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Background: It remains unknown how Dot1 or the Dot1 complex specifically targets the transcribed regions.
Results:A functional interaction betweenhDOT1L andRNAPII targets hDOT1L and subsequentH3K79methylations to active
genes.
Conclusion: hDOT1L interacts with phosphorylated CTD of RNAPII.
Significance:This represents novel mechanistic insight into the understanding of targeting and propagation of hDOT1L along
gene transcription.

Histone-modifying enzymes play a pivotal role in gene
expression and repression. In human, DOT1L (Dot1-like) is the
only known histone H3 lysine 79methyltransferase. hDOT1L is
associated with transcriptional activation, but the general
mechanism connecting hDOT1L to active transcription
remains largely unknown. Here, we report that hDOT1L inter-
acts with the phosphorylated C-terminal domain of actively
transcribing RNA polymerase II (RNAPII) through a region
conserved uniquely in multicellular DOT1 proteins. Genome-
wide profiling analyses indicate that the occupancy of hDOT1L
largely overlaps with that of RNAPII at actively transcribed
genes, especially surrounding transcriptional start sites, in
embryonic carcinoma NCCIT cells. We also find that C-termi-
nal domain binding or H3K79 methylations by hDOT1L is
important for the expression of target genes such as NANOG
and OCT4 and a marker for pluripotency in NCCIT cells. Our
results indicate that a functional interaction between hDOT1L
and RNAPII targets hDOT1L and subsequent H3K79 methyla-
tions to actively transcribed genes.

In the nuclei of eukaryotic cells, DNA is packaged along with
histones and other nuclear proteins to form chromatin. The
basic unit of chromatin, the nucleosome, is composed of 147
base pairs of DNAwrapped around a histone octamer with two
molecules of H2A, H2B, H3, andH4 (1, 2). TheN-terminal tails

of histones are subject to a variety of post-translational modifi-
cations, including acetylation, methylation, phosphorylation,
and ubiquitylation (3–5).
The histone H3 residue, lysine 79, which is a conserved core

residue located in a loop within the histone fold domain, is
multiply methylated by Dot1 (disruptor of telomeric silencing
1) (6–8). Yeast Dot1 has been shown to affect gene expression,
silencing at telomeres, DNA damage responses (6, 8–11), mei-
otic checkpoint control (12), and cell cycle progression (13).
Dot1 is evolutionarily conserved from yeast to humans (8,

14–16). In Drosophila melanogaster, H3K79 methylation by
grappa, the Dot1 homolog, is an important euchromatin mod-
ification that has been correlated with gene activity (14). Muta-
tional analyses of grappa in D. melanogaster have shown both
Polycomb and Trithorax group mutant phenotypes, as well as
telomeric silencing (17). In mammals, several studies have
shown that hDOT1L (human Dot1-like) and several myeloid/
lymphoid or mixed-lineage leukemia fusion partners, such as
ENL/MLLT1, AF4/MLLT2, AF9/MLLT3, and AF10/MLLT10,
exist in a single complex that is integral for the trimethylation of
H3K79 (H3K79me3) (18–20). Murine DOT1L is involved in
cell cycle progression, the differentiation of mouse embryonic
stem cells, and fetal development (21, 22) and is required for
leukemogenesis (20, 23).
In yeast, proper H3K79me3 requires monoubiquitylation of

histone H2B on lysine 123 (H2Bub1)3 (24–26). H2Bub1
directly stimulates FACT-mediated transcription in vitro (27).
Loss of the histone H2B ubiquitylation enzymes or substitution
of the H2B C-terminal lysine residue with arginine leads to
transcription defects, suggesting that the dynamic turnover of
H2Bub1 is critical to transcription (28). In mammals, it has
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been reported that RAD6-mediated transcription coupled with
H2Bub1 directly stimulates H3K4 methylation (29), and syn-
thetically monoubiquitylated H2B stimulates hDOT1L-medi-
ated H3K79 methylation events in vitro (29–31). Indeed,
genome-wide analyses have shown that the H3K79 methyla-
tions co-occupied with H2Bub1 in the transcribed regions of
active genes (32, 33). However, we do not yet know howH3K79
methylations globally impact chromatin structure in relation to
transcription or how Dot1 or the Dot1 complex specifically
targets the transcribed regions.
Enrichment of H3K79 methylations in actively transcribed

regions suggests that Dot1, which methylates H3K79, plays an
important role in transcription (34, 35). Because active tran-
scription is highly related to RNAPII occupancy, we hypothe-
sized that hDOT1L binds to RNAPII to methylate the nucleo-
somes of actively transcribed regions. In this study, we
demonstrate that hDOT1L directly binds to the phosphory-
lated CTD of RNAPII from cell culture and in vitro experi-
ments. There is a strong genome-wide correlation between the
occupancies of hDOT1L and RNAPII near the transcription
start sites of active genes. Depletion of hDOT1L results in
reduced level of H3K79me3 and mRNA expression in pluripo-
tency-related genes in the embryonic carcinoma NCCIT cells
(36–38) that can differentiate into any of the three embryonic
germ layers (i.e., ectoderm, mesoderm, and endoderm), as well
as extra-embryonic cell lineages.

EXPERIMENTAL PROCEDURES

Chromatin Immunoprecipitation—ChIP assays were carried
out as previously described with minor modifications (39).
Briefly, harvested NCCIT cells were incubated in 1% formalde-
hyde for 20 min at room temperature. Cross-linked cells were
then lysed in SDS lysis buffer, and DNA was sonicated. Chro-
matin was subjected to immunoprecipitation with a mixture of
protein A- and G-agarose (GE Healthcare) at 4 °C. The chro-
matin-antibody-agarose complexes were then sequentially
washed with the following solutions: low salt wash buffer, high
salt wash buffer, LiCl buffer, and TE buffer. The chromatin
complexes were eluted, 350 mMNaCl was added to the eluates,
and reverse histone-DNAcross-linkingwas performed by heat-
ing at 68 °C. Finally, the DNA/chromatin solution was treated
with proteinase K and RNase A, and the DNAwas precipitated.
The resulting DNA was used for either ChIP-seq or qPCR
analyses.
Data Processing—The ChIP-seq results for hDOT1L and

RNAPII were mapped to the human genome (UCSC hg18)
using the Bowtie program (40) with default parameters. These
data can be found in the NCBI GEO database under accession
number GSE26598. The mapped sequence reads were
extended to the average fragment length (200 bp), and the num-
ber of overlapping sequence tags was obtained at 10-bp inter-
vals across the human genome. The ChIP-seq signal was
defined as the ratio of target read count/target size divided by
total read count/genome size (i.e., the average read count). The
processed ChIP-seq data for IgG input, H2Bub1, and
H3K79me1/2/3 were downloaded from the GEO database
(accession no. GSE25882) (32). Then mRNA-seq data were
downloaded from GSE25882 and mapped to the human

genome using TopHat (41) with default parameters. Each gene
expression level was defined by FPKM (fragments/kilobase of
exon/million fragmentsmapped) scores generated by Cufflinks
(42). Genes with FPKM scores less than 0.05 were removed,
because they might be in unexpressed or unsequenced regions.
All of the genome annotations were defined using the Refseq
identifiers in the UCSC Genome browser (hg18 assembly). A
gene body region was defined as the region spanning the tran-
scriptional start site (TSS) to the end site, according to the Ref-
seq identifiers.
Preparation of Nuclear Extracts, Immunoprecipitation, and

Western Blot Analysis—Nuclear extracts were prepared as pre-
viously described (43) withminormodifications. HEK293T and
NCCIT cells were harvested and washed twice with cold PBS.
The cell pellets were resuspended in 5� volumes of extraction
buffer I (10 mM HEPES, pH 7.9, 1.5 mM MgCl2, 10 mM KCl)
containing protease inhibitor,mixedwell, vortexed for 15 s, and
incubated on ice for 10min. Then 10%Nonidet P-40 was added
to a final concentration of 0.9%, and the cells were vortexed for
15 s and incubated on ice for 5 min. Each sample was centri-
fuged at 5,000 rpm for 5min at 4 °C to precipitate the cell nuclei,
and the supernatant was completely removed. The pelleted cell
nuclei were washed twice with extraction buffer I, mixed well
with extraction buffer II (20 mMHEPES, pH 7.9, 150 mMNaCl,
1.5 mM MgCl2, 0.2 mM EDTA) containing protease inhibitor,
vortexed for 20 s, and incubated on ice for 40 min. The nuclear
suspension was then vortexed for 10 s, homogenized by being
passed through a 23-gauge syringe needle 4–6 times, and
cleared by centrifugation at 14,000 rpm for 15 min at 4 °C. The
supernatant was taken as the nuclear extract andwas incubated
overnight with anti-FLAG M2-agarose beads (Sigma; A2220).
The immunoprecipitated complexes were washed three times
with extraction buffer II, mixed with SDS sample buffer, and
boiled for 5 min. The samples were then separated by 8% SDS-
PAGE and subjected to Western blot analysis using the appro-
priate antibodies.
Peptide Pulldown Assay—The peptide pulldown assay was

performed as previously described (44) with minor modifica-
tions. The synthetic unphosphorylated and phosphorylated
Ser-5 and Ser-2 CTD peptides were kindly provided from Drs.
Bing Li and Jerry Workman, and the synthetic 6PC (a scram-
bled CTD-like peptide with phosphoserine) and phosphory-
lated Ser-5/2 CTD peptides were synthesized by AnaSpec (Fre-
mont, CA). The biotinylated CTD peptides (�1.5 �g) were
bound to 0.1mg of streptavidin-coatedDynabeadsM280 in 100
�l of CTD coupling buffer (25 mM Tris-HCl, pH 8.0, 1 M NaCl,
1 mM dithiothreitol, 5% glycerol, 0.03% Nonidet P-40) at 4 °C
for 2 h. The peptide-bound beads were washed once with CTD
coupling buffer and twice with peptide pulldown buffer (25mM

Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM dithiothreitol, 5% glyc-
erol, 0.03%Nonidet P-40) andwere finally resuspended in 50�l
of peptide pulldownbuffer. Proteins (500–1000ng)weremixed
with the beads and incubated at 4 °C for 1 h on a Dyna-Mixer
(Dynal). Following three washes with peptide pulldown buffer,
the samples were separated by SDS-PAGE and subjected to
Western blot analysis.
Transfection of siRNA—Sequences that could effectively

silence the expression of hDot1l were selected as follows:
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5�-AGAAGCUGUUGAAGGAGAAUU-3� (sense) and 5�-UU-
CUCCUUCAACAGCUUCUUU-3� (antisense). The control
siRNA sequences against Egfp were 5�-GUUCAGCGUGUC-
CGGCGAGUU-3� (sense) and 5�-CUCGCCGGACACGCU-
GAACUU-3� (antisense). The 21-nucleotide synthetic siRNA
duplexes were prepared by Samchully Pharm (Seoul, Korea).
NCCIT cells (2 � 105 cells/well) were seeded to 6-well plates.
Twenty-four hours later, the cells were transfected with hDot1l
or control siRNA using FuGENE HD (Roche Applied Science)
according to the manufacturer’s protocol. The cells were ana-
lyzed 48 h after transfection by Western blot analysis and
RT-qPCR.
Accession Number—The ChIP-seq data from this study are

available fromNCBI GEO under accession number GSE26598.

RESULTS
hDOT1L Interacts Directly with RNAPII—To investigate

whether hDOT1L binds to RNAPII, we subjected nuclear
extracts from HEK293T and NCCIT cells to co-immunopre-
cipitation analyses using specific antibodies. Interestingly, the
immunoprecipitation of full-length hDOT1L followed by
immunoblotting with antibodies against Ser5-P, Ser5/2-P, and

Ser2-P CTD resulted in the detection of RNAPIIo form, with
phosphorylated CTD, in both cell lines (Fig. 1A). hDOT1L did
not co-immunoprecipitate with the negative control, hSNF5/
INI1, which is a core component of the SWI/SNF chromatin
remodeling complex. Enl/MLLT1, a component of the
hDOT1L complex, was used as a positive control. Furthermore,
cells that had been depleted of hDOT1L by siRNA transfection
did not show co-immunoprecipitation of RNAPIIo (Fig. 1B,
compare lane 5 (Egfp) with lane 6 (hDOT1L knockdown)).
These results suggest that hDOT1L physically associates with
the RNAPII with phosphorylated CTD in cultured cells.
To further support the assertion that hDOT1L interacts with

phosphorylated RNAPII, we employed �-amanitin-resistant
human RNAPII large subunit (hRpb1) mutants (45). Our
results revealed that hDOT1L interacted with the phosphory-
lated form of RNAPII (52R and 19R) but not themutant without
a CTD (0R) (Fig. 1C). Integrity of CTD length also appeared to
play a role in the interaction because the ratio of the IP band of
the phosphorylated RNAPII over that of the input of 19R (0.37
for Rpb1 and 0.10 for Ser(P)-5/2) was lower than that of 52R

(1.00 for Rpb1 and 0.46 for Ser(P)-5/2). These data strongly

FIGURE 1. hDOT1L interacts with the RNAPII with phosphorylated CTD in cultured cells. A, nuclear proteins from HEK293T and NCCIT cells were extracted
and immunoprecipitated with anti-rabbit IgG or -hDOT1L at 4 °C. Immunoprecipitated samples were resolved by SDS-PAGE and immunoblotted using the
indicated antibodies on the right. B, co-immunoprecipitation was performed as described above, using nuclear proteins from HEK293T cells depleted of
endogenous hDOT1L by siRNA (100 nM). C, HEK293T cells were transfected with plasmids expressing �-amanitin-sensitive wild-type hRpb1 (52S), with 52
heptad (YSPTSPS) repeats in CTD, and �-amanitin-resistant hRpb1 mutants with 52 (52R), 19 (19R), and 0 (0R) heptad repeats in CTD (45). Twenty-four hours
post-transfection, the cells were treated with 5 �g/ml of �-amanitin to inhibit wild-type hRPb1. Forty-eight hours post-transfection, nuclear proteins were
fractionated and immunoprecipitated with anti-hDOT1L at 4 °C. Immunoprecipitated samples were resolved by SDS-PAGE and immunoblotted using the
antibodies indicated on the right. The band intensities were measured in arbitrary units of band intensity of the phosphorylated RNAPII (RNAPIIo) signals
normalized by that of each immunoprecipitated hDOT1L. IN (input) represents 2% in Ser(P)-5/2 CTD and RPB1 and 100% in hDOT1L. The labeling (RNAPIIo and
RNAPIIa) on the left side refers to only the 52R. Asterisks mark the degraded 180-kDa IIB form (45). IP, immunoprecipitation.
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reinforce the notion that there is a physical interaction between
hDOT1L and the phosphorylated CTD of RNAPII.
Previous studies using defined biotinylated synthetic CTD

peptides in yeast showed that the H3K36 histone methyltrans-
ferase, ySet2p, directly binds to CTD peptides phosphorylated
at Ser-5 and Ser-2 (44, 46, 47). We adopted a similar system
using CTD peptides that consisted of three repeats of the hep-
tad sequence (YSPTSPS). hDOT1L bound to singly phosphor-
ylated CTD peptides (CTD-Ser(P)-5 and CTD-Ser(P)-2), as
well as the doubly phosphorylated CTD peptide (CTD-Ser(P)-
5/2) (Fig. 2, upper panel). In contrast, hDOT1L did not bind to
a scrambled CTD-like peptide with phosphoserine (6PC) (Fig.
2, upper panel), indicating that amino acid context as well as
phosphoserine was important for the binding. As a positive
control, yeast Set2 also bound to the phosphorylated CTD pep-
tides as expected (Fig. 2, bottom panel) (48). Thus, we conclude
that hDOT1L directly binds to the phosphorylated CTD of
actively transcribing RNAPII.
hDOT1L Is Associatedwith Active Transcription and RNAPII

in a Genome-wide Manner—Because our data indicate that
hDOT1L interacts with RNAPII in cultured cells, we hypothe-
sized that the genome-wide localization of hDOT1Lwould cor-
relate with that of RNAPII during active transcription. To
examine this point, we analyzed the genome-wide distribution
of hDOT1L and RNAPII in undifferentiated human embryonic
carcinoma NCCIT cells. We also compared the ChIP data of
hDOT1L and RNAPII with our previous results about H3K79
mono-, di-, and trimethylation and H2Bub1 ChIP data and
mRNA-seq data from NCCIT cells downloaded from the GEO
database (accession number GSE25882) (32).
Our results revealed that hDOT1L and RNAPII manifested

strong signals at and around the TSSs (5 kb upstream/down-
stream) (Fig. 3A, left panel), whereas the relative signal rapidly
decreased along transcribed regions near the transcription end
sites (5 kb upstream/downstream) (Fig. 3A, right panel). The
signal patterns for H2Bub1 displayed a strong 5� bias along the

transcribed regions, as did those for all three H3K79 methyla-
tions (Fig. 3A and supplemental Fig. S2). In all cases, highly
expressed genes (black lines) displayed stronger signal intensi-
ties comparedwith lowly expressed genes (green lines) (Fig. 3A).
Among the 3,757 hDOT1L-targeted genes we identified, 3,170
were also targeted by RNAPII (Fig. 3B). Importantly, 89% of the
hDOT1L peaks overlapped with those of RNAPII at the pro-
moter regions, and 54% of the hDOT1L peaks overlapped with
those of RNAPII at the 5�-UTR regions, suggesting that the
specific functions of hDOT1L in association with RNAPII are
concentrated in these regions (Fig. 3C).
Given the strong correlation of hDOT1L and RNAPII occu-

pancy at the TSS, we next examined their target genes in an
effort to determine whether the presence of both hDOT1L and
RNAPII is associated with active transcription. We found that
the top 500 high quality hDOT1L binding sites (determined
using GREAT) were strongly correlated with the Ser-5-phos-
phorylated RNAPII (supplemental Fig. S3A). Furthermore, the
expression levels of transcripts associated with the high quality
hDOT1L-binding sites were significantly higher than those of
all transcripts (p � 0.0001) (supplemental Fig. S3B). Interest-
ingly, functional annotation analysis of the top 500 high quality
hDOT1L binding sites revealed that hDOT1L was significantly
associated with the promoters of genes encoding RNAPII-re-
lated proteins, such as TAF12, POLR2I, andGTF2H3, as well as
those encoding ribosomal proteins, including RPL10A, RPL3,
RPLP1, RPS3, RPS12, and RPS21 (supplemental Fig. S3C).
Overall, we found that hDOT1L target genes tend to be highly
expressed, and genes co-occupied by both hDOT1L and RNA-
PII were also highly expressed (supplemental Fig. S3D).
H3K79 Methylations Significantly Overlap with H2Bub1 at

Actively Transcribed Genes—Next, we investigated the
genome-wide overlap between RNAPII and the hDOT1L sub-
strate, H3K79. hDOT1L is broadly distributed throughout the
genome, showing only 2-fold enrichment at peak regions (for
example, see the TSS in Fig. 3A), and relatively weak signals
compared with those of RNAPII (Fig. 4A). However, we consis-
tently observed slightly increased hDOT1L signals at RNAPII-
enriched regions (Fig. 4A). In contrast to the relatively broad
distribution of the hDOT1L enzyme, however, H3K79 methyl-
ations showed strong enrichment within regions of active tran-
scription. Interestingly, the H2Bub1 signal showed a distribu-
tion very similar to that of H3K79 methylations. Therefore, the
enzymatic activity of hDOT1L appears to overlap significantly
with RNAPII and H2Bub1 occupancy at actively transcribed
genes.
Because the distribution patterns of H3K79 methylations

overlapped with that of H2Bub1 (Fig. 4A and supplemental Fig.
S2) andH3K79methylations are catalyzed by hDOT1L,we pos-
tulated that the combination of hDOT1L, H2Bub1, and RNA-
PII determines H3K79 methylation levels. To test this possibil-
ity, we looked for correlations among these proteins in gene
body regions across the human genome. Positive correlations
were consistently found between the ChIP-seq signals of
hDOT1L and RNAPII in gene body regions (Fig. 4B). Further-
more, when correlation coefficients were calculated between
hDOT1L and the other features, we found a strong correlation
with RNAPII (Fig. 4C). The H2Bub1-enriched genes were also

FIGURE 2. hDOT1L directly binds to the phosphorylated CTD in vitro. In
vitro peptide pulldown assay. In the experiment, we used a scrambled CTD-
like peptide with phosphoserine (6PC), a CTD peptide with nonphosphory-
lated serine residues (CTD), and phosphorylated CTD-Ser(P)-5 (CTD-Ser5-P),
CTD-Ser(P)-5/2(CTD-Ser5/2-P), and CTD-Ser(P)-2 (CTD-Ser2-P) peptides (58).
Synthetic biotinylated CTD peptides (1.5 �g) were adsorbed to 100 �g of
streptavidin-coated magnetic beads. Full-length FLAG-hDOT1L (1,000 ng)
purified from the baculovirus expression system and bacterially expressed
His6-ySet2p (500 ng) (supplemental Fig. S1) were incubated at 4 °C with either
magnetic beads alone (Mock) or beads immobilized with the indicated pep-
tides. Shown are the immunoblots (IB) with anti-FLAG and -His. S and B indi-
cate supernatant and bead fractions, respectively. IN, input.
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likely to be simultaneously enriched for H3K79me1/2/3,
hDOT1L, and RNAPII and showed high levels of transcription
(Fig. 4B, red spots). These results suggest that the cooperation of
RNAPII, hDOT1L, and H2Bub1 is required for the establish-
ment of densely H3K79-methylated regions and highly active
gene transcription.
We further examined the relationships among H2Bub1,

hDOT1L, RNAPII, and H3K79 methylations by defining two
groups of genes according to hDOT1L occupancy in the gene
body region: the top 30% of genes with high hDOT1L signals
versus the bottom 30% of genes with low hDOT1L signals (sup-
plemental Fig. S4A). The hDOT1L-enriched genes showed
stronger RNAPII signals (2.3-fold enrichment) compared with
the hDOT1L-depleted genes. This observation was also noted
for H2Bub1 and H3K79 methylation. H3K79 mono-, di-, and
trimethylation were more dependent on H2Bub1 occupancy
(supplemental Fig. S4B). These results further support the
notion that although hDOT1L is broadly distributed through-

out the genome, it is specifically enriched in RNAPII-targeted
regions, where it maymediate H3K79methylations in the pres-
ence of H2Bub1.
Identification of a Novel Interacting Region in hDOT1L

Required for Interaction with the Phosphorylated CTD of
RNAPII—To investigate the specific region in hDOT1L
required for interactionwith the phosphorylated CTDof RNA-
PII, we generated several hDOT1L deletion constructs (supple-
mental Fig. S5A). The hDOT1L (1–467) construct containing
an intact catalytic core domain and the hDOT1L (1003–1537)
construct both failed to show any interaction with the phosphor-
ylated CTD peptide (Fig. 5A). The hDOT1L (468–1002) con-
struct, however, bound to Ser-5- and Ser-2-phosphorylated
CTDs but not to unmodified CTD. Further investigation of the
hDOT1L middle region (468–1002) through additional over-
lapping truncations demonstrated that the amino acid residues
555–665 were required for the interaction of hDOT1L with
phosphorylated CTD peptides (Fig. 5A).

FIGURE 3. Genome-wide properties of hDOT1L and RNAPII. A, genome-wide profiles of hDOT1L, RNAPII, and H3K79me2 are shown for 5 kb upstream and
downstream of TSSs and transcription end sites (TES) in NCCIT cells. The ChIP-seq signals are presented for high (top 30%), middle, and low (bottom 30%) level
gene expression according to the FPKM scores generated by Cufflinks (42). ChIP-seq for RNAPII was performed using an antibody specific to the Ser-5-
phosphorylated form. B, the targeted genes were defined from the detected peaks from the MACS peak detection program (59). Among 25,132 total genes,
3,757 and 12,535 were targeted by hDOT1L and RNAPII, respectively. C, by using MACS, 48,272 RNAPII and 12,026 hDOT1L peaks were identified in the NCCIT
genome, and 4,851 peaks were found to overlap. The fraction of overlapped peaks is the value based on the peaks overlapped between RNAPII and hDOT1L
versus the peaks of hDOT1L in the indicated genomic regions. For example, among the 1,411 hDOT1L peaks in promoter regions, 1,259 overlapped with RNAPII
peaks. Genomic regions were defined as follows: promoter (2 kb upstream of TSS to TSS), 5�-UTR (TSS to coding start site), ORF (coding start site to coding end
site), 3�-UTR (coding end site to the transcription end site), and others (remaining genomic regions).
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According to structural analyses of the yeast Dot1 (yDot1)
and hDOT1L (16, 49), the 360 amino acids at the N terminus of
hDOT1L share significant sequence homology with yDot1
(supplemental Fig. S5B), but the long middle and C-terminal
domains of hDOT1L (amino acid 431–1537) are conserved
only in multicellular organisms (16, 17). As expected, full-
length yDot1 purified from bacteria (supplemental Fig. S5A)
failed to bind to either unmodified CTD or phosphorylated
CTD in vitro (Fig. 5B).

When we aligned the full amino acid sequences of
dGrappa (Drosophila homolog), dDOT1L (Danio rerio),
murine DOT1L, and human DOT1L (Fig. 5C), we noted a
conserved region within the region found to be required for
the interaction of hDOT1L with phosphorylated CTD. We
hypothesized that this region, which comprises amino acids
618–627 of hDOT1L, may be a RNAPII phosphorylated
CTD-binding patch; thus, we have termed it the “CTD-bind-
ing patch.”

FIGURE 4. Mapping the genome-wide co-occupancies of hDOT1L and RNAPII. A, ChIP-seq results for chr6:30,000 to 31,000 kb are shown. All of the patterns
were drawn using the UCSC genome browser with a smoothing window of 10 pixels. The y axis indicates tag counts at 1-kb intervals. Mapped short read
sequences without any treatment (Input) were randomly distributed throughout the genome. ChIP-seq for RNAPII was performed using an antibody specific
to the Ser-5-phosphorylated form. B, each spot indicates the average ChIP-seq signals in the gene body region of each gene, and its color indicates the density
of H3K79 methylations. The r values indicate Pearson correlation coefficients. C, the Pearson correlation coefficients (r values) between DOT1L and other
modifications are shown.
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To determine whether the CTD-binding patch within
hDOT1L is essential for the interaction between hDOT1L and
the phosphorylated CTD of RNAPII in HEK293T cells, we gen-
erated a hDOT1L-4K/618–627/4A (4K/4A; four lysines substi-
tuted to alanines in the CTD-binding patch of hDOT1L)
mutant and used it for co-immunoprecipitation analyses. The
4K/4A mutant did not co-immunoprecipitate with RNAPII
(Fig. 5D, lane 6). To determine whether mutations in the CTD-
binding patch of hDOT1L could disrupt RNAPII CTD binding
in vitro, we carried out peptide pulldown analyses using highly
purified hDOT1L (555–820)-4K/4A and (555–820)-�4K

(�4K; four lysines deleted in the CTD-binding patch). Both of
these hDOT1L mutants failed to bind phosphorylated CTD
peptides (Fig. 5E). These results indicate that the CTD-binding
patch is essential for the interaction of hDOT1L with the phos-
phorylated CTD of RNAPII.
Knockdown of hDOT1L Represses H3K79 Methylation and

Actively Transcribed Genes—Because hDOT1L is the only
known H3K79 methyltransferase (33), and we have shown that
it interacts with the phosphorylated CTD of RNAPII, we next
tested whether H3K79methylations directlymediate the active
transcription of genes enriched with both hDOT1L and RNA-

FIGURE 5. hDOT1L mutants do not bind to the phosphorylated form of RNAPII in cultured cells or in vitro. A and B, peptide pulldown assays were
performed with purified recombinant FLAG-tagged hDOT1L (1– 467), (468 –1002), and (1003–1537); His6-tagged hDOT1L (468 – 665), (666 – 820), (821–1002),
and (555– 820); and yDot1p (800 ng). C, sequence alignment of hDOT1L homologs. Alignment was performed using the ClustalW2 multiple sequence
alignment program and the GENEDOC software. D, HEK293T cells were transfected with control vector and vectors expressing full-length FLAG-hDOT1L (WT)
and -hDOT1L-4K/618 – 627/4A (4K/4A). The cells were extracted and immunoprecipitated with anti-FLAG at 4 °C. Immunoprecipitated samples were resolved
by SDS-PAGE and immunoblotted using the antibodies indicated on the right. E, peptide pulldown assay was performed using mutant proteins (800 ng).
(555– 820)-4K/4A and (555– 820)-�4K represent His6-hDOT1L (555– 820)-4K/618 – 627/4A and (555– 820)-�4K/618 – 627, respectively. Shown is the immunoblot
with anti-His. S and B indicate supernatant and bead fractions, respectively, in A, B, and E. IN, input; IB, immunoblot; IP, immunoprecipitation.
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PII. Although the target genes of hDOT1L are not fully known,
we analyzed a subset of actively transcribed genes, including
Nanog, Oct4, and Sox2, in NCCIT cells. These are well known
pluripotency-related genes, and our genome-wide ChIP data
indicated that they were enriched with both hDOT1L and
RNAPII (supplemental Fig. S6A).We alsomeasured the relative
mRNA-seq, hDOT1L, and RNAPII signals of pluripotency-re-
lated genes, stem cell development-related genes, and other
genes. In the NCCIT cells, we first noted that the pluripotency
maintenance-related genes were highly expressed compared
with all genes (supplemental Fig. S6B, top left, and Table S3).
These genes were also simultaneously enriched with both
hDOT1L and RNAPII (high ChIP-seq signals were found for
both hDOT1L and RNAPII) compared with development-re-
lated genes, such as those associated with the endoderm, mes-
oderm, and ectoderm (supplemental Fig. S6B, top right and bot-
tom left, and Tables S4–S6). This suggests that the
co-occupancy of hDOT1L andRNAPIImay play a role inmain-
taining pluripotency-related genes. Although this result may
originate from the higher expression level of pluripotency
maintenance-related genes in this cell line, not the property of
pluripotency itself, the significant enrichment indicates that
hDOT1L may play a role in pluripotency maintenance.
We next evaluated the importance of hDOT1L and RNAPII

co-occupancy in the expression of pluripotency-related genes
by siRNA-mediated knockdown of hDOT1L in NCCIT cells.
After transfection with hDot1l siRNA (supplemental Fig. S7A),
hDOT1L expression was reduced in both protein and mRNA
levels (Fig. 6, A and B). Importantly, hDOT1L knockdown
repressed the expression of the representative pluripotency-
related genes,Nanog andOct4, but not that of the control SOX2
gene, compared with cells transfected with the control Egfp
siRNA (Fig. 6, A and B). In addition, the activity of alkaline
phosphatase, a marker of pluripotency, was markedly reduced
in hDot1l siRNA-transfected cells compared with control cells
transfected with Egfp siRNA (Fig. 6C).
To investigate that the down-regulation of NANOG and

OCT4 was correlated with decreased H3K79 methylation, we
performed a ChIP assay for hDOT1L and H3K79me3. After
hDot1l siRNA transfection, the H3K79me3 level was reduced
throughout the gene body of Nanog and Oct4, including the
region around TSS (#2) where preferential binding of hDOT1L
was seen (Fig. 6D). Interestingly, a significant level of
H3K79me3 was also detected in a specific region within the
gene body of Sox2, however, a slight reduction of H3K79me3 in
the region after hDot1l siRNA transfection did not affect the
Sox2 expression (Fig. 6, A, B, and D). These results show that
hDOT1L is important for the proper level of H3K79me3 and
the transcription of a subset of highly expressed pluripotency-
related genes in human embryonic carcinoma cells.
A Functional Link between hDOT1L and the Phosphorylated

RNAPII Is Important for Regulating the Expression of Actively
Transcribed Genes in NCCIT Cells—We next examined
whether the decreases in H3K79 methylations and the expres-
sion levels of NANOG and OCT4 could be rescued by the
expression of exogenous mutant hDOT1L resistant to hDot1l
siRNA (supplemental Fig. S7A). We expressed wild-type
hDOT1L-WT-siR (siR) and 4K/4A, resistant to hDot1l siRNA

because of the respective silent and missense mutations in tar-
get sequences (supplemental Fig. S7), in NCCIT cells that had
been subjected to siRNA-mediated knockdown of endogenous
hDOT1L. As expected, the expression levels of NANOG and
OCT4 increased following treatment with exogenous siR but
not the RNAPII binding-defective mutant, 4K/4A (Fig. 7A).
The enzymatic activities of siR and 4K/4A as histone methyl-
transferases were comparable with those of the WT protein
(Fig. 7B).
Next, we checkedwhether the rescue of pluripotency-related

gene expression by siR influenced the levels of alkaline phos-
phatase in NCCIT cells. Indeed, the decreased alkaline phos-
phatase activity seen in cells transfectedwith hDot1l siRNAwas
largely recovered following transfectionwith siR, but not 4K/4A
(Fig. 7C). To validate that the recovery of NANOG and OCT4
expression by siR was correlated with increased H3K79 methyl-
ations, we used ChIP to examine histone modifications. The
decreased incidence of H3K79me3 in the transcribed region of
Nanog and Oct4 following siRNA-induced knockdown of
hDOT1L was dramatically rescued by the exogenous expres-
sion of siR but not 4K/4A (Fig. 7D and supplemental Fig. S8).
To test the hypothesis that the ability of hDOT1L, in coop-

eration with RNAPII, to regulate pluripotency-related genes is
dependent on its enzymatic activity, we introduced a silent
mutation into the hDOT1L-N241A methylation-defective
mutant (supplemental Fig. S7A) (49). hDOT1L-N241A-siR

(N241A-siR), resistant to hDot1l siRNA, was overexpressed in
hDOT1L knockdown NCCIT cells, and the H3K79me3 level
was investigated. As expected, the reduced occurrence of
H3K79me3 in hDOT1L knockdown cells was not rescued by
the exogenous expression of N241A-siR (Fig. 7D and supple-
mental Fig. S8). Furthermore, the decreases in NANOG and
OCT4 expression caused by hDot1l siRNA were not rescued in
N241A-siR-transfected cells (Fig. 7A, lane 5). Therefore, we
conclude that the functional interaction of hDOT1L with the
phosphorylated CTD of RNAPII and subsequent histone
H3K79 methylations by hDOT1L is a prerequisite for pluripo-
tency-related gene expression.

DISCUSSION

Previous studies have demonstrated that the function and
existence of Dot1 and global H3K79 methylations are strictly
evolutionarily conserved from yeast to humans. Both Dot1 and
H3K79 methylations, however, are absent from Schizosaccha-
romyces pombe (50), and aDot1 homolog has not been found in
Arabidopsis thaliana (51), suggesting that there are variations
in the existence and functions of Dot1 andH3K79methylations
across species. Additionally, the distributions of Dot1 and
H3K79methylations during active transcription show different
patterns in yeast and humans. In yeast, yDot1 and H3K79
methylations are detectable only at the coding regions of active
genes (52). In humans, our present work reveals that hDOT1L
is distributed at and around the transcription start sites,
whereas H3K79 methylations are detected in the coding
regions (similar to the pattern in yeast). Additionally, we report
that the distribution of hDOT1L is much broader than that of
H3K79 methylations at the gene coding sequences.
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Many of the distinctions between the yDot1 and hDOT1L
proteins are likely to be a consequence of structural differences.
The full-length hDOT1L consists of 1,537 amino acids (16), but

only the N-terminal domain shows homology with yDot1. The
longmiddle and C-terminal domains of hDOT1L are unique to
multicellular organisms, such as flies and humans. Here, we

FIGURE 6. Depletion of hDOT1L affects actively transcribed gene expression and H3K79 methylation. A, Egfp and hDot1l siRNAs were transiently transfected
into NCCIT cells. Whole cell extracts were resolved by SDS-PAGE and immunoblotted (IB) using the indicated antibodies on the right. �-Actin was used as a loading
control. B, the mRNA levels were analyzed by RT-qPCR (supplemental Table S1), with each expression value normalized with respect to that of �-actin. The error bars
denote standard deviations from three biological replicates. C, Egfp (60 nM) and hDot1l (100 nM) siRNA were transfected into NCCIT cells. Three days after transfection,
the cells were fixed and stained for alkaline phosphatase activity. The cells expressing AP show red colorations. The scale bar indicates 250 �m. D, NCCIT cells were
transfected as in A, and ChIP analyses were carried out with the indicated antibodies. All of the signals were normalized with respect to the input and total histone H3.
The error bars denote standard deviations from three biological replicates, each consisting of three qPCRs (supplemental Table S2).
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show that amino acid residues 618–627 of hDOT1L contain a
CTD-binding patch that is critical for specific interactions with
the phosphorylated CTD of RNAPII in cultured cells and in
vitro. Additionally, we show that hDOT1L but not yDot1 func-
tionally interacts with the phosphorylated RNAPII, indicating
that the general interaction mechanism of yDot1 with RNAPII
may differ from that of human hDOT1L. The CTD-binding
patch may facilitate the targeting of hDOT1L to the coding

region of active genes (Figs. 3A and 4A) through its interaction
with elongating RNAPII.
We show that hDOT1L knockdown reduces the expression

ofNANOGandOCT4 and that this is correlatedwith decreases
in hDOT1L binding and H3K79 methylation (Figs. 6 and 7).
Thus, we suggest a causal relationship whereby the depletion of
hDOT1L leads to reduced targeting and propagation of this
enzyme across actively transcribed genes, such as Nanog and

FIGURE 7. hDOT1L bound to RNAPII regulates the expression of actively transcribed genes. A, control vector, wild-type FLAG-hDOT1L-WT-siR (siR),
�4K/618 – 627/4A (4K/4A), and -N241A-siR (N241A-siR) were transfected into hDOT1L knockdown NCCIT cells. Whole cell extracts were analyzed by SDS-PAGE
and immunoblotted using the indicated antibodies on the right. �-Actin was used as a loading control. A nonspecific band in the hDOT1L immunoblot is
indicated by an asterisk. B, histone methyltransferase assay against nucleosomes was performed using purified recombinant proteins from a baculovirus
expression system. The samples were separated by SDS-PAGE and analyzed by autoradiograph. Long oligonucleosomes (LON) were resolved by SDS-PAGE and
immunoblotted using anti-H2Bub1 antibody detecting H2B and H2Bub1. Long oligonucleosome and FLAG-hDOT1L proteins were stained with Ponceau S and
Coomassie Blue, respectively. C, NCCIT cells were transfected as in A, and 3 days after transfection, the cells were fixed and stained for alkaline phosphatase
activity. The bar indicates 250 �m. D, NCCIT cells were transfected as in A, and ChIP analyses were carried out with the indicated antibodies. All signals were
normalized with respect to the input and total histone H3. The error bars denote standard deviations from three biological replicates, each consisting of three
qPCRs.
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Oct4. The resulting decrease in H3K79 methylations at the
whole gene body region may cause a decrease in gene expres-
sion. Although a reduction in H3K79me3 signal is observed at
the 5� end of the Sox2 gene, the expression of SOX2 is not
affected (Figs. 6 and 7), suggesting the distribution pattern of
H3K79methylationmay be amajor determinant to regulate the
expression of active genes.
When RNAPII binds to a promoter, Ser-5 of the CTD is

phosphorylated (53). During the transition state from tran-
scription initiation to elongation, the CTD is phosphorylated at
both Ser-5 and Ser-2 (54–56). Elongating RNAPII loses
Ser(P)-5 but retains Ser(P)-2 at the 3� region of gene body (57).
Because Dot1p directly interacts with monoubiquitylated H2B
to produce H3K79 methylations (31), it seems likely that both
the phosphorylation states of RNAPII during active transcrip-
tion and the genome-wide pattern of H2Bub1 together may
affect hDOT1L in regulating gene transcription through
H3K79 methylations.
However, we do not envisage that hDOT1L would be tar-

geted to promoters through elongating RNAPII. Rather, it is
likely that hDOT1L would target the promoters of active genes
via unknown factors (probably transcription factors), and the
targeted hDOT1L would move to the gene body region
togetherwith elongatingRNAPII through an interaction via the
CTD-binding patch. Interaction between hDOT1L and
monoubiquitylated H2B would further affect the production of
mono-, di-, and trimethylations of H3K79. Further studies are
required to examine the potential mechanism(s) responsible
for the selective targeting of hDOT1L.
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