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Histone lysine methylation has been shown to index

silenced chromatin regions at, for example, pericentric

heterochromatin or of the inactive X chromosome. Here,

we examined the distribution of repressive histone lysine

methylation states over the entire family of DNA repeats in

the mouse genome. Using chromatin immunoprecipitation

in a cluster analysis representing repetitive elements, our

data demonstrate the selective enrichment of distinct

H3-K9, H3-K27 and H4-K20 methylation marks across tandem

repeats (e.g. major and minor satellites), DNA transpo-

sons, retrotransposons, long interspersed nucleotide

elements and short interspersed nucleotide elements.

Tandem repeats, but not the other repetitive elements,

give rise to double-stranded (ds) RNAs that are further

elevated in embryonic stem (ES) cells lacking the H3-K9-

specific Suv39h histone methyltransferases. Importantly,

although H3-K9 tri- and H4-K20 trimethylation appear

stable at the satellite repeats, many of the other repeat-

associated repressive marks vary in chromatin of differ-

entiated ES cells or of embryonic trophoblasts and

fibroblasts. Our data define a profile of repressive histone

lysine methylation states for the repetitive complement

of four distinct mouse epigenomes and suggest tandem

repeats and dsRNA as primary triggers for more stable

chromatin imprints.
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Introduction

Over the last years, the genome sequencing of several model

organisms revealed that mammals, as compared to unicellu-

lar organisms or invertebrates, have a highly complex gen-

ome organization, largely resulting from the accumulation of

repetitive elements and noncoding sequences (Lander et al,

2001; Waterston et al, 2002). In mouse, such elements

account for the majority of its DNA content (44% repetitive

and 52% noncoding), whereas only 4% encodes for protein

function. As a result, most mammalian genes are disrupted

with long intervening sequences that often also contain

interspersed repeats.

Since the pioneering work of Muller (1930) and McClintock

(1951), nonspecific or repetitive sequences have been thought

of as ‘epigenetic elements’ that can modulate gene expression

programmes and also organize heterochromatic domains at

centromeres and telomeres (Pardue and Gall, 1970). These

repetitive elements range from short interspersed transposa-

ble elements to large centromere-associated and telomeric

arrays of DNA (Waterston et al, 2002). Although the cluster-

ing of repetitive elements in large segments contributes to

specialized structures in pericentric heterochromatin, most of

the repetitive elements pose an inherent burden to genome

stability, as their mobilization facilitates recombination

between nonhomologous loci, leading to chromosomal dele-

tions and translocations (Kazazian, 2004).

Multicellular organisms have developed silencing mechan-

isms to prevent remobilization of transposons. These include

RNAi-triggered silencing (Ratcliff et al, 1997; Mette et al,

2000; Vastenhouw and Plasterk, 2004), DNA methylation

(Jaenisch and Bird, 2003; Bourc’his and Bestor, 2004) and

histone modifications (Jenuwein and Allis, 2001). Current

data have given rise to models in which transcription across

DNA repeats would induce formation of double-stranded

RNA (dsRNA), which in turn recruits repressive chromatin

modifications and DNA methylation to the underlying chro-

matin template (Tamaru and Selker, 2001; Hall et al, 2002;

Volpe et al, 2002; Chan et al, 2004; Lippman and Martienssen,

2004; Verdel et al, 2004). Recent mapping studies across large

chromosome regions revealed a strong correlation between

DNA repeats, noncoding RNA, histone H3 lysine 9 methyla-

tion and DNA methylation (Lippman et al, 2004). Similarly,

transcription factor mapping along human chromosomes

(Cawley et al, 2004) indicated that these factors are not

only found at promoters, but also can be identified at non-

coding regions.

There are three repressive histone lysine methylation

marks (H3-K9, H3-K27 and H4-K20) and three distinct methyl-

ation states (mono-, di- and trimethylation). H3-K9 trimethyl-

ation (Peters et al, 2003) and H4-K20 trimethylation (Schotta

et al, 2004) are concentrated at pericentric and centric

heterochromatin (Lehnertz et al, 2003). By contrast, H3-K27

trimethylation is enriched at the inactive X chromosome

(Plath et al, 2003; Silva et al, 2003; Kohlmaier et al, 2004).

Although this chromosome has the highest density of DNA

repeats, the contribution of these repeats in X-chromosome

inactivation remains unclear. Similarly, H3-K27 trimethyla-

tion has been implicated in Polycomb-dependent gene silen-

cing (Ringrose and Paro, 2004) via Polycomb response

elements (PREs), which also contain short repetitive ele-

ments (Ringrose et al, 2003). Despite these parallels, it is
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largely unknown whether the same or different histone lysine

methylation marks are recruited to large arrays or to inter-

spersed repeats and whether these epigenetic states are stably

inherited across distinct cell types. Chromatin modifications

have been shown to be highly dynamic at heterochromatin

during differentiation (O’Neill and Turner, 1995), and recent

data indicated significant differences in occupancy of tran-

scription factor binding in a genome-wide analysis in

Saccharomyces cerevisiae comparing various transcriptional

states (Harbison et al, 2004).

Here, we analysed the distribution of all nine repressive

histone methylation states (H3-K9, H3-K27, H4-K20 mono-,

di- and trimethylation) across the repetitive complement of

the mouse genome. Using directed and array-based chroma-

tin immunoprecipitation (ChIP), we compared tandem satel-

lite repeats (pericentric and centric heterochromatin) with

distinct families of interspersed repeats including DNA trans-

posons, long terminal repeats (LTRs), long interspersed

nucleotide elements (LINEs) and short interspersed nucleotide

elements (SINEs). We detect distinct chromatin modification

patterns between tandem and the various interspersed re-

peats, which are further reflected by differences in the non-

coding and dsRNAs that are generated from these elements.

In addition, the observed repeat-associated histone lysine

methylation profiles display significant variability in chroma-

tin of different cell types (e.g. embryonic stem (ES) cells,

fibroblasts and trophoblasts). Together, our data provide a

representative cluster analysis for repressive chromatin mod-

ifications of the repetitive part of four distinct mouse epigen-

omes.

Results

Cluster analysis of repetitive elements

Mouse chromosomes are acrocentric and contain cytologi-

cally visible heterochromatin around their centromeres

(Figure 1A). This constitutive heterochromatin can be sub-

divided into domains of tandem arrays of A/T-rich major

satellite repeats that can comprise X10 000 copies of a 234

base-pair (bp) unit per pericentric region. Similarly, centric

heterochromatin (the primary constriction) consists of tan-

dem arrays of B2000 copies of 123 bp minor satellite repeats.

Both major and minor satellite repeats account for B3.5% of

the mammalian genome (Lander et al, 2001; Waterston et al,

2002) (Figure 1B).

Interspersed repeats are singular repetitive elements that

are integrated over the entire genome. Around 1% of inter-

spersed repeats are DNA transposons (e.g. Mariner, Tigger,

URR1 and Charlie), which are inactive remnants of a mutated

DNA transposase element (Kazazian, 2004). The most abun-

dant class of interspersed repeats is represented by different

subtypes of retro- or RNA transposons, which together

account for 25% of the mouse genome. Subclass I are the

LTR transposons, including the highly active intracesternal A

particle (IAP) elements. These resemble retroviruses and

are associated with over 10% of all spontaneous mutations

in mice (Waterston et al, 2002). Subclass II are non-LTR

transposons or LINE (or L1) elements, which form the single

largest fraction (B19%) of interspersed repeats in the mouse.

It has been estimated that between 0.5 and 1% of LINEs are

potentially active (Goodier et al, 2001). Subclass III are SINEs,

which can be further subdivided into SINE B1, the human

counterpart of which are Alu elements, B2 and RSINEs. SINEs

are nonautonomous elements and are thought to rely on

LINEs for retrotransposition (Smit, 1996).

For all of these distinct repeat classes, specific primers for

ChIP analyses were designed, which will generate, on aver-

age, 200 bp fragments from within each repetitive unit or over

the LTR and UTR segments of the various transposons (see

Figure 1B). Although this strategy will not allow measure-

ment of potential differences in repeat-associated chromatin

modifications that may be present at various chromosomes

and cannot discriminate solitary copies of interspersed re-

peats, it offers a solid cluster analysis of chromatin at DNA

repeats, which gauges the sum of a given histone modifica-

tion over these distinct repetitive elements.

The profile of repressive histone lysine methylation

states at distinct repeat classes

Lysates of crosslinked chromatin from wild-type (wt) and

Suv39h double null (dn) mouse ES cells were sonicated

to generate fragments of approximately 300–1500 bp. Chro-

matin fragments were analysed by DNA blot to confirm

representation of DNA repeats (see Supplementary Figure

S1). The sonicated lysates were then used in ChIP with our

panel of H3-K9, H3-K27 and H4-K20 antibodies. Precipitated

DNA was analysed by real-time PCR with the repeat-specific

primer sets (see Figure 1B). As controls, we included primers

for ribosomal DNA, actin and tubulin and also performed

ChIP with an active mark, histone H3-K4 trimethylation

(Santos-Rosa et al, 2002). Based on these control ChIP, we

observed that most modifications show a dispersed, basal

level signal, which remained below 0.5% of precipitated

material (Figure 2, bottom panels). We therefore applied

the 0.5% threshold to evaluate accumulation of distinct

histone lysine methylation marks across repetitive elements.

Using this threshold, we observe selective enrichment for

H3-K9 tri-, H3-K27 mono- and H4-K20 trimethylation across

mouse major and minor satellite repeats as previously re-

ported (Peters et al, 2003; Schotta et al, 2004). This enrich-

ment of H3-K9 trimethylation was not detected at human

centromeric chromatin (Sullivan and Karpen, 2004). Similar

to the apparent under-representation of H3-K9 trimethylation

in Drosophila (Ebert et al, 2004) or Arabidopsis thaliana

(Jackson et al, 2004) heterochromatin, species-specific altera-

tions in satellite composition could account for these differ-

ences. For both major and minor satellites, the trimethyl

marks are significantly impaired in the control ChIP with

chromatin from Suv39h dn ES cells (Figure 2). DNA transpo-

sons, exemplified by Mariner and Charlie, are also enriched

for H3-K9 trimethylation in a Suv39h-dependent manner. In

addition, DNA transposons also contain H4-K20 dimethyla-

tion as a second signature mark, although this profile is not

consistently associated with different members of DNA trans-

posons, such as, for example, Tigger and URR1 (data not

shown).

For IAP LTRs, we detect H4-K20 trimethylation as the sole

prominent mark. Since only a modest reduction in the level of

H4-K20 trimethylation is observed in Suv39h dn chromatin,

establishment of this mark is probably independent of

the Suv39h enzymes and may occur in a mechanism that

is distinct from the induction of H4-K20 trimethylation at

pericentric heterochromatin (Schotta et al, 2004). For LINEs,

hardly any signals are detectable above threshold (e.g. H3-K9
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tri- and H4-K20 trimethylation are marginal). Similarly,

although SINEs can be identified by H3-K27 mono- and

dimethylation, these marks are significantly less pronounced

as compared to the prominent histone lysine methylation

imprints at the satellite repeats, the DNA and IAP retro-

transposons. Since our cluster analysis gauges the average

enrichment of histone methylation marks in a chromatin

environment, these low-level signals do not exclude that

there may be enriched modifications at some solitary LINE

or SINE repeats. It also remained possible that the repeat-

associated histone methylation profiles would not reflect

their representation over the coding regions of the IAP LTR

and LINE elements. We therefore used additional primer pairs

that are around 1.6 kb (IAPgag) or 3.1 kb (L1 ORF2) distal
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Figure 1 Overview of repetitive elements in the mouse genome. (A) Schematic diagram of a mitotic mouse chromosome illustrating the
distribution of major (pericentric) and minor (centromeric) satellite repeats and of the various interspersed repetitive elements. (B) Summary
description of repeat classes, highlighting repeat organization, length, copy number and overall abundance in the mouse genome. Specific
primers (black arrows) were designed to generate PCR fragments from within the repetitive elements, thereby allowing a cluster analysis that
detects the sum of chromatin modifications for a given repeat class. The sequences of these primers are indicated in Supplementary data.
Although the entire repeat units are shown, most repetitive elements in the mouse genome are not full length (Waterston et al, 2002).
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from the terminal repeats (see Figure 1B), and confirmed

enrichment of H4-K20 trimethylation across IAP LTR trans-

posons or absence of significant methylation marks within

the LINE L1 element (Figure 2).

In addition to the directed ChIP, we also generated a

custom-made microarray that is specific for all the above

repeat classes in the mouse genome. PCR fragments were

generated using the primer sets indicated in Figure 1B, and

amplified sequences were spotted in quadruplicate on glass

slides, which were then probed with ChIP material from wt

and Suv39h dn ES cells. These ChIP-on-chip experiments

(data not shown) are consistent with the above results of

the directed ChIP (Figure 2).

Reduced DNA methylation does not alter repressive

histone lysine methylation profiles

To examine whether DNA methylation would affect the

observed histone lysine methylation profiles, we repeated

the directed ChIP with ES cells that are wt (J1) or mutant

for DNA methyltransferase (DNMT) Dnmt1 and double mu-

tant for the DNMTs Dnmt3a and Dnmt3b (Okano et al, 1999).

Genomic DNA was cleaved with the restriction enzyme

McrBC, which selectively digests methylated DNA. The re-

sulting DNA fragments were used in PCR amplifications with

the same primer sets as indicated in Figure 1B to estimate the

relative distribution of DNA methylation (Rabinowicz et al,

2003) (Figure 3, lanes indicated 5mC). This analysis reveals

high levels of DNA methylation at IAP LTRs, moderate DNA

methylation at major and minor satellite repeats and at

LINEs, and low DNA methylation at DNA transposons and

SINEs. Importantly, all of these DNA methylation levels are

significantly reduced in the mutant Dnmt1 and Dnmt3a/

Dnmt3b backgrounds.

We then analysed the repressive histone lysine methyla-

tion profile in chromatin of J1 and the Dnmt mutant ES cells.

This indicated a very similar, although slightly less pro-

nounced, pattern of the marks across repetitive elements as

compared to the data described in Figure 2. Importantly, we

did not observe significant differences between J1 and Dnmt

mutant chromatin, suggesting that impaired DNA methyla-

tion in ES cells does not significantly alter the observed

histone lysine methylation pattern. It is, however, possible

that in chromatin fully deficient for all DNMTs, a more

dramatic alteration of repeat-associated histone lysine methyl-

ation may be induced.

Repeat-associated transcript levels are elevated

in Suv39h dn ES cells

To determine the transcriptional status of the different repeat

classes, we performed reverse transcription (RT–PCR) on

total RNA that was isolated from wt and Suv39h dn ES cells

(Figure 4A). Transcriptional activity of satellite repeats has

been described (Rudert et al, 1995), and previous studies

have indicated transcripts across major and minor satellites

at elevated (35) PCR cycles (Lehnertz et al, 2003). Here,

real-time PCR with the primer sets indicated in Figure 1B

was used to calibrate linear range (22–27) PCR cycles (see

Supplementary Figure S2) for visualization of transcripts.

The data indicate that for all repeat classes, transcripts

can be detected (Figure 4A), although the cluster analysis

does not allow measurement of transcriptional activity for

individual repeats. In Suv39h dn ES cells, transcripts are
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Figure 2 Cluster analysis for repeat-associated histone lysine
methylation states. ChIP of wt and Suv39h dn ES cell chromatin
with antibodies detecting H3-K9, H3-K27 and H4-K20 mono-, di-
and trimethylation. As controls, ChIP was also performed with H3-
K4 trimethyl (an active mark) antibodies and for the tubulin gene.
Purified DNA from enriched chromatin fragments was amplified by
real-time PCR with the repeat-specific primer sets (see Figure 1B),
and values are indicated as percentage precipitation relative to the
input. The dashed line represents the threshold signal of 0.5%,
above which significant enrichment for distinct histone lysine
methylation states was scored.
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significantly increased (up to five-fold) for major and

minor satellite repeats and for IAP LTRs, and modestly

elevated (B2-fold) for DNA transposons, LINEs and SINEs.

Surprisingly, there is also a five-fold increase for rDNA

transcripts in the Suv39h dn ES cells. Together, these data

reflect higher transcript levels in Suv39h dn ES cells for all of

the analysed repeats. By contrast, no apparent difference in

the abundance of repeat-associated transcripts was detected

in the comparative RNA analysis with total RNA from Dnmt1

and Dnmt3a/Dnmt3b mutant ES cells (Figure 4B).

The tandem satellite repeats generate dsRNA

To examine whether the quality and nature of RNA tran-

scripts may differ between tandem and interspersed repeats,

we used enzymes that preferentially cleave either single-

stranded (ss) (RNAseONE) or dsRNA (RNAseV1). First, a

titration experiment was performed to determine the optimal

digestion time. Total RNA from wt ES cells was incubated for

different times with RNAseONE or RNAseV1, and the remain-

ing RNA molecules were analysed by real-time RT–PCR with

primers for major satellites and tubulin. The generated signal

was compared to reactions with undigested RNA, which

was set at 100% (see Supplementary Figure S3). Thus, this

analysis does not measure total abundance of RNA as shown

in Figure 4, but rather indicates the relative presence of ds or

ss transcripts in the remaining pool of digested RNA.

A 30 s digest with RNAseONE was used to remove ssRNAs.

At this time point, B22% of major satellite transcripts are

MM

−− −−

Figure 3 Repeat-associated H3-K9, H3-K27 and H4-K20 methylation states in chromatin of Dnmt-deficient ES cells. ChIP profile of wt (J1),
Dnmt1-/- and Dnmt3ab-/- ES cell chromatin as described in Figure 2. Also indicated is the degree of DNA methylation (5mC) that is present at
the distinct repeat classes in wt and mutant Dnmt chromatin. For this analysis, genomic DNA was digested with the methylation-specific
restriction enzyme McrBC, and relative DNA methylation was measured by the inverse ability of the remaining DNA fragments to generate PCR
products (Rabinowicz et al, 2003) with the repeat-specific primer sets (see Figure 1B).
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left (see Supplementary Figure S3). This remaining pool of

dsRNA was then analysed with the repeat-specific primer

sets. We observed significant signal for major and minor

satellite repeats, whereas very little or no dsRNA could be

detected for any of the interspersed repeats. Importantly, the

dsRNAs for major and minor satellite repeats are significantly

upregulated in Suv39h dn cells (Figure 5A).

A 2 min digest with RNAseV1 was used to remove dsRNA.

At this time point, B50% of tubulin transcripts are still

present, whereas o2% of major satellite RNAs are left (see

Supplementary Figure S3). The remaining pool of ssRNA was

then analysed with the repeat-specific primer sets. Very low

levels of ssRNA for the tandem repeats (major and minor)

were detected, but there are significant transcripts for DNA

transposons, retrotransposons, LINEs and SINEs (Figure 5B).

With the exception of the DNA transposon Charlie, SINE B2

elements and rDNA, the levels of ss transcripts are not

reduced for the other interspersed repeats in RNA prepara-

tions from Suv39h dn cells.

Together, the results indicate that tandem repeats favour the

generation of ds transcripts, whereas interspersed repeats

primarily generate ss transcripts. Moreover, since ds transcripts

are significantly elevated in Suv39h dn cells, the data further

suggest a function for the Suv39h histone methyltransferases

(HMTases) in processing or stabilization of ds transcripts

complementary to the major and minor satellite repeats.

Expression of repeat-associated transcripts in four

distinct epigenomes

So far, we have analysed repeat-associated histone lysine

methylation profiles in only one chromatin environment, ES

cells. The question arises as to how stable these modifica-

tions are in different cell types. To expand our analysis, we

treated ES cells with all-trans-retinoic acid (RA) to form

embryoid bodies, thereby generating a retinoic-acid differen-

tiated ES cell population (RA-ES). In addition, we also used

day 13.5 mouse embryonic fibroblasts (MEFs) and a tropho-

blast stem (TS) cell line (Tanaka et al, 1998) (Figure 6A, top

panels). The different character of these four distinct cell

populations was confirmed by RT–PCR marker analysis for

Oct-4 (ES cells), Cdx-2 (TS cells) and Annexin-5 (MEFs) (see

Supplementary Figure S4). We also examined expression

profiles of the major enzymatic systems transducing H3-K9

trimethylation (Suv39h1, Suv39h 2), H4-K20 trimethylation

(Suv4-20h1, Suv4-20h2), H3-K27 trimethylation (Ezh1, Ezh2)

and ‘euchromatic’ H3-K9 dimethylating enzymes, such as

G9a, Glp1, Eset and Cll8. All of these HMTases are broadly

expressed in ES cells and MEFs, whereas some are down-

regulated in TS cells (see Supplementary Figure S4).

We then extended the RT–PCR analysis and examined the

presence of repeat-associated transcripts in total RNA pre-

parations from all four different cell populations. For compar-

ison, wt ES cell transcripts for each given repeat class (data

from Figure 4 and Supplementary Figure 2) were set at 1, and

their relative increase or decrease in the other cell populations

was determined. Transcript levels for major satellite repeats

are significantly increased upon RA induction, and levels of

both major and minor transcripts are high in ES cells and

MEFs (Figure 6B). Transcripts for LINEs are also selectively

elevated (B2.5-fold) in MEFs. Across the various cell popula-

tions, major satellite and LINE transcripts are most highly

abundant, suggesting a potential role for increased transcrip-

tion of these repeats during differentiation. By contrast,

transcripts from DNA and IAP LTR transposons are down-

regulated, as is rDNA transcription, while SINE-derived RNA

levels vary among the four different cell types. In general,
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Figure 4 Elevated transcript levels for repetitive DNA elements in Suv39h dn ES cells. RT–PCR analysis for repeat-derived transcript levels in
total RNA from wt and Suv39h dn ES cells (A) or from wt (J1) and Dnmt1-/- or Dnmt3ab-/- ES cells (B). cDNA was generated by random
priming and then amplified with the repeat-specific primer sets (see Figure 1B). Linear range amplification of cDNA was calibrated by real-time
PCR (between 22 and 27 cycles; see Supplementary Figure S2), and PCR products are visualized by inverse images of EtBr-stained 2% agarose
gels. As controls, reactions were performed without reverse transcriptase (�RT). The relative average increase in transcription of two distinct
elements within a repeat class is indicated in the middle of the two columns shown in panel A.
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transcript levels for all repeat classes are very low in TS cells.

This low abundance has been confirmed with total RNA

preparations from a different TS cell line that was generated

by outgrowth from Bl6/Sv129 blastocysts (data not shown).

Stability of repressive histone lysine methylation marks

at tandem repeats

To compare the repeat-associated histone lysine methylation

profile among the various cell types, we spiked samples with

Drosophila S2 chromatin and again used a threshold of 0.5%.

This internal standard resulted in a different calibration of

material precipitated from ES and RA-ES cells (4%) versus

MEFs and TS cells (2%), as indicated in Figure 7. Although

we used our full panel of antibodies as shown in Figure 2, we

only summarize the data where we have observed informa-

tive differences and signals surpassing the 0.5% threshold

(H3-K9 tri-, H3-K27 mono- and di-, and H4-K20 di- and

trimethylation). In chromatin of ES cells, major and minor

satellites are enriched for H3-K9 tri-, H3-K27 mono- and

H4-K20 trimethylation (Figure 7, top panels). After RA differen-

tiation, the sum of these marks is elevated and both tandem

repeats gain significant signal for H4-K20 dimethylation. In

chromatin of MEFs and TS cells, the profile of histone lysine

methylation at major and minor satellite repeats resembles

that of undifferentiated ES cells, with minor differences for

reduced definition of H3-K27 mono- and H4-K20 trimethyla-

tion in MEFs or of H3-K27 monomethylation in TS cells. These

data indicate that the pattern of repressive histone lysine

methylation states (particularly the combination of H3-K9

tri- and H4-K20 trimethylation) across tandem satellite repeats

is largely maintained in chromatin of different cell types.

Variability of repressive histone lysine methylation

marks at interspersed repeats

The comparative analysis for interspersed repeats indicates

signature modifications for DNA transposons (H3-K9 tri- and

H4-K20 dimethylation) and IAP LTRs (H4-K20 trimethylation)

in ES cell chromatin (see also Figure 2). However, these marks

are not stably maintained in chromatin of the other cell types,

where they are either significantly reduced and even lost (e.g.

H3-K9 tri-methylation in MEFs and TS cells for Charlie or H4-

K20 trimethylation in MEFs and TS cells for IAP LTRs), or

greatly increased (e.g. H4-K20 dimethylation for Charlie and

H4-K20 trimethylation for IAP LTRs in RA-ES cells) (Figure 7).

In addition, H3-K27 mono- and dimethyl signals are variably

gained for Charlie in MEFs and TS cells and for IAP LTR in RA-

ES cells. For LINEs, we did not detect informative signal

above threshold in chromatin of the different cell types and
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Figure 5 Tandem satellite repeats generate dsRNA. Total RNA from wt and Suv39h dn ES cells was treated for the indicated time points with
RNAseONETM to digest ssRNAs (A) or with RNAseV1 to cleave dsRNAs (B). The remaining pool of RNA molecules was then converted to
cDNA and amplified by real-time PCR with the repeat-specific primer sets (see Figure 1B). The histograms indicate the percentages, relative to
undigested RNA, of repeat-derived RT–PCR products that can be generated after RNAseONETM (% dsRNA) or RNAseV1 (% ssRNA) treatment.
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none of the marks was significantly upregulated after RA

induction. For SINE B1 elements, a modest increase for most

modifications was observed in RA-treated ES cells and in TS

cells, whereas MEFs displayed reduced signals as compared

to the low-level profile present in ES cells. We have also not

detected enriched signal for H3-K9 dimethylation (data not

shown), although this mark may be present at Alu repeats

(the equivalent of mouse SINE B1) in chromatin of human

cells (Kondo et al, 2004). Surprisingly, highest variability was

observed for rDNA, with dramatic increases of all repressive

marks after RA treatment, prominent signals for H3-K27

mono- and dimethylation in MEFs and modest increases for

H3-K27 mono- and dimethylation and H4-K20 dimethylation

in TS cells. Together, the results illustrate a surprising varia-

bility for the definition of repressive histone lysine methyla-

tion patterns at interspersed repeats in distinct chromatin

environments of different cell types.

Discussion

Histone lysine methylation and the repetitive

complement of the mouse genome

We describe a representative cluster analysis for repressive

histone lysine methylation states across the repetitive

complement of the mouse genome. Our data indicate that

selective patterns of H3-K9, H3-K27 and H4-K20 methylation

can discriminate tandem satellite repeats from various classes

of interspersed repeats, such as DNA transposons, LTRs,

LINEs and SINEs. In chromatin of wt ES cells, the most

prominent enrichment for repressive histone modifications

was observed over tandem satellite repeats and DNA trans-

posons, where distinct combinations of H3-K9 tri-, H3-K27

mono- and H4-K20 tri- or dimethylation accumulate

(Figure 8). In contrast, IAP LTRs are characterized by H4-

K20 trimethylation as the sole signature mark. Other repeti-

tive elements, such as SINEs and LINEs, do not display

informative signals but comprise diverse repressive imprints

at low level (see Figure 7). Since our cluster analysis detects

the sum of modifications over a given repeat class, the

pronounced accumulation of repressive histone lysine methy-

lation states at some but not other repetitive elements is

unlikely to be a mere reflection of differences in their copy

numbers. For example, LINEs and SINEs comprise 421% of

the mouse genome, whereas DNA transposons account for

o1% (Waterston et al, 2002) (see Figure 1B).

In chromatin of Suv39h dn ES cells, H3-K9 and H4-K20

trimethylation is significantly reduced across major and

minor satellite repeats and for some (Charlie and Mariner)

(see Figure 2) but not other (e.g. Tigger and URR1) DNA

transposons (data not shown). The enzymes for H3-K9 and

H4-K20 trimethylation at pericentric heterochromatin are

known and were shown to be linked in a silencing pathway,

where the activity of the Suv39h enzymes precedes nucleo-

somal methylation by the Suv4-20h HMTases (Schotta et al,

2004). In contrast, the nature of the HMTase(s) conferring the

modest H3-K27 monomethylation at major and minor satel-

lite repeats or of the enzyme inducing H4-K20 dimethylation

at DNA transposons is currently not known. Since H4-K20

trimethylation at IAP LTRs remains high in chromatin of

Suv39h dn ES cells (see Figure 2), a Suv39h-independent

H4-K20 trimethylating enzyme, which is most likely distinct

from the described Suv4-20h HMTases, is independently

targeted at these highly active retrotransposons.

Stability of epigenetic marks at tandem satellite repeats

of constitutive heterochromatin

Some of the most prominent repetitive domains in chromo-

somes of higher eukaryotes are the tandem satellite repeats,

A

B

Figure 6 Repeat-associated transcript levels in four distinct mouse epigenomes. (A) Images of cultured mouse ES cells, RA-ES cells, day 13.5
MEFs and TS cells. (B) RT–PCR analyses for repeat-derived transcript levels in the four distinct cell populations. Total RNA was converted into
cDNA, which was then amplified by real-time PCR with the repeat-specific primer sets (see Figure 1B). The histogram indicates the relative
difference (after normalization for tubulin expression) in the abundance of repeat-derived transcripts with respect to levels observed in wt ES
cells (see Figure 4 and Supplementary Figure S2), which were set at 1.

Histone lysine methylation profiling at DNA repeats
JHA Martens et al

&2005 European Molecular Biology Organization The EMBO Journal VOL 24 | NO 4 | 2005 807



which are often clustered in the vicinity of centromeres.

These A/T-rich regions are cytologically visible as DAPI-

bright pericentric foci (so-called constitutive heterochroma-

tin) and have been implicated to ensure correct centromere

function, thereby protecting chromosome segregation

(Karpen and Allshire, 1997). Although there is variability

and different evolutionary drive for satellites in higher

eukaryotes (Henikoff et al, 2001), they represent crucial

sequence elements for the definition of centromeres or

neo-centromeres (Amor and Choo, 2002; Rudd et al, 2003).

Based on their important structuring role, satellite repeats

appear to represent landmarks for a more stable chromatin
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Figure 7 Stability of repressive histone lysine methylation marks at tandem but not at interspersed repeats. ChIP profile for repeat-associated
histone lysine methylation states in wt chromatin of ES cells, RA-ES cells, MEFs and TS cells. The dashed line represents the threshold signal of
0.5%, above which significant enrichment for distinct histone lysine methylation states was scored. To adjust for differences in the ChIP
efficiency with chromatin of distinct cell populations, samples were spiked with Drosophila chromatin as an internal standard. For clarity,
enriched marks are colour-coded.
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architecture, which is further highlighted by the persistence

of signature histone lysine methylation marks in chromatin of

various cell types (see Figure 7). Satellite sequences, or

similar arrays of tandem repeats, are likely to trigger an

epigenetic hierarchy that integrates DNA repeats, the RNAi

machinery, repressive histone lysine methylation and DNA

methylation (see Introduction). Transcription across tandem

repeats will favour the generation and self-templating of

dsRNA (Jenuwein, 2002; Martienssen, 2003), which is then

processed by the RNAi machinery to recruit repressive his-

tone lysine methylation systems to the underlying chromatin

template. Consistent with these models, dsRNA is primarily

associated with the tandem satellites, but not the interspersed

repeats (see Figure 5). Surprisingly, levels of dsRNA for major

and minor satellites are significantly elevated in Suv39h dn ES

cells, concomitant with pronounced reduction in pericentric

and centric H3-K9 and H4-K20 trimethylation. It is likely that

these more abundant dsRNAs may not be correctly converted

by the RNAi machinery into siRNAs, as has been described

for several mutants of heterochromatin components in

Schizosaccharomyces pombe (Hall et al, 2002; Volpe et al,

2002; Schramke and Allshire, 2003). Elevated levels of dsRNA

accumulate in Suv39h dn cells probably because recruitment

of RITS or related RNAi processing complexes is impaired in

the absence of H3-K9 methylation at chromatin regions of

highly repetitive DNA content (Fukagawa et al, 2004; Noma

et al, 2004; Verdel et al, 2004). It is according to this

interpretation that the selective increase of satellite tran-

scripts after RA induction (see Figure 6) could also interfere

with the efficient generation of siRNAs, since the described

genome instabilities and chromosome mis-segregation de-

fects in Suv39h dn mutant mice (Peters et al, 2001) are

particularly pronounced during midgestation and not in

undifferentiated ES cells.

Variability of epigenetic marks at transposons

and interspersed repeats

The robustness of epigenetic imprints at tandem repeats

is further illustrated by the relative stability of H3-K9 and

H4-K20 trimethylation at major and minor satellites in chro-

matin of four distinct epigenomes (see Figures 7 and 8). For

example, these marks are maintained over the satellite

repeats (although additional imprints are gained) after RA

induction of ES cells or in fibroblasts and trophoblasts. For all

other repeat-associated methylation profiles, there is signifi-

cant variability and relaxed signal combination in chromatin

of diverse cell types (see Figures 7 and 8).

These differences indicate that the various DNA transpo-

sons and retrotransposons do not serve a structuring role,

rather they may interfere with efficient gene transcription.

Indeed, reactivation and transposition of DNA transposons

and retrotransposons has been proposed in the reshaping of

epigenomes, and recent data support a role for transposed

LINE L1 elements in aborting transcriptional elongation (Han

et al, 2004) or for SINE B2 transcripts to stall RNA polymer-

ase II (Allen et al, 2004; Espinoza et al, 2004). While DNA

transposons are less active in mouse than in human, IAP

LTRs are among the most active retrotransposons in mouse

(Waterston et al, 2002). Mutants for DNMTs have been

shown to increase transcript levels for IAP LTRs in Dnmt1

null embryos (Walsh et al, 1998) and to enhance IAP LTR and

LINE transcription in Dnmt3L mutant germ cells (Bourc’his

and Bestor, 2004). In Suv39h dn ES cells, we detect significant

enrichment of transcripts corresponding to all tested repeat

classes, at levels that are much more pronounced than those

observed for Dnmt1 and Dnmt3a/3b mutant ES cells (see

Figure 4). Although for some repetitive elements, increased

expression coincides with reduced levels of repressive his-

tone methylation marks (e.g. major and minor satellites, and

Charlie), this is not paralleled for IAP LTRs. This apparent

discrepancy between persistent H4-K20 trimethylation and

elevated IAP LTR transcription in Suv39h dn cells could

possibly be explained by a subpopulation of these repeats

to become transcriptionally active or, alternatively, it may

reflect enhanced transcription from intronic and adjacent

A

B

M M

W

Figure 8 Summary of repeat-associated histone lysine methylation
marks in mouse chromatin. Repressive histone lysine methylation
marks with prominent enrichment over the 0.5% threshold in wt ES
cell chromatin (see Figures 2 and 7) were added to give the sum of
these ‘signature’ modifications for a distinct repeat class. For
example, the major satellite repeats accumulate H3-K9 tri-, H3-
K27 mono- and H4-K20 trimethylation at B6% of precipitated
material, whereas SINEs and LINEs do not display a specific signal.
For the satellite repeats and for some DNA transposons, H3-K9 tri-,
H3-K27 mono- and H4-K20 trimethylation are significantly reduced
in Suv39h dn ES cell chromatin (see Figure 2); these Suv39h-
dependent marks are highlighted by yellow-coded Me in the re-
spective methyl hexagons. In chromatin of differentiated cell types,
most of the histone lysine methylation profiles at interspersed
repeats differ from those observed in ES cell chromatin (see
Figure 7), while they appear more stable at tandem satellite repeats.
An example for this variability and the accumulation of additional
marks is schematically indicated for RA-induced alterations in
chromatin of wt ES cells (bottom panel). While these combinations
of marks are, on average, enriched as detected by our cluster
analysis, these groupings do not necessarily reflect their combined
presence over individual repeats in distinct chromosomal locations.
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genomic sequences. It will be interesting to analyse how this

increased transcription from repetitive elements may modu-

late gene expression programmes or even facilitate remobili-

zation of some of the DNA or RNA transposons.

Toward a histone modification map of the mouse

epigenome

Profiling analyses for histone lysine methylation have been

performed on defined chromosomal loci (Litt et al, 2001;

Noma et al, 2001), parts of entire chromosomes (Greil et al,

2003; Lippman et al, 2004) and with genome-wide but pro-

moter-biased or EST sequences that were displayed on micro-

arrays (Ren et al, 2002; Santos-Rosa et al, 2002; Schübeler

et al, 2004). Although the recent advances in chromatin tiling

allow for examination of large chromosomal domains, few

studies have investigated the regional distribution of epige-

netic modifications in a mammalian genome. The available

microarrays (primarily for human chromosomes) have so far

only been used for transcription factor mapping (Cawley et al,

2004) or RNA expression profiling (Kapranov et al, 2002;

Kampa et al, 2004) where, intriguingly, a widespread occur-

rence of noncoding RNAs has been observed.

None of the above studies examined the repetitive comple-

ment of a mammalian genome or addressed the combinator-

ial nature of repressive histone lysine methylation states in

distinct chromatin environments of various cell types. The

profile of repeat-associated histone lysine methylation marks

described here is part of the construction of a chromosome-

wide epigenetic matrix by high-resolution sequence tiling.

Based on our data and from similar analyses in A. thaliana

(Lippman et al, 2004), we predict that any chromosomal

region that comprises tandem DNA repeats will favour the

generation of dsRNA and the accumulation of H3-K9 and

H4-K20 trimethylation. While this pathway appears essential

for the definition of pericentric heterochromatin, it could also

contribute to the structural organization and even the band-

ing patterns of chromosomes. In addition, we also propose

that epigenetic modifications at interspersed repeats or sin-

gle-copy sequences will vary in chromatin of distinct cell

types as well as during lineage specification. This epigenetic

plasticity may be particularly important for modulating the

differentiation potential of cloned embryos (Santos et al,

2003) and progenitor or stem cells (Baxter et al, 2004), or

for protecting a normal cell from conversion to a neoplastic or

senescent cell (Narita et al, 2003).

It is according to this view that comprehensive and unbiased

analyses for histone lysine methylation states in many distinct

epigenomes will lead to a better understanding of epigenetic

transitions and how alterations in their associated pathways

will affect stem cell plasticity, proliferation and differentiation.

Materials and methods

Cell culture
Cell culture of wt and Suv39h dn ES cells, MEFs and wt TS cells was
carried out as described (Tanaka et al, 1998; Lehnertz et al, 2003).

RA-induced differentiation of wt and Suv39h dn ES cells was
performed in ES cell media lacking LIF with 100 nM RA.

Antibodies
Generation and characterization of position- and state-specific
methyl-lysine histone antibodies against H3-K9, H3-K27 and H4-
K20 has been described (Peters et al, 2003; Schotta et al, 2004). H3-
K4 trimethylation antibodies were purchased from Upstate Bio-
technology (#07-473).

Chromatin immunoprecipitation
ES cells at 80% confluence were crosslinked with 1% formaldehyde
for 10 min. After quenching with 125 mM glycine, whole cell extracts
were prepared for ChIP as described (Peters et al, 2003). Purified
DNA of the immunoprecipitates and of input DNA was analysed by
real-time PCR using the Roche Sybr green quantitation method on an
MJ research Lightcycler. Results were normalized and presented as
percentage of input DNA. For cell type-specific ChIP, we spiked the
sonicated lysates (400mg) from the four different cell types with 20%
(80mg) of sonicated Drosophila melanogaster S2 chromatin prior to
ChIP. Immunoprecipitated DNA was analysed by real-time PCR
using primers specific for the different repeat classes (see Figure 1B
and Supplementary data) and for Drosophila satellite repeats. Values
for ChIP data from different cell types were subsequently adjusted
using the Drosophila signal as an internal standard.

DNA methylation analysis
DNA methylation analysis was performed as described (Rabinowicz
et al, 2003; Lippman et al, 2004). Genomic DNA was isolated from
different cell lines and sonicated to an average size of 3–5 kb.
Samples were digested overnight with the methylation-specific
restriction enzyme McrBC (# M0272; New England Biolabs),
separated on a 1% agarose gel, and DNA fragments larger than
2 kb were gel-purified. These DNA fragments, which are enriched
for nonmethylated DNA, were then analysed by real-time PCR and
compared with nondigested DNA. Methylated DNA sequences will
have decreased amounts of PCR product following McrBC digestion.

Reverse transcription–PCR
Total RNA was extracted from mouse ES cells with TRIzol
(Invitrogen). Genomic DNA was removed by shearing in an
UltraTurrax homogenizer and digestion with DNase I. First strand
cDNA was synthesized from 1 mg total RNA using dN6-hexamer
random primers (New England Biolabs) and amplified by PCR and
real-time PCR.

RNAseONETM/RNAseV1 treatment
Total RNA was extracted as described above and incubated with
RNAseONETM (Promega) or RNAseV1 (Ambion) for various time
points (see Supplementary Figure S3). Ribonuclease activity was
terminated by addition of SDS and ethanol. The remaining pool of
undigested RNA was then precipitated, processed for cDNA
synthesis and analysed by real-time PCR.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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