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DOTI1L-Mediated H3K79 Methylation in Chromatin Is Dispensable
for Wnt Pathway-Specific and Other Intestinal Epithelial Functions
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Methylation of H3K79 is associated with chromatin at expressed genes, though it is unclear if this histone modification is re-
quired for transcription of all genes. Recent studies suggest that Wnt-responsive genes depend particularly on H3K79 methyl-
ation, which is catalyzed by the methyltransferase DOT1L. Human leukemias carrying MLL gene rearrangements show DOT1L-
mediated H3K79 methylation and aberrant expression of leukemogenic genes. DOT1L inhibitors reverse these effects, but their
clinical use is potentially limited by toxicity in Wnt-dependent tissues such as intestinal epithelium. Genome-wide positioning of
the H3K79me2 mark in Lgr5™ mouse intestinal stem cells and mature intestinal villus epithelium correlated with expression
levels of all transcripts and not with Wnt-responsive genes per se. Selective Dot1] disruption in Lgr5* stem cells or in whole in-
testinal epithelium eliminated H3K79me2 from the respective compartments, allowing genetic evaluation of DOT1L require-
ments. The absence of methylated H3K79 did not impair health, intestinal homeostasis, or expression of Wnt target genes in
crypt epithelium for up to 4 months, despite increased crypt cell apoptosis. Global transcript profiles in Dot1l-null cells were
barely altered. Thus, H3K79 methylation is not essential for transcription of Wnt-responsive or other intestinal genes, and intes-
tinal toxicity is not imperative when DOT1L is rendered inactive in vivo.

C ovalent histone modifications influence chromatin structure
and diverse nuclear functions, including gene regulation (1,
2). Expressed genes are associated with di- or trimethylated H3K4,
H3K36, and H3K79 and monomethylated H3K9 and H4K20,
whereas repressed genes are enriched for trimethylated H3K9,
H3K27, and H4K20 (2-4); various lysine methyltransferases
(KMTs) place these marks. H3K79me2 denotes active gene tran-
scription in Saccharomyces cerevisiae, Drosophila, and mammalian
cells (5-8). Unlike other modified histone N-terminal “tail” resi-
dues, H3K79 is exposed on the nucleosome surface, may be meth-
ylated at both heterochromatin and euchromatin (5, 9), and is
aberrantly methylated in human leukemias that carry MLLI gene
rearrangements (10, 11).

Disruption of DotI in yeast or its fly (grappa) and mammalian
(Dot1l) homologs eliminates H3K79 methylation, revealing these
as the only enzymes capable of H3K79 mono-, di-, and trimethyl-
ation (8, 12-15). Dotl and DOTI1L/KMT4 differ from other
KMTs in possessing an arginine methyltransferase-like domain
instead of a canonical SET domain (12), and H3K79 lacks known
demethylases (9). Dotl-dependent H3K79 methylation is associ-
ated with telomere silencing and meiotic checkpoint controls
(16), DNA repair (17), and modulation of constitutive hetero-
chromatin (15), but its role in transcriptional control has drawn
particular attention. Fruit fly grappa mutants dysregulate devel-
opmental genes and show embryonic defects (14). Dotl1l-null
mouse embryos are stunted and die in midgestation of restricted
cardiovascular defects (15, 18) that seem incompatible with a
global requirement for DOTIL activity in transcription. Indeed,
recent studies implicate DOT1L-dependent H3K79 methylation
specifically in the transcriptional output of Wnt signaling, which
depends on T-cell factor (TCF) transcription factors and the co-
activator B-catenin and is crucial for intestinal homeostasis (19).

The self-renewing gut mucosa requires the activity of Wnt-
dependent intestinal stem cells (ISCs) and progenitor cells that
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reside in the crypts of Lieberkithn (20-22). Although there are
probably two or more distinct ISC populations (23-25), a key
“workhorse” population consists of 10 to 15 crypt base columnar
cells (CBCs) that express the cell surface protein LGR5, require
Wnt signals, repopulate adjacent intestinal villi for months, pro-
duce clonal “organoids” ex vivo, and serve as the cell of colorectal
cancer origin (26-28). Mahmoudi et al. identified both DOTIL
and its partner AF10 within B-catenin-dependent TCF4 com-
plexes in mouse crypt and human colon cancer cells (29). AF10
depletion in cell lines impaired DOTIL recruitment to TCF4/f3-
catenin target genes; AF10 and DOTI1L were both required for
elongating Wnt-responsive transcripts and to express a Wnt-re-
porter transgene and maintain crypt cell replication in zebrafish
embryos (29). In a reciprocal approach, Mohan et al. detected
B-catenin, the transcriptional effector of canonical Wnt signals,
within DOT1L-containing protein complexes and identified a
specific requirement for H3K79me3 in regulating Wnt target
genes. Depletion of dDotl or AF10 in Drosophila embryos re-
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duced expression of canonical Wnt targets, especially the high-
threshold target senseless (30). Lastly, a human DOTIL polymor-
phism is associated with joint space width and reduced risk of
osteoarthritis, and DOT1L knockdown in articular chondrocytes
inhibited Wnt-dependent chondrogenesis (31). Each of these
studies had certain limitations. First, as the investigators interro-
gated few known Wnt target genes, DOT1L/H3K79me specificity
for the Wnt pathway was inconclusive. Second, biologic effects
were studied in fly and morpholino-treated zebrafish embryos or
in a cell line, not in native adult mammalian tissues. Nevertheless,
the findings have important implications for H3K79me2 and me3
specificity in transcriptional regulation and, because Wnt signal-
ing underlies gut epithelial homeostasis (20, 21), for possible in-
testinal toxicity if DOT1L activity is compromised in therapy.

The H3K4-specific KMT gene MLLI is a universal target of
gene rearrangement in a distinct subset of acute leukemias that
accounts for 70% of cases in infants and 10% of adult cases (32,
33). In this disease subset, MLLI is fused in frame to one of nu-
merous different translocation partners, such as AF4, AF9, AF10,
and ENL, which interact with DOT1L in complexes that promote
transcriptional elongation (34, 35). Thus, MLLI1 fusion proteins
replace the native KMT domain for H3K4 with domains that re-
cruit DOT1L, altering the balance between chromatin H3K79 and
H3K4 methylation; the resulting ectopic H3K79 methylation is
associated with increased expression of leukemogenic genes, such
as HOXA9 and MEISI (10, 11). As DOT1L is necessary for MLL1
fusion proteins’ oncogenic activities, including target gene over-
expression (36-38), it is an appealing molecular target for treat-
ment of leukemias that carry MLLI rearrangements. EPZ004777,
recently developed as a potent and selective small-molecule inhib-
itor of DOT1L KMT activity, reverses the gene signature of MLLI
translocation and kills MLLI-rearranged leukemic cells (39). Such
results raise both the promise for DOT1L inhibitors in the clinic
and the importance of anticipating mechanism-based toxicities.
For example, DOT1L requirements in postnatal hematopoiesis
(37, 40) predict possible but manageable myelotoxicity, and mice
treated with EPZ004777 for 2 weeks remained overtly healthy and
preserved bone marrow cellularity (39). Long-term effects on
blood and other tissues are unknown, and the association of
DOT1L with Wnt pathway activity (29-31) raises particular con-
cern about gut toxicity. We therefore used whole-genome chro-
matin immunoprecipitation (ChIP) assays to map H3K79me-
marked chromatin in different intestinal cell populations and
gene disruption in mice to study DOT1L and H3K79me?2 require-
ments in Lgr5™ ISCs and intestinal homeostasis.

MATERIALS AND METHODS

Isolation of Lgr5hi ISCs, villus cells, and enterocytes. LgrShi 1SCs
were isolated from crypts in the duodenum and proximal jejunum of
Lgr5CFPARES-CreER mjce, Intestines were washed with cold phosphate-
buffered saline (PBS), and villi were scraped using glass slides. Intes-
tinal tissue was incubated in 5 mM EDTA in PBS for 45 min with
occasional gentle shaking, and crypt epithelium was depleted of con-
taminating villi by passage through 70-pm filters. Crypt epithelial cells
were disaggregated by treatment with 3.5X TrypLE (Invitrogen) at
37°C for 40 min. The cell suspension was washed in PBS, stained with
Live/Dead cell viability dye (Invitrogen), and sorted using a MoFlo
instrument (Beckman Coulter) to collect GFP" cells. To collect villus
cells or enterocytes from tamoxifen-treated wild-type or Villin-
CrePRT2): Atoh I’ mice, intestines were incubated in 5 mM EDTA in
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PBS for 20 to 30 min (41) and the villus epithelium was trapped on
70-pm filters.

Immunofluorescence and immunohistochemistry. Tissues were
fixed overnight at 4°C in 4% paraformaldehyde. For cryosections, fixed
tissues were further incubated in 30% sucrose in PBS overnight at 4°C and
embedded in optimal cutting temperature compound (OCT; Sakura).
Tissue sections were permeabilized with 0.5% Triton X-100 overnight at
4°C and sequentially incubated with rabbit H3K79me2 antibody (Ab)
(Abcam) in 0.5% Triton X-100 for 12 h and Cy3-conjugated anti-rabbit
IgG (Millipore). Staining was visualized using a Nikon E800 fluorescence
microscope. For paraffin sections, fixed tissues were dehydrated in 70%
ethanol, embedded in paraffin, and cut into 5-pm sections. Staining with
hematoxylin and eosin (H&E stain), alcian blue, and alkaline phosphatase
used routine methods (42). For immunohistochemistry, 10 mM sodium
citrate buffer (pH 6) was used to retrieve antigens and endogenous per-
oxidase activity was inhibited in methanol containing 3% H,O,. Tissues
were blocked with 5% fetal bovine serum (FBS; Gibco) or 10% bovine
serum albumin and incubated overnight at 4°C with one of the following
Abs: rabbit lysozyme (1:50; Invitrogen), Ki67 (clone MM1, 1:1,000; Vec-
tor Laboratories), chromogranin A (1:500; Immunostar), active caspase 3
(1:20; Cell Signaling), PCNA (1:200; Neomarkers), H3K79me2 (1:500;
Abcam), and H3K79me3 (1:400; Abcam). Sections were washed in PBS
and treated with biotin-conjugated anti-mouse or anti-rabbit IgG (1:300;
Vector Laboratories). Color reactions were developed using diamino-
benzidine substrate (DAB; Sigma-Aldrich) and Vectastain avidin-biotin
complex (ABC kit; Vector Laboratories).

Conditional mutant mice and tamoxifen administration. All mice
were at least 4 weeks old. To deplete Dot1l in Lgr5" ISCs or whole intes-
tinal epithelium, Dot11""" mice carrying Lgr5"-"ER or Villin-Cre*(1?
alleles were injected with 2 mg tamoxifen daily for 5 days and tissues were
harvested 4 or more days later. Control littermates were treated identi-
cally. To deplete Atohl to retrieve purified villus enterocytes, 1 mg tamox-
ifen was injected daily for 5 days and cells were collected on day 9. For
lineage tracing of DotI-null ISCs, Dot1I™; Lgr5“P-CreER; Rosa26-YEP
mice were injected with 2 mg tamoxifen daily for 5 days.

Histone extraction and immunoblotting. Intestinal epithelial cells,
harvested as described above, were suspended in extraction buffer containing
0.5% (vol/vol) Triton X-100, 0.02% (vol/vol) NaN,, and 2 mM phenyl-
methylsulfonyl fluoride (PMSF). Histones were extracted overnight at
4°Cin 0.2 N HCl (43), resolved by SDS-PAGE, and immunoblotted with
the following rabbit Abs: histone H3 (ab1791), H3K79me2 (ab3594),
H3K4me3 (ab8580), H3K27Ac (ab4729), H4K20me (ab9051), H3K9me3
(ab8898), H3K36me3 (ab9050), and H3K9me2 (ab1220), all from Abcam,
and H3K4me2 (07-030) and H3K27me3 (07-449) from Millipore.

Gene expression analyses. Total RNA was extracted using TRIzol
(Invitrogen) and RNeasy kits (Qiagen). For quantitative reverse tran-
scription-PCR (RT-PCR) analysis, RNA was reverse transcribed with
QuantiTect reverse transcription kit (Qiagen) and analyzed using SYBR
green (Applied Biosystems). C values were normalized with respect to
B-actin and expressed as transcript ratios in mutant versus control tissues.
For global profiling using 430 A2.0 arrays (Affymetrix), RNA was pre-
pared and labeled as recommended by the manufacturer and data were
analyzed using dChIP and Gene Pattern 3.2.3 software (44).

ChIP-seq and RNA-seq. For ChIP sequencing (ChIP-seq), epithelial
cell chromatin was cross-linked in 1% formaldehyde at ambient temper-
ature for 25 min, washed in PBS, and sonicated to generate 200- to 500-bp
fragments. H3K79me2, H4K20me, and H3K36me3 chromatin immuno-
precipitation was performed as described previously (42), and immuno-
precipitates were tested for enrichment of expected fragments. DNA from
H3K79me2-marked chromatin was amplified to generate libraries using
the ChIP-Seq DNA sample prep kit (Illumina) and sequenced using Illu-
mina Hi-seq 2000. Fragments were mapped to the Mus musculus reference
genome mm9, build 37. For RNA sequencing (RNA-seq), mRNA was
isolated from total RNA using oligo(dT),5; magnetic beads (New England
BioLabs). cDNA was synthesized, sonicated, amplified using the Encore
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Complete RNA-Seq Library System (Nugen), and sequenced using
Ilumina Hi-seq 2000. Sequence tags were mapped to the mouse reference
genome, build mm?9, and differences in transcript levels were determined
using Tophat and Cufflinks software (45) at a false-discovery rate (FDR)
of 0.001.

Microarray data accession number. Data are deposited in the Gene
Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo) under
record number GSE41543.

RESULTS AND DISCUSSION

Study objectives and design. We first examined if some cells in
the mouse intestinal epithelium show disproportionately high
DOT1L activity and if levels of H3K79 methylation at genes cor-
respond to the levels of the transcripts. We asked, in particular, if
Wnt target genes carry stronger methyl-H3K79 marks than other
genes. To determine functions of H3K79 methylation in vivo, we
used LgrSEGF P-IRES-Cre(ER) (here called LgrSGF P-Crey mice (26) to
induce Dot1l deletion in Lgr5™ ISCs and their progeny and, sepa-
rately, Villin-Cre"™ ™ mice (46) to remove DOT1L from all intes-
tinal epithelial cells. Lastly, we measured the expression of canon-
ical Wnt targets and other genes and the status of other histone
marks in Dot1l-null intestinal cells.

Levels of the H3K79me2 chromatin mark correlate better
with gene expression in ISCs and differentiated cells than with
Whnt target genes. The intensity of H3K79me2 immunostaining is
consistently higher in mature intestinal villus cell nuclei than in
crypt progenitors (Fig. 1A). To examine the relationship between
H3K79me2-marked chromatin and mRNA expression of individ-
ual genes in ISCs, we used flow cytometry to isolate green fluores-
cent protein (GFP)-expressing Lgr5 " CBCs from Lgr5“""“" mice
(26). Lgr5 " /GFP" stem cells were readily detected by fluorescence
microscopy (Fig. 1B) and flow cytometry (Fig. 1C). Analysis of
isolated GFP" ISCs by flow cytometry (Fig. 1D) or microscopy
(Fig. 1E) confirmed purity that approached or exceeded 90%. For
comparison with these stem cells, we isolated either unfraction-
ated villus cells from wild-type mouse duodenum, where entero-
cytes constitute 85% to 90% of the villus population (47), or pure
enterocytes from Atohl-null intestines, which lack all secretory
cells (48). For the questions addressed in this study, unfraction-
ated villus cells and purified enterocytes represent comparable
populations. We used microarrays to profile transcripts and
ChIP-seq with H3K79me2 Ab to profile this chromatin mark in
intestinal stem and differentiated cells. Although H3K79me2 and
H3K79me3 marks may occur on different genes in yeast (49), they
colocalize in mammalian cells (9), and because we and others find
that available H3K79me3 Abs cross-react with H3K79me2 (8), we
focused on H3K79me?2 as a marker of DOT1L enzyme activity.

Approximately 1,200 genes are expressed selectively in Lgr5™
ISCs, and approximately 870 genes are active only in mature en-
terocytes (=4-fold difference, P < 0.05) (Fig. 1F, left, red = high
expression); this differential gene expression is similar to that re-
ported by others (50). H3K79me2 marks were generally higher in
mature villus cells than in ISCs (compare the y axes in Fig. 1G and
H), consistent with stronger immunostaining in villi than in
crypts (Fig. 1A). However, both cell populations showed the ex-
pected distribution of H3K79me2-marked nucleosomes, across
the bodies of active genes, with the highest density near transcrip-
tion start sites (TSSs) (Fig. 1G and H), and normalization of the
two ChIP-seq libraries allowed reliable comparisons. Genes ex-
pressed at higher levels in Lgr5™ cells tended to carry higher
H3K79me2 marking in these than in villus cells, and genes ex-
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pressed at higher levels in enterocytes tended to give higher
H3K79me?2 signals in villus cells than in Lgr5* CBCs; the differ-
ences were statistically highly significant (Fig. 1F, right panel).
Even beyond differentially expressed genes, the H3K79me?2 signal
correlated well with gene expression levels in both ISCs (Fig. 1G)
and villus cells (Fig. 1H), as other groups have reported occurs in
other cell types (5-8).

Because DotlL activity and the H3K79me2 mark are postu-
lated to mediate Wnt pathway activity (29-31), we assessed
H3K79me2 marks on Wnt target genes. Well-validated intestinal
Wnt target genes such as Lgr5 and EphB (26, 51) were indeed more
highly expressed (Fig. 2C and data not shown) and marked more
prominently with H3K79me?2 (Fig. 2A) in ISCs than in villus cells.
However, although the universal Wnt target Axin2 also showed
higher expression in ISCs (Fig. 2C), this gene was marked similarly
in the two populations (Fig. 2A), indicating that the relationship is
not strict. Among the mouse homologs of 207 strong-candidate
Wnht target genes identified in human intestinal cells (52), 55 genes
were expressed at least 4-fold higher in Lgr5* ISCs than in villus
cells (Fig. 2B, left panel, where red indicates high expression). The
H3K79me2 signal density over many of these Wnt target genes
was higher in ISCs, but some target genes were minimally marked
(Fig. 2B, right panel). To distinguish pathway-specific effects from
those related to the level of gene expression, we assessed relative
H3K79me?2 levels at all 207 Wnt target genes and at 10 different
random sets of 207 non-Wnt target genes whose average expres-
sion in microarray analysis was comparable to that of the group of
Wnt targets. H3K79me?2 levels were similarly distributed across
Wnt target and nontarget genes that are expressed at similar levels
(Fig. 2D). Thus, H3K79me2 abundance correlates with gene ex-
pression levels and not specifically with Wnt pathway target genes.

H3K79me?2 loss in Lgr5* ISCs does not impede intestinal
crypt cell growth or differentiation. To determine H3K79me2
requirements in intestinal crypt cell function, we inactivated
Dotl1l, the only K79 methyltransferase gene (8, 15), in Lgr5™ ISCs,
using mice with a Dot allele floxed at exon 5 (36) and the tamox-
ifen-inducible Cre recombinase gene inserted into the Lgr5 locus
in Lgr5°""" <" mice (Fig. 3A). Lgr5°"™"“"* mice have variegated but
clonal expression of the fusion insert. Thus, every Lgr5* CBC in
30% to 50% of crypts expresses GFP-Cre, and all Lgr5" CBCs in
the remaining crypts do not, and mature intestinal villus cells
derive from adjoining GFP-Cre™ and GFP/Cre-negative mono-
clonal crypts (26, 53). Accordingly, treatment of Lgr5° <
Dot 1P mice with tamoxifen produced mosaic villi, with columns
of H3K79me2-null cells interspersed among columns of wild-type
cells (Fig. 3B), indicating that DOT1L and H3K79me?2 loss in ISCs
did not compromise their ability to replenish the epithelium. Lin-
eage tracing with the Rosa26™STOPF-EYEP reporter allele
(Rosa26™F) (54) in tamoxifen-treated Lgr5GF P-Cre Dot 11,
Rosa26™™" mice confirmed that H3K79me2-null villus cells origi-
nated in mutant Lgr5 ™" ISCs and not in alternative stem cells (Fig.
3C). Villi containing large fractions of H3K79me2-null cells were
not small or dysmorphic (Fig. 3D), and cells lacking H3K79me2
were present 3 weeks after tamoxifen injection (Fig. 3B and C),
indicating ISC activity over 5 or more renewal cycles. Consistent
with this output, 3 weeks after DotIlinactivation, Lgr5* CBCs and
their progeny in DOT1L-null crypts (white arrows in Fig. 3E and
F) proliferated as robustly as their counterparts in neighboring
DOTI1L-proficient, H3K79me2™" crypts (yellow arrows). Taken
together, these data indicate that intestinal crypts, which require
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FIG 1 Distributions of the H3K79me2 chromatin mark in Lgr5" crypt stem cells and mature intestinal villus cells. (A) Structure of mammalian crypt-villus
units, showing stronger H3K79me2 immunostaining in mature villus epithelial cells than in undifferentiated crypt cells. (B) Crypt base columnar (CBC)
intestinal stem cells (ISCs) are exclusively marked by GFP expression in Lgr5**"“" mice. The boxed area in the left panel is magnified below to highlight CBCs.
DAPI, 4',6-diamidino-2-phenylindole. (C) Flow-cytometric isolation of Lgr5*/GFP™ ISCs. The highest gate in the scatter plot identifies cells with the highest
GFP expression, which we isolated for this study. (D and E) Flow cytometry (D) and microscopic analyses (E; top, phase-contrast; bottom, fluorescence) confirm
~90% purity of isolated Lgr5 ™ ISCs. (F) Left, heat map representation of genes showing at least 4-fold differential expression between Lgr5" CBCs and purified
villus enterocytes. Red and blue indicate high and low mRNA levels, respectively. Right, corresponding heat maps of H3K79me2 ChIP-seq tag density in reads
per kilobase per million reads mapped (RPKM) in villus and Lgr5™" stem cells. Shades of gray are proportional to the global H3K79me?2 signal over the gene body,
and P values refer to the difference in H3K79me?2 levels between the gene groups above and below the dotted lines (*, independent ¢ test). (G and H) Correlation
between gene expression and H3K79me2 marks in Lgr5* ISCs (G) and villus cells (H), shown in aggregate for unexpressed genes (blue curve) and the top (red),
middle (green), and bottom (cyan) tertiles of all expressed genes.

continuous Wnt signaling (20, 21), do not depend on DOT1L- function simultaneously in all intestinal epithelial cells using
mediated methylation of H3K79. Villin-Cre™ mice (Fig. 4A), which express inducible Cre recom-

Limited consequences of total intestinal epithelial loss of binase throughout the epithelium (46). RT-PCR analysis con-
DOTIL function and H3K79me2. To bypass the limitations of  firmed that tamoxifen induced deletion of Dot1l exon 5 (Fig. 4B).
variegated Cre expression in Lgr5“™"“"* mice, we ablated DOT1L ~ Although RNA-seq analysis, described later in this report, re-
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vealed that transcripts containing other exons remained (see Fig.
6D), loss of exon 5 eliminated KMT activity, as expected, selec-
tively in the surface epithelium, sparing the lamina propria and
subepithelial smooth muscle (Fig. 4C and D). Both H3K79me2
(Fig. 4C and D) and H3K79me3 (see Fig. SI1A in the supplemental
material) were lost. Even with global loss of H3K79me2 from crypt
and villus epithelium, mutant mice gained and maintained weight
normally (Fig. 4E) and were not malnourished. Intestinal mor-
phology remained intact, and the H3K79me2 mark was absent for

May 2013 Volume 33 Number 9

periods ranging from 3 weeks to 4 months after administration of
tamoxifen (Fig. 4F and G). The relative proportions of mucosal
enterocytes and goblet, enteroendocrine, and Paneth cells were
unaffected in Villin-Cre™; Dot 17" intestines (see Fig. S1C to J in
the supplemental material), but immunohistochemistry for
cleaved caspase 3 revealed up to 20-fold increase in crypt cell
apoptosis (Fig. 4H to J). This abnormality, evident in 5 mutant
intestines harvested and processed exactly as were tamoxifen-
treated Dot1l-proficient littermate controls, was reflected both in
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FIG 3 Elimination of the H3K79me2 chromatin mark in Lgr5* ISCs and their progeny. (A) Strategy for conditional disruption of Dot1l in Lgr5" CBCs.
Lgr59T™-r Dot 1" mice are predicted to develop variegated loss of DOT1L function upon exposure to tamoxifen and Cre-mediated deletion of exon 5, which
encodes the KMT domain. (B) H3K79me2 immunostaining (red) shows definitive loss of DOT1L activity in many tall columns (white brackets) of mature villus
cells that must have originated in mutant ISCs. (C) Rosa26-YFP (yellow fluorescent protein) lineage tracing in Lgr5°"; Dot11; Rosa26"™" mouse intestines
demonstrates the origin of YFP-positive (green) villus cells in DOT1L-deficient ISCs, whose daughters lack H3K79me2 immunostaining (red). Villi are
oligoclonal, and like other cells in this villus, the lone H3K79me2 ™" cell (arrow) amid unstained cells (brackets) must have originated in a DOT1L-proficient ISC.
(D) Histology and H3K79me2 immunohistochemistry of villi in variegated DotI] mutant intestines. (E and F). Robust crypt cell proliferation is preserved in the
absence of H3K79me2. Dotl1l-null crypts (white arrows) shown at low (E) and high (F) magnification spawn H3K79me2-deficient villus cells (white brackets in
panel E) and show PCNA staining comparable to that of neighboring DOT1L-proficient crypts (yellow arrows). DAPI, 4',6-diamidino-2-phenylindole.

the number of crypts carrying at least one apoptotic body and in
the number of apoptotic bodies per crypt. In contrast, Ki67 im-
munostaining was comparable in control and mutant intestines
(Fig. 4K to M), indicating robust proliferation of ISCs and transit

1740 mcb.asm.org

amplifying progenitors that could sustain H3K79me2-null tissue
in the face of increased cell death. Apoptosis along intestinal villi
was not increased. Thus, H3K79me?2 loss subtly compromised in-
testinal crypt cell survival without impairing intestinal epithelial
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FIG 4 Consequences of removing H3K79me?2 from all intestinal epithelial cells. (A) Strategy for conditional Dot1l gene disruption in all intestinal epithelial cells
in mice that carry a Villin-Cre®™ "2 transgene, specifically expressed in intestinal epithelium, and the floxed Dot1! allele. (B) Relative expression of Dot1l exon 5
mRNA in intestinal epithelial cells isolated from Dot 1 (Ctrl) and Villin®*®; Dot 11" (Mut) mouse intestines, determined by quantitative RT-PCR. (C and D)
H3K79me2 immunohistochemistry in control (C) and Dot1l-null (D) intestines, showing robust H3K79me2 signal in all control cells and selective loss in the
mutant epithelium, with retention of the signal in subepithelial cells. (E) Body weights after administration of tamoxifen to Villin®**%; Dot1 P"!" (Mut) and
Dot1!"" (Ctrl) mice. (Fand G) Hematoxylin and eosin (H&E) staining of control (F) and Dot1/-null (G) mouse small intestines. (H to J) Immunohistochemistry
(I'andJ) and quantitation, based on counting 1,000 crypts (H), of activated caspase 3 in control (I) and DotI/-null (J) mouse intestinal crypts. Caspase 3-stained
apoptotic bodies are indicated by red arrows. (K to M) Ki67 immunostain (L and M) and quantitation from counting 10,000 crypt cell nuclei (K) in control (L)
and Dot1l-null (M) mouse intestinal crypts.
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FIG 5 Wnt target gene activity and alternative activating histone marks in the absence of Dot1l enzyme activity. (A) Quantitative RT-PCR analysis of selected
known intestinal Wnt target genes in isolated intestinal crypt epithelium. Average fold differences and standard deviations (£SD) from 3 replicate samples were
calculated for each gene in mutant cells compared to controls and normalized to B-actin mRNA. (B) Total levels of known activation- and repression-associated
chromatin marks in Dot1#"? (Ctrl) and Villin®ER; Dot1/"" (Mut) mouse intestinal epithelial cells, assessed by immunoblotting of histone extracts. Total H3
served as a loading control. (C) H3K79me2, H4k20me, and H3K36me3 ChIP at representative gene loci in crypt epithelial cells isolated from DotIl-deficient
(Mut) and control (Ctrl) mice. Immunoprecipitated DNA was analyzed by quantitative PCR, and results are represented in relation to the enrichment of a known

unmarked fragment.

morphology or function, which is markedly different from phe-
notypes associated with Wnt pathway inactivation in the intestine
(20, 21).

Wt target gene activity in the absence of DOT1L-catalyzed
H3K79me2. Intact crypt cell proliferation and renewal in Villin-
Cre™®; Dot 1" intestines suggested unperturbed Wnt pathway ac-
tivity. It is possible, however, that DOT1L is necessary for optimal
expression of Wnt target genes and that modestly reduced target
gene levels do not overtly affect intestinal homeostasis. Quantita-
tive RT-PCR analysis of isolated crypt epithelium revealed that
selected known Wnt-dependent transcripts were present in
DOT1L-deficient cells at levels similar to or slightly higher than
the levels in control crypt cells (Fig. 5A).

Although H3K79me2 and other chromatin marks are associ-
ated with active genes (2, 4, 8), it is unclear if such marks induce
gene activity or if they are by-products of active transcription with
other functions (55). Intact intestinal function and Wnt gene ac-
tivity in DotIl-null intestines argue against a requirement for
H3K79me2 in gene transcription, but another activation mark
could potentially compensate for its absence. The activation-asso-
ciated mark H4K20mel may be especially pertinent in this regard
because, like H3K79me?2, it is also implicated in Wnt target gene
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regulation (56). Immunoblots of histone extracts from Dot1l-null
and control intestinal crypt epithelial cells showed equivalent lev-
els of total H3K4me2, H3K4me3, H3K36me3, and H3K27ac, as
well as the repressive marks H3K9me2, H3K9me3, and
H3K27me3; total levels of only the H4K20mel activation mark
seemed modestly elevated (Fig. 5B). Within the constraints of us-
ing different Abs, quantitative PCR analysis of immunoprecipi-
tated chromatin at randomly chosen, active, H3K79me2-marked
loci suggested higher basal marking by H3K79me2 than by
H4K20mel in wild-type crypt cells (Fig. 5C). H4K20mel levels at
these genes were comparable in control and Dot1] mutant crypts,
as were H3K36me3 levels (Fig. 5C). Thus, H3K79me2 loss is not
overtly compensated for by the other histone modifications that
we tested.

Global gene expression profiles in the absence of Dot11 func-
tion and H3K79me?2. On the one hand, strong and global associ-
ation of H3K79me2 with active genes (6-8) suggests that tran-
scription-related functions could be compromised in its absence.
On the other hand, few genes were affected by loss or inhibition of
DOTIL in mouse hematopoietic, cardiac, or induced pluripotent
stem cells (18, 36, 57), and selected Wnt target genes were not
affected in intestinal crypts (Fig. 5A). The H3K79me?2 signal is
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stronger in villus than in crypt epithelium (Fig. 1A), and therefore,
changes resulting from DOT1L loss may be most evident in intes-
tinal villi. To quantify gene expression rigorously in DOT1L-defi-
cient villus epithelial cells, we used RNA-seq to compare cells from
tamoxifen-treated Dot1!"" and Villin-Cret™; Dot1!"" mice. Be-
cause the gross phenotype of DotIl mutant intestines suggested
few differences and sexual dimorphism in intestinal gene expres-
sion is limited, we used mice of different genders in the two
groups, and differential expression of sex-linked genes gave con-
fidence that RNA-seq could reveal small and large changes in the
mutant cells (see Fig. S2A and B in the supplemental material).
Among 11,629 autosomal genes that yielded at least 20 sequenced
fragments, fewer than 200 genes showed altered expression in mu-
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tant cells (false discovery rate, 0.001) (Fig. 6A). Examples of af-
fected transcripts (Fig. 6B and C), coupled with evidence that
sequence tags from Dotl1l exon 5 were selectively diminished in
mutant cells (see Fig. S2C in the supplemental material), demon-
strate that the data are robust and reliable. Most affected tran-
scripts, 151 of 189, were expressed at a higher level in mutant cells,
and only 38 genes showed reduced expression, indicating minor
gene activation in the absence of H3K79 methylation. The few
affected genes were not enriched for functions in Wnt signaling or
other pathways (see Fig. S2D in the supplemental material). Fur-
thermore, altered gene expression in Dotl/-null villi showed no
relation to the basal level of H3K79me2 marking at the corre-
sponding loci in wild-type crypt or villus cells, and genes with the
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largest change were not among the most heavily marked (Fig. 6D).
Taken together, these findings suggest that expression changes are
unrelated to H3K79 methylation status per se.

Implications of the data for gene activity, Wnt pathway reg-
ulation, and clinical use of DOT1L inhibitors. Our assessment of
a Wnt-dependent tissue in genetic mouse models indicates that
DOT1L-mediated H3K79 methylation does not have a special role
in regulating intestinal Wnt-responsive genes and that increased
apoptosis in Dot1l-null intestinal crypts does not affect the ani-
mals” health. The lack of a substantive effect of Dot1] gene disrup-
tion on gut function and gene expression cannot be attributed to
conventional redundancy because H3K79me2 signals were com-
pletely lost (Fig. 4D and 5B), as expected from prior evidence that
DOT1L is the only KMT for H3K79 (8, 12—15). Furthermore, in
both intestinal crypt and villus epithelium, the signal from
H3K79me2 ChIP correlated with overall gene expression and not
with Wnt target genes per se. These findings improve prospects for
developing DOT1L antagonists in targeted therapy of MLL-rear-
ranged leukemias. An essential role in Wnt-responsive gene regu-
lation would predict severe mechanism-based toxicity, possibly
precluding safe drug development. The lack of DOT1L depen-
dence in intestinal homeostasis suggests that intestinal toxicity is
not imperative and, if it occurs, is likely unrelated to the primary
mechanism of DOT1L inhibition.

Our observations have broad implications for transcriptional
control because loss of DOTIL activity and methylated H3K79
had a negligible consequence on gene expression at large. This
finding directly addresses a central question: whether histone
modifications cue and instruct transcription or whether they
merely correlate with gene activity and reflect ongoing transcript
elongation (55). On the one hand, overexpressed leukemogenic
genes in MLL-rearranged cells show hypermethylation of H3K79
(11), and the DOT1L inhibitor EPZ004777 reverses aberrant ex-
pression of these genes (39). In mice, deficiency of Menin, a com-
ponent of H3K4 methylation complexes, specifically impairs
H3K4 trimethylation at Hox loci and expression of most Hox
genes (58). These findings support instructive roles for methylated
H3K79 and H3K4 in disease or certain genetically engineered
states. On the other hand, the data we present here indicate that
H3K79me marks in particular are dispensable in a native tissue in
vivo and may, in physiologic states, reflect a consequence rather
than a requirement for transcription.
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