1 element.
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Methylation status of retroelements

Several LINEs isolated by both MS-AS and MS-RDA (MS-
RDA6, 12, 16;MS-AS 24-M17, 37) and the LTRs (MS-RDA11)
were analyzed for methylation status in genomic DNA from both
the parental species and the hybrid genomes via Southern ana-
lysis with MspI (CCGG recognition sequence) and its isoschi-
zomer, HpaII, whose endonuclease activity is hindered by CpG
methylation (Figs. 2 and 3 and Supplementary Figs. 1A and B).
For each separate sequence analyzed (six total), probe sequences
hybridized to multiple fragments that were clearly hypomethy-
Fig. 2. Southern analysis of genomic DNA isolated from M. musculus;
M. musculus×M. caroli hybrid-derived cell lines B3, B5, and C3; andM. caroli
digested with MspI (MI) and HpaII (HII) and probed with MS-RDA clone 16.
Bottom Southern analysis is the same blot probed with mitochondrial DNA
(mtDNA). Closed arrowheads indicate MspI fragments that have undergone
hypomethylation specific to the hybrid genomes as evidenced by the presence of
corresponding bands in the HpaII digestion. Open arrowheads indicate HpaII
restriction fragments unique to the hybrid genomes.
lated in the hybrid compared to normal M. musculus and
M. caroli DNA. Figs. 2 and 3 show Southern hybridization of
LINE-1 sequences (MS-RDA 16 and MS-AS 24-M17, respec-
tively) to DNA from M. musculus, M. caroli, and the hybrid-
derived cell lines B3, B5, and C3. Hypomethylation of the
LINE-1s and the LTR sequences specific to hybrids is evident as
multiple restriction fragments in the lanes of HpaII-digested
hybrid DNA (B3, B5, C3) that are not present in the HpaII lanes
of the parental DNA (closed arrowheads). Additional restriction
fragments found in the HpaII-digested DNA in the hybrids that
are not present in any parental digests (MspI or HpaII) (open
arrowheads) are likely indicative of larger fragments that have
Fig. 3. Southern analysis of genomic DNA isolated from M. musculus;
M. musculus×M. caroli hybrid-derived cell lines B3, B5, and C3; andM. caroli
digested with MspI (MI) and HpaII (HII) (blot and control shown in Fig. 2) and
probed with MS-AS clone 24-M17. Closed arrowheads indicateMspI fragments
that have undergone hypomethylation specific to the hybrid genomes as evi-
denced by the presence of corresponding bands in the HpaII digestion. Open
arrowheads indicate HpaII restriction fragments unique to the hybrid genomes.
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undergone demethylation at only one of the CpGs bounding the
restriction fragment.

All three hybrid cell lines show hypomethylation of retro-
element sequences; however, amplification of these retroelement
sequences is not detectable in these Southern analyses. The three
cell lines derived from the M. musculus×M. caroli hybrid were
previously shown to have different X-inactivation patterns
[1,27], indicating derivation from different cell populations.
However, all three cell lines share the same restriction fragment
patterns for the LINE-1 probes (Figs. 2 and 3), indicating they
share the same demethylated CpGs at the same sites. In addition,
all three cell lines were previously shown to have amplification
of the same paternally inherited oncogene,Mdm2. This suggests
that the demethylation of these target sequences occurred very
early in embryogenesis, prior to the establishment of X
inactivation.

The Southern hybridization patterns observed for all MS-
RDA and MS-AS retroelement clones were identical, suggest-
ing these sequences all reside on a large fragment that was a
preferential target for demethylation in the hybrid genome.
While the parents of this cross were not obtainable for this
study, 10 unrelated individuals of each species examined for
these methylation differences showed no variation in methyla-
tion at these sites (data not shown). Due to a lack of distin-
guishing restriction fragment length polymorphisms for these
target sequences between M. musculus and M. caroli, it is not
possible to determine unequivocally the parental origin of the
Fig. 4. Map of Chromosome 10D region indicating the relative locations of demethyla
of each bar to the right of the map is proportional to the number of clones that are loca
MS-AS clones are in bold italic. Red lines are the locations of LINEs. The scale bar s
The idiogram of Chromosome 10 is shown on the left.
demethylated retroelement sequences. However, the level of
SNPs within these sequences compared to the mouse genome
database [28] indicates M. caroli as the likely origin of these
sequences.

The target of retroelement demethylation maps to chromosome 10

A potential preferential target for demethylation within this
hybrid genome lies on Chromosome 10, as it was previously
reported that the hybrid cell lines exhibited instability of a
portion of the M. caroli copy of Chromosome 10, specifically
Mdm2 at 10qD2 (117,091,898–117,113,709, mm8 Build 36,
Feb 2006) [2]. MS-RDA and MS-AS clones were evaluated for
sequence similarity to annotated BACs on M. musculus Chro-
mosome 10. Each LINE and SINE clone isolated by MS-RDA
and MS-AS from the hybrid genome showed significant se-
quence identity (82–100% identity) to BAC clones on Chromo-
some 10 spanning 10qD2 viaBLASTN (Fig. 4).MS-RDA clones
11 (LTR), 38 (B3A), 29 (MIR), and 36, and three clones isolated
by MS-AS (30, 33, 34) that did not contain LINE-1 sequences,
shared significant sequence identity only to M. musculus
Chromosome 10 BAC clones (N93% identity). Two clones
containing nonrepetitive Chromosome 10 sequence, MS-RDA
clone 36 andMS-AS clone 33,were shown to be hypomethylated
in the hybrid cell lines compared to normalM. musculus andM.
caroli DNA (Supplementary Figs. 1C and D) and lie adjacent to
the retroelement-containing clones (Fig. 4).
ted retroelements identified by MS-RDA/MS-AS andMdm2 (arrow). The length
ted within 10 kb of one another. The number indicates an MS-RDA clone, while
pans from 101,460,000 to 124,475,000 bp, with a marker every 200,000,000 bp.
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There are greater than 100,000 copies of LINE-1s in the
mouse genome, constituting approximately 10% of the mouse
genome [29]. A random sampling of LINE sequences within any
Mus genome should comprise LINE sequences from every
chromosome in the genome; however, every LINE isolated from
the hybrid genome by MS-AS and MS-RDA carries significant
sequence identity restricted to Chromosome 10 sequences. The
LINE-1 sequence-containing clones and the nonrepetitive Chro-
mosome 10 sequence-containing clones are hypomethylated in
the hybrid cell lines, showing definitively that this locus, adja-
cent to Mdm2, was the preferential target for demethylation in
the hybrid genome.

Conclusions

The results of the current MS-RDA and MS-AS experiments
in this M. musculus×M. caroli hybrid genome support our
previous proposal that site-specific reduction in CpG methyla-
tion targets retroelements within mammalian hybrids and is the
first demonstration of retroelement demethylation in a eutherian
system. Concomitantly, hypomethylation of these elements is
likely responsible for the instability leading to the amplification
of a the Mdm2 oncogene from Chromosome 10 on double
minute chromosomes in this hybrid genome [2].

The mechanism responsible for the reduction of methylation
in hybrids is as yet unknown but we postulate that it could be the
result of interspecies incompatibility of the methylation machi-
nery factors. It has been proposed that the loss of genomic
imprinting in Peromyscus interspecific hybrids may be the result
of rapid divergence of elements involved in epigenetic gene
regulation [30]. DNAmethyltransferases that epigeneticallymark
imprinting control regions also methylate repetitive elements
(reviewed in [31,32]). The DNA methyltransfases Dnmt3a and
Dnmt3l are required for the differential timing of demethylation
and de novo methylation of repeated elements, as well as the
differentially methylated regions of several imprinted loci, during
germ cell differentiation and postfertilization (reviewed in [33]).
Species specificity of these proteins and/or recognition sequences
could result in a breakdown of sequence-specific methylation
patterns in the hybrid genome. The mechanism by which specific
targeting of these proteins to retroelements occurs is unknown,
although the involvement of tissue-specific small RNA pools,
such as piRNAs, has been suggested [32]. Thus, the incompat-
ibility in establishing epigenetic marks at certain loci in hybrids,
whether they are imprinted genes or retroelements, may be the
result of aberrant control of the proteins involved in DNA me-
thylation. Alternatively, the incompatibility may lie in species-
specific targeting mechanisms, such as species-specific piRNA
pools, required for retroelement-specific hypermethylation after
fertilization.

Studies of human double minutes have shown that hypo-
methylation of CpG islands is associated with double minute
(DM) formation [34]. The stability and structure of DMs are
highly variable within one tumor type and across tumor types
[35] and are a result of the most frequent manifestation of
genome instability, amplification [36]. In cancer cells, LINEs are
located at the sites of chromosome breakage [37] and fragile sites
[38], which are both implicated in the mechanism of DM for-
mation [36,39]. The nature of DNA on DMs is different within
and between cell types and yet all DMs are amplified DNA
sequences, which suggests a common mechanism of formation.
We propose a role for demethylation and retroelements in that
demethylation of retroelements leads to genome instability and
repeated chromosome breakage–fusion. Amplification via DMs
has been shown to result from chromosome breaks followed
by the bridge–breakage–fusion cycle [36]. LINE-1s, the type
of sequence found to be demethylated in the M. musculus×
M. caroli hybrid genome, are implicated in somatic mutations
and disruption of tumor suppressor genes [40,41] and observed
near translocation breakpoints or sites of chromosome breakage
[37,42]. A direct mechanism leading to chromosomal instability
is the loss of methylation. However, an indirect mechanism
correlating with chromosomal instability is LINE-1 hypomethy-
lation [43,44], and of particular interest is the suggestion that
retroelements have been involved in the formation of double
minute chromosomes [4]. In addition, the host methylation
machinery may preferentially recognize retroelements and be,
in some circumstances, the centers from which methylation
spreads [37], giving support to our proposal that the hypo-
methylation and concomitant double minutes observed in our
hybrids could have arisen as a result of defective recognition
of methylation machinery due to species incompatibility. This
study reveals the utility of MS-RDA and MS-AS to isolate
differentially methylated sequences from a hybrid genome and a
more general importance of our hybrid model system as an
experimental model for the analysis of double minute formation
and retroelement activity.

Methods

DNA isolation

Cell lines B3, B5, and C3 were graciously provided by G. Martin and J.
Graves. Cell lines were independently derived from a 16.5-day M. musculus×
M. caroli hybrid embryo [27]. Cells were maintained at 37 °C, 5% CO2 in
Dulbecco's modification of Eagle's medium with penicillin–streptomycin
(20 units/20 μg/ml), L-glutamine (1.46 mg/ml), and fungizone (1 μg/ml),
supplemented with 10% fetal bovine serum (Life Technologies). Cell pellets
were harvested from confluent cell cultures and DNAwas prepared as per standard
phenol extraction protocol [45].

MS-RDA

Methylation-sensitive representational difference analysis was performed as
described [23], with modifications. DNAs for the driver sample (an equimolar
amount of the two parental DNA types) and the tester sample (the hybrid DNA)
were digested with the methylation-sensitive enzyme HpaII at 10 units/μg of
DNA in an overnight reaction at 37 °C. Micron-100-cleaned samples were
ligated to annealed RHpa24/RHpa11 adaptors [23] at 16 °C overnight. All
adaptors were annealed by heating 8 μg of adaptor24 with 4 μg of adaptor11 at
70 °C for 2 min followed by cooling at 0.75 °C per minute for 60 min. PCR
was performed in 5 (tester) to 10 (driver) duplicate reactions on 50 ng of the
R-ligation using RHpa24 as a primer to generate tester and driver amplicons.
Cycles were 72 °C for 5 min; 94 °C for 1 min, 68 °C for 30 s, 72 °C for
2 min×20 cycles; 72 °C for 10 min. R adaptors were removed from cleaned,
pooled tester and driver amplicons by digestion with 10 units/μg HpaII at 37 °C
overnight. The digested tester amplicons were ligated to annealed JHpa24/
JHpa11 adaptors at 16 °C overnight. Subtractive hybridization was performed
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with 500 ng of the tester J ligation and 20 μg of each parental amplicon (post
removal of R adaptor). Driver and tester samples were combined, extracted once
with phenol/chloroform/isoamyl alcohol, and cleaned once with chloroform/
isoamyl alcohol. The aqueous layer was precipitated with ice-cold ethanol and
ammonium acetate to 2.5 M, washed with 70% ethanol, air dried, and
resuspended in 3× EE buffer (30 mM Epps/3 mM EDTA). The sample was
denatured at 98 °C and reannealed in the presence of NaCl at 67 °C for 20–40 h.
Tris–EDTA was added to the hybridization upon completion, followed by
duplicate primary PCRs using 1/20 of the subtractive hybridization product and
JHpa24 as a primer to enrich for the tester sequences. Cycle conditions were
72 °C for 5 min; addition of primer; 94 °C for 1 min, 68 °C for 30 s, 72 °C for
2 min×10 cycles; 72 °C for 10 min. Mung-bean nuclease digestion (20 units
NEB) was performed to digest single-stranded DNA. Difference product 1
(DP1) was generated by duplicates of secondary PCR using JHpa24 as primer
with cycles at 94 °C for 1 min, 68 °C for 30 s, 72 °C for 2 min×18 cycles; 72 °C
for 10 min. J adaptors were removed from cleaned, pooled DP1 by digestion
withHpaII at 37 °C overnight. DP1 was then ligated to annealed NHpa adaptors
at 16 °C overnight. A second subtractive hybridization at 67 °C for 20–40 h was
completed on phenol-extracted (as above) tester (100 ng of N ligation) and 20 μg
of each parental driver (post R adaptor digestion). Difference product 2 was
generated by primary PCR, mung-bean nuclease digestion, and secondary PCR
as above using NHpa24 as the primer.

MS-AS

Methylation-sensitive amplicon subtractionwas performed as described [24],
with modifications. Tester (hybrid) and driver (combined parental DNA) were
digested with excess HpaII, cleaned, and ligated to annealed RHpa24/RHpa11
adaptors. Ligated DNA was amplified by PCR using RHpa24 as primer and
cycled as per the MS-RDA protocol (see above). Cleaned, pooled driver and
tester were digested with HpaII overnight at 37 °C followed by end filling with
Pfu and dGTP and dCTP. Five hundred nanograms of tester sample was ligated to
R1/RB and L1/LB adaptors in separate reactions. Two subtractive hybridization
reactions (R1/RB and L1/LB) were set up with 50 ng of cleaned tester and 1 μg of
each cleaned driver in 200 mM Hepes, pH 8.3, 2 M NaCl, 0.08 mM EDTA,
pH 8.0, 40% PEG8000. Denaturation was for 2.5 min at 98 °C followed by
reannealing at 68 °C for 8 h. The samples were then combined without dena-
turing, with freshly denatured driver added, and allowed to hybridize at 68 °C for
14–22 h. Hybridization was stopped with the addition of 68 °C 20 mM Hepes,
pH 8.3, 50 mM NaCl, 0.2 mM EDTA, pH 8.0. Two rounds of PCR were done to
amplify selectively the tester subtractive hybridization product using LP1 primer
in the first round with cycle conditions of 72 °C for 5 min; addition of primer;
94 °C for 30 s, 66 °C for 30 s, 72 °C for 1.5 min×40; 72 °C for 5 min. The second
round of PCR included cleaned amplicon from the first-round PCR and the
primers LP2 and RP2with cycles as for the first-round PCRwith the exception of
annealing temperature (68 °C).

Subcloning and sequencing

Difference products were cloned into the pGEM-T Easy vector (Promega)
and transformed into TOP10 competent cells (Invitrogen). Insert-positive clones
were sequenced using an ABI 377 or ABI 3130 (Applied Biosystems). Clone
sequence management, alignments, and contig development were performed in
Vector NTI (Invitrogen). Homology searches were performed with the GenBank
BLAST suite of programs, CENSOR [46], RepeatMasker [47], and BLAT
[28,48]. GenBank accession numbers for the MS-RDA andMS-AS clones are as
listed in Supplementary Table 1.

Southern analysis

Genomic DNA from hybrid and parental cell lines was digested overnight
with MspI and HpaII, electrophoresed in a 0.8% agarose gel, acid nicked, and
denatured. Southern blots were prepared by transferring the DNA to Hybond N+
membrane (Amersham) as per the manufacturer's instructions. Hybridization of
radioactively labeled probes was at 65 °C overnight in 1 mM EDTA/0.5 M
Na2HPO4/7% SDS followed by washing in 65 °C 0.5× SSC/0.1% SDS.
Autoradiography was at −80 °C overnight using Kodak X-ray film.
Acknowledgments

Thanks to Professor J. Graves for the gift of all three hybrid
cell lines and to the UCONN Mentor Connection students who
participated in this work. This work was supported by a grant
from the National Science Foundation to R.J.O. and the
UCONN Research Foundation.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.ygeno.2007.12.001.

References

[1] J.A.M. Graves, Gene amplification in a mouse embryo? Double minutes in
cell lines independently derived from a Mus musculus×Mus caroli fetus,
Chromosoma 89 (1984) 138–142.

[2] J.D. Brown, M. Strubuncelj, C. Giardina, R.J. O'Neill, Interspecific
hybridization induced amplification of Mdm2 on double minutes in a Mus
hybrid, Cytogenet. Genome Res. 98 (2002) 184–188.

[3] L. Jackson-Grusby, C. Beard, R. Possemato, M. Tudor, D. Fambrough, G.
Csankovszki, et al., Loss of genomic methylation causes p53-dependent
apoptosis and epigenetic deregulation, Nat. Genet. 27 (2001) 31–39.

[4] R.S. Jones, S.S. Potter, L1 sequences in HeLa extrachromosomal circular
DNA: evidence for circularization by homologous recombination, Proc.
Natl. Acad. Sci. U. S. A. 82 (1985) 1989–1993.

[5] R. Jaenisch, A. Bird, Epigenetic regulation of gene expression: how the
genome integrates intrinsic and environmental signals, Nat. Genet. 33
Suppl (2003) 245–254.

[6] F. Gaudet, J.G. Hodgson, A. Eden, L. Jackson-Grusby, J. Dausman, J.W.
Gray, et al., Induction of tumors in mice by genomic hypomethylation,
Science 300 (2003) 489–492.

[7] A. Eden, F. Gaudet, A. Waghmare, R. Jaenisch, Chromosomal instability
and tumors promoted by DNA hypomethylation, Science 300 (2003) 455.

[8] D. Bourc'his, T.H. Bestor, Meiotic catastrophe and retrotransposon
reactivation in male germ cells lacking Dnmt3L, Nature 431 (2004) 96–99.

[9] R.J. Waugh O'Neill, M.J. O'Neill, J.A. Marshall Graves, Undermethyla-
tion associated with retroelement activation and chromosome remodelling
in an interspecific mammalian hybrid, Nature 393 (1998) 68–72.

[10] T.J. Robinson, O. Wittekindt, J.J. Pasantes, W.S. Modi, W. Schempp, D.J.
Morris-Rosendahl, Stable methylation patterns in interspecific antelope
hybrids and the characterization and localization of a satellite fraction in
the Alcelaphini and Hippotragini, Chromosome Res. 8 (2000) 635–643.

[11] I. Roemer, F. Grutzner, H. Winking, T. Haaf, A. Orth, L. Skidmore, et al.,
Genome evolution: global methylation in eutherian hybrids, Nature 401
(1999) 131–132.

[12] P.B. Vrana, X.J. Guan, R.S. Ingram, S.M. Tilghman, Genomic imprinting
is disrupted in interspecific Peromyscus hybrids, Nat. Genet. 20 (1998)
362–365.

[13] P.B. Vrana, J.A. Fossella, P. Matteson, T. del Rio, M.J. O'Neill, S.M.
Tilghman, Genetic and epigenetic incompatibilities underlie hybrid
dysgenesis in Peromyscus, Nat. Genet. 25 (2000) 120–124.

[14] R.J. O'Neill, M.J. O'Neill, J.A. Marshall Graves, Global methylation in
eutherian hybrids, Nature 401 (1999) 132.

[15] M.C. Hemberger, R.S. Pearsall, U. Zechner, A. Orth, S. Otto, F.
Ruschendorf, et al., Genetic dissection of X-linked interspecific hybrid
placental dysplasia in congenic mouse strains, Genetics 153 (1999)
383–390.

[16] U. Zechner, M. Reule, A. Orth, F. Bonhomme, B. Strack, Guenet, et al., An
X-chromosome linked locus contributes to abnormal placental develop-
ment in mouse interspecific hybrid, Nat. Genet. 12 (1996) 398–403.

[17] Y. Matsuda, V.M. Chapman, Analysis of sex-chromosome aneuploidy in
interspecific backcross progeny between the laboratory mouse strain
C57BL/6 and Mus spretus, Cytogenet. Cell Genet. 60 (1992) 74–78.

http://dx.doi.org/doi:10.1016/j.ygeno.2007.12.001


273J.D. Brown et al. / Genomics 91 (2008) 267–273
[18] R.J. Smith, W. Dean, G. Konfortova, G. Kelsey, Identification of novel
imprinted genes in a genome-wide screen for maternal methylation,
Genome Res. 13 (2003) 558–569.

[19] A. Kaneda, D. Takai, M. Kaminishi, E. Okochi, T. Ushijima, Methylation-
sensitive representational difference analysis and its application to cancer
research, Ann. N. Y. Acad. Sci. 983 (2003) 131–141.

[20] D.Monk, R. Smith, P. Arnaud,M.A. Preece, P. Stanier, C.V. Beechey, et al.,
Imprinted methylation profiles for proximal mouse chromosomes 11 and 7
as revealed by methylation-sensitive representational difference analysis,
Mamm. Genome 14 (2003) 805–816.

[21] K. Muller, H. Heller, W. Doerfler, Foreign DNA integration: genome-wide
perturbations of methylation and transcription in the recipient genomes,
J. Biol. Chem. 276 (2001) 14271–14278.

[22] N. Lisitsyn, M. Wigler, Cloning the differences between two complex
genomes, Science 259 (1993) 946–951.

[23] T. Ushijima, K. Morimura, Y. Hosoya, H. Okonogi, M. Tatematsu, T.
Sugimura, et al., Establishment of methylation-sensitive-representational
difference analysis and isolation of hypo- and hypermethylated genomic
fragments in mouse liver tumors, Proc. Natl. Acad. Sci. U. S. A. 94 (1997)
2284–2289.

[24] K. Muller, W. Doerfler, Methylation-sensitive amplicon subtraction: a
novel method to isolate differentially methylated DNA sequences in
complex genomes, Gene Funct. Dis. 3–4 (2000) 154–160.

[25] R.J.W. O'Neill, M.J. O'Neill, J.A.M. Graves, Undermethylation associated
with retroelement activation and chromosome remodeling in an inter-
specific mammalian hybrid, Nature 393 (1998) 68–72.

[26] E.M. McCarthy, J.F. McDonald, Long terminal repeat retrotransposons of
Mus musculus, Genome Biol. 5 (2004) R14.

[27] V.M. Chapman, T.B. Shows, Somatic cell genetic evidence for X chro-
mosome linkage in three enzymes in the mouse, Nature 259 (1976)
665–667.

[28] R.H. Waterston, K. Lindblad-Toh, E. Birney, J. Rogers, J.F. Abril, P.
Agarwal, et al., Initial sequencing and comparative analysis of the mouse
genome, Nature 420 (2002) 520–562.

[29] E.M. Ostertag, H.H. Kazazian Jr., Biology of mammalian L1 retro-
transposons, Annu. Rev. Genet. 35 (2001) 501–538.

[30] P.B. Vrana, J.A. Fossella, P. Matteson, T. del Rio, M.J. O'Neill, S.M.
Tilghman, Genetic and epigenetic incompatibilities underlie hybrid
dysgenesis in Peromyscus, Nat. Genet. 25 (2000) 120–124.

[31] K.D. Robertson, DNAmethylation and chromatin—unraveling the tangled
web, Oncogene 21 (2002) 5361–5379.

[32] R.K. Slotkin, R. Martienssen, Transposable elements and the epigenetic
regulation of the genome, Nat. Rev., Genet. 8 (2007) 272–285.
[33] J. Walter, B. Hutter, T. Khare, M. Paulsen, Repetitive elements in imprinted
genes, Cytogenet. Genome Res. 113 (2006) 109–115.

[34] R. Rizwana, P.J. Hahn, CpG islands and double minute chromosomes,
Genomics 51 (1998) 207–215.

[35] X.Y. Guan, P.S. Meltzer, W.S. Dalton, J.M. Trent, Identification of cryptic
sites of DNA sequence amplification in human breast cancer by
chromosome microdissection, Nat. Genet. 8 (1994) 155–161.

[36] M.J. Singer, L.D. Mesner, J.L. Hamlin, Amplification of the human
dihydrofolate reductase gene via double minutes is initiated by chromo-
some breaks, Proc. Natl. Acad. Sci. U. S. A. 97 (2000) 7921–7926.

[37] W.A. Schulz, L1 retrotransposons in human cancers, J. Biomed. Biotechnol.
2006 (2006) 1–12.

[38] K. Mimori, T. Druck, H. Inoue, H. Alder, L. Berk, M. Mori, et al., Cancer-
specific chromosome alterations in the constitutive fragile region FRA3B,
Proc. Natl. Acad. Sci. U. S. A. 96 (1999) 7456–7461.

[39] A. Coquelle, E. Pipiras, F. Toledo, G. Buttin, M. Debatisse, Expression of
fragile sites triggers intrachromosomal mammalian gene amplification and
sets boundaries to early amplicons, Cell 89 (1997) 215–225.

[40] B. Morse, P.G. Rotherg, V.J. South, J.M. Spandorfer, S.M. Astrin,
Insertional mutagenesis of the myc locus by a LINE-1 sequence in a human
breast carcinoma, Nature 333 (1988) 87–90.

[41] Y. Miki, I. Nishisho, A. Horii, Y. Miyoshi, J. Utsunomiya, K.W. Kinzler,
et al., Disruption of the APC gene by a retrotransposal insertion of L1
sequence in a colon cancer, Cancer Res. 52 (1992) 643–645.

[42] H. Inoue,H. Ishii, H. Alder, E. Snyder, T. Druck, K. Huebner, et al., Sequence
of the FRA3B common fragile region: implications for the mechanism of
FHIT deletion, Proc. Natl. Acad. Sci. U. S. A. 94 (1997) 14584–14589.

[43] W.A. Schulz, J.P. Elo, A.R. Florl, S. Pennanen, S. Santourlidis, R. Engers,
et al., Genomewide DNA hypomethylation is associated with alterations
on chromosome 8 in prostate carcinoma, Genes Chromosomes Cancer 35
(2002) 58–65.

[44] D. Takai, Y. Yagi, N. Habib, T. Sugimura, T. Ushijima, Hypomethylation
of LINE1 retrotransposon in human hepatocellular carcinomas, but not in
surrounding liver cirrhosis, Jpn. J. Clin. Oncol. 30 (2000) 306–309.

[45] J. Sambrook, E.F. Fritsch, T. Maniatis, Molecular Cloning: A Laboratory
Manual, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY,
1989.

[46] J. Jurka, M. Krnjajic, V.V. Kapitonov, J.E. Stenger, O. Kokhanyy, Active
Alu elements are passed primarily through paternal germlines, Theor.
Popul. Biol. 61 (2002) 519–530.

[47] A.F.A. Smit, R. Hubley, P. Green, RepeatMasker, 2005 (URL: http://
repeatmasker.org).

[48] J. Kent, UCSC Genome Bioinformatics, 2006.

http://repeatmasker.org
http://repeatmasker.org

	Methylation perturbations in retroelements within the genome of a Mus interspecific hybrid corr.....
	Results and discussion
	MS-AS and MS-RDA of three complex genomes
	Methylation status of retroelements
	The target of retroelement demethylation maps to chromosome 10

	Conclusions
	Methods
	DNA isolation
	MS-RDA
	MS-AS
	Subcloning and sequencing
	Southern analysis

	Acknowledgments
	Supplementary data
	References


