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Mixed-lineage leukemia (MLL) fusion proteins are po-
tent inducers of leukemia, but how these proteins gen-
erate aberrant gene expression programs is poorly under-
stood. Here we show that the MLL-AF4 fusion protein
occupies developmental regulatory genes important for
hematopoietic stem cell identity and self-renewal in hu-
man leukemia cells. These MLL-AF4-bound regions
have grossly altered chromatin structure, with histone
modifications catalyzed by trithorax group proteins and
DOT1 extending across large domains. Our results de-
fine direct targets of the MLL fusion protein, reveal the
global role of epigenetic misregulation in leukemia, and
identify new targets for therapeutic intervention in can-
cer.
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Chromosomal translocations involving the mixed-lin-
eage leukemia gene (MLL) are a frequent occurrence in
human acute leukemias of both children and adults (Egu-
chi et al. 2005). In over half of all infant acute leukemias,
the MLL protein fuses to one of >50 identified partner
genes, resulting in a MLL fusion protein that acts as a
potent oncogene (Krivtsov and Armstrong 2007). While
extensive gene expression signatures have been deter-
mined for primary human leukemia samples (Armstrong
et al. 2002; Yeoh et al. 2002; Ferrando et al. 2003; Ross et
al. 2003; Rozovskaia et al. 2003; Haferlach et al. 2005),
the direct genomic targets of MLL fusion proteins re-
main unknown. This information is essential to deter-
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mine how MLL fusion proteins impose oncogenic tran-
scriptional programs and to identify targets for therapeu-
tic intervention in human disease.

Distinct chromatin-modifying complexes and histone
modifications are associated with distinct phases of tran-
scription (Li et al. 2007). The trithorax group proteins,
including MLL, catalyze histone H3-Lys-4 trimethyl
(H3K4me3) modifications at the start sites of transcrip-
tionally engaged genes (Ruthenburg et al. 2007). These
H3K4me3-modified regions are largely constrained to
the transcription start site regions of genes that are tran-
scriptionally initiated, but not necessarily fully tran-
scribed (Bernstein et al. 2006; Barski et al. 2007; Guen-
ther et al. 2007). As a gene becomes fully transcribed,
elongating RN A Polymerase II (Pol II) molecules proceed
through gene coding regions along with associated elon-
gation factors including DOT1, which catalyzes dimeth-
ylation of histone H3-Lys-79 (H3K79me2) (Li et al. 2007).
Physical interactions between the most common MLL
partner proteins and transcriptional elongation compo-
nents suggest that defects in H3K4 and H3K79 methyl-
ation might be a key factor in MLL leukemogenesis (Er-
furth et al. 2004; Milne et al. 2005b ; Okada et al. 2005;
Zeisig et al. 2005; Bitoun et al. 2007; Mueller et al. 2007),
but the mechanism and extent of H3K79 methylation
targeting throughout the genome is poorly understood in
human cancer cells.

In order to define the portion of gene regulatory cir-
cuitry that is controlled directly by MLL fusion proteins
in human leukemia, we determined the binding patterns
of an MLL fusion protein and chromatin modifications
across the entire human genome. We performed this
mapping in leukemic cells harboring the MLL-AF4 fu-
sion gene, because this rearrangement is the most com-
mon among MLL fusions and is associated with an ex-
tremely poor prognosis in infants and adults (Eguchi et
al. 2005). Our results reveal that the MLL-AF4 oncogene
produces gross defects in chromatin structure at a newly
defined set of hematopoietic stem cell genes.

Results and Discussion

Identification of MLL-AF4-occupied regions
of the genome in human leukemia cells

We used chromatin immunoprecipitation (ChIP) coupled
to massively parallel sequencing (ChIP-seq) to determine
how the MLL-AF4 fusion protein was distributed across
the entire genome in human leukemia cells. This was
performed using two acute lymphoblastic leukemia
(ALL) cell lines (Fig. 1). The SEM cell line, which was
derived from precursor B-cell ALL patient blast cells
(Greil et al. 1994) harbors a t(4;11) chromosomal trans-
location and expresses MLL-AF4 fusion protein, endog-
enous MLL and endogenous AF4. The REH precursor
B-cell ALL patient-derived cell line (Rosenfeld et al.
1977), which expresses only wild-type MLL and wild-
type AF4, served as a control to identify regions bound by
normal MLL and AF4, but not by the MLL-AF4 fusion
protein. Because REH cells were derived from patients
with B-cell ALL, these cells also served to control for
general effects of B-cell-type leukemia.

We mapped protein-DNA interactions for the MLL-
AF4 protein in SEM cells using antibodies to the C ter-
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Figure 1. Mapping MLL-AF4 fusion protein-binding sites in human leukemia cells. (A) Schematic diagram of strategy for mapping MLL-AF4
fusion protein-binding sites. SEM precursor B acute leukemia cells express the MLL-AF4 fusion protein. REH precursor B acute leukemia cells
express only endogenous AF4 and MLL1. The N terminus of MLL (blue) is recognized by ChIP antibody anti-MLL-N (blue) and immunopre-
cipitates both wild-type MLL and MLL-AF4 fusion protein in SEM cells. The C terminus of AF4 (red) is recognized by ChIP antibody anti-AF4-C
and immunoprecipitates both wild-type AF4 and MLL-AF4 fusion protein in SEM cells. Wild-type AF4 and MLL-N are immunoprecipitated by
anti-AF4-C and anti-MLL-N, respectively. (B) Binding of AF4 (red) and MLL-N (black) in SEM cells (top panels) and REH cells (bottom panels)
as determined by ChIP-seq. Binding profiles are shown across an 800-kb portion of the genome surrounding the PROMI1 gene (gene models
shown in black below graph; a black arrow indicates transcription start sites). MLL-AF4 fusion protein binding is indicated by a red bar.

minus of AF4 (anti-AF4€) and the N terminus of MLL
(anti-MLL"Y) (Fig. 1A). Since REH cells do not express
MLL-AF4 fusion protein, the sites of MLL and AF4 oc-
cupancy that were highly similar in SEM and REH cells
are most likely due to binding of normal MLL or AF4
proteins. We expected large numbers of regions in both
SEM and REH to be occupied by either AF4 or MLL,
since these proteins are widely involved in activated
transcription by Pol IT (Guenther et al. 2005; Milne et al.
2005a; Bitoun et al. 2007). Indeed, we found that MLL or
AF4 localized near the transcription start sites of several

thousand genes in both SEM and REH cells (Supplemen-
tal Table S1). These bound regions tended to be relatively
small, extended 1-3 kb into the 5’ end of the transcribed
portion of the gene (Supplemental Fig. S1), and were as-
sociated with transcriptionally active genes (>80% of
transcripts called present by array-based methods in each
cell type) (Supplemental Table S2). These data identified
the set of genes occupied by MLL and/or AF4 in precur-
sor B ALL cells and confirmed that these genes tend to be
transcriptionally active.

We next examined the genome for evidence of binding
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Figure 2. MLL-AF4 target genes are enriched for early developmental regulators. (A) Signals for AF4 (red) and MLL-N (black) reflecting binding
of the presumptive MLL-AF4 fusion protein in SEM cells as determined by ChIP-seq. Binding profiles are shown across a 15- to 150-kb portion
of the genome surrounding the HOXA9, TWIST1, HMGA2, and RUNX2 genes (gene models shown in black below graph; a black arrow
indicates transcription start sites). Size of MLL-AF4-enriched region is indicated by top brackets. A detailed description of data analysis methods
is provided in the Supplemental Material. (B) Composite AF4-C terminus (red) and MLL-N terminus (black) binding profiles for all MLL-AF4
target genes. The start site and direction of transcription of the average gene are indicated by an arrow. (C) ChIP-seq density heat map of AF4-C
terminus (red) and MLL-N terminus (black) for all MLL-AF4 target genes. The genomic region from -5kb to +10kb relative to the transcription
start site of each gene is shown. Gene order is determined by highest average MLL/AF4 read density from top to bottom. The start site and
direction of transcription of the genes are indicated by an arrow. (D) Selected results of GSEA (http://www.broad.mit.edu/gsea) of MLL-AF4
target genes .
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events specific to MLL fusion protein. To identify MLL-
AF4 fusion protein targets, we applied an algorithm that
identifies coincident ChIP-seq signals for MLLY and
AF4€ (Supplemental Material). We identified 226 regions
of MLL-AF4 co-occupancy across the genome in SEM
cells. This co-occupancy pattern did not occur in REH
cells. Many of the MLL-AF4 target regions showed a
striking behavior; the signal spanned regions of 5-100 kb
(Fig. 1B). This binding pattern of MLL-AF4 occurred at
genes encoding a variety of important developmental
regulators (Fig. 2). For example, it occurred at the
PROM1 (prominin-1/CD133) gene (Fig. 1B), which en-
codes a defining antigen of hematopoietic stem cells and
is purported to play a role in asymmetric cell divisions in
adult stem cells (Wagner et al. 2004; Toren et al. 2005),
and HOXA7, HOXA9, HOXA10 (Fig. 2A), whose over-
expression are hallmarks of ALLs carrying the t(4;11)
chromosome translocation (Rozovskaia et al. 2001, 2003;
Armstrong et al. 2002; Yeoh et al. 2002; Ferrando et al.
2003). Overall, MLL-AF4 occupied large domains of 169
known RefSeq genes that were previously unknown as
direct targets (Fig. 2B,C; complete gene list in Supple-
mental Table S2).

MLL-AF4 target genes encode hematopoietic stem cell
developmental regulators

MLL-AF4 target genes were analyzed by Gene Set En-
richment Analysis (GSEA, htttp://www.broad.mit.edu/
gsea) (Subramanian et al. 2005) to determine whether
any known phenotypes were associated with the gene
set. The most highly enriched subsets were genes over-
expressed in leukemia cells and genes that encode tran-
scription factors involved in hematopoiesis (Fig. 2D).
Genes from the transcription factor group included
HOXA9, RUNX1, and ETV6, all of which displayed large
areas of MLL-AF4 binding that extended well into the
coding regions of these important proleukemia genes.
We also discovered other developmental regulators not
previously associated with ALL, including the TWIST1
gene. The TWIST1 transcription factor is an essential
mediator of metastatic growth in human breast cancer
cells and also plays a role in nephroblastomas, neuroblas-
tomas, and gastric cancer progression (Pajer et al. 2003;
Yang et al. 2004). The TWIST1 protein has also been
shown to inhibit apoptosis (Puisieux et al. 2006). Other
targets, including the RUNX2 transcription factor and
JMJD1C histone demethylase, were previously shown to
be up-regulated in MLL-AF9-induced leukemic stem
cells (Krivtsov et al. 2006), but were not known to be
direct targets of MLL fusion proteins. Interestingly, UTX
is a chromatin modifier responsible for activating HOX
loci (Cloos et al. 2008), suggesting a possible reinforce-
ment of HOXA locus overexpression in leukemia. An-
other category of genes observed in the GSEA analysis
was a set of genes differentially expressed in hematopoi-
etic stem cells (Fig. 2D; Ramalho-Santos et al. 2002).
These included PROM1/CD133, which encodes a sur-
face antigen that is a defining marker of hematopoietic
stem and progenitor cells and is highly expressed in tu-
mor-initiating cells of the colon and brain (Toren et al.
2005; O’Brien et al. 2007), and the FLT3 signaling me-
diator. The enrichment for developmental regulatory
factors indicates that the MLL-AF4 oncogene activiates
specialized transcriptional programs in cancer cells.

Aberrant chromatin in leukemia

MLL-AF4 targets predict leukemia subclass
in human patients

We next tested whether MLL-AF4 target genes identified
in SEM cells had altered gene expression patterns in hu-
man patients with MLL-associated leukemia. If MLL-
AF4 target genes specify the MLL-associated leukemia
subclass in human cancer, we would expect up-regula-
tion of these genes in patients exhibiting MLL-associated
acute leukemia, but not in patients exhibiting non-MLL-
linked leukemia. RNA transcript levels from leukemic
blasts of 132 pediatric ALL patients of B and T lineages
(Ross et al. 2003) were compared for expression of the
MLL-AF4 target genes discovered in SEM cells (Fig. 3;
Supplemental Fig. S4). Significantly, about two-thirds of
MLL-AF4 targets in SEM cells were at least 50% over-
expressed in patients with MLL-associated leukemia,
but not in non-MLL-associated leukemia. This overex-
pression of MLL-AF4 targets was evident not only in
MLL-AF4-derived patients’ samples, but also in MLL-
AF9 and other MLL-derived leukemias (Ross et al. 2003),
suggesting a central role of this core gene set in the most
common MLL-associated leukemias. The concordance
of our MLL-AF4 targets discovered in SEM cells and gene
expression signatures in human leukemia patients indi-
cates that the MLL-AF4 target genes discovered in vitro
are important for disease progression in vivo.

Aberrant chromatin domains occur at regions
of MLL-AF4 occupancy

Aberrant modification of chromatin is linked to disease
progression in leukemia and other cancers (Jones and

Human patient samples

SEM MLL-usion
cells leukemias

Non-MLL linked leukemias

+6 fold
.Aﬁfn\d
Figure 3. MLL-AF4 target genes define MLL-linked leukemia in
vivo. Hierarchical clustering of relative expression levels of 42 genes
occupied by MLL-AF4 fusion protein target regions >10 kb. Com-
parisons were made across the SEM and REH cell lines and 132
peripheral blood samples of patients diagnosed with leukemia. Each
row corresponds to a gene that is bound by MLL-AF4 for which
expression data were available. Each column corresponds to a single
gene expression microarray. For each gene, expression is shown rela-
tive to the average expression level of that gene across all samples,
with shades of red indicating higher than average expression and
green lower than average expression. Columns and rows were or-
dered by unsupervised hierarchical clustering. A detailed descrip-
tion of data analysis methods is provided in the Supplemental Ma-
terial.
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Baylin 2007). Among these modifications is the methyl-
ation of histone H3 at Lys-79 (H3K79me2), which occurs
at the 5’ coding regions of genes that are experiencing
productive transcriptional elongation (Steger et al. 2008),
and is a critical checkpoint in transcriptional control (Pe-
terlin and Price 2006; Saunders et al. 2006). Many com-
mon MLL partner proteins have been shown to interact
with transcriptional elongation components, suggesting
that H3K79 methylation might be a key factor in MLL
leukemogenesis (Erfurth et al. 2004; Milne et al. 2005b;
Okada et al. 2005; Zeisig et al. 2005; Bitoun et al. 2007;
Mueller et al. 2007), but the mechanism and extent of
H3K79me2 targeting throughout the genome is poorly
understood in human cancer cells.
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Figure 4. Mistargeting of chromatin modifications occur as epige-
netic lesions at MLL-AF4 target regions. (A) Binding of H3K79me2
(green) and H3K4me3 (blue) in SEM cells as determined by ChIP-seq.
Binding profiles are shown across an 800-kb portion of the genome
surrounding the PROM1 gene. Gene models shown in black below
the graph; a black arrow indicates transcription start sites. MLL-AF4
fusion protein-binding regions are indicated by red bars. (B) Binding
of H3K79me2 ChIPs (green) and H3K4me3 ChIPs (blue) in SEM cells
as determined by ChIP-seq. Binding profiles are shown across 15- to
150-kb portions of the genome surrounding the HOXA9, TWIST]I,
HMGAZ2, and RUNX2 genes. Gene models are shown in black (be-
Iow graph). A black arrow indicates transcription start sites. MLL-
AF4 fusion protein binding is indicated by a red bar. (C) H3K79me2
(green) and H3K4me3 (blue) binding profiles for all MLL-AF4 target
genes in SEM cells. Genes are ordered as in Figure 2C. (D) Compos-
ite H3K79me2 ChIP enrichments (green) and H3K4me3 ChIP en-
richments (blue) for all genes (left) and all MLL-AF4 target genes
(right). The start site and direction of transcription of the average
gene are indicated by an arrow.
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We used ChIP-seq to determine how the H3K79me2
chromatin modification was distributed across the ge-
nome in SEM cells and to ascertain whether this modi-
fication was associated with all of the MLL-AF4 target
regions (Fig. 4). We found ~8000 regions of H3K79me2
enrichment in MLL-AF4 leukemia cells or control cells,
with the vast majority (95%) mapping to known tran-
scripts (Supplemental Tables S14, S19). As expected,
most genes (~95%) marked by H3K79me2 in MLL-AF4
leukemia and in control cells produced transcripts that
were detectable by microarray-based methods (Supple-
mental Table S2), with peak enrichment occurring
downstream from the transcription start sites (Fig. 4D;
Supplemental Fig. S5). We next extracted the set of
H3K79me2-enriched regions in SEM cells and compared
them with genomic regions enriched for MLL-AF4 fu-
sion protein. This analysis revealed that ~98% of MLL-
AF4 targets were enriched for the H3K79me2 elongation
mark. Strikingly, most of these H3K79me2 enrichments
formed abnormal domains spanning 5-100 kb extending
upstream of and/or downstream from target gene transcrip-
tional start sites in a highly similar pattern to the MLL-AF4
fusion protein (Fig. 4A,B). In fact, there was a 92% overlap
between the MLL-AF4 target regions and H3K79me2-en-
riched regions at the DNA base-pair level. Based on the
induction of these chromatin modifications at MLL-AF4
target regions, we speculate that the MLL-AF4 fusion pro-
tein is directly involved in establishing these aberrant
chromatin domains in MLL-linked cancer cells.

Since the elongation-linked H3K79me2 modification
forms across large domains with MLL-AF4 (Fig. 4A-C),
we asked whether regulators of the elongation check-
point behaved similarly. Indeed, elongation proteins
were present across aberrant H3K79me2 domains as de-
termined by ChIP—chip and coimmunoprecipitation ex-
periments. The ENL elongation factor (eleven-nineteen
leukemia) bound across aberrant H3K79me2 domains at
the HOXA and MEISI loci (Supplemental Fig. S6; data
not shown) and MLL-AF4 associated with ENL and the
pTEFb elongation factor in SEM cells (Supplemental Fig.
S7; data not shown). Together, these results indicate that
the MLL-AF4 protein, the elongation-associated
H3K79me2 modification, and additional elongation fac-
tors are mistargeted to regions of the genome encoding
key developmental regulators.

We next carried out ChIP-seq experiments in MLL-
AF4 leukemia cells using an antibody directed against
the histone H3K4me3 modification. This modification is
a mark of transcriptional initiation that can be deposited
by the MLL complex near the start sites of genes in nor-
mal cells (Ruthenburg et al. 2007). Since MLL suffers a
monoallelic deletion of its SET-containing the H3K4
methyltransferase domain in MLL-AF4 leukemia, we
asked whether MLL-AF4 leukemia cells were able to de-
posit this histone modification normally across the ge-
nome. We found that H3K4me3 modification occurred
normally at the start sites of most active genes (~90%) in
MLL-AF4 leukemia cells (Supplemental Table S2). Strik-
ingly, at many areas of H3K79me2 mistargeting,
H3K4me3 was not only present, but also extended across
broad domains of similar size (Fig. 4A-C). These chro-
matin modifications overlapped highly with the MLL-
AF4 fusion and occurred at key leukemia and stem cell-
associated genes including HOXA7, HOXA9, PROM],
and HMGAZ2 (Fig. 4; Supplemental Table S2). This mis-
localization of both H3K79me2 and H3K4me3 modifica-


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on August 23, 2022 - Published by Cold Spring Harbor Laboratory Press

HSC
Transcription
Factors

Chromatin
Regulators

Aberrant Chromatin

|_{— (BueaK] Signaling
| LEzad Mediators

_E: fcoinig Cell Cycle
[LeETKal Regulators

Figure 5. Model of MLL-AF4-mediated gene activation in leuke-
mia. Schematic diagram of transcriptional misregulation in
MLL-AF4-induced leukemia. MLL-AF4 associates with elongation
proteins (pTEFb, ENL, and DOT1) at sites of epigenetic lesions.
Phosphorylated and elongating RNA Pol I shown in yellow. Blue
(H3K4me3) and green (H3K79me2) circles represent histone modi-
fications at aberrant chromatin domains. Genes annotated as bound
by MLL-AF4 and playing a role in hematopoietic stem cell function
are shown to the right and subdivided into functional categories.

tions in MLL-AF4-induced leukemia suggests that the
MLL-AF4 fusion protein, a strong transcriptional activa-
tor, may be acting at target loci by directly coupling tran-
scriptional initiation and elongation machinery.

A model for MLL-AF4-mediated activation of stem
cell-like transcriptional program in leukemia

We describe here the first genome-wide assessment of
chromatin modifications and oncogene binding in the
most common form of human MLL-associated acute leu-
kemia. The results indicate that MLL-AF4 fusion pro-
teins selectively occupy regions of the genome that con-
tain developmental regulators important for stem cell
identity and self-renewal. Our results also show that ab-
normal patterns of chromatin modifications, including
histone H3K79 and histone H3K4 hypermethylation, oc-
cur within large domains of MLL-AF4 occupancy. The
observation that MLL-AF4 occupies regions of H3K79
hypermethylation and evidence that MLL-AF4 is physi-
cally associated with elongation factors including DOT1
strongly suggests that the fusion protein is responsible
for generating large domains of H3K79 hypermethyl-
ation. The presence of these aberrant chromatin domains
demonstrates that chromatin mistargeting to key re-
gions across the genome is a feature of leukemogenesis.

The presence of aberrant chromatin domains in MLL-
linked cancer cells suggests that an abnormal “epige-
netic” state exists in these cells. Unlike “genetic le-
sions” that involve changes in genome sequence in dis-
ease cells, “epigenetic lesions” include changes to
histone modification states, DNA methylation states, or
distribution of chromatin-modifying enzymes (Esteller
2007; Feinberg 2007). By this definition, the aberrant
chromatin domains associated with MLL-AF4 binding
may thus be considered epigenetic lesions. While it has
not been established that these epigenetic lesions cause
disease, the H3K79 methylation within these domains
likely contributes to oncogenesis since H3K79 methyl-
transferase activity is required for transformation in
MLL-AF10-induced leukemia (Okada et al. 2005). The

Aberrant chromatin in leukemia

mechanism of how MLL-AF4 and epigenetic lesions are
targeted in the genome remains a central question in
leukemia biology.

The binding of the MLL-AF4 fusion protein to a dis-
tinct set of developmental genes is of particular interest.
Rather than associating with most cellular genes that are
engaged in the act of transcription, the fusion protein
imposes a more specialized gene expression program.
Components of this program include genes not associ-
ated previously with MLL-AF4/H3K79me2 mistargeting
in leukemia patient-derived cells. These include devel-
opmental transcription factors, chromatin regulators,
and signaling proteins that are central to leukemia stem
cell identity, hematopoietic stem cell identity, and self-
renewal (Fig. 5). Our findings suggest that MLL-AF4 di-
rectly activates a partial hematopoietic stem cell-like
transcriptional program found in leukemia stem cells
(Krivtsov et al. 2006; Barabe et al. 2007) in concert with
an underlying gross defect in chromatin structure.

Materials and methods

A detailed description of all experimental procedures and data analysis
methods can be found in the Supplemental Material.

Cells and cell culture

Human SEM cells with the t(4;11) translocation and REH control cells
were purchased from the American Type Culture Collection (ATCC). All
cell lines were maintained in RPMI medium 1640 supplemented with
10% FBS. Cells were cross-linked with 1% formaldehyde as described in
the Supplemental Material.

ChIP-seq

ChIP was combined with direct sequencing as described in detail (Supple-
mental Material). Briefly, DNA from 1 x 108 cells was immunoprecipi-
tated with epitope-specific antibody. Amplified DNA was gel purified
and prepared for sequencing using Illumina’s Genomic DNA sample kit.
Clustering and 26-cycle sequencing were performed using an Illumina
Cluster station and 1G analyzer as per the manufacturer’s instructions.
ChIP-seq reads were aligned to the human genome and analyzed as de-
scribed in the Supplemental Material.

Gene expression analysis

Total RNA was isolated from 5 x 10° REH or SEM cells by TRIzol ex-
traction. One microgram of total RNA was labeled according to Af-
fymetrix protocols and hybridized to Affymetrix HG-U133 2.0 plus ar-
rays. The data were analyzed by using Affymetrix Gene Chip Operating
Software using default settings. Additional gene expression data from
human leukemia patient samples was collated from Ross et al. (2003).
Gene expression data and analysis results are provided in the Supplemen-
tal Material.

ChIP-seq, ChIP-chip, and microarray gene expression data

and analysis

Complete ChIP-seq, ChIP-chip, and microarray gene expression data,
analysis methods, and results are provided in the Supplemental Material
section and in the Gene Expression Omnibus (http://www.ncbi.nlm.
nih.gov/geo) database under accession number GSE13313.
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