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The mammalian genome contains numerous regions known as facultative heterochromatin, which contribute to tran-
scriptional silencing during development and cell differentiation. We have analyzed the pattern of histone modifications
associated with facultative heterochromatin within the mouse imprinted Snurf–Snrpn cluster, which is homologous to the
human Prader-Willi syndrome genomic region. We show here that the maternally inherited Snurf–Snrpn 3-Mb region,
which is silenced by a potent transcription repressive mechanism, is uniformly enriched in histone methylation marks
usually found in constitutive heterochromatin, such as H4K20me3, H3K9me3, and H3K79me3. Strikingly, we found that
trimethylated histone H3 at lysine 36 (H3K36me3), which was previously identified as a hallmark of actively transcribed
regions, is deposited onto the silenced, maternally contributed 3-Mb imprinted region. We show that H3K36me3 de-
position within this large heterochromatin domain does not correlate with transcription events, suggesting the existence of
an alternative pathway for the deposition of this histone modification. In addition, we demonstrate that H3K36me3 is
markedly enriched at the level of pericentromeric heterochromatin in mouse embryonic stem cells and fibroblasts. This
result indicates that H3K36me3 is associated with both facultative and constitutive heterochromatin. Our data suggest that
H3K36me3 function is not restricted to actively transcribed regions only and may contribute to the composition of
heterochromatin, in combination with other histone modifications.

[Supplemental material is available for this article.]

Modulation of the biochemical properties of nucleosomes through

histone covalent modifications plays a crucial role in the regula-

tion of transcription in mammals (Kouzarides 2007; Ruthenburg

et al. 2007). These modifications can alter the structure of chro-

matin and stimulate the establishment of a chromatin state that

is permissive to transcription, which is usually referred to as open

chromatin, or euchromatin (Workman and Kingston 1998). On

the other hand, specific enzymatic activities contribute to the

formation of chromatin domains that are refractory to transcrip-

tion, collectively called heterochromatin regions. A subset of these

regions, which is present in all cell types and stable during the cell

cycle, is referred to as constitutive heterochromatin. In contrast,

other heterochromatin regions, established in a regulated manner

during development and cell differentiation, are called facultative

heterochromatin (Trojer and Reinberg 2007).

The profile of histone modifications on the mouse and hu-

man genomes has been analyzed in several cell types using chro-

matin immunoprecipitation followed by large-scale sequencing

(Barski et al. 2007; Mikkelsen et al. 2007). These analyses revealed

that histone modifications could be classified in two main groups

that correlate with either active transcription and euchromatin, or

gene repression and heterochromatin. Histone acetylation is pri-

marily associated with gene activation. In contrast, the relation-

ship between gene expression and histone lysine methylation is

more complex as it depends on the position and state of methyl-

ation (mono-, di-, or trimethylation) (Martin and Zhang 2005).

Studies using different model organisms have linked the methyl-

ation of histone H3 at both lysines 4 and 36 to transcriptionally

active regions (Barski et al. 2007; Mikkelsen et al. 2007; Wang et al.

2008). While trimethylated histone H3 lysine 4 (H3K4me3) accu-

mulates in promoter regions, trimethylated histone H3 at lysine 36

(H3K36me3) is deposited in the core and at the 39 end of active

genes (Bannister et al. 2005; Barski et al. 2007; Mikkelsen et al.

2007; Edmunds et al. 2008).

Several histone modifications have been linked to the for-

mation of constitutive heterochromatin domains, including H3K9

trimethylation (H3K9me3) and trimethylated histone H4 at lysine

20 (H4K20me3) (Rea et al. 2000; Peters et al. 2001; Schotta et al.

2004). More recently, a third histone modification, H3K79me3,

was shown to be involved in the formation of constitutive het-

erochromatin in mouse embryonic stem cells ( Jones et al. 2008).

Histone marks found in constitutive heterochromatin are often

associated with facultative heterochromatin domains. For in-

stance, H3K9me2/3 and H4K20me3 were found in subdomains of

the inactive X chromosome in female somatic cells (Heard et al.

2001; Peters et al. 2002; Chadwick and Willard 2004). However,

facultative heterochromatin formation is also controlled by mech-

anisms independent of those controlling constitutive heterochro-

matin. Indeed, facultative heterochromatin formation is often as-

sociated with histone H3 trimethylated at lysine 27 (H3K27me3),

a mark that is absent in constitutive heterochromatin (Peters et al.

2003). H3K27me3, which is catalyzed in mammals by Polycomb
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repressive complex 2 (PRC2), contributes to the mechanisms of

X-chromosome inactivation (Plath et al. 2003; Silva et al. 2003;

Rougeulle et al. 2004). H3K27me3 was also shown to be involved

in the control of genomic imprinting, which results in the exclusive

or preferential expression of only one of the two parental alleles

of specific genes (Lewis et al. 2004; Umlauf et al. 2004a). As in

X-chromosome inactivation, facultative heterochromatin forma-

tion at imprinted loci involves additional mechanisms, such as

DNA methylation and histone modifications like H3K9me3 and

H4K20me3 (Wu et al. 2006; Delaval et al. 2007; Regha et al. 2007;

Pannetier et al. 2008).

In this study, we analyzed in detail the pattern of histone mod-

ifications associated with facultative heterochromatin within

a large imprinted domain of the mouse genome, called the Snurf–

Snrpn cluster. In human, this highly conserved domain is referred

to as the Prader-Willi syndrome (PWS) genomic interval (Nicholls

and Knepper 2001). PWS is a complex neurogenetic disorder

(Online Mendelian Inheritance in Man entry number 176270)

with a population prevalence of 1 in 15,000. PWS is characterized

by decreased fetal activity, muscular hypotonia, respiratory ab-

normalities, failure to thrive, short stature, obesity, mental re-

tardation, and hypogonadism (Holm et al. 1993; Wharton and

Bresnan 1989). PWS results from lack of paternal expression of one

or several genes from the 15q11–q13 chromosomal region. This

3-Mb region includes several imprinted protein-coding genes,

including MKRN3, MAGEL2, necdin (NDN), and SNRPN. A large

number of non-coding RNAs are also transcribed from the paternal

chromosome, including IPW and C/D-box snoRNA genes. The

snoRNAs are organized in two large clusters, HBII-85 and HBII-52,

that contain, respectively, 29 and 47 copies of snoRNAs. The

mouse Snurf–Snrpn cluster (equivalent to the PWS genomic re-

gion in human) is located on chromosome 7 and contains all the

aforementioned genes, which, as in human, are expressed from

the paternally contributed chromosome. The mouse Snurf–Snrpn

cluster is delimited on one side by the Peg12 gene (which is absent

in human) and by Ube3a on the other side (Fig. 1A). While Peg12

belongs to the paternally expressed gene series, Ube3a has a more

complex regulation: It is either maternally expressed or biallelically

expressed, depending on the tissues examined. Ube3a is not

involved in the PWS, but its deletion on the maternally contrib-

uted chromosome causes the Angelman syndrome (Nicholls and

Knepper 2001). The expression of all PWS genes is dependent on

the integrity of the Imprinting Center (IC), a cis-acting DNA ele-

ment located in the 59 region of Snrpn (Buiting et al. 1995; Ohta

et al. 1999). In both human and mice, the PWS-IC is required for

the transcription of genes located on the paternally contributed

chromosome (Bielinska et al. 2000; Shemer et al. 2000; Bressler

et al. 2001).

Little is known about the epigenetic mechanisms that con-

trol the establishment and maintenance of the active (paternally

contributed) or the silenced (maternally inherited) chromatin

structure within the above-described 3-Mb imprinted interval.

With this in mind, we performed a series of experiments by using

a large-scale approach to better understand the epigenetic mech-

anisms that control the chromatin structure within the Snurf–

Snrpn region. We used chromatin immunoprecipitation associated

with an allele-specific qPCR strategy to map histone modifications

within the imprinted cluster in mouse fetal brains. We found that

the actively transcribed, paternally inherited 3-Mb interval is as-

sociated with histone acetylation and dimethylation of histone H3

at lysine 4. In contrast, we showed that silencing of the maternally

contributed region is associated with repressive marks such as

H4K20me3, H3K9me3, and H3K79me3, but not H3K27me3. Surpris-

ingly, we found that H3K36me3, a mark classically associated with

active transcription, is massively enriched on the transcriptionally

Figure 1. Distribution of histone modifications within the imprinted
Snurf–Snrpn 3-Mb region. (A) Scheme of the genomic region analyzed by
ChIP followed by allele-specific qPCR. The coordinates on chromosome 7
are indicated (bottom), as well as the location of the different transcription
units. Arrows indicate the direction of transcription for protein-coding
genes. The star indicates the location of the IC and its associated differ-
entially methylated region (DMR). The vertical gray bars on the axis in-
dicate the positions of 35 loci analyzed by allele-specific qPCR. (B–F )
Distribution of H3K4me2 (B), H3Ac (C ), H4K20me3 (D), H3K9me3 (E ),
and H3K79me3 (F ) on the paternally and maternally contributed Snurf–
Snrpn genomic regions. ChIP experiments were performed using brain
chromatin prepared from fetuses conceived by crossing JF1/Ms males 3

C57BL/6 females. Data are expressed as relative abundance and are nor-
malized to input. Values are the mean of two independent ChIP experi-
ments 6 standard deviation. Gray areas identify the flanking genomic
domains located outside of the Snurf–Snrpn imprinted interval. Black ar-
rows indicate positions in the Snurf–Snrpn IC. The paternally and mater-
nally contributed Snurf–Snrpn genomic regions are indicated by gray
squares and black circles, respectively.
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silenced, maternally contributed, 3-Mb Snurf–Snrpn region. We

further analyzed H3K36me3 distribution and showed that this

histone mark is also associated with pericentromeric heterochro-

matin, indicating that H3K36me3 is associated with both faculta-

tive and constitutive heterochromatin. While H3K36me3 distri-

bution within actively transcribed regions relies on the elongating

RNAPII, we showed that H3K36me3 deposition within the silenced

Snurf–Snrpn domain does not correlate with transcription events.

Our findings strongly suggest that H3K36me3, besides marking an

actively transcribed region, has an additional role in the composi-

tion of heterochromatin domains.

Results
To achieve a high-throughput allele-specific chromatin analysis

within the complete imprinted Snurf–Snrpn domain, we designed

an assay based on chromatin immunoprecipitation (ChIP) exper-

iments associated with a quantitative PCR strategy that allows the

distinction of the paternal and maternal chromosomes at defined

positions. To discriminate the paternal and maternal genomes, we

selected two related mouse strains, C57BL/6 and JF1/Ms, whose

genomes can be distinguished by sequence polymorphisms. ChIP

and Input DNA were amplified by qPCR using a set of 35 allele-

specific primer pairs spanning the 3-Mb Snurf–Snrpn region. These

primer pairs can discriminate the two parental alleles of all Snurf–

Snrpn coding genes, four positions within the IC, and 22 randomly

chosen, non-coding regions, located at ;50-kb intervals (Fig. 1A;

Supplemental Fig. S1).

The maternally and paternally inherited chromosomes
are marked by distinct histone modification signatures
within the 3-Mb Snurf–Snrpn region

We performed ChIP experiments using chromatin prepared from

brains of embryonic day 17 (E17) F1 hybrid fetuses, obtained from

C57BL/6 female 3 JF1/Ms male mouse crosses. We selected this

developmental stage, which corresponds to the end of the neuro-

genic phase, because the expression level of Ndn is at its maximum

in the brain at this stage. Despite this high level of expression, Ndn

transcription occurs only from the paternally contributed chro-

mosome, showing that the maternally inherited region is under

the control of a potent transcription silencing mechanism (Gerard

et al. 1999). We detected enrichment of dimethylated histone H3

at lysine 4 (H3K4me2) and acetylated histone H3 (H3Ac) on the

active paternally contributed chromosome (Fig. 1B,C). We obtained

a similar distribution for acetylated histone H4 (H4Ac) (Supple-

mental Fig. S2). The preferential enrichment of these histone

marks on the paternally contributed region is valid at all positions

tested, including the IC, which is required for the expression of

paternally contributed genes within the Snurf–Snrpn interval.

H3K4me2 and H3Ac are, however, more strongly enriched at the

level of active transcription units such as Snrpn, Ndn, Mkrn3, and

Magel2. The distribution of these histone marks was identical in

the brain at postnatal day 1 (data not shown). H3K4me2 and H3Ac

were found equally enriched on the maternally and paternally

contributed chromosomes at the external limits of the Snurf–Snrpn

imprinted region, downstream from Peg12 and at the Ube3a locus,

respectively (Fig. 1B,C). This equal enrichment of active histone

marks on both paternal and maternal alleles of Ube3a is likely due

to a biallelic expression of this gene in most parts of the brain

(Albrecht et al. 1997). In addition, in the regions of the brain in

which imprinted expression of Ube3a occurs from the maternal

chromosome, the paternally contributed chromosome expresses

a large antisense Ube3a-ATS transcript, which overlaps with Ube3a

(Landers et al. 2004) and thus might contribute to the presence of

active histone marks on both parental alleles. In conclusion, the

active, paternally inherited, Snurf–Snrpn 3-Mb region is associated

with histone marks that were identified within transcribed regions

of the genome in previous studies.

We next analyzed the distribution of histone marks usually

associated with heterochromatin and gene silencing. The silenced,

maternally contributed Snurf–Snrpn domain was enriched for tri-

methylated histone H4 at lysine 20 (H4K20me3) and trimethyl-

ated histone 3 at lysine 9 (H3K9me3) and at lysine 79 (H3K79me3)

(Fig. 1D–F). Remarkably, these three histone marks were found,

at all positions tested, five to 10 times more enriched on the ma-

ternally inherited Snurf–Snrpn domain than on the correspond-

ing paternally inherited region. This enrichment for H3K9me3,

H4K20me3, and H3K79me3 ends at the 59 and 39 limits of the

3-Mb Snurf–Snrpn imprinted region, at the level of Ube3a on one side,

and at the region of the downstream Peg12 gene on the other (Fig.

1D–F). We performed similar ChIP experiments using brain chro-

matin from fetuses conceived by reciprocal parental crosses (i.e.,

C57BL/6 male 3 JF1/Ms female) and obtained the same distri-

bution for all histone marks (H4K20me3 and H3K79me3 are

shown in Supplemental Fig. S3). Hence, histone modifications

segregate in opposite patterns that are dictated by the paternal or

maternal origin of the imprinted genomic interval. H4K20me3

and H3K9me3 enrichment on the silent imprinted region is in

accordance with the well-established role of these two modifica-

tions in heterochromatin and gene repression (Schotta et al. 2004).

In contrast, we found that H3K27me3 was not enriched on the

silenced, maternally contributed Snurf–Snrpn region, indicating

that this histone modification is unlikely involved in gene si-

lencing at this locus (Supplemental Fig. S4). We next analyzed the

distribution of MacroH2A, a histone variant that is preferentially

enriched on the inactive X chromosome and that could contrib-

ute to transcription silencing (Mietton et al. 2009). This analysis

showed that MacroH2A was not enriched on the silenced im-

printed interval (Supplemental Fig. S5). We also tested the distri-

bution of H4K20me3, H3K9me3, and H3K79me3 histone marks

in the postnatal (day 1) brain and found patterns very similar to

those observed 3 d earlier, at fetal stage E17 (data not shown). In

summary, the maternally inherited chromosome is enriched in

H4K20me3, H3K9me3, and H3K79me3, which are hallmarks of

constitutive heterochromatin.

Widespread trimethylation of H3K36 on the silenced,
maternally contributed, Snurf–Snrpn domain

We next analyzed the distribution of trimethylated histone H3 at

lysine 36 (H3K36me3) within the Snurf–Snrpn region. H3K36me3

has been mapped on the genome of several organisms, revealing

that the deposition of this mark on chromatin is highly correlated

with transcription elongation (Bannister et al. 2005; Vakoc et al.

2006; Barski et al. 2007; Guenther et al. 2007). We therefore

expected H3K36me3 to be specifically enriched at the level of ac-

tively transcribed genes, which are only found on the paternally

contributed chromosome within the Snurf–Snrpn interval. Strikingly,

our ChIP analysis revealed a widespread H3K36me3 enrichment on

the maternally inherited Snurf–Snrpn 3-Mb region (Fig. 2B). As for

H4K20me3, H3K9me3, and H3K79me3 modifications, this mater-

nal-specific enrichment for H3K36me3 was observed at all positions,

including non-coding areas, known transcription units, as well as at

Chantalat et al.
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the IC. This unexpected result suggests that H3K36me3 is associ-

ated with heterochromatin within the silenced Snurf–Snrpn region.

As for the other histone modifications, H3K36me3 distribution on

the Snurf–Snrpn domain in postnatal day 1 brain was highly similar

to that observed at the late fetal stage E17 (data not shown). We

verified the specificity of the antibody against trimethylated H3K36

by Western blotting (Supplemental Fig. S6). In addition, we per-

formed ChIP experiments in the presence of competing peptides,

which revealed that recognition of the H3K36me3 epitope is spe-

cifically blocked by an H3 peptide trimethylated at K36 but not by

a peptide bearing the K36me2 modification (Fig. 2C). Hence, the

antibody used in our study specifically recognizes the trimethyl-

ated form of H3K36. The distribution of H3K36me3 and the other

histone marks on the maternally contributed Snurf–Snrpn interval

is not restricted to brain tissue, as we found a similar allelic distri-

bution in chromatin prepared from liver (Supplemental Fig. S7).

The differential enrichment of histone marks on the paternal and

maternal chromosomes is, however, less marked in liver chromatin

than in the brain. In conclusion, the characterization of histone

modifications within the 3-Mb Snurf–Snrpn genomic region revealed

the existence of a facultative heterochromatin domain defined

by the original association of the four histone modifications

H4K20me3, H3K9me3, H3K79me3, and H3K36me3.

H3K36me3 is present on the paternally contributed
chromosome at the level of transcribed regions

Several studies have associated H3K36me3 with actively tran-

scribed regions in yeast and in metazoans (Krogan et al. 2003; Xiao

et al. 2003; Bannister et al. 2005). More precisely, H3K36me3 was

found to accumulate in the transcribed regions, as well as at the 39

end of active genes in yeast and in mammals (Bannister et al. 2005;

Barski et al. 2007; Mikkelsen et al. 2007; Edmunds et al. 2008). The

finding that H3K36me3 is highly enriched on the silenced, ma-

ternally inherited Snurf–Snrpn cluster was thus at first glance in

contradiction with previous published studies. We verified that our

ChIP experiments could reveal a preferentially enrichment of this

mark in the coding regions of several control genes expressed in

the brain (Supplemental Fig. S8). Therefore, the preferential en-

richment of H3K36me3 on the maternally contributed imprinted

region did not necessarily mean that it was excluded from the

paternally inherited region. Indeed, we observed a specific H3K36me3

enrichment at several positions on the paternally contributed

chromosome, at the level of transcribed genes (Fig. 2B). To provide

further evidence of H3K36me3 enrichment on specific regions of

the paternal chromosome, we used a mouse line carrying an Ndn-

lacZ fusion allele to monitor Ndn expression (Gerard et al. 1999).

Maximal Ndn-lacZ expression from the paternal allele occurs in the

brain during late gestation, and imprinting involves strict tran-

scriptional silencing of the maternal allele (Fig. 3A). We prepared

native chromatin from fetal brains carrying a paternal Ndn-lacZ

fusion allele and a maternal wild-type Ndn allele. We performed

ChIP experiments to detect histone modifications at the level of the

Ndn promoter and in the body of the gene. Using appropriate pairs

of oligonucleotides, we could distinguish the paternal and maternal

Ndn alleles (Ndn-lacZ and wild-type Ndn, respectively) by qPCR (Fig.

3B). We confirmed the association of H3K4me2 with the actively

transcribed paternally contributed allele, at the Ndn-lacZ promoter

and in the body of the lacZ gene (Fig. 3B). In sharp contrast,

H4K20me3 was exclusively detected on the silenced maternal allele.

We found that H3K36me3 was present on both maternal Ndn and

paternal Ndn-lacZ alleles, but with distinct deposition patterns. We

detected high levels of H3K36me3 on the active paternally inherited

Ndn-lacZ allele within the body and 39 end of lacZ, but not at the

promoter (Fig. 3B). This pattern is compatible with a deposition of

H3K36me3 during transcription elongation. As expected from our

large-scale approach, we detected H3K36me3 on the silenced, ma-

ternally contributed allele. In this case, however, H3K36me3 was

present both at the promoter and gene body. In conclusion,

H3K36me3 is deposited within actively transcribed regions on the

paternally inherited Snurf–Snrpn region, whereas it is associated with

heterochromatin on the silenced, maternally contributed 3-Mb

region.

Chromatin within the silenced Snurf–Snrpn region shares
common properties with constitutive heterochromatin

We investigated whether the combination of H4K20me3,

H3K9me3, H3K79me3, and H3K36me3 could be associated with

the establishment of a parental-specific chromatin structure. We

first tested if chromatin at the maternally and paternally contrib-

uted Ndn promoters exhibited distinct accessibility to restriction

enzymes. Nuclei derived from fetal brains heterozygous for the

Figure 2. H3K36me3 is broadly distributed within the silenced, ma-
ternally inherited Snurf–Snrpn region. (A) Representation of the 3-Mb
Snurf–Snrpn region is shown as in Figure 1A. Black stars indicate the lo-
cation of regions P1 to P7 that were analyzed in the competition assay. P1
and P2 primer sets are amplifying DNA fragments within the IC-DMR. (B)
H3K36me3 distribution within the Snurf–Snrpn domain. ChIP experiments
were performed as described in Figure 1. The statistical significance of the
data was verified for two positions indicated by asterisks (P < 5.10�5;
Student’s t-test realized with eight independent experiments). (C ) The
specificity of H3K36me3 distribution within the Snurf–Snrpn region was
confirmed by competition assay. Chromatin and antibodies against
H3K36me3 were co-incubated with H3 peptides di- or trimethylated at
lysine 36. qPCR assays were performed using seven discriminating primer
pairs, which amplify loci located in or at the vicinity of coding genes (P1,
P2, P5–P7), or in non-coding regions (P3 and P4) (see Supplemental Table
S1). Values are mean 6 SD of two independent ChIP experiments.
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Ndn-lacZ allele were digested with restriction enzymes that cut at

the level of the Ndn promoter (Fig. 4A). Our experiments showed

that the silent maternal Ndn promoter was resistant to digestion by

all restriction enzymes (Fig. 4B,C). In contrast, the paternal Ndn

promoter was accessible to all tested restriction enzymes. In a sec-

ond series of experiments, we tested the sensitivity of the paternal

Ndn-lacZ and maternal wild-type Ndn alleles to DNase I, a nuclease

suited to probe chromatin structure (Lu and Richardson 2004).

Strikingly, maternal Ndn chromatin was highly resistant to DNase I

digestion when compared to bulk genomic DNA (Fig. 4D), sug-

gesting that the silenced Ndn allele is present in a chromatin

conformation that occludes DNA access to this enzyme. Re-

ciprocally, we found the active Ndn-lacZ allele more sensitive to

DNase I digestion compared to bulk genomic DNA (Fig. 4D). The

potent resistance to DNase I digestion at maternal Ndn was

equivalent to that of pericentromeric heterochromatin (Fig. 4E),

suggesting that silenced Ndn chromatin shares common proper-

ties with constitutive heterochromatin. To test the possibility that

transcriptional silencing in fetal brain could be generally associ-

ated with a chromatin highly resistant to nucleases, we compared

the DNase I digestion patterns of maternal Ndn and Hoxd11 genes,

which are both transcriptionally silent in the fetal brain (Gerard

et al. 1996). Hoxd11 was much more sensitive to DNase I digestion

than silent Ndn (Fig. 4E). Thus, transcriptional silencing per se does

not confer a chromatin structure resistant to nucleases. In sum-

mary, the presence of H4K20me3, H3K9me3, H3K79me3, and

H3K36me3 at silent Ndn correlates with a chromatin structure that

severely impairs DNA access to nucleases, whereas absence of these

marks at the same locus correlates with an open chromatin struc-

ture, accessible to these enzymes.

H3K36me3 is detected within constitutive heterochromatin

We next explored whether H3K36me3 could also be detected in

constitutive heterochromatin, at the level of pericentromeric re-

gions. Eluates of ChIP experiments were spotted onto a nylon

membrane, which was then hybridized with a probe for major

satellite repeats. We showed that pericentromeric regions were,

indeed, associated with H3K9me3, H4K20me3, and H3K79me3,

which are known marks of constitutive heterochromatin, but not

with H3K27me3 or H3K4me2 (Fig. 5A). Strikingly, we found that

pericentromeric regions were also enriched for the H3K36me3

modification. The specificity of the antibody against H3K36me3

was again verified by peptide competition assays (Fig. 5B). We also

analyzed the distribution of H3K36me3 in the nucleus of mouse

embryonic fibroblasts (MEFs) by immunofluorescence. Trimethyl-

ated H3K36 was found distributed throughout the nuclei, which is

characteristic of an association with euchromatic regions (Fig. 5C).

In addition, we detected H3K36me3 at local foci that colocalize

with HP1a, a marker of pericentromeric regions (James et al. 1989).

These foci are known as chromocenters, which results from the

organization of pericentromeric regions in clusters (Guenatri et al.

2004). We compared the distribution of H3K36me3 in MEFs nuclei

with H3K9me3 and H3K4me2 patterns (Fig. 5C). While H3K9me3

is strongly enriched at chromocenters and only weakly in the

nucleoplasm, H3K4me2 is excluded from heterochromatic regions

and present only in the nucleoplasm. H3K36me3, which is present

both at chromocenters and in the nucleoplasm, combines these

two patterns. Importantly, we also detected H3K36me3 associated

with constitutive heterochromatin in mouse embryonic stem (ES)

cells (Fig. 5D). The specificity of H3K36me3 association with peri-

centromeric heterochromatin was confirmed by peptide compe-

tition assays (Supplemental Fig. S9). Observation of mitotic figures

revealed that H3K36me3 remains enriched at the level of peri-

centromeric regions of condensed chromosomes, and therefore

that this heterochromatin marking is inherited across cell divisions

(Supplemental Fig. S10). Altogether, our data show that H3K36me3

is associated with constitutive heterochromatin, in addition to its

well-established association within actively transcribed genomic

regions.

H3K36me3 deposition onto the silenced, maternally
contributed Snurf–Snrpn cluster does not correlate
with transcription events

In yeast, Set2p is the sole enzyme that catalyzes the trimethylation

of histone H3 at lysine 36 (Strahl et al. 2002). Set2p is recruited to

transcriptionally active regions by interacting with the phosphor-

ylated elongating form of RNA polymerase II (RNAPII) (Krogan et al.

2003; Li et al. 2003; Xiao et al. 2003). Setd2, one of several proteins

homologous to Set2p, performs H3K36me3 deposition in mam-

Figure 3. H3K36me3 is distributed differentially on the maternally and
paternally contributed Ndn alleles. (A) Brain sections prepared from E17
fetuses heterozygous for the Ndn-lacZ allele were stained with X-gal, show-
ing robust transcription of the paternally contributed Ndn-lacZ allele and
strict transcriptional silencing of the maternally contributed Ndn-lacZ allele.
(B) Structure of the single exon Ndn gene, as well as the Ndn-lacZ allele in
which lacZ is inserted as a fusion with the first 31 Ndn codons (the remaining
of Ndn coding sequence is deleted). Mice were bred to obtain fetuses car-
rying the wild-type (wt) Ndn and Ndn-lacZ fusion alleles on the maternally
and paternally contributed chromosomes, respectively. Arrows indicate the
positions of the PCR primers used in the qPCR assay. Primer pairs 1 and 2
recognize the promoter and 39 end of the silenced, maternally contributed
Ndn allele, respectively. Primer pair 3 maps to the promoter of the actively
transcribed, paternally contributed Ndn-lacZ allele, and primer pairs 4, 5, and
6 to the lacZ reporter gene body. (+1) The transcription initiation site; (pA)
the mRNA polyadenylation signal. Enrichment of H3K36me3, H3K4me2,
and H4K20me3 was determined by ChIP using chromatin prepared from
E17 fetal brains carrying a paternally contributed (transcribed) Ndn-lacZ, and
a maternally contributed (silenced) wild-type Ndn allele. For each ChIP assay,
the antibody-bound fraction was amplified by qPCR with the indicated
primer pairs. Histone modification relative abundance is normalized to input.
Values are mean 6 SD (n = 3 independent ChIP experiments).
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mals (Edmunds et al. 2008). As its yeast homolog, Setd2 interacts

with the elongating RNAPII, which suggests that the association of

H3K36me3 with transcription elongation is evolutionarily con-

served (Sun et al. 2005). If trimethylation of H3K36 was catalyzed

by Setd2 associated with RNAPII within the silenced Snurf–Snrpn

region, we would expect to detect RNAPII on the maternally con-

tributed imprinted domain. Indeed, whereas the 3-Mb maternally

contributed Snurf–Snrpn region was characterized as transcrip-

tionally silent, we cannot exclude that transcription events could

arise within this silenced region. We explored this hypothesis

by performing ChIP experiments using chromatin prepared from

E17 fetal brains, with antibody against the C-terminal domain of

RNAPII. We then analyzed RNAPII enrichment within the im-

printed region using our set of primer pairs that discriminate the

maternal and paternal regions at each locus. We focused our

analysis on regions located outside of known, already character-

ized, transcription units. We observed a strong enrichment for

RNAPII at three positions located exclusively on the paternally

contributed Snurf–Snrpn cluster (Fig. 6B). In contrast, RNAPII could

not be detected at any position on the maternally contributed

Snurf–Snrpn domain. Hence, RNAPII is unlikely responsible for the

accumulation of H3K36me3 on the silenced, maternally inherited

3-Mb interval. We further investigated RNA synthesis within the

imprinted cluster using allele-specific amplification of RNAs. This

experiment revealed that RNAs were transcribed from most loci

within the Snurf–Snrpn interval, however, exclusively from the

paternally inherited chromosome, which is in agreement with

RNAPII distribution (Fig. 6C). Importantly, the experiment was

also carried out using brain chromatin prepared from fetuses

conceived by reciprocal mouse crosses, which confirmed that

RNAs were transcribed exclusively from the paternally contributed

Snurf–Snrpn 3-Mb domain (Supplemental Fig. S11). The facts that

transcriptional events (and RNAPII) are observed only on the pa-

ternally contributed region and that H3K36me3 is mainly

enriched on the maternally inherited domain suggest that the

deposition of the H3K36me3 within the silenced 3-Mb Snurf–Snrpn

interval occurs independently of RNAPII. We cannot, however,

rule out the possibility that the transcription of short-life RNA

species could contribute to the deposition of this mark within the

repressed Snurf–Snrpn domain.

Several proteins that belong to the Setd2 family were recently

involved in the deposition of H3K36me3 in mouse. In one study,

Setd2 was identified as the major H3K36me3 HMT in MEFs

(Edmunds et al. 2008). Another study identified Whsc1 as a sec-

ond, potent H3K36me3 HMT (Nimura et al. 2009). We thus used

a loss-of-function approach to test whether one of the proteins

belonging to this family might be involved in H3K36me3 de-

position within heterochromatin. shRNA vectors were designed

against Setd2 and Whsc1, as well as against Whsc1l1 and Nsd1, that

also show significant homology with Setd2. While we could effi-

ciently down-regulate the expression of each targeted gene

with several independent shRNA constructs (see Supplemental

Methods), we did not detect a diminution of H3K36me3 de-

position at the level of pericentromeric regions in ES and MEF cells

(Supplemental Figs. S12, S13). Knockdown of Setd2 resulted,

Figure 4. Transcriptional silencing at Ndn is associated with a chromatin
structure that occludes DNA access to nucleases. (A) Ndn promoter orga-
nization with the position of restriction sites. The two transcription initiation
sites are indicated with arrows. The position of lacZ in the fusion allele is
shown. (B) Nuclei were prepared from E17 fetal brains and digested with
KpnI, SphI, or SacI. DNA was prepared, cut with a second restriction enzyme
(e.g., ScaI), and run on an agarose gel. DNA was then transferred to a nylon
membrane, which was hybridized with a Ndn coding sequence [a-32P]-
labeled probe. Ndn coding sequence is deleted in the Ndn-lacZ allele, and
therefore this probe reveals only the wild-type Ndn allele. In all lanes,
a single band indicates absence of digestion, whereas the presence of
a second smaller DNA fragment (arrowhead) indicates digestion by the
restriction enzyme at the Ndn promoter. In lanes 1 to 5, nuclei were pre-
pared from fetal brains carrying a paternally contributed (active) wild-type
allele and a maternally contributed (silenced) Ndn-lacZ fusion allele. In lane
6, nuclei were prepared from fetal brains carrying a paternally contributed
Ndn-lacZ allele and a maternally contributed wild-type Ndn allele. (C ) The
membrane was then stripped and rehybridized with the lacZ probe. (D)
Nuclei were prepared from E17 fetal brains carrying a maternally contrib-
uted (silenced) wild-type Ndn allele and a paternally contributed (active)
Ndn-lacZ fusion allele, and digested with increasing amounts of DNase I.
DNA was prepared, run on an agarose gel, and transferred to a nylon
membrane that was hybridized with a first [a-32P]-labeled probe. After
autoradiography, the membrane was stripped and rehybridized with
a second probe. Ethidium bromide (EtBr) staining of DNA before transfer is
shown on the left. The membrane was hybridized successively with Ndn
exon probe, revealing the silenced wild-type Ndn allele, and lacZ probe,
which reveals the active paternally contributed Ndn-lacZ allele. (E ) The
membrane was first hybridized with a probe against the silenced wild-type
Ndn allele, then with a major satellite repeat probe, which reveals peri-
centromeric heterochromatin DNA, or a Hoxd11 probe.
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however, in a reduction of H3K36me3 fluorescence signal in the

nucleoplasm of both cell types (Supplemental Figs. S12, S13),

underlining a dominant role of this enzyme in this nuclear com-

partment. We next tested whether the down-regulation of Setd2

and Whsc1 might affect H3K36me3 accumulation within the

Snurf–Snrpn region. As the mechanisms of genomic imprinting are

severely perturbed in mouse ES cells (Dean et al. 1998; Humpherys

et al. 2001), we performed these experiments using chromatin

prepared from MEF cells at early passages. Knockdown of Setd2

but not that of Whsc1 resulted in a significant loss of H3K36me3

in the coding regions of several control genes (Supplemental

Fig. S14). However, neither the knockdown of Setd2 nor that

of Whsc1 led to an alteration of H3K36me3 levels within the

Snurf–Snrpn region (Supplemental Fig. S14). These data sug-

gest that H3K36me3 deposition at the

level of the Snurf–Snrpn region, as well

as in heterochromatin regions, might

be directed by a new H3K36me3 HMT

that remains to be identified. Alterna-

tively, we cannot exclude a functional

redundancy between Setd2 family mem-

bers for H3K36me3 deposition onto

heterochromatin.

Discussion
We have characterized histone modifica-

tions within the Snurf–Snrpn region by

performing ChIP experiments coupled

with a parent-of-origin allelic qPCR assay.

This large-scale approach provides, for

the first time, a detailed characterization

of this 3-Mb imprinted region. We ana-

lyzed histone modifications both in the

vicinity of characterized coding genes

and in non-coding regions, including the

2-Mb long gene desert that extends be-

tween Ndn and Snrpn.

We found pronounced allelic differ-

ences in histone modification distribu-

tion within the Snurf–Snrpn cluster. H3Ac

and H3K4me2 were exclusively detected

on the active, paternally contributed

Snurf–Snrpn genomic interval. These

marks were preferentially enriched in

regions containing transcription units,

which is reminiscent of the distribution

of these histone modifications across the

mouse and human genomes (Barski et al.

2007; Mikkelsen et al. 2007). The pres-

ence of these ‘‘active’’ histone modifica-

tions suggests that the paternally inher-

ited Snurf–Snrpn region has a classical

euchromatic structure. Our biochemical

analysis, which showed that this region

has an open chromatin structure, sup-

ports this idea.

We then focused our analysis on the

mechanisms supporting the potent tran-

scription repression that silences the

maternally contributed Snurf–Snrpn ge-

nomic interval. We showed that the ma-

ternally contributed 3-Mb imprinted region is enriched in

H4K20me3, H3K9me3, H3K79me3, and H3K36me3 histone marks.

Several of these marks—H3K9me3, H4K20me3, and H3K79me3—

have been previously associated with heterochromatin formation

and gene repression, which suggests that they could participate in

gene silencing within the Snurf–Snrpn interval (Schotta et al. 2004;

Jones et al. 2008). We demonstrated that H3K27me3, which con-

tributes to gene silencing at the imprinted Kcnq1 cluster, as well as to

X-chromosome inactivation (Plath et al. 2003; Lewis et al. 2004;

Rougeulle et al. 2004; Umlauf et al. 2004a), is not present on the

silenced Snurf–Snrpn genomic interval, and thus is unlikely to be

involved in transcription silencing in this imprinted region. We

identified several H3K27me3-enriched loci on the paternally con-

tributed Snurf–Snrpn interval, which might seem in contradiction

Figure 5. H3K36me3 is detected within pericentromeric heterochromatin regions. (A) Dot-blot
analysis of DNA prepared from fetal brain chromatin immunoprecipitated with antibodies against the
indicated histone modifications. (B) The specificity of H3K36me3 deposition within pericentromeric
heterochromatin was tested by competition assay. Chromatin and antibodies against H3K36me3 were
co-incubated with H3 peptides di- or trimethylated at lysine 36. Eluates were analyzed by dot blot. (C )
Immunofluorescence confocal microscopy analysis of H3K36me3 distribution in mouse embryonic
fibloblasts (MEFs), in comparison with other histone modifications. H3K4me2, H3K9me3, or H3K36me3
distribution is shown in green, whereas the pericentromeric heterochromatin marker HP1a is revealed as
a red signal. Green and red signals were merged in the right panel (yellow indicates a colocalization). (D)
Immunofluorescence analysis of H3K36me3 distribution in undifferentiated mouse ES cells. Scale bar,
10 mm.
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with the active transcription status of this chromosomal domain

(Supplemental Fig. S4). However, all active genes were negative

for H3K27me3. Similarly, the IC did not show any H3K27me3

enrichment, except at the most distal position tested in this

study, located 4.7 kb upstream of Snrpn exon 1. We also analyzed

the incorporation of MacroH2A, an H2A histone variant that is

enriched on the inactive X chromosome (Mietton et al. 2009), and

showed that it was not enriched on the silenced, maternally

inherited imprinted region. Altogether, these data demonstrate

that the potent transcriptional silencing mechanism that restrict

gene expression on the maternal Snurf–Snrpn cluster is divergent

from the mechanism that controls X inactivation.

The involvement of H3K9me3 and H4K20me3 in the tran-

scriptional silencing of imprinted genes was previously shown at

the 0.5-Mb Igf2r cluster, as well as at the IC of other imprinted loci

(Wu et al. 2006; Delaval et al. 2007; Regha et al. 2007; Pannetier

et al. 2008). Interestingly, Barlow and colleagues showed that

H3K9me3 and H4K20me3 were distributed in discrete foci inter-

spaced with focal regions of active chromatin (Regha et al. 2007).

Our analysis did not reveal the presence of active, interspaced,

chromatin within the silenced 3-Mb Snurf–Snrpn region. We

showed that all tested positions within the silenced 3-Mb region

are enriched in H3K9me3 and H4K20me3, suggesting that this

imprinted interval does not contain active chromatin subdomains

on the maternal chromosome.

We used an in vivo mouse model system based on the in-

sertion of a single-copy reporter gene at Ndn to investigate the

chromatin structure at the silenced Snurf–Snrpn imprinted region.

We show that the presence of H4K20me3, H3K9me3, H3K79me3,

and H3K36me3 on the silenced Ndn gene correlates with a chro-

matin structure that occludes DNA access to several families of

nucleases, whereas absence of the aforementioned marks at the

paternal locus correlates with an accessible, open chromatin

structure. A remarkable characteristic of this mechanism is its

stability, since cells that reactivate the silenced Ndn allele in the

fetal brain are detected with an extremely low frequency (Fig. 3A;

data not shown). We found that the deposition of heterochroma-

tin-associated histone marks within the Snurf–Snrpn imprinted

region is higher in brain than in liver cells. A comparison of the

amount of mRNA expressed from the genes of this genomic in-

terval in liver and brain revealed that they are expressed at much

higher levels in the brain (Supplemental Fig. S7). In the light of

the fact that PWS is a developmental, neurological syndrome, we

propose the following hypothesis: Imprinting in this genomic

interval is likely required for the proper dosage of one or several

genes in the brain, during late gestation. We propose that in the

brain, a high level of heterochromatin-associated histone marks

on the maternal chromosome contributes to the establishment of

an efficient heterochromatin barrier that prevents the recruit-

ment of the transcription factors that are active on the paternally

contributed chromosome. As the genes of the Snurf–Snrpn region

are expressed at low levels in the liver, the cells probably do not

require the same efficient barrier to prevent their expression from

the maternal chromosome. This lower selection pressure in the

liver could explain why the mechanisms that deposit hetero-

chromatin-associated marks are less efficient in these cells than in

the brain.

Analysis of histone modifications at the Snurf–Snrpn cluster

has revealed that H3K36me3 was mainly enriched on the silent

maternal allele. It was an unexpected result because this histone

modification is considered an ‘‘active’’ mark. Indeed, H3K36me3

was generally associated with transcriptionally active regions in

yeast and mammals (Bannister et al. 2005; Vakoc et al. 2006; Barski

et al. 2007; Guenther et al. 2007; Mikkelsen et al. 2007). More

precisely, H3K36me3 was found to accumulate in the 39 region of

transcribed genes and to correlate with elongation of transcription.

The link between H3K36me3 and transcription elongation is,

however, not universal, since this modification was not detected in

a subset of actively transcribed genes in Drosophila (Filion et al.

2010). In the present study, we show that H3K36me3 is associated

with facultative heterochromatin within the imprinted Snurf–

Snrpn cluster. We also provide evidence that H3K36me3 is enriched

within pericentromeric regions, which shows that this mark is

associated with constitutive heterochromatin.

How do we conciliate these two apparently contradictory

H3K36me3 distributions, in transcribed regions and heterochro-

matin domains? In yeast, the Set2p HMTase associates with the

phosphorylated C-terminal domain (CTD) of elongating RNAPII

and catalyzes the trimethylation of H3K36 at the level of tran-

scribed genes (Krogan et al. 2003; Li et al. 2003; Xiao et al. 2003).

However, when Set2p is mistargeted to the promoter through ar-

tificial recruitment, it represses transcription (Strahl et al. 2002;

Landry et al. 2003). Two studies demonstrated that Eaf3p, an

Rpd3S subunit, binds H3K36me3-modified nucleosomes (Carrozza

Figure 6. H3K36me3 deposition onto the silenced, maternally con-
tributed Snurf–Snrpn region is independent of transcription. (A) Repre-
sentation of the 3-Mb Snurf–Snrpn region as in Figure 1A. (B) ChIP analysis
of RNAPII binding to the Snurf–Snrpn region, using brain chromatin from
fetuses conceived by mating JF1/Ms males with C57BL/6 females. Strong
enrichment can be observed at positions 67,149,376; 69,493,157; and
69,565,295 that corresponds to the first intron of Snrpn and to Ndn and
Mrkrn3 promoters, respectively. Values are mean 6 SD of two in-
dependent ChIP experiments. (C ) RT-qPCR analysis of RNAs extracted
from the brains of E17 fetuses conceived by crossing JF1/Ms males with
C57BL/6 females. Relative levels of paternally (gray squares) and mater-
nally (black circles) expressed RNAs were quantified using the set of 35
allele-specific primer pairs and normalized to Hprt mRNA. This assay
identifies Snrpn, Magel2, and Mkrn3 mRNAs, but not Ndn mRNA due to
the absence of suitable polymorphisms inside the transcript. Values are
mean 6 SD (n = 3 independent experiments).
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et al. 2005; Joshi and Struhl 2005). Once recruited, Rpd3S, which is

a co-repressor protein complex, deacetylates histones within tran-

scribed sequences. It was proposed that Rpd3S deacetylation could

erase histone acetylation generated before or during the passage of

elongating RNAPII. Interestingly, set2 and rpd3S mutants display

aberrant intragenic transcription initiation events, which strongly

suggests that a role of Rpd3S, and by extension H3K36me3, could

be to prevent transcription initiation from intragenic cryptic

promoters (Carrozza et al. 2005; Joshi and Struhl 2005). Thus,

H3K36me3 could be involved immediately after a transcription

event in the establishment of a chromatin state repressive to (in-

tragenic) transcription. Similarly, in the fission yeast Schizosacchar-

omyces pombe, Set2 also associates with the coding regions of RNA

polymerase II–transcribed genes, and specifically methylates

H3-K36 (Morris et al. 2005). As in Saccharomyces cerevisiae, Set2

would recruit complex II, which resembles Rpd3S, and repress

antisense transcription in coding regions (Nicolas et al. 2007).

We propose that in the Snurf–Snrpn interval, H3K36me3 could

participate in gene silencing by preventing transcription initiation

events in heterochromatin. We wondered whether the deposition

of H3K36me3 within the silenced Snurf–Snrpn region was linked to

transcription elongation or to a different mechanism. Setd2, which

is the best characterized H3K36 HMTase in mammals (Edmunds

et al. 2008), is recruited to its genomic target regions by elongating

RNAPII. We analyzed RNAPII distribution within the Snurf–Snrpn

interval and showed that we could detect the enzyme exclusively

on the active, paternally inherited chromosome. Moreover, we

found that transcripts have also an exclusive paternal origin. Our

data are in agreement with a recent large-scale study that analyzed

the allelic expression of several imprinted clusters in the mouse brain

and reported the presence of numerous transcripts, exclusively

expressed from the paternal allele, within the interval between Snrpn

and Ndn (Gregg et al. 2010). As H3K36me3 was enriched on the si-

lenced, maternally contributed region, our data suggest that its de-

position does not depend on RNAPII and ongoing transcription.

It is now clear that cross talk exists among histone modifica-

tions and that both chromatin structure and gene expression are

controlled by a complex interplay between them. It is tempting to

speculate that in heterochromatic regions, H3K36me3 acts in

concert with the previously characterized H3K9me3 and H4K20me3

repressive histone marks to control and maintain gene repression.

Supporting this hypothesis, Grewal and colleagues showed that,

in fission yeast, mutations in Set2, which deposits H3K36me3,

and Clr4, the HMTase responsible for the methylation of H3K9,

resulted in cumulative defects in heterochromatin silencing, sug-

gesting that the two enzymes act in parallel pathways to promote

heterochromatin formation (Chen et al. 2008). Our results suggest

that H3K36me3, in addition to H3K9me3, might also contribute to

heterochromatin formation in mammalian cells. The recent find-

ing that H3K36me3 stimulates the recruitment of DNA-methyl-

transferase DNMT3A onto nucleosomes is compatible with our

hypothesis (Dhayalan et al. 2010). Interestingly, this last study

showed that the interaction between DNMT3A and H3K36me3

stimulates the methylase activity of DNMT3A in vitro, suggesting

a cross talk between H3K36me3 and DNA methylation. H3K36me3

could thus contribute to the establishment of a transcriptionally

unfavorable chromatin conformation by recruiting (and perhaps

stimulating) repressive complexes.

In conclusion, this study demonstrated that trimethylated

histone H3 at lysine 36 is specifically enriched in facultative and

constitutive heterochromatin in mouse, and that this histone

modification correlates with gene silencing within these hetero-

chromatin domains. We propose that H3K36me3 would contrib-

ute to the composition of heterochromatin, in association with

other DNA and histone modifications.

Methods

Mouse strains
The mouse strains used were C57BL/6 (Mus musculus domesticus),
JF1/Ms (Mus musculus molossinus), and (C57BL/6 X JF1/Ms) F1
hybrids. The Ndntm2Stw mutant mouse line that carries the Ndn-lacZ
fusion allele was described previously (Gerard et al. 1999). We
crossed these mice with (C57BL/6N 3 CBA) F1 mice to obtain E17
fetuses heterozygous for the Ndn-lacZ allele.

Chromatin immunoprecipitation

We carried out immunoprecipitation on E17 and P1 brain or P1
liver chromatin. We prepared native chromatin fragments of two
to six nucleosomes in length, as described previously (Umlauf et al.
2004b). Chromatin immunoprecipitation was carried out as fol-
lows: 30 mg of chromatin was incubated overnight at 4°C with
5–10 mg of commercial antibodies or 2 mL of H3K27me2/3 anti-
bodies in ChIP buffer (50 mM Tris at pH 7.5, 5 mM EDTA, 50 mM
NaCl, 0.1 mM PMSF, 13 protease inhibitor cocktail). Antibody
references and batches are indicated in Supplemental Table S3.

Immunoprecipitated chromatin was recovered by rotating
with Protein G Sepharose for 3 h, and beads were washed se-
quentially at room temperature with ChIP buffer, washing buffer A
(75 mM NaCl, 20 mM Tris-HCl at pH 8.0, 10 mM EDTA), washing
buffer B (same as buffer A with 125 mM NaCl), and washing buffer
C (buffer A with 175 mM NaCl). Bound chromatin was eluted at
room temperature in Elution buffer (50 mM Tris-HCl at pH 7.5, 50
mM NaCl, 5 mM EDTA, 1% SDS). DNA was purified by phenol–
chloroform extraction and precipitated by isopropanol. Pellets
were washed with 70% ethanol and resuspended in 10 mM Tris
(pH 8.0). Each assay was performed two or three times on in-
dependent chromatin preparations to control sample variation.
For competition assays, 30 mg of chromatin was incubated
overnight with 10 mg of H3K36me3 antibodies and 1 mg/mL
H3K36me2 or H3K36me3 competing peptides (Abcam).

Real-time PCR analysis after chromatin immunoprecipitation

To measure allele-specific chromatin differences in the Snurf–Snrpn
3-Mb region, we developed a quantitative real-time PCR assay
based on 35 allele-specific primer sets that allow the discrimination
of maternal and paternal alleles within the region spanning posi-
tions 66,527,171 to 70,251,665 on chromosome 7 (NCBI build 37).
Details on primer design are available in the Supplemental Methods.
The 35 primer sets can discriminate the two parental alleles of all
Snurf–Snrpn coding genes, four positions within the imprinting
center, and a series of randomly chosen non-coding regions (Fig.
1A). Except for RNAPII ChIP experiments, we performed a pre-
amplification step with the Thermoprime Taq polymerase (Abgene),
using primers flanking the allelic differences (these primers am-
plify the JF1/Ms and C57BL/6 genomes with the same efficiency).
This step improves mismatch detection (Shively et al. 2003). Pre-
amplification was performed as follows: 1 cycle for 4 min at 94°, 15
cycles for 20 sec at 94°C, for 30 sec at 56°C, and for 1 min at 72°C,
and 1 cycle for 10 min at 72°C. The resulting 500–700-bp amplified
products (IP or IN) were diluted at 1/25e and used as templates for
allele-specific qPCR assays. Allelic qPCR reactions were performed
in two separate wells using a common primer and either the
C57BL/6-specific primer or the JF1/Ms-specific primer. All reactions
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were carried out in a total volume of 10 mL, in 384-well plates. Liquid
handling of the 384-well plates was performed with a Baseplate
robotic workstation (The Automation Partnership). The composi-
tion of the quantitative PCR assay included 2.5 mL of DNA (pre-
amplified immunoprecipitated DNA or corresponding pre-ampli-
fied input), 0.5 mM forward and reverse primers, and 13 SYBR
Green PCR Master Mix (Applied Biosystems). The amplifications
were performed as follows: 2 min at 95°C, 40 cycles for 15 sec at
95°C and for 60 sec at 60°C in the ABI/Prism 7900HT real-time
PCR machine (Applied Biosystems). The real-time fluorescence
data were analyzed with the Sequence Detection System 2.3 (Ap-
plied Biosystems). Each pre-amplification and qPCR reaction was
performed in triplicate. Values were considered valid and included
in the charts only when the two allele-specific amplifications
passed the following quality controls: (1) Amplification reactions
were checked for the presence of a single specific peak in the
melting curve. (2) We considered only CTs from qPCR triplicates
with an SD <0.5. To standardize between experiments, we calcu-
lated the relative abundance by dividing 2�CT IP by 2�CT IN, both
values first being normalized for dilution factors. qPCR analysis of
control regions after H3K36me3 chromatin immunoprecipitation
is described in the Supplemental Methods.

Quantitative RT-PCR

Quantitative RT-PCR protocols (including the allele-specific assay)
and primers used are described in the Supplemental Methods.

shRNA vectors

shRNA vectors that target Setd2, Nsd1, Whsc1, and Whsc1l1
mRNAs were constructed using the pHYPER shRNA vector, as de-
scribed (Berlivet et al. 2010). Sequences encoding the shRNAs,
which were designed using the DSIR software (http://biodev.
extra.cea.fr/DSIR/DSIR.html), are listed in Supplemental Table S6.
For all targeted genes, a strong decrease of mRNA levels was observed
for two to four shRNA vectors (see the Supplemental Methods).

Transfection of MEF and ES cells

The shRNA plasmid vectors were introduced into MEF and ES cells
by electroporation, using a Lonza (Amaxa) electroporation appa-
ratus, as well as ES cells and MEF-specific electroporation kits
(Lonza VPH-1001 and VPD-1004 nucleofector kits, respectively).
For ES cells: 4 3 106 cells were electroporated with 20 mg of shRNA
plasmid vector, following the manufacturer’s instructions. Cells
were seeded in plates with feeder cells and incubated for 24 h in
D15 medium (DMEM with 15% serum, supplemented with LIF
and antibiotics). For immunofluorescence analysis, ES cells were
seeded on coverslips with feeder cells, in 24-well plates. Cells were
then selected with 2 mg/mL puromycin for 72 h. For MEF cells: 2 3

106 cells were electroporated with 10 mg of shRNA plasmid vector
according to the manufacturer’s instructions. Cells were seeded and
incubated for 24 h in D10 medium (DMEM with 10% serum, sup-
plemented with antibiotics). Cells were then selected with 1.2 mg/mL
puromycin for 72 h before being collected for the ChIP experiments.

Fetal brain nuclei preparation and nuclease digestion

Reagents, protocols, and hybridization probes for Southern blot
are described in the Supplemental Methods.

Histology

E17 brains were dissected, fixed in PBS with 4% paraformaldehyde
(PFA) for 1 h, and included in PBS with albumin (30%, w/v), gelatin

(0.5%, w/v) and glutaraldehyde (1%, v/v). The brains were cut into
300-mm sections using a Leica vibratom, fixed for 30 min in 4%
PFA, and stained overnight with X-gal.

Immunofluorescence

MEFs were derived from E13 embryos and analyzed at passages 3 or
4. Immunostaining was performed essentially as previously de-
scribed (Galvani et al. 2008). Briefly, cells grown on coverslips were
washed with PBS, then fixed with formaldehyde 1.6% (Methanol-
free formaldehyde; Polysciences Inc., #18814) and permeabilized
with 0.2% Triton X-100 in PBS. After blocking with 50 mg/mL
bovine serum albumin with 0.1% Tween 20 in PBS, cells were in-
cubated with primary antibodies overnight at 4°C (H3K36me3
antibody, abcam ab9050, 1 mg/mL; H3K9me3 antibody, abcam
ab8898, 1 mg/mL; H3K4me2 antibody, abcam ab32356, dilution
1/1000, HP1a antibody, Euromedex 2HP-1H5-As, dilution 1/1000).
Washes between primary and secondary antibodies were in 0.1%
Tween 20 and 0.05% TX-100 in PBS, and washes after incubation
with the secondary antibody were in 0.1% Tween 20. Coverslips
were mounted on glass slides with ProLong Gold (Invitrogen)
antifade reagent and sealed with nail varnish. Image acquisition
was carried out on an LSM510 confocal microscope (Zeiss), in
confocal mode (pinhole size set at 1 Airy unit).
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