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Imprinted gene expression corresponds to parental allele-specific DNA CpG methylation and chromatin
composition. Histone tail covalent modifications have been extensively studied, but it is not known whether
modifications in the histone globular domains can also discriminate between the parental alleles. Using
multiplex chromatin immunoprecipitation—single nucleotide primer extension (ChIP-SNuPE) assays, we mea-
sured the allele-specific enrichment of H3K79 methylation and H4K91 acetylation along the H19/Igf2 im-
printed domain. Whereas H3K79mel, H3K79me2, and H4K91ac displayed a paternal-specific enrichment at
the paternally expressed Igf2 locus, H3K79me3 was paternally biased at the maternally expressed H19 locus,
including the paternally methylated imprinting control region (ICR). We found that these allele-specific
differences depended on CTCF binding in the maternal ICR allele. We analyzed an additional 11 differentially
methylated regions (DMRs) and found that, in general, H3K79me3 was associated with the CpG-methylated
alleles, whereas H3K79mel, H3K79me2, and H4K91ac enrichment was specific to the unmethylated alleles.
Our data suggest that allele-specific differences in the globular histone domains may constitute a layer of the

“histone code” at imprinted genes.

Imprinted genes are defined by the characteristic monoal-
lelic silencing of either the paternally or maternally inherited
allele. Most imprinted genes exist in imprinted gene clusters
(10), and these clusters are usually associated with one or more
differentially methylated regions (DMRs) (27, 65). DNA meth-
ylation at DMRs is essential for the allele-specific expression of
most imprinted genes (31). Maternal or paternal allele-specific
DNA methylation of a subset of DMRs (germ line DMRS) is
gamete specific (27, 39). These maternal or paternal methyl-
ation differences are established during oogenesis or spermato-
genesis, respectively, by the de novo DNA methyltransferases
Dnmt3a and Dnmt3b together with Dnmt3L (5, 26, 48). The
gamete-specific methylation differences set the stage for the
parental allele-specific action of germ line DMRs, some of
which have been shown to control the monoallelic expression
of the associated genes in the respective domains (11, 34, 36,
53, 66, 71-73, 77). These DMRs are called imprinting control
regions (ICRs).

Two recurring themes have been reported for ICR action.
ICRs can function as DNA methylation-regulated promoters
of a noncoding RNA or as methylation-regulated insulators.
Recent evidence suggests that both of these mechanisms in-
volve chromatin organization by either the noncoding RNA
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(45, 50) or the CTCF insulator protein (17, 32) along the
respective imprinted domains. The CTCF insulator binds in
the unmethylated maternal allele of the HI19/Igf2 ICR and
blocks the access of the Igf2 promoters to the shared down-
stream enhancers. CTCF cannot bind in the methylated pater-
nal ICR allele; hence, here the Igf2 promoters have access to
the enhancers (4, 18, 24, 25, 62). When CTCF binding is abol-
ished in the ICR of the maternal allele, Igf2 expression be-
comes biallelic, and H19 expression is missing from both alleles
(17, 52, 58, 63). Importantly, CTCF is the single major orga-
nizer of the allele-specific chromatin along the H19/Igf2 im-
printed domain (17). Significantly, CTCF recruits, at a dis-
tance, Polycomb-mediated H3K27me3 repressive marks at the
Igf2 promoter and at the Igf2 DMRs (17, 32).

A role for chromatin composition is suggested in the paren-
tal allele-specific expression of imprinted genes. Repressive
histone tail covalent modifications, such as H3K9me2
H3K9me3, H4K20me3, H3K27me3, and the symmetrically
methylated H4R3me?2 marks, are generally associated with the
methylated DMR alleles, while activating histone tail covalent
modifications, such as acetylated histone tails and also
H3K4me2 and H3K4me3, are characteristic of the unmethyl-
ated alleles (7-9, 12-15, 17, 21, 33, 35, 43, 44, 51, 55, 56, 67, 69,
74, 75). Importantly, the maintenance of imprinted gene ex-
pression depends on the allele-specific chromatin differences.
ICR-dependent H3K9me?2 and H3K27me3 enrichment in the
paternal allele (67) is required for paternal repression of a set
of imprinted genes along the Kcngl imprinted domain in the
placenta (30). Imprinted Cdknlc and Cd81 expression depends
on H3K27 methyltransferase Ezh2 activity in the extraembry-
onic ectoderm (64). Similarly, H3K9 methyltransferase Eamt2
is required for parental allele-specific expression of a number
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of imprinted genes, including Osbpl5, Cd81, Ascl2, Tfpi2, and
Slc22a3 in the placenta (44, 45, 70).

There is increasing evidence that covalent modifications, not
only in the histone tails but also in the histone globular do-
mains, carry essential information for development and gene
regulation. The H3K79 methyltransferase gene is essential for
development in Drosophila (60) and in mice (22). H3K79
methylation is required for telomeric heterochromatin silenc-
ing in Drosophila (60), Saccharomyces cerevisiae (47, 68), and
mice (22). The H4K91 residue regulates nucleosome assembly
(76). Whereas mutations at single acetylation sites in the his-
tone tails have only minor consequences, mutation of the
HA4K91 site in the histone H4 globular domain causes severe
defects in silent chromatin formation and DNA repair in yeast
(37, 42, 76).

Contrary to the abundant information that exists regarding
the allele-specific chromatin composition at DMRs of im-
printed genes, no information is available about the parental
allele-specific marking in the histone globular domains at the
DMRs. We hypothesized that chromatin marks in the globular
domains of histones also distinguish the parental alleles of
germ line DMRs. In order to demonstrate this, we measured
the allele-specific enrichment of H3K79mel, H3K79me2,
H3K79me3, and H4K91ac at 11 mouse DMRs using quantita-
tive multiplex chromatin immunoprecipitation-single nucleo-
tide primer extension (ChIP-SNuPE) assays. In general,
H3K79me3 was associated with the methylated allele at most
DMRs, whereas the unmethylated allele showed enrichment
for H3K79mel, H3K79me2, and H4K91ac. These results are
consistent with the possibility that allele-specific differences in
the globular domains of histones contribute to the “histone
code” at DMRs.

MATERIALS AND METHODS

Chromatin immunoprecipitation. Mouse embryonic fibroblasts (MEFs) were
derived from 13.5-days-postcoitum (dpc) embryos. 129S1 (129) and JF1 inbred
mice (28) were purchased from the Jackson Laboratory. The CAST/Ei (CS) line
FVB/NJ.CAST/Ei(N7) is a distal chromosome 7 partial congenic strain (63). The
CTCF site mutant (CTCFm) mouse line carries point mutations at for ICR-
CTCEF sites (63). Chromatin preparation from 129 X CS, CS X 129, CTCFm X
CS, 129 X JF1, and JF1 X 129 primary MEFs was done as described earlier (17).
Briefly, the chromatin was cross-linked with formaldehyde. After sonication in
lysis buffer, an aliquot of the chromatin was reverse cross-linked and quantitated
by optical density (OD), and the efficiency of sonication was verified on agarose
gel. The chromatin was then diluted to a 0.4-mg/ml concentration and snap-
frozen in small aliquots. Each aliquot was thawed only once on the day that ChIP
was performed. The following antibodies, purchased from Abcam, were used in
the chromatin immunoprecipitation (ChIP) assays: anti-monomethyl-histone H3
(Lys79), ab2886; anti-trimethyl-histone H3 (Lys79), ab2621; anti-acetyl-histone
H4 (Lys91), ab4627; and anti-acetyl-histone H4 (Lys16), ab61240. Anti-dimethyl-
histone H3 (Lys79), 07-366; anti-dimethyl-histone H3 (Lys4), 07-030; anti-tri-
methyl-histone H3 (Lys9), 17-625; anti-trimethyl-histone H3 (Lys27), 07-449;
and anti-acetyl-histone H3 (Lys9), 07-352, were purchased from Millipore. The
globular histone covalent modifications were detected using cross-linking and
ChIP (X-ChIP) conditions. Native ChIP (N-ChIP) chromatin was used for de-
tecting the histone tail modifications. The chromatin immunoprecipitation was
performed as described previously (17), with minor modifications. Preblocked
A/G beads obtained from Santa Cruz (sc-2003) were used. Four micrograms of
DNA equivalent chromatin was used for ChIP.

Real-time PCR. Real-time PCR was performed to measure the region-specific
overall ChIP enrichment levels at the H19-Igf2 domain as described previously
(17). Equal aliquots (3 wl out of 100 wl) of ChIP elution DNA were amplified
with region-specific primers. A dilution series of known amounts of genomic
DNA was used for quantitating copy numbers from ChIP and input samples. The
input DNAs were from the exact chromatin aliquots used for the ChIP. These
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were used for fine adjustment of the ChIP intensities. PCR and extension prim-
ers for the 11 DMRs and control regions can be found in Table S1 in the
supplemental material.

Analysis of allele-specific histone enrichment. To measure allele-specific chro-
matin differences, we used the matrix-assisted laser desorption ionization-time
of flight mass spectrometry (MALDI-TOF) allelotyping analysis method ob-
tained from Sequenom. This method uses mass spectrometry quantification of
the extended SNuPE primers based on the differences in molecular mass be-
tween alleles (19, 23). Single nucleotide polymorphisms (SNPs) for the H19-Igf2
region were obtained by DNA sequencing of inbred 12951 (129) and CAST/Ei
(CS) at specific regions of interest as described previously (17). The SNP for the
Rasgrfl DMR was obtained by sequencing inbred 129S1 and JF1 mouse DNA.
For the other DMRs, we used known JF1 polymorphisms (20, 27, 38) that we had
confirmed by DNA sequencing. PCR and extension primers (see Table S1 in the
supplemental material) for multiplex assays (H19-Igf2, 7-plex; DMRs, 16-plex)
were designed using MassArray assay design software version 3.1. Six-microliter
PCR mixtures contained 1 pmol of each of the corresponding PCR primer pairs,
25 ng genomic DNA or 10 pl of the chromatin immunoprecipitated DNA
sample, and hot-start reaction mix (Qiagen). PCR conditions were as follows:
94°C for 15 min, followed by 40 cycles of 94°C (20 s), 56°C (30 s), and 72°C (60
s), and a final extension of 72°C for 3 min. Amplification of the H/9 promoter
was performed separately in a 10-ul reaction with Roche long-range buffer 1 and
a mixture of 7ag DNA polymerase (Roche) and Tag Vent (New England Bio-
labs) and utilized the following PCR conditions: 95°C for 2 min, followed by 37
cycles of 95°C (30 s), 65°C (45 s), 72°C (45 s), and a final extension of 72°C for
5 min. Amplified samples were spotted onto a 384 SpectroChip array using a
Nanodispenser and analyzed in a MassArray compact mass spectrometer (Se-
quenom). Automated spectra acquisition was performed using SpectroAcquire
(Sequenom). Samples were analyzed with the MassArray Typer version 3.4.
Allelotyping was performed by first generating an allele skew correction file using
a heterozygote DNA sample to correct for any allelic imbalance that may be
present in the allele mass products of true heterozygote crosses. All samples were
then exported from Typer version 3.4 and, in the process, were applied to the
skew correction file in order to normalize any existing allelic imbalance in the
SNP allele products. The final allelotype data report contained the ratio present
of each allele product at that given SNP. Serial dilutions (see Fig. S1 and S2 in
the supplemental material) were included in every experiment for quality con-
trol. Samples were run in duplicate.

RNA knockdown using shRNA. To generate the pseudoviral particles, 293T
cells were cotransfected by calcium phosphate with 15 g of each small hairpin
RNA (shRNA) plasmid (Sigma, St. Louis, MO) and 10 pg of pPACK packaging
plasmid mix (SBI, Mountain View, CA) at a cell density of 4 X 10° per 10-cm
culture dish. The culture medium was replaced with fresh medium after 6 h. The
supernatant was collected 24 h and 48 h after transfection. To determine the
vector titers, 10> HT1080 cells were seeded in a six-well plate and transduced
with various dilutions of the vector in the presence of 4 wg of Polybrene/ml
(Sigma, St. Louis, MO). The culture medium was replaced 48 h later with fresh
medium containing puromycin (Sigma, St. Louis, MO) at a concentration of 1.5
pg/ml, and puromycin-resistant colonies were counted 10 days after transduc-
tion. 129 X JF1 MEFs were transduced with Mission pseudoviral particles
TRCN0000125099, TRCN0000125100, TRCN0000125101, TRCN0000125102,
and TRCN0000125103 against mouse Dot/L (Sigma, St. Louis, MO) at an
optimal multiplicity of infection (MOI) of 5 and collected 10 days later for RNA
analysis. The experiment was repeated, and similar results were obtained at day
16 and day 21.

RNA isolation and RT-PCR. RNA was isolated from MEFs or from the
Dot1L*'* and Dot1L"%*/1° embryos (22) at 8.5 dpc using RNA-Bee, according
to manufacturer’s instructions (Tel-Test). The pellet was dissolved in diethyl
pyrocarbonate (DEPC) water containing RNasin (Promega) and 10 mM dithio-
threitol (DTT). Contaminating DNA was removed with the DNA-free kit (Am-
bion). Reverse transcription was performed on equal amounts of RNA with
random hexamers using the SuperScript III random primer synthesis kit for
RT-PCR (Invitrogen), according to manufacturer’s instructions. A total of 3 ul
of first-strand cDNA was used for real-time quantitative PCR. 129 X JF1 MEF
c¢DNA was used for standard curve dilutions. RT-PCR primers are listed in Table
S1 in the supplemental material.

RESULTS

Multiplex quantitative ChIP-SNuPE assays for measuring
allele-specific chromatin composition at 11 DMRs and at the
H19/Igf2 imprinted domain. Allele-specific chromatin analysis



VoL. 30, 2010

A

H4K91ac

B

H3K79me1

Cc

H3K79me2

D

H3K4me2

% allele in total ChIP % allele in total ChIP % allele in total ChIP

% allele in total ChIP

% allele in total ChIP
o N A O o
2 © O © o
NS S S
7

6

%

H3K79me2 AND H3K79me3 DISTINGUISH IMPRINTED ALLELES

8 -4 -3 2 kb
—_— i —# — >
DMR1 Igf2 P2 DMR2 ~90kb ICR H19 PR
129 X CS LI PAT W MAT CS X 129
1009 o 100%
80% S 80%
©
60% B 60%
40% S 40%
20% = 20%
0% = 0%
N

& & 0O R
i LU NI
O TR EE T

o 100%

5 80%

g 60%

< 40%

= 20%

L~ 9 o ©
&V &P WP R
0&m0®'q~'q_'®gx

N SRR S
100%

% allele in total ChIP
o N A O

2 © O & O
SN
I O —
e%

v & O © R
S F R
© b \C"<2~ \C’Q~ Q(\q

2695

FIG. 1. Activating chromatin composition along the H19/Igf2 imprinted domain. Allele-specific activating chromatin was measured by quan-
titative ChIP-SNuPE assays at the H79/Igf2 imprinted domain, using the 7-plex assay (see Fig. S1 in the supplemental material) and the H19
promoter assay. The regions of interest are depicted in the schematic drawing and indicated under each column. ChIP was done in duplicate, using
antibodies against specific histone modifications (indicated on the left side of each row of charts) to precipitate chromatin from 129 mother X CS father
MEFs or reciprocal CS mother X 129 father MEFs (indicated at the top). The ratio of an allele-specific histone modification at a specific region was
expressed as a percentage of maternal (MAT) or paternal (PAT) allele in the total (maternal plus paternal, or 100%) immunoprecipitation. Standard
deviations are indicated as error bars. Active chromatin histone globular domain modifications H4K91ac (A), H3K79mel (B), and H3K79me2 (C) and
the control histone tail modification H3K4me?2 (D) clearly distinguished the paternal alleles at the Igf2 regions. These modifications were slightly biased
or not biased toward the maternal alleles at the H19 regions. No allele-specific chromatin differences existed at a “neutral” intermediary region —8 kb
upstream of the H19 promoter (PR). Reciprocal mouse crosses had very similar allele-specific chromatin composition.

has been described for individual imprinted genes or small sets
of DMRs in a limited number of cell types. To gain an under-
standing of how different chromatin modifications may influ-
ence the allele-specific expression of imprinted genes, we de-

signed assays that allow a comparative and comprehensive
chromatin analysis of a large set of germ line DMRs. To
achieve a high-throughput allele-specific chromatin analysis at
imprinted domains, we developed nonradioactive multiplex
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FIG. 2. Repressive chromatin composition along the H19/Igf2 imprinted domain. Repressive globular domain histone modification H3K79me3
(A) and the control histone tail modification H3K9me3 (B) localized to the paternal allele at the H79 ICR and H19 promoter sequences. H3K9me3
but not H3K79me3 distinguished the maternal allele at the Igf2 regions. No allele-specific chromatin differences existed at —8 kb upstream of the

H19 promoter. Other details are provided in Fig. 1.

ChIP-SNuPE assays based on the Sequenom allelotyping plat-
form (23). These assays distinguish allele-specific incorpora-
tion of dideoxynucleoside triphosphates (ddNTPs) into the
SNuPE primer based on differences in molecular mass. Our
previous singleplex ChIP-SNuPE assays were based on radio-
nucleotide incorporation at sites of single nucleotide polymor-
phisms between 129 and CS mouse genomic sequences along
the H19/Igf2 imprinted domain. Our first 7-plex Sequenom
assay used the same SNPs (Fig. 1) at the Igf2 DMRI, Igf2 P2
promoter, Igf2 DMR2, two halves of the ICR (—3 kb and —4
kb), the H19 gene body (+2 kb), and an intermediary region
—8 kb from the H79 transcriptional start site. Each assay in the
7-plex assay and also in the HI19 promoter assay, run sepa-
rately, were rigorously quantitative, as shown by DNA mixing
experiments (see Fig. S1 in the supplemental material).

To extend our high-throughput allele-specific chromatin
analysis to a comprehensive set of imprinted regions, we also
designed a 16-plex ChIP-SNuPE reaction. This allows for mea-
suring allelic ratios of chromatin at 11 different DMRs based
on SNPs between 129 and JF1 inbred strains. Four of these
DMRs were represented in the assay with two or three alter-
native SNPs along their sequences (see Fig. S2 in the supple-
mental material). These multiplex assays again were rigorously
quantitative (see Fig. S2 and S3 in the supplemental material).
Most of these assays showed a linear response, except GnasIA
DMR, which required a simple curve-fitting calculation step.
The parental allele specificity of histone modifications at each
of these DMRs was very similar between ChIP replicates, be-
tween alternative SNPs in the same DMRs, between the re-
ciprocal mouse crosses, and (for the ICR) between 129 X CS
and 129 X JF1 crosses (Fig. 1 and 2; see Fig. 6 to 8).

Assessment of the specificity of the antibodies. To gain a
better understanding of the function of globular domain his-

tone modifications, we decided to test the allele-specific en-
richment of different methylated forms of H3K79 at DMRs of
imprinted genes. The H3K79mel, H3K79me2, H3K79me3,
and control H3K9me3 antibodies recognized the correspond-
ing peptides in immuno-dot blot assays with high specificity
(see Fig. S4 in the supplemental material).

Allele-specific chromatin composition at the H19/Igf2 im-
printed region. We first investigated the parental allele-specific
enrichment of histone covalent modifications in the globular
domains of H3 and H4 at the H19/Igf2 imprinted domain using
the 7-plex Sequenom assay (see Fig. S1 in the supplemental
material). We found that the H4K9lac, H3K79mel, and
H3K79me2 marks were strongly paternal allele specific at the
Igf2 DMRI, Igf2 P2 promoter, and Igf2 DMR2 sequences (Fig.
1A to C). This pattern was similar to the pattern of an acti-
vating histone tail modification, H3K4me?2 (Fig. 1D). The H19/
Igf2 ICR, the H19 promoter, and the H19 gene body showed no
or only slight bias toward the maternal alleles for the H4K91ac,
H3K79mel, and H3K79me?2 marks (Fig. 1A to C). This pattern
was different from the maternally biased pattern of H3K4me2
(Fig. 1D).

H3K79me3 enrichment was strongly paternal allele specific
at the H19/Igf2 ICR and at the H19 promoter (Fig. 2A), similar
to the pattern of H3K9me3 at these sequences (Fig. 2B). The
7-plex SNuPE assay was more sensitive than our previous man-
ual ChIP-SNuPE assays (17) for the H19/Igf2 domain. With the
multiplex assay, we were able to measure the H3K9me3 allelic
enrichment at the Igf2 DMR1 and Igf2 P2 promoter and also
measure more precisely the H3K9me3 allelic bias at the Igf2
DMR2. Whereas H3K9me3 was biased toward the repressed
maternal allele throughout the Igf2 locus (Fig. 2B), these re-
gions did not exhibit allele-specific enrichment for H3K79me3
(Fig. 2A). The control intermediary region at —8 kb did not
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FIG. 3. CTCEF is responsible for region-specific enrichment of chromatin components at the H/9 and Igf2 loci. The overall enrichment for
specific chromatin modifications was compared between 129 X CS MEFs (white bars) and CTCFm X CS MEFs (black bars) by ChIP and real-time
PCR. The schematic drawings at the top depict the expressed versus silenced status (horizontal arrow versus X) and methylation of the H79 and
Igf2 imprinted genes in normal 129 X CS MEFs and mutant CTCFm X CS MEFs (17). In normal cells, CTCF protein (vertical oval) binding in
the ICR (rectangle) in the unmethylated (white lollipop) maternal allele (M) but not in the methylated (black lollipop) paternal allele (P) insulates
the Igf2 promoter from the downstream enhancers (small horizontal ovals). In the mutant cells, CTCF binding is abolished in the maternal ICR
by point mutations (x) resulting in lack of insulation and, hence, biallelic Igf2 expression. The levels of active chromatin marks H4K91ac (A),
H3K79mel (B), and H3K79me2 (C) greatly increased in the mutant cells at the DMR1, the DMR?2, and the Igf2 P2 promoter. The repressive
H3K79me3 signal (D) greatly increased at the H79 ICR in CTCFm X CS MEFs compared to that in normal cells. There was no change at the

—8-kb region. Average precipitation values are expressed in copy numbers and are shown with standard deviations.

exhibit allele-specific differences for any of the histone modi-
fications examined.

In summary, the histone globular domain covalent modifi-
cations we examined exhibited a strong allelic bias toward only
the paternally inherited chromosome along the H19/Igf2 im-
printed domain.

Effects of the ICR-CTCEF site mutations on the allele-specific
chromatin composition of histone globular domain modifica-
tions at the H19/Igf2 imprinted domain. CTCF binding in the
HI19/Igf2 ICR is required for organization of the maternal
allele’s chromatin composition, with regard to histone tail
modifications (17). CTCF binding in the maternal allele re-
cruited active chromatin to the H19 locus and repressive chro-
matin to the Igf2 locus and also excluded repressive chromatin
from the H19 locus and active chromatin from the Igf2 locus.

We asked whether CTCF binding in the H19/Igf2 ICR has also
an effect on the allele specificity of histone globular domain
covalent modifications. We compared normal 129 X CS and
mutant CTCFm X CS MEF chromatin along the domain (Fig.
3). The latter cells carried point mutations at each of the four
CTCF binding sites in the ICR (17, 63) and, as a consequence,
lacked in vivo ICR-CTCF binding (17). Lack of insulation re-
sulted in biallelic Igf2 expression and lack of H19 expression in
CTCFm X CS fetal kidneys and livers (63) and in CTCFm X CS
MEFs (17). We measured the amount of immunoprecipitated
DNA from equal amounts of chromatin in normal versus mutant
cells using real-time PCR (Fig. 3) and determined the parental
allele specificity of chromatin in the mutant cells using ChIP-
SNuPE (Fig. 4).

Remarkably, the ICR CTCF site point mutations caused a
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FIG. 4. CTCEF is required for allele-specific chromatin composition locally and at a distance. Quantitative analyses of chromatin composition
reveal the consequences of ICR CTCEF site mutations. Allele-specific enrichment is no longer apparent: the activating globular domain histone
marks H4K91ac (A), H3K79mel (B), and H3K79me2 (C) have shifted toward the maternal allele at the Igf2 locus. (D) H3K79me3 has shifted
toward the maternal allele at the H19 locus. Chromatin was precipitated from CTCFm X CS MEFs in duplicate with the specific antibodies
indicated on top of each chart. Allele-specific histone modification at a specific region was expressed as a percentage of the maternal mutant
(MATmut) or paternal wild type (PAT) allele in the total immunoprecipitate.

2-fold increase in the heterochromatin mark H3K79me3 at the
ICR sequences (Fig. 3D), where it was strongly paternal allele
specific in normal cells (Fig. 2A). H3K79me3 became biallelic
in the mutant cells at the ICR (Fig. 4D), providing evidence
that CTCF is required in the ICR for excluding H3K79me3
from the maternal allele. H3K79me3 occupancy at the HI9
promoter similarly switched from paternal to biallelic (Fig.
4D), but this was not accompanied by a change in the level of
H3K79me3 (Fig. 3D). The ICR CTCF site point mutations
also caused a 2-fold increase in the H4K91ac, H3K79mel, and
H3K79me2 levels at the Igf2 P2 promoter and Igf2 DMRs in
CTCFm X CS MEFs compared to wild-type 129 X CS MEFs
(Fig. 3A to C), and these paternal allele-specific (Fig. 1A to C)
activating chromatin marks became biallelic in the mutant cells
at the Igf2 P2 promoter and Igf2 DMRs (Fig. 4A to C).
H4K91ac levels were low at the HI9 locus (Fig. 3A) and
were only slightly biased at the ICR toward the maternal allele
in normal cells (Fig. 1A) but became unbiased in the mutant
cells (Fig. 4A). These data suggest that CTCF has a slight effect
on H4KO9lac recruitment at the HI19 locus. H3K79mel and
H3K79me?2 levels were low in abundance (Fig. 3A to C) and
showed biallelic enrichment in normal cells at the H19 locus
(Fig. 1A to C), but the CTCF site mutations did not change
these features (Fig. 3 and 4A to C), suggesting that CTCF does
not regulate H3K79mel and H3K79me2 enrichment at the
H19 locus. At the Igf2 P2 promoter and at the Igf2 DMRs,
H3K79me3 levels were relatively high compared to those of

other sequences in the H19/Igf2 domain but did not change
significantly in response to the CTCF site mutations (Fig. 3D).
Also, H3K79me3 was biallelically enriched at the Igf2 locus in
normal and mutant cells (Fig. 2A and 4D), indicating that
CTCF-ICR binding is not responsible for including K79me3-
modified H3 in the maternal allele at the Igf2 locus. Taken
together, the ICR CTCEF site mutations have caused the pa-
ternalization of the maternal allele’s chromatin composition
along the H19/Igf2 imprinted domain by exclusion. CTCF bind-
ing in the H19 ICR was required in the maternal allele at the
HI19 locus for excluding H3K79me3 and, at a distance, for
excluding H3K79mel, HeK79me?2, and H4K91ac at the Igf2
locus. CTCF did not significantly contribute to recruiting glob-
ular histone domain modifications (Fig. 5).

Allele-specific histone modifications in the globular do-
mains of H3 and H4 at eight maternally methylated DMRs. To
investigate whether it is a general phenomenon that histone
globular domain residues H4K91ac, H3K79mel, H3K79me?2,
and H3K79me3 exhibit parental allele-specific enrichment at
imprinted regions, we extended our analysis to 10 additional (8
maternally and 2 paternally methylated) germ line DMRs. We
precipitated chromatin in primary MEFs derived from 129 X
JF1 and the reciprocal JF1 X 129 mouse crosses using the
specific antibodies for these modified residues and also with
control antibodies H3K9ac, H4K16ac, H3K4me2, H3K9me3,
and H3K27me3 recognizing histone tail modifications. Real-
time PCR quantitation of the precipitated DNA at each DMR
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FIG. 5. Comparison of the examined histone globular domain and
histone tail modifications at the H19/Igf2 imprinted domain. (A) Al-
lele-specific differences in repressive (red) and activating (green) co-
valent modifications in the globular domain of histones are specific to
the paternal (P) but not the maternal (M) allele at the H19 and Igf2
loci in normal MEFs where CTCF binding (yellow ovals) in the ICR is
maternal allele specific. (B) The globular domain histone composition
of the maternally inherited CTCFm chromosome (Mmut) becomes
similar to that of the normal paternal chromosome due to the ICR
CTCF site mutations (white speckled ovals). (C) Allele-specific differ-
ences in repressive and activating covalent histone tail modifications
distinguish the paternal (P) and maternal (M) alleles at the H79 and
Igf2 loci in normal MEFs. (D) CTCEF site mutations cause the “pater-
nalization” of the maternal allele’s chromatin composition in the his-
tone tail modifications along the H19/Igf2 imprinted region (17).
CTCF is responsible for defining the maternal allele’s identity at the
level of chromatin along the H19/Igf2 imprinted domain by recruiting
and excluding histone tail modifications (C and D) and by excluding
histone globular domain modifications (A and B).

revealed that every single specific antibody precipitated chro-
matin at much higher level than nonspecific IgG (Table 1). As
expected, we observed background levels of precipitation with
antibodies against H4K91ac, H3K4me2, and H3K79me?2 at
heterochromatin control regions such as intracisternal A par-
ticles and major satellites, but these antibodies very strongly
precipitated a euchromatin control region at the c-myc pro-
moter. We then subjected the precipitated chromatin prepa-
rations to allele-specific multiplex DMR ChIP-SNuPE assays
(see Fig. S2 and S3 in the supplemental material).

Each of the DMRs (27) with maternal allele-specific CpG
methylation (Pegl-Mest, Zacl, GnaslA, Peg3, Snrpn, KWDMR,
Igf2r DMR2, and UZ2af1) exhibited a strong acetylation bias
toward the paternal allele at H4K91 (Fig. 6A). This strong
paternal allele-specific H4K91ac bias was very similar to that of
H3K9%ac and H4K16ac (Fig. 6B and C).

Monomethylation of H3K79 showed a strong paternal al-
lele-specific bias at the Pegl-Mest, Zacl, GnaslA, Peg3, and
Snrpn DMRs and at the KvDMR (Fig. 7A) but did not exhibit
allelic bias at the Igf2r DMR2 and U2afl DMR. Dimethylation
of H3K79 was strongly paternal allele specific at the Pegl-Mest,
Zacl, GnaslA, Peg3, and Snrpn DMRs and at the KvDMR,
was weakly paternal allele specific at the Igf2r DMR2, and was
not allele specific at the U2afl DMR (Fig. 7B). The pattern of
mono- and dimethylation at the H3K79 globular histone resi-
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due was similar to the pattern of dimethylation of H3K4 in the
histone tail (Fig. 7C).

Trimethylation of H3K79 showed a maternal allele-specific
bias at the Pegl-Mest, Zacl, GnaslA, Peg3, and Snrpn DMRs
but was not allele specific at the KvDMR, Igf2r DMR2, and
U2afl DMR (Fig. 8A). The pattern of trimethylation at the
H3K?79 globular histone residue was similar to the patterns of
trimethylation of H3K9 and H3K27 in the H3 histone tail (Fig.
8B and C), with the H3K9me3 differences being the most
polarized.

Allele-specific histone modifications in the globular do-
mains of H3 and H4 at three paternally methylated DMRs.
The H4K91ac enrichment at the three paternally methylated
DMRs, H19/Igf2 ICR, Rasgrfl DMR, and IG-DMR (Fig. 6A),
was different than what we had found at the maternally meth-
ylated DMRs: it was not paternal allele specific. H4K91ac
exhibited a maternal-specific bias at the IG-DMR, like
H3K9%ac (Fig. 6B). H4K91ac, however, was biallelic at the
HI19/Igf2 ICR and the Rasgrfl DMR similar to H3K16ac but
unlike H3K9ac (Fig. 6B and C).

Similar to the bias of H3K4me?2 (Fig. 7C), the H3K79mel
and H3K79me2 marks were strongly biased toward the mater-
nal allele at the IG-DMR (Fig. 7A and B), but unlike
H3K4me2, they did not exhibit allele specificity at the H19/Igf2
ICR and at the RasgrfIl DMR (Fig. 7A and B).

H3K79 trimethylation was strongly biased toward the pater-
nal allele at the H19/Igf2 ICR and less biased toward the
paternal allele at the Rasgrfl DMR and at the IG-DMR (Fig.
8A). The allele-specific H3K79me3 pattern was almost identi-
cal to the H3K9me3 pattern (Fig. 8B) at all three paternally
methylated DMRs, but it was not similar to the H3K27me3
pattern, which showed a clear maternal allele-specific bias at
the Rasgrfl DMR (Fig. 8C). The latter finding was in agree-
ment with the antagonistic roles of H3K27me3 and DNA
methylation at the Rasgrfl DMR (35).

Testing the function of H3K79 methyltransferase DotIL in
imprinting. In general, H3K79me3 was associated with the
CpG-methylated allele at most DMRs, while the unmethylated
allele showed enrichment for H3K79mel and H3K79me2. We
asked whether the overall H3K79 methylation levels have a
role in the expression of imprinted genes. We measured the
levels of expression for a set of imprinted genes in 8.5-dpc
Dot1L mutant (22) embryos using real-time RT-PCR (Fig. 9A
to C). DotlL expression was abolished (Fig. 9A), whereas the
control histone methyltransferase Ehmt2 transcript level was
unaffected in the DotIL~'~ embryos (Fig. 9B). We did not
detect significant changes in the expression levels of imprinted
genes (Fig. 9C). It is not possible to directly compare the 129 X
CS and 129 X JF1 MEF chromatin data with the DotIL ™/~
embryo data, because these mutant embryos die between 9.5
and 10.5 dpc before MEFs can be derived (at 13.5 dpc). The
Dot1L mutant mouse line also did not allow for the assessment
of allele-specific gene expression. To reveal whether allele-
specific changes may occur in response to Dot1L downregula-
tion but may be masked at the level of overall expression, we
knocked down DotIL in 129 X JF1 MEFs using five different
small hairpin RNAs against DotIL (Fig. 9D). More than 99%
of the 129 X JF1 MEFs died after 2 weeks of shRNA treat-
ment. The extremely low cell numbers precluded the analysis
of chromatin. However, we were able to analyze RNA from
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TABLE 1. Real-time PCR quantitation of immunoprecipitated chromatin at DMRs"
Region of interest

Hi'stom? Copy no. -
modification  precipitated izgit' Zacl GnaslA Peg3 Smrpn KvDMRI Igfr  UZafl IHcllg Rasgrfl DII\(/I}R cmyc  IAP l\s’la?
H3K9ac Avg 5,749 181 10,543 123 77 267 893 784 64 929 74 3,405 9 6
SD 943 34 1,999 32 15 73 229 33 15 119 17 261 13 1
H4K91ac Avg 334 90 1,870 48 12 85 261 148 15 299 20 684 18 1

SD 41 18 659 17 2 6 42 60 11 1 8 53 5
H3K4me2 Avg 17,666 989 29,108 309 302 367 1,875 5217 310 10,082 369 7,804 41 54
SD 5,261 3 2,725 9 28 48 114 41 32 392 13 1,275 36 14
H3K79mel Avg 21,806 2,798 58,070 387 240 667 5,902 36,233 67 1,919 203 5,023 119 24
SD 4,408 129 7,959 92 66 17 708 2,776 11 293 12 159 29 12
H3K79me2 Avg 6,319 771 14,060 137 61 467 2,790 11,476 24 209 42 1,144 111 12
SD 1,098 20 52 5 12 9 11 1,111 8 41 11 439 10 4
H3K79me3 Avg 619 84 464 33 42 246 426 1,018 40 2,280 51 50 39 45
SD 81 15 131 13 9 66 24 622 0 1,137 9 31 24 2
H3K27me3 Avg 331 93 840 34 41 19 143 160 70 10,790 96 19 46 21
SD 2 10 245 14 0 2 35 46 1 429 13 13 22 0
H3K9me3 Avg 4,438 473 1,903 316 232 253 1,159 1,246 205 11,056 247 138 253 243
SD 354 29 269 26 27 55 158 323 15 2,216 18 6 19 7
I1gG (N-ChIP) Avg 4 2 2 0 0 0 1 2 0 2 0 0 3 6
IgG (X-ChIP) Avg 0 0 0 0 0 0 1 1 0 2 0 1 2 5

“ The numbers are averages and standard deviations (SD) of DNA copies precipitated at each DMR and at the control genomic regions with the antibodies indicated

on the left. Maj. sat., major satellites.

surviving cells 10 days after treatment. The DotIL RNA level
was reduced in the shRNA-treated MEFs by an average of
80% and up to 90%, as measured by real-time RT-PCR (Fig.
9D), compared to that of the vector control sample. The
knockdown efficiency was similar in an independent study of
embryonic stem (ES) cells with the same shRNA constructs
(2). Those authors verified by RT-PCR that DotIL expression
was reduced by 80% and by Western blotting that H3K79
methylation was absent (2). Whereas cell viability in undiffer-
entiated ES cells was not affected, the DotIL. shRNAs caused
a great reduction of cell viability upon differentiation (2).
These results suggest that loss of viability of 129 X JF1 MEFs
most likely resulted from demethylation of H3K79 in the near
absence of Dot1L after shRNA knockdown. We measured the
allele-specific expression of H19, Igf2, GtI2, Snrpn, and Zacl
imprinted genes using multiplex RNA SNuPE Sequenom as-
says (see Fig. S5 in the supplemental material) and found that
each of these imprinted genes was strictly expressed from only
the correct parental allele (Fig. 9E and F). Taken together, the
two independent functional assays suggest that Dot1L-depen-
dent overall H3K79 methylation levels are not essential for
maintaining imprinted gene expression in the mouse embryo.

DISCUSSION

In this study we provide a comprehensive map of the allele-
specific chromatin composition of 9 different histone modifi-
cations at 11 DMRs in reciprocal mouse crosses. Our results
reveal that H4K91 acetylation and H3K79 methylation allele

specifically mark the germ line DMRs in the globular domains
of histones H3 and H4. We provide evidence that along the
H19/Igf2 imprinted domain, CTCF insulator binding controls
the globular domain marks by excluding them from the mater-
nal allele. We show that H3K79me?2 and H3K79me3 are biased
toward functionally opposite and epigenetically distinct alleles
of the DMRs. Therefore, a single methyl group specifies
H3K79me2 and H3K79me3 association with euchromatin and
heterochromatin, respectively.

Globular domain histone modifications exclusively mark
the paternal allele at the H19/Igf2 imprinted region in a CTCF
insulator-dependent fashion. In normal cells, we found pater-
nal allele-specific bias for H3K79mel, H3K79me2, and
H4KO91ac at the paternally expressed Igf2 P2 promoter and at
Igf2 DMR1 and DMR2 and a paternal allele-specific bias for
H3K79me3 at the H19/Igf2 ICR and H19 promoter. In CTCFm X
CS cells, H3K79mel, H3K79me2, and H4K9lac became
biallelic at the biallelically expressed Igf2 P2 promoter, and
H3K79me3 became biallelic at the biallelically silent H19 pro-
moter. These findings suggested that H3K79mel and -2/
H4KO91ac and H3K79me3 may have activating and repressing
regulatory roles at the Igf2 and HI9 loci, respectively. On the
other hand, H3K79me3 was enriched in both alleles at the Igf2
P2 promoter in normal MEFs and also in CTCFm X CS
MEFs, and the expression of H19 and Igf2 did not change in
Dot1L mutant embryos and after DotIL knockdown, arguing
that H3K79 methylation has no regulatory role at the H19/Igf2
imprinted domain in the embryo. Alternatively, the H3K79
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FIG. 6. Histone acetylation marks distinguish the CpG-unmethylated alleles of maternally and paternally methylated DMRs. Allele-specific
chromatin composition was determined at single nucleotide polymorphisms (SNPs) within maternally methylated (Pegl, Zacl, GnaslA, Peg3,
Snrpn, Igf2r, U2af1, DMRs, and KvDMR) and paternally methylated (H19/Igf2, Rasgrfl, DMRs, and IG-DMR) DMRs by quantitative multiplex
assays (see Fig. S2 and S3 in the supplemental material) and represented as shown in Fig. 1. Alternative SNPs are included for the H79/Igf2 ICR
(—3 kb and —2 kb from the transcription start site of H19), IG-DMR (at 1, 2, or 3.7 kb along the DMR), Pegl-Mest (no. 1 and 2 along the DMR),
and Zacl (no. 1 and 2) DMRs. ChIP was performed in duplicate using antibodies against specific modified histones (indicated on the top of each
row of charts) from 129 X JF1 MEFs or the reciprocal JF1 X 129 MEFs (indicated under each column, maternal allele comes first). (A) The allele
specificity of the H4K91ac globular histone modification is similar to the H3K9ac (B) and H4K16ac (C) histone tail modifications.

the maternal allele and for excluding other tail marks from the
maternal allele. CTCF directly recruits Suzl2-mediated

methylation marks may be redundant with other epigenetic
marks in the embryo at this imprinted domain.

The present data expand our previous finding that CTCF is
the master organizer of chromatin at the H19/Igf2 imprinted
domain (17). CTCF is required for specifying the maternal
allele’s chromatin by recruiting certain histone tail marks to

H3K27 trimethylation to the Igf2 locus in the maternal allele
(32). On the other hand, CTCF controls histone tail modifica-
tions at the H19 promoter indirectly by setting the activity state
of the promoter (69). In the case of globular histone marks,
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FIG. 7. Active histone methylation marks distinguish the parental alleles of maternally and paternally methylated DMRs. H3K79mel (A) and
H3K79me2 (B) globular domain modifications are comparable to the H3K4me2 histone tail mark (C). Reciprocal mouse crosses had nearly
identical allele-specific chromatin composition. The maternally methylated DMRs exhibited a paternal allele-specific bias for H3K79mel,
H3K79me2, and H4K91ac histone marks, whereas the paternally methylated DMRs were more maternally biased for these modifications. Other

details are shown in Fig. 6.

CTCF was responsible for the chromatin composition of the
maternal allele by excluding H4K9lac, H3K79mel, and
H3K79me2 at the Igf2 locus and by excluding H3K79me3 at
the H19 locus from the maternal allele, but it did not recruit
any of these globular marks to the maternal allele (Fig. 5).
CTCF may directly or indirectly exclude H3K79me3 at the
ICR and H3K79me?2 at the Igf2 locus from the maternal allele.
We cannot distinguish between these possibilities at the Igf2

locus because lack of CTCF binding in the ICR invariably
results in biallelic Igf2 expression. If CTCF has a direct role in
excluding globular marks, it may do so by excluding the H3K79
methyltransferase from the maternal allele or by recruiting
H3K79 demethylase activities to the maternal allele.

CTCF may control chromatin composition by controlling
DNA methylation (17, 52, 58, 63) at the ICR and distantly at
the Igf2 DMRs. The HI19 promoter, however, is unmethyl-
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FIG. 8. Repressive chromatin marks distinguish the parental alleles of maternally and paternally methylated DMRs. The globular histone mark
H3K79me3 (A) showed allele-specific distribution at DMRS similar to that of other repressive histone tail modifications H3K9me3 (B) and
H3K27me3 (C). The paternally methylated DMRs exhibited a paternal-allele specific bias, whereas some of the maternally methylated DMRs

showed a maternal allele-specific bias for H3K79me3. Other details are shown in Fig. 6.

ated in CTCFm X CS MEFs (17), at the same time un-
dergoes heterochromatinization with regard to histone
tail modifications, and also attains biallelic H3K79me3.
Therefore, CTCF-mediated chromatin regulation can be
independent of CTCF-dependent maintenance of DNA
hypomethylation.

Whereas CTCF binding in the ICR exhibited a regulatory
role for histone tail and globular domain modifications at the
HI19/Igf2 imprinted domain, further work is required to find

out whether CTCF organizes chromatin at other DMRs and
imprinted domains.

Allele-specific enrichment of globular domain histone mod-
ifications at DMRs. Our systematic analysis determined that
all of the germ line DMRs examined exhibited allele-specific
enrichment for one or more globular domain modifications.
H4K91ac, similar to H3K9ac, showed a paternal allele-specific
bias at each of the maternally methylated DMRs (Pegl-Mest,
Zacl, GnaslA, Peg3, Snrpn, KvDMR, Igf2r DMR2, and U2af1),



2704 SINGH ET AL. MoL. CELL. BIOL.

A B
- Dot1L/Gapdh Ehmt2/Gapdh
-% 1.2 1.4
e 1 1.2
g 08 1
3 06 g'g
o .
2> 04 0.4
E 0.2 0.2
O 0 0
@ ++ -I- ++ -
C
C Zac1/Gapdh DIk1/Gapdh Gtl2/Gapdh Igf2/Gapdh
o 14 2.2 1.4 1.6
@ 12 28 12 14
g 1 18 1 1.2
2 08 . 0.8
S o6 2 0.6 0.8
) 0.8 0.6
> 04 0.6 0.4 0.4
T 02 83 0.2 0.2
© o | 0 0 0
o ++ - +/+ -/ /4 - ++ -
Peg3/Gapdh H19/Gapdh RtlI1/Gapdh Snrpn/Gapdh
.5 2 1.8 1.4 1.2
2 18 14 12 !
O 14 1.2 1 0.8
% k 0.18 g'g 0.6
© o8 0.6 04 0.4
= 04 0.4 0.2
T 0.2 0.2 0.2 |
© 0 0 ‘
i ++ -/- ++ -/- 0 +/+ -/- +/+ -/-
D 5 E
S Dot ] PAT Hl MAT
§ 120 Igf2
S 100 < 120
© 80 9 100
X 60 %so___————
.540 a60 H I — H HH H H
%200 640_______
(0]
5 C 2 3 4 5 §20° A
(i o C 1 2 3 4 5
°
F @
] PAT H MAT g Snrpn
GtlI2 SNP A Gtl2 SNP B o
- 120 120 X 100 =
5 100 100 go L L 1 1 ]
o 80 80 Pl I N N A (A N O 6
S 60 60 40 1 — 1 1
S 40 40 20 L L ] L
Q9 20 20 0
2 0 cC 1 2 3 4 5
% c 1 2 3 4 5 c 1 2 3 4 5
g H19 SNP A H19 SNP B 0 Zact
5 120 120 o
=100 100
S 80 80 80— — MMM
60 60 O 1
40 40 so M ] H
20 20 20— +— — — — H
0 0 0
c 1 2 3 4 5 c 1 2 3 4 5 c 1 2 3 4 5

FIG. 9. DotIL is not required for parental allele-specific expression of imprinted genes in the embryo. (A) Expression of DotIL is reduced in
DotlL mutant (—/—) embryos compared to that of wild-type DotIL (+/+) littermates. Real-time RT-PCR with oligonucleotides that recognize
the catalytic domain is shown. (B) The transcript levels did not change for a control histone methyltransferase gene, Ehmt2. (C) Imprinted genes
exhibit no significant changes in transcript levels in Dot/L mutant embryos. Real-time RT-PCR using duplicate embryos is shown. (D) DotIL is
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whereas H3K79me3, similar to H3K9me3, exhibited a paternal
allele-specific bias at each of the paternally methylated DMRs
(H19/1gf2 ICR, Rasgrfl DMR, and IG-DMR). Unlike H3K9ac,
however, H4K91ac was not maternal allele specific at each of
the paternally methylated DMRs (H19/Igf2 ICR and Rasgrf]
DMR were biallelic). Unlike H3K9me3, H3K79me3 was not
maternal specific at each of the maternally methylated DMRs
(KvDMR, Igf2r DMRZ2, and U2afl DMR were biallelic). These
differences suggest a level of independence between the spe-
cific enzymes modifying the respective tail and globular do-
main residues.

A histone cross talk model has been proposed previously in
yeast: acetylation of H4K16 excludes Sir3 and allows Dotl to
bind to the H4 histone tail and dimethylate K79 in the H3
globular domain (1). The allele-specific enrichment of H4K16
acetylation at 11 DMRs in the mouse (Fig. 6C) shows a general
correlation with H3K79me2 (Fig. 7B). This is consistent
with the possibility that the asymmetry of H3K79me2 and
H3K79me3 allelic enrichment could be a response to H4K16
acetylation in the CpG-hypomethylated allele.

The globular domain histone modifications correlated with
the DNA methylation status at the DMRs. In each case, when
allelic bias existed at a DMR, the allele specificity was consis-
tent, as follows: H4K91ac, H3K79mel, and H3K79me2 were
biased toward the unmethylated allele, whereas H3K79me3
was biased toward the CpG-methylated allele. This pattern
suggests that globular histone marks may have functional
relevance at DMRs. Hypoacetylated H4K91 in the methyl-
ated allele may stabilize nucleosomes due to the positive
charge at this residue when the acetyl group is lacking (76),
whereas acetylated H4K91 in the unmethylated allele may
destabilize nucleosomes, leading to more accessible chro-
matin. H3K79me3 marks may reinforce repressive chromatin
in the CpG-methylated DMR alleles. The findings that expres-
sion of imprinted genes was unaffected in 8.5-dpc DotlL mu-
tant embryos and in MEFs where DotIL was knocked down
suggest that H3K79 methylation marks must be functionally
redundant with other epigenetic marks, such as DNA methyl-
ation and histone tail modifications in the embryo. Neverthe-
less, H3K79 methylation may have a role in the regulation of
imprinted genes in a tissue-specific manner, for example, in the
placenta where the role of DNA methylation is less important
for imprinted gene expression (30, 67). The H3K27 methyl-
transferase Ezh2 is required for imprinted expression of
Cdknlc and Cd8! in the extraembryonic ectoderm (64), and
the H3K9 methyltransferase Ehmt2 is required for monoallelic
expression of the Osbpl5, CdS81, Ascl2, Tfpi2, and Slc22a3 im-
printed genes in the placenta (44, 45, 70).

One methyl group between H3K79me2 and H3K79me3 dis-
tinguishes euchromatin from heterochromatin. The literature
has contradicting reports on whether H3K79 methylation is an
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active or repressing chromatin mark. It was originally consid-
ered a hallmark of euchromatin (46, 68), but in the early
studies, only H3K79me?2 enrichment was assessed. Genome-
wide ChIP analyses later found H3K79me?2 enrichment at ac-
tive regions in Drosophila (41, 59) but not in human (3) cells.
Association was found between H3K4/K79me2 and preen-
gaged transcription (16). H3K79me? levels increase in promot-
ers after Myc induction (40). H3K79me2 is dynamically in-
duced upon gene activation but is destabilized in highly
transcribed promoters at the globin loci (57). H3K79me3 is
enriched within the transcribed regions of genes in yeast (54)
and mammalian (61) cells. H3K79me3 colocalizes with re-
pressed promoters in human cells (3) and with DNase I-hy-
persensitive sites proximally of silent genes (6). In fibroblasts
and oocytes, H3K79me2 was observed throughout the genome
by immunocytochemistry, whereas H3K79me3 was localized in
the pericentromeric heterochromatin regions (49).

The maternally and paternally inherited alleles of DMRs
exist in opposite epigenetic states and provide a well-defined
experimental system to assess whether a particular histone
component is specific to euchromatin or heterochromatin. As-
sociation of H3K79me3 with H3K9me3 at the CpG-methylated
alleles of most DMRs suggests that H3K79me3 is a component
of heterochromatin, whereas association of H3K79me2 with
H3K4me2 and H3K9ac at the unmethylated DMR alleles im-
plies that H3K79me?2 is a component of euchromatin.

It will be interesting to reveal whether H3K79me2 and
H3K79me3 distinguish euchromatin or heterochromatin in or-
ganisms where gene regulation is achieved without DNA meth-
ylation and whether the role of chromatin marks, therefore, is
less redundant. In yeast, the H3K79 methyltransferase Dotl1 is
essential not only for heterochromatin-mediated silencing but
also for blocking heterochromatin spread into euchromatin (1,
29, 47, 60, 68). Subtelomeric heterochromatin was character-
ized with low levels of H3K79 methylation, but only
H3K79me2 levels were measured, and H3K79me3 was not
assessed (46). In view of our findings, lack of H3K79me?2 would
be consistent with high levels of H3K79me3 in subtelomeric
heterochromatin. The H3K79 methyltransferase mutant
grappa exhibited striking contradicting Polycomb and Tritho-
rax phenotypes in Drosophila (60). Our data suggest that
H3K79mel and -2 and H3K79me3 might be involved in main-
taining the levels of euchromatin and heterochromatin, respec-
tively, at the regulatory domains of homeotic selector genes,
and both active and repressive chromatin would be affected in
the grappa mutants.

DotlL is required for mono-, di-, and trimethylation of
H3K79 in the mouse (22). The enzyme that removes these
methyl groups is unknown. The addition/removal of one
methyl group determines the association of H3K79me2 and
H3K79me3 with heterochromatin and euchromatin, respec-

downregulated by shRNA. The transcript level of DotIL in the MEFs with different ShRNA constructs (1-5) is presented as a percentage of the
DotIL transcript levels in MEFs with control (c) vector transduction. Real-time RT-PCR results are shown. (E and F) Imprinted genes exhibit
normal allele-specific transcription in 129 X JF1 MEFs after DotIL knockdown. Allele-specific expression of paternally (E) and maternally (F)
expressed imprinted genes was measured using RNA SNuPE multiplex assays after Dot/L knockdown. The average percentage of maternal (MAT)
or paternal (PAT) alleles in the total 100% expression is shown in black and gray, respectively, from duplicate measurements with standard

deviations.
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tively. It will be interesting to find out what triggers the
H3K79me2-to-H3K79me3 transition and its reversal, if this
one methyl group may function to regulate gene activation/
repression in the imprinted genes of mammal tissues specifi-
cally, and if it affects heterochromatin-euchromatin distribu-
tion in different organisms globally.
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