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The histone H3 lysine 79 methyltransferase DOT1L/KMT4 can promote an oncogenic pattern of gene
expression through binding with several MLL fusion partners found in acute leukemia. However, the normal
function of DOTI1L in mammalian gene regulation is poorly understood. Here we report that DOT1L recruit-
ment is ubiquitously coupled with active transcription in diverse mammalian cell types. DOT1L preferentially
occupies the proximal transcribed region of active genes, correlating with enrichment of H3K79 di- and
trimethylation. Furthermore, Dot1l mutant fibroblasts lacked H3K79 di- and trimethylation at all sites
examined, indicating that DOT1L is the sole enzyme responsible for these marks. Importantly, we identified
chromatin immunoprecipitation (ChIP) assay conditions necessary for reliable H3K79 methylation detection.
ChIP-chip tiling arrays revealed that levels of all degrees of genic H3K79 methylation correlate with mRNA
abundance and dynamically respond to changes in gene activity. Conversion of H3K79 monomethyl-
ation into di- and trimethylation correlated with the transition from low- to high-level gene transcription. We
also observed enrichment of H3K79 monomethylation at intergenic regions occupied by DNA-binding tran-
scriptional activators. Our findings highlight several similarities between the patterning of H3K4 methylation
and that of H3K79 methylation in mammalian chromatin, suggesting a widespread mechanism for parallel or

sequential recruitment of DOT1L and MLL to genes in their normal “on” state.

Histone lysine methylation encodes genomic functions into
the chemical state of nucleosomes (38). The collective actions
of lysine methyltransferase and lysine demethylase enzymes
maintain a landscape of steady-state methylation of histones
around which eukaryotic DNA is packaged. Histone methyl-
ation can facilitate or abrogate a variety of protein-protein
interactions occurring along the chromatin fiber, thus permit-
ting stable regulation over localized regions of the genome.
Several recent high-throughput descriptions of histone lysine
methylation across mammalian genomes have documented the
pervasiveness of this form of epigenetic organization (2, 15,
23). However, the full biological significance of most histone
lysine methylation pathways in mammals has yet to be re-
vealed.

Methylation of histone H3 at lysine 79 (H3K79) is conserved
among most eukaryotic species. In budding yeast, nearly 90%
of histone H3 bears monomethylation (H3K79mel), dimethy-
lation (H3K79me2), or trimethylation (H3K79me3) at lysine
79, all catalyzed exclusively by the histone methyltransferase
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Dotl (27, 46). H3K79 methylation is widely distributed across
the euchromatic yeast genome but markedly depleted at het-
erochromatic mating-type, ribosomal DNA, and telomeric loci
(26, 30). Genes in these regions are controlled by silent infor-
mation regulator (SIR) proteins, which can bind nucleosomes
and silence transcription (reviewed in reference 33). Genetic,
as well as biochemical, evidence suggests a mutual antagonism
between H3K79 methylation by Dotl and the association of
SIR proteins with chromatin (1, 10, 26, 46). Therefore, the
action of Dotl in yeast serves to impose a boundary that
confines SIR proteins to silent telomeric heterochromatin. In
Drosophila, H3K79 methylation is also a prominent modifica-
tion within euchromatin, with levels in transcribed regions cor-
relating with gene activity (35). Mutations in the Drosophila
Dotl ortholog grappa lead to Polycomb and Tri-thorax-group
phenotypes (37), suggesting that H3K79 methylation may in-
fluence developmentally regulated gene expression in multi-
cellular eukaryotes.

DOTI1L, the mammalian ortholog, displays enzymatic prop-
erties similar to those of its counterpart in yeast (9). Accord-
ingly, H3K79 methylation can be detected on mammalian hi-
stones by mass spectrometry, with monomethylation being the
most abundant species and correlating with the fraction of
histone H3 modified by acetylation, suggesting enrichment at
active genes (53). Several reports of individual genes in mam-
malian cells have correlated H3K79 methylation with tran-
scriptional activation but also with gene repression (15, 17, 26,
54). All three degrees of H3K79 methylation were recently
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examined across the human genome by Solexa sequencing of
DNA obtained by chromatin immunoprecipitation (ChIP) (2).
It was reported that H3K79me3 is enriched at both silent and
active genes, with silent regions having overall higher levels of
this modification. H3K79mel and H3K79me?2 were not found
to show a significant preference for either active or silent
genes. These seemingly contradictory descriptions of H3K79
methylation within mammalian chromatin highlight the need
to better understand the mechanisms that recruit DOTI1L to
genomic sites in vivo and the relationship of H3K79 methyl-
ation with gene transcription.

The MLLI1 gene, which encodes a histone H3K4 methyl-
transferase, frequently undergoes chromosomal translocations
in acute leukemia. The resulting oncogenic fusion protein en-
codes the N terminus of MLL1 (which lacks methyltransferase
activity) fused to the C terminus of a heterogeneous group of
partner molecules (19). Interestingly, several fusion partners of
MLL1 encode proteins that bind directly or indirectly to
DOTIL (5, 25, 28). The inappropriate recruitment of DOT1L
to MLL1-regulated genes in the Hox cluster leads to H3K79
hypermethylation, increased transcription, and a block in he-
matopoietic cell differentiation (28). Thus, DOTI1L has the
potential to be an important regulator of gene expression in
mammalian cells and represents a potential therapeutic target
in this disease.

In this study, we examined the recruitment of DOT1L and
the patterning of mono-, di-, and trimethylation of H3K79
under dynamic conditions in several mammalian cell lineages.
Our findings revealed the ubiquitous nature of DOTI1L recruit-
ment and H3K79 methylation at actively transcribed chroma-
tin. We also observed strong similarities between the pattern-
ing of H3K79 methylation and that of H3K4 methylation
within mammalian chromatin that may reflect parallel path-
ways specifying gene activity or antagonizing gene silencing.
Our study also revealed a novel pattern of H3K79 methylation
that correlates with binding of DNA-binding activators at reg-
ulatory elements.

MATERIALS AND METHODS

Dot1l mutant MEFs. Murine embryonic stem cell line RRR032, obtained from
BayGenomics, contains a gene trap integration within intron 12 of the Dotll
gene. RRR032 embryonic stem cells were injected into C57BL/6 blastocysts to
generate chimeric mice, which were then bred to obtain heterozygous Dotll
mutant animals. Mouse embryonic fibroblast (MEF) cultures were derived from
embryonic day 13.5 embryos obtained from matings between heterozygous mice.
The genotype of homozygous Dot1l mutant MEFs was determined by PCR and
reverse transcription (RT)-PCR, confirming integration of the gene trap between
exons 12 and 13. Cells were immortalized by serial passaging.

ChIP. Sonicated chromatin was prepared essentially as previously described
(11). Cells were cross-linked either with formaldehyde alone (1% for 10 min) or
with sequential ethylene glycol bis(succinimidyl succinate) (Z1565; Pierce) (1.5
mM for 30 min), followed by formaldehyde (1% for 10 min), as described
previously (52). Sequential cross-linking was used for DOTIL, MLLI1, and
ASHIL ChIP experiments. Antibodies for immunoprecipitation were prebound
to protein G-agarose beads prior to incubation with chromatin. Washing, elution,
and extraction conditions were as previously described (11). A detailed descrip-
tion of the ChIP protocol used may be found at http://stokes.chop.edu/web
/blobel/.

Quantitative PCR (qPCR) analysis was performed on an ABI 7900HT with
Sybr green. Each immunoprecipitated DNA sample was quantified by using the
average of duplicate PCRs and referenced to a standard curve generated from
serially diluted input material, thereby normalizing for primer efficiency and
differences in the starting cell numbers. Two to five biological replicates were
performed. Error bars represent standard deviations. All ChIP-qPCR signals

MoL. CELL. BIOL.

were normalized to the input (labeled as IP/input on the y axis), which should be
considered arbitrary units on a relative enrichment scale. While the units on the
y axis are arbitrary, the immunoprecipitation (IP) efficiencies of most of the
antibodies giving signals ranged from 0.01% to 10%, depending on the antibody
used. Importantly, occupancy was interpreted by comparing IP/input values to
negative control regions analyzed in parallel (e.g., CD4, Hbb-IVR16), which are
displayed on each graph. IP/input signals have been normalized to total histone
H3 where indicated.

DNA microarray analysis. Input and immunoprecipitated DNAs were ampli-
fied by in vitro transcription as previously described (22). The microarray was
custom designed with 105,000 features containing overlapping 60-mer oligonu-
cleotides centered every 25 bp across the chromosomal regions of interest and
printed by Agilent. The array contained 74 genes that were densely tiled through
the transcribed region and up to 50 kb upstream of the transcription start site
(TSS) and 10 kb downstream of the poly(A) sequence without tiling into neigh-
boring genes or through a repetitive sequence. Full experimental details may be
found at http://stokes.chop.edu/web/blobel/.

Antibodies. The antibodies used in this study were anti-FLAG M2 (F1804;
Sigma), anti-DOTIL (A300-954A or 953A; Bethyl), anti-H3K4me3 (07-473;
Upstate), anti-H3K4me2 (07-030; Upstate), anti-H3K4mel (ab8895; Abcam),
anti-H3K79me2/me3 (ab2621; Abcam), anti-H3K79me2 (ab3594; Abcam), anti-
H3K79mel (ab2886; Abcam), anti-H3K36me3 (ab9050; Abcam), anti-total RNA
polymerase II (pol II) (sc-899; Santa Cruz), anti-total histone H3 (ab1791;
Abcam), anti-GATA-1 (sc-265; Santa Cruz), and anti-PPARy (sc7196; Santa
Cruz).

Supplemental materials and methods. Additional information regarding cell
culture conditions, ChIP protocols, and ChIP-chip analysis and the sequences of
all of the primers used may be found at http://stokes.chop.edu/web/blobel/.

RESULTS

DOTI1L recruitment is coupled with active gene transcrip-
tion in mammalian cells. In Saccharomyces cerevisiae, Dotl
and H3K79 trimethylation have been detected ubiquitously in
the transcribed region of active genes (26, 30, 36), suggesting
that Dotl is a general factor coupled with transcription elon-
gation. In mammalian cells, however, several reports have
linked H3K79 methylation with the active state of transcription
(15, 17, 45) but also with the repressed state (2, 54). Thus, it is
unclear if mammalian DOT1L recruitment is linked with tran-
scription elongation in a general fashion, as is observed in
yeast. To begin addressing this issue, we examined the occu-
pancy of FLAG-DOTIL expressed transiently in HEK293T
cells. Following the verification of protein expression by West-
ern blotting, ChIP was performed with anti-FLAG antibodies,
examining for occupancy at active and inactive sites. FLAG-
DOTIL displayed pronounced occupancy in the transcribed
region of the highly active PABPCI gene (+2 kb) relative to
the inactive CD4 gene (Fig. 1A). Occupancy was also low
upstream (—7.5 kb) and at the promoter region of PABPCI
(—0.5 kb), suggesting a link with transcription elongation and
correlating with our previously described distribution of H3K79
methylation at this gene (45). Similar results were obtained with
HA-DOTIL (see Fig. 1A at http://stokes.chop.edu/web/blobel/).
As a positive control, we were able to measure the occupancy of
FLAG-MLL1 in the transcribed region of PABPCI but not at the
inactive CD4 gene (see Fig. 1B at http://stokes.chop.edu/web
/blobel/), validating that occupancy detected with overexpressed
molecules can mimic that of endogenous protein (14).

To validate the results obtained with tagged DOTI1L and to
explore the generality of its association with active chromatin,
we measured by ChIP the profile of endogenous DOTIL at a
panel of genes with either low or high expression in HeLa cells.
Using previously published expression array data (32), we ran-
domly chose four genes with low mRNA levels and nine genes
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FIG. 1. Human DOT1L occupies transcribed regions in a ubiquitous fashion. (A) ChIP in HEK293T cells transfected with pFLAG-DOTIL or empty
vector. (B, D, F, and G) ChIP with the indicated antibodies in HEK293T cells across the PABPCI gene with PCR primers at the indicated locations
relative to the TSS. CD4 is a negative control region. (C and E) ChIP-qPCR analysis of HeLa cells at genes with high or low expression with the indicated
antibodies. The DOT1L antibody is A300-954A. Primers amplify within the +0.5-kb region relative to the TSS. IgG, immunoglobulin G.
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with highly abundant mRNAs in HeLa cells. The expression
pattern of these genes was confirmed by ChIP with anti-pol II
antibodies (see Fig. 2 at http://stokes.chop.edu/web/blobel/).
DOTIL occupancy was examined with two independently
raised antibodies, which gave similar results. DOTI1L occu-
pancy was consistently detected in the transcribed region of the
nine highly active genes at levels significantly above those ob-
served at the four genes with low expression (Fig. 1C; see Fig.
3 at http://stokes.chop.edu/web/blobel/). A similar pattern of
endogenous DOT1L was also observed in HEK293T cells (see
Fig. 4 at http://stokes.chop.edu/web/blobel/). Occupancy of
DOTIL also increased upon induction of Hbb-b! transcription
in differentiating murine erythroid cells (see Fig. 5 at http:
//stokes.chop.edu/web/blobel/). Taken together, these findings
suggest that DOTI1L associates with actively transcribed re-
gions in a general fashion in diverse mammalian cell lineages.

Next, we sought to compare the occupancy of DOT1L to the
patterning of H3K79mel, -me2, and -me3 by ChIP. Commer-
cially available anti-H3K79-methyl antibodies were obtained
and evaluated for specificity in ChIP assays by two approaches.
First, we used wild-type and DOT1 deletion S. cerevisiae strains
to assess the possible cross-reactivity of our antibodies with
other methyl marks. We found that signals obtained by ChIP
with H3K79mel, -me2, and -me3 antibodies were all abolished
in the strain lacking DOT1, suggesting minimal cross-reactivity
with other transcription-associated sites of methylation in this
organism (e.g., H3K4 and H3K36) (see Fig. 6 at http://stokes
.chop.edu/web/blobel/). Second, we evaluated antibody speci-
ficity toward the mono-, di-, or trimethyl state of H3K79 by
using methylated peptides as competitors in ChIP assays per-
formed with HeLa cell chromatin (see Fig. 6 at http://stokes
.chop.edu/web/blobel/). All three antibodies displayed maxi-
mum reactivity toward the specific degree of methylation
present in the antigen. H3K79 monomethyl-specific antibodies
displayed negligible cross-reactivity with the other degrees of
methylation. The anti-dimethyl H3K79 antibody displayed a
slight reactivity toward monomethyl H3K79 but greatly pre-
ferred its bona fide antigen. However, the trimethyl anti-
body displayed significant cross-reactivity with dimethylated
H3K79 peptide. Although the trimethylated peptide com-
peted 10 times more effectively than the dimethylated pep-
tide, the considerable degree of cross-reactivity precludes
reliable distinction between H3K79me3 and H3K79me?2.
Therefore, we refer to signals obtained with this antibody as
H3K79me2/me3.

Using these tested antibodies, we compared the methylation
of H3K79 to the occupancy of DOTIL at 13 amplicons spaced
across a 33-kb region encompassing the active PABPCI gene in
HEK293T cells. Importantly, H3K79me2, H3K79me?2/3, and
DOTIL were similarly distributed across PABPC1, with max-
imum enrichment in the first 2 kb of the transcribed region and
lower levels observed both upstream and further downstream
(Fig. 1B, D, and F). In contrast, H3K79mel displayed a
broader localization pattern, extending upstream, as well as
downstream, of the region enriched for DOTIL (Fig. 1G). The
pattern of DOTIL recruitment along PABPCI is distinct from
total pol II, with the latter displaying a bias toward the pro-
moter region (see Fig. 7 at http://stokes.chop.edu/web/blobel/).
Instead, the peak density of DOT1L occupancy along PABPCI
is at the proximal transcribed region, correlating with the
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site where transcription elongation is initiated. In addition,
DOTIL occupancy is well correlated with the presence of
H3K79 di- and trimethylation, suggesting that DOT1L might
be essential for maintaining these modifications.

ASHIL and MLLI, both H3K4 methyltransferases, are gen-
eral factors coupled with the “on” state of transcription (13,
14). Notably, both enzymes displayed an occupancy pattern
similar to that of DOT1L, preferring active over inactive genes
(see Fig. 8A and B at http://stokes.chop.edu/web/blobel/). In
addition, levels of H3K4me3 and H3K79me2/me3 were also
correlated among these sites (Fig. 1E; see Fig. 8C at http:
//stokes.chop.edu/web/blobel/). These findings suggest that re-
cruitment of these three methyltransferases might be mecha-
nistically coordinated by a subset of elongating pol II that
preferentially occupies proximal transcribed regions.

Mammalian DOTI1L is required for H3K79 di- and trimeth-
ylation at transcribed regions. While 10 different mammalian
enzymes are known to methylate H3K4 (34), DOTIL is the
only known methyltransferase with specificity for H3K79. To
test whether DOT1L is indeed the sole enzyme that establishes
H3K79 methylation at transcribed chromatin, we examined
H3K79 methylation in MEFs carrying a homozygous gene trap
insertion in the Dotll gene (6, 42). The site of gene trap
integration (intron 12) is expected to truncate Dot1l expression
at amino acid 335, eliminating a critical nucleosome binding
region at amino acids 390 to 407 required for full DOTIL
methyltransferase activity in vitro (24). ChIP analysis with anti-
DOTIL antibodies recognizing an epitope C terminal to the
site of gene trap integration confirmed loss of full-length
DOT1L in the transcribed region of several highly active genes
(Fig. 2A). These genes are transcribed normally in the mutant
MEFs, as determined by RT-PCR (data not shown) and pol II
ChIPs (Fig. 2B), indicating that the lack of DOTIL is due to
the gene trap mutation and is not a result of reduced transcrip-
tion. Importantly, di- and trimethylation of H3K79 were se-
verely reduced in DotIl mutant cells at all of the active sites
examined (Fig. 2D and E). In contrast, monomethylation of
H3K79 was largely intact and even increased at several sites
(Fig. 2C). We observed normal levels of H3K4me3 at active
genes in the mutant MEFs, indicating that the methylation
changes were specific to H3K79 (Fig. 2F). To verify that alter-
ations in H3K79 methylation were attributed to the Dotll
mutation and were not a cell culture artifact, we expressed
wild-type human DOTIL in these cells with murine stem cell
virus-IRES-GFP. Importantly, levels of H3K79 methylation in
Dotll mutant cells were restored to the levels found in wild-
type MEFs (Fig. 2A to F). These results support DOT1L as the
principal mammalian enzyme responsible for di- and trimethyl-
ation of H3K79 in transcribed regions.

The maintenance of H3K79mel in Dot! mutant cells was
unexpected, as DOT1L is the only known mammalian methyl-
transferase with specificity for H3K79. It is possible that the
Dotll gene trap mutation does not completely abolish methyl-
transferase activity in vivo, as some residual in vitro activity of
the DOTIL protein was retained when amino acids 390 to 407
were deleted (24). However, we cannot rule out the existence
of another H3K79 methyltransferase in mammalian cells that
may partially compensate for DOT1L loss.

Sodium dodecyl sulfate (SDS) treatment of cross-linked
chromatin facilitates H3K79 methylation detection by ChIP.
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FIG. 2. DOTI1L is required for H3K79 di- and trimethylation at active genes. (A to F) ChIP analysis of wild-type (wt) MEFs, homozygous Dot1!
mutant MEFs, or Dotll mutant MEFs infected with DOTIL-murine stem cell virus-IRES-GFP. Levels of histone modification were normalized
to total histone H3. Primers amplify within the +0.5-kb region relative to the TSS, except for Hbb, which amplifies a noncoding segment of the

B-globin locus (IVR16 primers) and serves as a negative control.

Our findings presented thus far support the presence of
DOTIL and H3K79 methylation as a ubiquitous feature in the
transcribed region of active genes. However, a recent genome-
wide methylation study with human CD4" T cells described a
pattern of H3K79 methylation that did not correlate with gene
transcription (2). In that study, H3K79mel and H3K79me2
displayed a minimal preference for active or repressed sites
and H3K79me3 was detected at higher levels at repressed
genomic regions (2). While the antibodies used in this prior
study are identical to those used here, the prior study relied
exclusively on micrococcal nuclease (MNase) digestion of
chromatin whereas we used sonication. To test whether the

method of preparing chromatin influences the detection of
H3K79 methylation, we compared the two techniques directly
(for detailed protocols, see http://stokes.chop.edu/web/blobel/).
ChIP with MNase-digested chromatin did not yield significant
enrichment at active genes compared to inactive sites, whereas
robust enrichments were observed when sonicated chromatin was
used (Fig. 3B to D; see Fig. 9 at http://stokes.chop.edu/web
/blobel/). Antibodies recognizing other modifications on histone
H3 (anti-H3K9acetyl and anti-H3K4me3) produced similar re-
sults with both methods (Fig. 3A; see Fig. 9 at http://stokes.chop
.edu/web/blobel/). We next exchanged buffer components be-
tween the two protocols to evaluate whether a specific reagent
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FIG. 3. SDS treatment of cross-linked chromatin samples facilitates detection of H3K79 methylation by ChIP. (A to E) ChIP performed with
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chromatin treated with 3 mM MgCl, and 1.5 mM CaCl, or MNase-digested chromatin treated with 0.5% SDS. ChIP primers amplify within the

+0.5-kb region relative to the TSS. IgG, immunoglobulin G.

was responsible for inhibiting or facilitating H3K79 detection.
Strikingly, exposing MNase-digested chromatin to 0.5% SDS
(which is used in the sonication protocol) restored the detec-
tion of H3K79 dimethylation (Fig. 3F). This suggests that par-
tial denaturation by SDS facilitates the exposure of methylated
H3K79 within formaldehyde-cross-linked chromatin. We be-
lieve that the results obtained with SDS-treated chromatin
likely represent the true pattern of H3K79 methylation since
the latter closely resembles the occupancy of DOTIL (Fig. 1).
In addition, H3K79 methylation signals obtained with SDS-
treated chromatin were strongly reduced in Dot1] mutant cells
(Fig. 2). These results emphasize the need for optimization of
buffer conditions for the proper detection of different epitopes
by immunoprecipitation.

ChIP-chip tiling array analysis of H3K79 methylation dur-
ing adipocyte differentiation. With this technical consideration
in mind, we sought to reevaluate the general relationship be-

tween H3K79 methylation and gene transcription in mamma-
lian chromatin by using ChIP-chip tiling arrays. Specifically, we
examined to what extent mRNA levels correlate with methyl-
ation of H3K79. As a control, we also analyzed H3K4me3,
H3K4me2, H3K4mel, and H3K36me3, which have all been
profiled extensively in mammalian chromatin and found to
correlate with gene activity (2-4), although in some instances,
H3K4me3 can be present prior to productive transcription
elongation (15). To explore the dynamics of these modifica-
tions, we used an established tissue culture model of adipo-
genesis whereby 3T3-L1 preadipocytes can be induced to
differentiate into adipocytes (12). Cell maturation is accompa-
nied by robust activation and repression of gene transcription
and thus represents an ideal system for studying potential
changes in histone methylation. Using Affymetrix microarray
data generated with cDNA prepared from 3T3-L1 cells before
and after differentiation (data not shown), we chose 47 genes
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that were induced or repressed by adipogenesis. As controls,
we included several transcriptionally silent genes, as well as
several constitutively active genes (72 genes in total). Upon
confirming mRNA changes by RT-PCR (see Fig. 10 at http:
/Istokes.chop.edu/web/blobel/), we designed an oligonucleotide
tiling array covering the nonrepetitive locus of each gene, in-
cluding the entire transcribed region, 50 kb upstream, and 10
kb downstream without tiling into neighboring genes.

First, we evaluated the relationship between steady-state
levels of histone methylation and transcription by generating
composite methylation profiles of genes with similar levels of
expression (2, 15, 30). Each gene in the array was grouped into
low, medium, or high expression on the basis of percentile rank
(see Fig. 11 at http://stokes.chop.edu/web/blobel/). Methyl-
ation profiles of all of the genes within each category were
aligned at the TSS, and a moving-median composite curve was
generated. This analysis revealed that all degrees of H3K79
methylation were enriched at genes in a manner correlating
with their levels of expression (Fig. 4A, C, and E; see Fig. 12
at http://stokes.chop.edu/web/blobel/). Levels of H3K4mel,
-me2, and -me3 and H3K36me3 also correlated positively with
mRNA abundance, consistent with prior genome-wide analyses
(2, 15, 23). The relationship between H3K79 methylation and
transcription differs demonstrably from a previous report (2),
which we attribute to the aforementioned differences in preparing
chromatin.

The spatial patterning of H3K79 methylation became more
focally enriched with each successive degree of methylation.
H3K79me2/me3 tended to be limited (but with greater overall
enrichment) to the proximal 7 kb of the transcribed region,
whereas H3K79mel tended to extend further along the tran-
scribed region to distances greater than 30 kb. H3K79mel
could also be found at intergenic regions positioned upstream
of TSSs (Fig. 4A). Notably, the spatial relationship for
H3K79mel/me2/me3 was highly similar to that observed for
H3K4mel/me2/me3. Both H3K79me2/me3 and H3K4me2/
me3 displayed a highly overlapping distribution at the 5’ end of
active genes, whereas H3K4mel and H3K79mel more closely
resembled the 3’ distribution of H3K36me3 in distal tran-
scribed regions. The close similarity between H3K79 methyl-
ation and H3K4 methylation at active chromatin further
supports a shared mechanism that coordinates DOTI1L and
MLL-like methyltransferase activities in vivo.

We also evaluated the dynamic relationship between H3K79
methylation and changes in gene expression linked with
3T3-L1 cell differentiation (Fig. 5). More than 90% of the
genes whose expression is altered during adipogenesis showed
changes in the levels of H3K79me2/me3 in their transcribed
regions paralleling the observed changes in mRNA level. To-
gether with the results above (Fig. 4), these findings further
strengthen the correlation between transcription and H3K79
methylation. Methylation changes observed by ChIP-chip were
confirmed at all genes by an independently replicated ChIP
experiment analyzed by qPCR (data not shown). Four of the
47 dynamically regulated genes did not display the expected
correlation between levels of H3K79me2/me3 methylation and
changes in mRNA (Cidea, Cp, Rbpl, and Dpt). This could
reflect the posttranscriptional regulation of these genes. An
alternative explanation is that the specific activity of DOTIL
might be subject to regulation at select genes, perhaps through
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interaction with other transcription factors. Nevertheless, our
data strongly support parallel H3K79 and H3K4 methylation
pathways at most mammalian genes when actively transcribed.

ChIP-chip analysis revealed two basic categories of genic
H3K79 methylation dynamics during adipogenesis. Thirty
genes displayed a correlation of all degrees of H3K79 methyl-
ation in the transcribed region with gene activity, as repre-
sented by the profiles of the downregulated Wispl and upregu-
lated Cidec genes (see Fig. 13 at http:/stokes.chop.edu/web
/blobel/). Interestingly, a second category of methylation
dynamics was observed at 13 genes that displayed changes in
di- and trimethylation of H3K79 that correlated with gene
transcription but without the expected change in monometh-
ylation (Fig. 5). In fact, several upregulated genes became
depleted of H3K79mel precisely over regions that became
maximally enriched for H3K79me2/me3, as shown for Acsl]
(Fig. 6). By RT-PCR, Acsl!I displayed detectable expression in
preadipocytes prior to 230-fold upregulation in adipocytes (see
Fig. 10 at http://stokes.chop.edu/web/blobel/). Thus, the tran-
sition from low- to high-level transcription of several genes
can be correlated with the conversion of H3K79mel into
H3K79me2/me3.

One possibility is that H3K79me1 (without H3K79me2/me3)
represents a “poised” chromatin state. To pursue this question
further, we examined H3K79 methylation in murine embryonic
stem cells, where a subset of genes destined for imminent
activation display a bivalent pattern of H3K4 and H3K27 tri-
methylation (4). Notably, five out of eight bivalent genes were
also enriched for H3K79mel but not for H3K79me2/me3 (see
Fig. 14 at http://stokes.chop.edu/web/blobel/), consistent with
H3K79mel marking certain genes in their poised state.

Intergenic enrichment of H3K79 monomethylation up-
stream of the Cd36 gene correlates with PPARy occupancy.
Unexpectedly, our ChIP-chip methylation profiles revealed inter-
genic locations for H3K79 monomethylation. As an example,
Cd36 displayed a prominent peak of H3K79mel centered at 41
kb upstream of the TSS in addition to a broad area of enrichment
in the transcribed region (Cd36 also has a second TSS 13 kb
upstream) (Fig. 7A). A second area of lower H3K79mel enrich-
ment was also seen at around 27 kb upstream (Fig. 7A). The
presence of H3K79mel at these sites was confirmed in a biolog-
ical replicate analyzed by ChIP-qPCR (see Fig. 15 at http://stokes
.chop.edu/web/blobel/). Of note, while the H3K79me?2 antibody
reproducibly gives weak signals at intergenic sites when analyzed
by qPCR (see Fig. 15 at http://stokes.chop.edu/web/blobel/), this
may be due to a low-level cross-reactivity with H3K79mel (see
Fig. 6 at http://stokes.chop.edu/web/blobel/). H3K4mel and
H3K4me?2 were also localized to these two upstream locations
(Fig. 7B and D), which previously has been shown to be a meth-
ylation pattern indicative of enhancer regions (2, 3, 16). Impor-
tantly, intergenic monomethylation of H3K79 and H3K4 was
significantly increased in adipocytes relative to preadipocytes, in
accordance with Cd36 transcription. Together with the failure to
detect intergenic transcription in these regions (data not shown),
this led us to examine whether foci enriched for H3K79mel
represent enhancer regions bound by transcriptional activators.

The nuclear receptor PPARYy activates Cd36 transcription
through binding sites in the proximal promoter region (—0.2
kb) (43). Given the importance of PPARy to Cd36 expression,
we investigated whether it might additionally function at distal
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Gene Name mRNA I H3K79me1 \ H3K79me2 H3K79me2/me3 H3K4me3
Acsl1 1 230-fold I} 1 111 1
Lipe 1 304-fold Il I i) 11
Pnpla2 1 195-fold Il i 1 1
Gyg 1 4-fold - 1 11 11
Mmd 1 6-fold = 1 1 1
Pparg 1 20-fold - 111 111 1
Retsat 1 10-fold - 1 1 17
Stom 1 10-fold = 1 11 1
Adipog | 1 25041-fold 1 1 11 11
Cd36 1 1419-fold 1 111 ) 11
Cebpa 1 19-fold ) ) 1 1
Cidec 1 62622-fold T 11 11 )
Enpp2 1 16-fold i 11 17 11
Fabp4 1 2386-fold 1 11 111 111
Ffar2 1 12744-fold 1 i 1 11
Hp 1 2090-fold ) 1 ) [N
Hsd11b1 1 840-fold i 1 11 1
Nr1h3 1 29-fold 1 1 1 N
Retn 1 28242-fold i 11 i) 111
Pck1 1 >1000-fold 1 1 i 1
Cidea 1 332-fold 1 i - 1
1 8-fold =

| 4-fold
| 7-fold
| 6-fold
| 16-fold
| 7-fold
| 15-fold
| 20-fold
| 3-fold
| 18-fold
| 10-fold
| 14-fold
| 13-fold
| 6-fold
| 42-fold
| 14-fold
| 59-fold
| 25-fold
| 3-fold
| 10-fold
1 12-fold
| 7-fold
| 6-fold
| 3-fold
| 13-fold
| 9-fold

FIG. 5. Dynamic acquisition or removal of H3K79 and H3K4 methylation reflects the transcriptional activity of genes regulated by adipogen-
esis. A summary of ChIP-chip data from 47 dynamic genes is shown. 7 represents a 1.5- to 2.5-fold change. 1 1 represents a 2.5- to 7-fold change.
T 1 7 represents a >7-fold change. A minus sign represents no significant change. All methylation changes were normalized to the input and total

histone H3.

regulatory elements and contribute to establishing H3K79mel.
Using ChIP, we found significant enrichment for PPARYy in
adipocytes but not preadipocytes at both the —41- and —27-kb
regions enriched for H3K79mel. The signals were comparable
to the proximal promoter (—0.2 kb) and significantly above an
intervening control region (—2.2 kb) (Fig. 7G). Thus, occu-
pancy of PPARy at distal regulatory elements of Cd36 corre-
lates with the acquisition of H3K79mel and H3K4mel/me2.
This methylation pattern is distinct from that observed near
the TSSs, where H3K79me2/me3 and H3K4me3 were strongly
enriched (Fig. 7C, E, and F). These findings suggest that in-

tergenic H3K79 monomethylation demarcates gene-regulatory
elements.

Seventy-five locations of intergenic H3K79me1 were identi-
fied across the panel of 47 tiled genes (see Fig. 16 at http:
/[stokes.chop.edu/web/blobel/). Importantly, 97% of these sites
were also marked by enrichment of H3K4mel, which has pre-
viously been shown to be a methyl mark predictive of enhancer
activity (16). This highlights an additional similarity between
H3K4 methylation and H3K79 methylation, suggesting that
both modifications can demarcate enhancer regions. However,
it should be pointed out that intergenic H3K4mel generally
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of H3K79 methylation at Acs/] in either undifferentiated (preadipo-
cytes) or differentiated (adipocytes) 3T3-L1 cells is shown. All meth-
ylation signals were normalized to the input and total histone H3.

displayed greater overall enrichment and was seen more fre-
quently across tiled genes (110 sites) than H3K79mel (75
sites). Thus, H3K4mel may display greater sensitivity in anno-
tating potential regulatory regions, while H3K79mel might be
more selective for certain classes of regulatory DNA elements.
Future work will examine the broader range of elements that
possess H3K79me1l and whether a consistent relationship ex-
ists with specific sequence features. Our findings suggest that
patterning of the degree of H3K79 methylation across mam-
malian genomes may have utility in distinguishing potential
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regulatory elements (H3K79mel alone) from the transcribed
region of active genes (H3K79mel/me2/me3).

GATA-1 is required for H3K79 monomethylation at the
LCR of the murine 3-globin locus. To investigate further the
relationship between H3K79mel and transcription factor oc-
cupancy, we examined H3K79 methylation at the well-charac-
terized regulatory elements of the murine B-globin locus.
High-level transcription of Hbb-bI requires occupancy of the
erythroid transcription factor GATA-1 at the proximal pro-
moter and at the upstream locus control region (LCR). While
H3K79 dimethylation has previously been observed at a few
sites across the B-globin locus, a relationship with transcription
factor binding or enhancer activity was not determined (17).
To evaluate a potential relationship between GATA-1 binding
to its target enhancer elements and H3K79 methylation, we
performed ChIP-qPCR studies with the GATA-1 null ery-
throid cell line G1E. Conditional activation of a stably ex-
pressed fusion of GATA-1 and the ligand binding domain of
the estrogen receptor (GATA-1-ER) leads to direct activation
of Hbb-bI transcription (48). We measured the profile of
H3K79 methylation at 14 regions across the B-globin locus in
GATA-1-ER-expressing G1E cells treated for 24 h with estra-
diol. Similar to observations at many adipogenesis-regulated
genes, all degrees of H3K79 methylation were acquired at the
activated Hbb-b1 transcribed region upon GATA-1 activation,
with H3K79mel bearing a somewhat broader localization pat-
tern than H3K79me2/me3 (Fig. 8B to D). However, GATA-1
binding to each site within the LCR correlated with significant
increases in H3K79mel but not at an intervening region
(IVR4/3) (Fig. 8D). H3K79me2/me3 signals were limited to
the Hbb-bI transcribed region (Fig. 8B and C). These results
suggest that GATA-1 may establish a pattern of intergenic
H3K79mel at bound elements within the LCR in parallel with
the pattern of H3K79mel/me2/me3 established at Hbb-bI
upon gene activation.

To evaluate a possible contribution of intergenic transcrip-
tion to the establishment of H3K79mel at the LCR, we acti-
vated GATA-1 in the presence of the pTEFb kinase inhibitor
5,6-dichloro-1-B-p-ribofuranosylbenzimidazole (DRB), which
potently inhibits Hbb-bI, as well as intergenic transcription at
the B-globin locus (18). To permit survival of G1E cells during
DRB treatment, a G1E cell line overexpressing the antiapop-
totic molecule Bcl-X; was used (49). In addition, the duration
of estradiol treatment was reduced to 18 h. RT-PCR revealed
that intergenic transcription of DNase-hypersensitive site 1
(HS1) of the LCR was not significantly increased following
GATA-1 activation (see Fig. 17 at http://stokes.chop.edu/web
/blobel/). In addition, DRB treatment strongly reduced the
level of detectable HS1, as well as Hbb-bI transcripts, consis-
tent with prior findings (18). Notably, we found that DRB
treatment does not reduce GATA-1-induced accumulation of
H3K79mel at HS1 (Fig. 9A). In contrast, H3K79mel in the
transcribed region of Hbb-b1 failed to accumulate in the pres-
ence of DRB (Fig. 9B). As a control, we observed that
GATA-1 occupied the LCR normally under these conditions
(Fig. 9A). This result suggests that intergenic H3K79 mono-
methylation can be initiated by DNA-binding activators inde-
pendently of transcription elongation.

The observations that GATA-1 and PPAR+y can be cor-
related with the acquisition of H3K79mel at bound ele-
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H3K4 methylation and H3K79 methylation at the Cd36 locus. All methylation signals were normalized to the input and total histone H3.
(G) PPARy ChIP-qPCR performed at the indicated regions of Cd36 relative to the TSS. The positive control for PPARy occupancy is —0.2 kb.

—2.2 kb is a negative control site. IgG, immunoglobulin G.

ments suggest that these transcription factors might be able
to recruit DOT1L to modify chromatin at bound sites. Sev-
eral attempts to detect a physical association between
GATA-1 and DOT1L were unsuccessful. In addition, occu-

pancy of DOTIL at the LCR was low compared to the
Hbb-b1 transcribed region and did not change significantly
following the activation of GATA-1-ER (see Fig. 5 at http:
//stokes.chop.edu/web/blobel/). When considered together
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FIG. 8. GATA-1 is required for H3K79 monomethylation at the LCR of the B-globin locus. (A) Schematic of the murine B-globin locus with
known GATA-1 binding sites indicated (18). (B to D) ChIP-qPCR with the indicated antibodies detecting occupancy at various regions of the
murine B-globin locus in G1E cells expressing GATA-1-ER before or after 24 h of estradiol treatment. Signals were normalized to the total histone
H3 and the input. IVR, intervening region; pro, promoter; in2, intron 2.

with the observation that H3K79mel levels are maintained DISCUSSION
in DOT1L-deficient fibroblasts, this leaves open the ques-
tion of whether DOTIL is, in fact, the enzyme generating H3K?79 di- and trimethylation: a cause or a consequence of

H3K79 monomethylation at intergenic locations. gene transcription? The results presented here support



VoL. 28, 2008

A
0.08 - OGIE B 0.8 -
T G1E + GATA-1
B G1E + GATA-1 + DRB
0.06 - 0.6
2
£ 0.04 - 04
x
0.02 4 0.2 A r
0 ; j' . ) 0
oH3K79me1 aGATA1 lgG oaH3K79me1
HS1 Hbb-b1 intron 2

FIG. 9. Intergenic transcription is not required to establish
H3K79mel at the LCR. ChIP was performed with G1E(Bcl-X, ) cells
expressing GATA-1-ER with the indicated antibodies before or after
18 h of treatment with estradiol with or without DRB. (A) HS1 prim-
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DOTIL as a general factor linked with recently initiated tran-
scription elongation complexes. First, endogenous DOT1L oc-
cupancy was consistently observed in the proximal transcribed
regions of all of the active genes examined, including tissue-
specific as well as housekeeping genes. Second, ChIP-chip
studies demonstrated that H3K79me2/me3, modifications per-
formed solely by DOTI1L, displayed a strong correlation with
gene activity. Therefore, our findings support the DOTIL
pathway as a pervasive feature within active mammalian eu-
chromatin, with the majority of active genes being marked with
H3K79me2/me3.

Despite the strong correlation between H3K79 di- and tri-
methylation and transcriptional activity, our findings with
Dot1l mutant fibroblasts demonstrated that many active genes
can be transcribed at normal levels despite significant deple-
tion of H3K79me2/me3 in the transcribed region. This raises
the possibility that levels of H3K79me2/me3 might reflect gene
activity without being truly required for the active state. How-
ever, while Dotll mutant MEFs are viable, mice failed to
progress through fetal development (6). The same is true for
the DOT1 ortholog (grappa) in Drosophila, which is an essen-
tial gene required for normal development (37). Dot1 deletion
strains of yeast are viable, but a subset of genes under the
regulation of SIR proteins are affected (41, 46). On the basis of
these observations across different species, we hypothesize that
a subset of developmentally regulated mammalian genes re-
quire DOTIL for proper expression. Preliminary RT-PCR
data suggest gene-specific expression alterations in Dotl!
mutant fibroblasts (data not shown). However, the ubiqui-
tous nature of DOT1L occupancy at most active genes pre-
cludes us from distinguishing direct from indirect require-
ments. Future genome-wide expression analysis in wild-type
and Dot 1] mutant cells will examine the broader spectrum of
DOT1L-requiring genes. It also remains a possibility that
H3K79 methylation participates in additional cellular pro-
cesses distinct from transcriptional regulation, such as in
maintaining genomic stability (51).

Why might only a subset of genes require H3K79me2/me3
for transcription? Genetic experiments with yeast suggest that
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Dotl might functionally oppose epigenetic silencing (41). We
speculate that a requirement for mammalian DOT1L might be
imposed by the presence of certain mammalian gene-silencing
complexes (e.g., HP1 or Polycomb) over proximal transcribed
regions. H3K79me2/me3 might alter critical protein-protein
interactions that enable promoter escape by elongation com-
plexes through potentially repressive chromatin. To this end, it
is noteworthy that repressive H3K9me3 and HP1 have been
observed in the transcribed body of active mammalian genes
(23,31, 44). In addition, Polycomb complexes have been shown
to selectively inhibit the initiation kinetics of transcription
elongation (7, 8) rather than access of general transcription
machinery to promoter regions. Therefore, placement of
H3K79me2/me3 within proximal transcribed chromatin would
be ideally located to promote the passage of elongating RNA
pol II under such conditions.

Intergenic H3K79 monomethylation: a mark of enhancer
regions. Our observation of H3K79 monomethylation at inter-
genic locations expands the potential role for this modification
in processes beyond transcription elongation. Transcription
factors (e.g., GATA-1 and PPARY) or their cofactors may
recruit an H3K79 monomethyltransferase to label surrounding
chromatin at bound elements. Long-range enhancer function is
likely to require a sophisticated network of molecular interac-
tions to communicate with target gene promoters. Histone H3
lysine 79 monomethylation may provide unique binding sur-
faces along the chromatin fiber to stabilize interactions be-
tween enhancers and their target promoters, thereby rendering
high-level gene transcription. It will be interesting in future
work to identify recognition modules for the H3K79mel mark
and how they might affect transcription factor action over large
distances.

It should be emphasized that our findings leave open the
question whether DOTIL is, in fact, responsible for H3K79
monomethylation in mammalian cells, as stable DOT1L occu-
pancy does not precisely correlate with locations of H3K79mel
and levels of this modification were normal in Dotl/ mutant
MEFs. This issue could be resolved by testing additional Dot1!/
mutant alleles for a defect in H3K79mel, as well as a more
detailed biochemical evaluation of DOTIL substrate prefer-
ences in vitro.

Skewing the normal balance of H3K4 methylation and
H3K79 methylation in acute leukemia. One theme that
emerged from this work is the parallel nature of H3K4 meth-
ylation and H3K79 methylation in mammalian chromatin.
DOTI1L and MLL-like molecules may share a requirement for
the PAF elongation complex (55), H2B ubiquitylation (56),
and a Cps35 homolog for recruitment and/or activity, similar to
their orthologs in yeast (20, 21, 36). Interestingly, the gene for
MLLI1 can undergo translocations in acute leukemia with part-
ner genes that encode proteins (AF10, AF4, ENL, and AF9)
that bind directly or indirectly to DOT1L. The resulting MLL1
fusion molecule has lost its native H3K4 methyltransferase
domain and instead recruits the H3K79 methyltransferase ac-
tivity of DOTI1L. Thus, the physiologic coupling of H3K4
methylation and H3K79 methylation described here would be
expected to skew toward more extensive H3K79 methylation at
the expense of H3K4. This is thought to specifically lead to
upregulation of Hox gene expression (28); however, our find-
ings here raise the possibility that such fusion proteins might
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also upset the global balance among these modifications, on
the basis of the generalized occupancy patterns of both MLL1
and DOTIL in the normal cellular state.

The interplay between MLL1 and DOTIL in leukemia
suggests that, despite their similarities, these two methyl-
ation pathways have differing potencies at select target gene
loci. This might relate to different effector molecules being
recruited or displaced by these two modifications. H3K4
methylation may recruit nucleosome-remodeling complexes
(39, 50), RNA-splicing machinery (40), TFIID (47), or pos-
sibly prevent de novo DNA CpG methylation (29). A bio-
chemical mechanism by which H3K79 methylation alters
gene expression in mammalian cells awaits the identification
of methylation-sensitive effector molecules with specificity
for this modification that can influence transcriptional out-
comes.
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