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Transcription factors are frequently altered in leukaemia through
chromosomal translocation, mutation or aberrant expression1.
AML1–ETO, a fusion protein generated by the t(8;21) translocation
in acute myeloid leukaemia, is a transcription factor implicated in
both gene repression and activation2. AML1–ETO oligomerization,
mediated by the NHR2 domain, is critical for leukaemogenesis3–6,
making it important to identify co-regulatory factors that ‘read’ the
NHR2 oligomerization and contribute to leukaemogenesis4. Here
we show that, in human leukaemic cells, AML1–ETO resides in
and functions through a stable AML1–ETO-containing transcrip-
tion factor complex (AETFC) that contains several haematopoietic
transcription (co)factors. These AETFC components stabilize the
complex through multivalent interactions, provide multiple DNA-
binding domains for diverse target genes, co-localize genome wide,
cooperatively regulate gene expression, and contribute to leukae-
mogenesis. Within the AETFC complex, AML1–ETO oligomeriza-
tion is required for a specific interaction between the oligomerized
NHR2 domain and a novel NHR2-binding (N2B) motif in E pro-
teins. Crystallographic analysis of the NHR2–N2B complex reveals a
unique interaction pattern in which an N2B peptide makes direct
contact with side chains of two NHR2 domains as a dimer, providing
a novel model of how dimeric/oligomeric transcription factors create
a new protein-binding interface through dimerization/oligomeriza-
tion. Intriguingly, disruption of this interaction by point mutations
abrogates AML1–ETO-induced haematopoietic stem/progenitor
cell self-renewal and leukaemogenesis. These results reveal new
mechanisms of action of AML1–ETO, and provide a potential thera-
peutic target in t(8;21)-positive acute myeloid leukaemia.

AML1–ETO consists of the DNA-binding (RUNT) domain of the
haematopoietic transcription factor AML1 (also known as RUNX1) and
four conserved domains (NHR1–4) of ETO (also known as RUNX1T1)2.
These domains differentially contribute to AML1–ETO activities in
regulating cell proliferation, differentiation and survival2. In particular,
the NHR2-mediated oligomerization of AML1–ETO has been shown
to be critical for leukaemogenesis3–6. Although oligomerization endows
AML1–ETO with a DNA-binding preference for duplicated AML1
sites7, it is important to explore the possibility that oligomerization might
also affect cofactor recruitment and function. AML1–ETO is generally
thought to act as a transcriptional repressor by recruiting corepressors
(for example, NCOR and HDAC proteins) to AML1 target genes8–10,
or by interacting and interfering with other transcription factors (for
example, ETS family proteins, C/EBPa, GATA1 and E proteins)11–17. In
relation to its functions in gene activation, AML1–ETO also can recruit
the coactivators p300 (ref. 18) and PRMT1 (ref. 19). Beyond these indi-
cations of dynamic AML1–ETO interactions with diverse proteins, it has
been unclear whether AML1–ETO resides in any stable multiprotein

complex(es) that might endow it with new properties that lead to altered
regulatory events and corresponding cellular functions.

To identify a natural AML1–ETO-containing complex in leukaemic
cells, we used patient-derived Kasumi-1 cells and an antigen-purified
anti-ETO antibody that showed high specificity and affinity (Sup-
plementary Fig. 2a, b). The absence of wild-type ETO in Kasumi-1
cells20 allowed selective isolation of AML1–ETO from derived nuclear
extracts, which contained most of the AML1–ETO (Supplementary
Fig. 2c). Using a high-stringency buffer to preclude weak or non-
specific interactions, we isolated the stable AETFC complex, whose
components were identified by SDS–polyacrylamide gel electrophor-
esis (SDS–PAGE) (Fig. 1a) and mass spectrometry (Supplementary
Fig. 3a), and confirmed by immunoblot (Fig. 1b). These components
include the AML1-binding partner CBF-b, E proteins HEB and E2A,
the haematopoietic E-box-binding transcription factor LYL1 (but not
its homologue SCL; also known as TAL1), the LIM-domain protein
LMO2 and its interacting partner LDB1. Although interactions between
some of these factors (or their homologues) have been implicated in a
related GATA1–SCL–E2A–LMO2–LDB1 complex in erythrocytes21,
their connection with AML1–ETO in AML is unknown. A gel-filtration
analysis indicated that they form a stable, high-molecular-weight com-
plex (Supplementary Fig. 3b). We then used baculovirus vectors to
reconstitute AETFC and to characterize the pairwise interactions
within AETFC (Supplementary Fig. 3c, d). The results revealed an
interaction network (Fig. 1c) in which several strong interactions link
all the components one by one and probably have a major role in
AETFC assembly, although some weak interactions may further stabi-
lize the complex.

To assess potentially joint functions of the AETFC components, we
performed a chromatin immunoprecipitation coupled with massively
parallel DNA sequencing (ChIP-seq) analysis of AML1–ETO, HEB,
E2A and LMO2 in Kasumi-1 cells and validated some binding events
by ChIP coupled with quantitative polymerase chain reaction (ChIP-
qPCR)—for example, on the well-established CSF1R FIRE22 and SPI1
URE23 enhancers. Comparison of their binding sites and enrichment
scores indicated a genome-wide co-localization and a correlation of
binding strengths, and suggested that the interactions between the
components facilitate their binding to the genome (Fig. 1d and
Supplementary Fig. 4a–d). Sequence analysis of AML1–ETO-binding
regions revealed that both AML1 sites and E-boxes (recognized by E
proteins and other basic helix-loop-helix (bHLH) transcription factors
including LYL1) were overrepresented (Supplementary Fig. 4e, f ),
suggesting that, in addition to direct binding to DNA through the
RUNT domain, AML1–ETO also binds to DNA indirectly through
its interaction with the E-box-binding AETFC components.

To investigate the role of AETFC in regulating gene expression and
leukaemogenesis, we performed gene knockdown in Kasumi-1 cells24
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and in a mouse leukaemic model induced by AML1–ETO9a (AE9a),
a leukaemogenic, truncated form of AML1–ETO25. First of all, indi-
vidual knockdowns of AETFC components (but not SCL) significantly
decreased some other components at the protein level but not at the
messenger RNA level (Supplementary Fig. 5a, b), suggesting a mutual
stabilization mechanism within AETFC. Interestingly, SCL mRNA was
downregulated by knockdown of any AETFC component (Supplemen-
tary Fig. 5b). Because the 39 haematopoietic enhancer of SCL26 is bound
by AETFC (Supplementary Fig. 5c), SCL is probably a direct target gene
of AETFC. In an extension of this observation, global ChIP-seq and
RNA-seq analyses revealed that the genes up- and downregulated by
one AETFC component were similarly regulated by others (Fig. 1e and
Supplementary Fig. 5d). These analyses led to the identification of a
set of genes that are both directly bound and cooperatively regulated by
AETFC components (Supplementary Fig. 5e and Supplementary
Tables 1, 2). We next showed that knockdowns of AETFC components
considerably delayed leukaemogenesis in mice (Fig. 1f and Supplemen-
tary Fig. 6), indicating a requirement for AETFC components in
AML1–ETO-mediated leukaemogenesis. Notably, double knockdown
of HEB and E2A most markedly delayed leukaemogenesis, which is
consistent with the primary importance of these two E proteins in
AETFC assembly/stabilization (Fig. 1c and Supplementary Fig. 5a, f).

To investigate further the function and mechanism of these two E
proteins in AETFC, we performed co-immunoprecipitation experi-
ments with a series of deletion mutants of AML1–ETO and HEB, as
well as a GST pull-down assay with isolated domains. These analyses
clearly established multivalent interactions between AML1–ETO and
E proteins and, interestingly, showed that the functionally critical
NHR2 domain mediates not only oligomerization but also an inter-
action with E proteins (Supplementary Fig. 7; ref. 16). We next took

several steps to clarify the relationship between NHR2 oligomerization
and the NHR2–E-protein interaction. First, we found that the multisite
NHR2 mutation m7, which disrupts NHR2 oligomerization4, also
completely disrupts the NHR2–E-protein interaction (Fig. 2a, b).
Second, we performed an exhaustive screening of NHR2 mutations
and found that NHR2 oligomerization and the NHR2–E-protein
interaction involve different surfaces of the NHR2 a-helix (Fig. 2a–d).
Accordingly, we identified point mutations that specifically disrupt
the NHR2–E-protein interaction (Fig. 2b) but not NHR2 oligomeriza-
tion, as indicated by co-immunoprecipitation (Supplementary Fig. 8)
and gel-filtration (Fig. 2c) assays. Third, we found that the mutant–
wild-type AML1–ETO heterodimer, unlike the wild-type homodimer,
failed to bind HEB(DAD1) (Fig. 2e), indicating that a single wild-type
AML1–ETO in the dimer is unable to bind HEB(DAD1) and, thus, that
NHR2 oligomerization is required for the NHR2–E-protein interaction.

To clarify further the mechanism of E-protein recognition of the
NHR2 oligomer, we first mapped the N2B region in HEB. As a result,
we identified a novel, 18-amino-acid N2B motif that is required for the
NHR2 interaction (Fig. 3a, b and Supplementary Fig. 9). A subsequent
X-ray crystallographic analysis of the NHR2–N2B complex showed
that NHR2 formed a tetrameric a-helical bundle4 with four N2B pep-
tides bound on two symmetrically related surfaces with 1:1 stoichi-
ometry (Fig. 3c and Supplementary Fig. 10a). After an independent
validation of the directionality and register of the bound N2B peptide
(Supplementary Fig. 10b, c), we demonstrated that a given N2B binds
to a narrow surface channel created by two NHR2 helices, with P191
and S192 of N2B inserted deeply into a surface pocket (Fig. 3d).
Notably, P191 of N2B interacts through hydrogen bonding with
S522 from one NHR2 helix, while S192 and V194 form hydrogen
bonds with E501 and H504, respectively, from another NHR2 helix
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NHR2–N2B interaction. a, Alignment of
the N2B regions of vertebrate E proteins.
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(Fig. 3e). This unique interaction pattern confirms the results of the
cell-based assay (Fig. 2e) by showing, unequivocally, that two dimer-
ized NHR2 helices are required for the N2B interaction. To verify the
binding specificity further, we made mutations in NHR2 and in a
shorter N2B(182–196) peptide, and determined their interactions
using fluorescence polarization assays. The results showed that the
binding of such a short N2B peptide to NHR2 is relatively weak but
highly specific, as the mutation in NHR2 (mNHR2; Supplementary
Fig. 11a) completely abolished the binding (Fig. 3f). Reciprocally, single
mutations of the key residues P187, P191 or S192 of N2B also signifi-
cantly reduced the binding, whereas mutation of the less important
P188 residue had very little effect (Fig. 3g).

To study the biological relevance of the AML1–ETO–E-protein
interactions in leukaemogenesis, we introduced the mNHR2 mutation
that specifically disrupts the NHR2–N2B interaction without affecting
NHR2 oligomerization (Figs 2c, 3f and Supplementary Fig. 11a, b), as
well as the mNHR1 mutation that blocks the NHR1–AD1 interaction27.
Effects of the NHR1 and NHR2 mutations on AML1–ETO function
were initially analysed with the human CD341 haematopoietic stem/
progenitor cell (HSPC) self-renewal assay28. Although AML1–ETO and
the mNHR1, mNHR2 and mNHR112 mutants exhibited comparable
expression levels in transduced CD341 cells (Supplementary Fig. 11c),
mNHR2 significantly impaired the ability of AML1–ETO to maintain
CD341 cells (Fig. 4a). We also measured the frequencies of functional
HSPCs using cobblestone-area-forming cell (CAFC) and long-term
culture-initiating cell (LTC-IC) assays. Notably, mNHR2 significantly
reduced the CAFC and LTC-IC colonies in both assays, whereas
mNHR1 showed relatively mild effects and no clear synergy between
mNHR1 and mNHR2 was evident (Fig. 4b, c). These results suggest that
the NHR2–N2B interaction, rather than simply acting additively with
the NHR1–AD1 interaction to increase binding affinity, may act as a
conformational switch within AETFC (Supplementary Fig. 1a) and
thus contribute to AML1–ETO-enhanced HSPC self-renewal. By con-
trast, these mutations showed no effect on AML1–ETO activities in
differentiation inhibition (Supplementary Fig. 12) and cell growth
arrest (data not shown). To exclude the possibility that mNHR2 may
affect interactions other than the E-protein interaction, we designed
(based on the structure) another NHR2 mutation (mNHR2S) that
effected a similar loss of E-protein binding but differed completely in
sequence from mNHR2. Nevertheless, mNHR2 and mNHR2S showed
similar effects in HSPC self-renewal and differentiation (Supplemen-
tary Fig. 13), indicating that these effects were specifically caused by
disruption of the NHR2–N2B interaction.

To determine whether these interactions are also required for leu-
kaemogenesis in vivo, we used the mouse leukaemic model25 involving
transplantation of mouse HSPCs transduced with wild-type and
mutated AE9a. In this assay, mice carrying AE9a–mNHR2 showed a
significant delay in leukaemogenesis compared with AE9a mice. First,
AE9a–mNHR2 mice showed a significantly lower white-blood-cell
count than AE9a mice (Fig. 4d), consistent with peripheral blood
morphology (Supplementary Fig. 14a). Second, mNHR2 mice had a
lower percentage of c-Kit1/Mac-12/GFP1 leukaemic blast cells in
their peripheral blood (Supplementary Fig. 14b, c). Third, undiffer-
entiated leukaemic cells were enriched in AE9a mice but not in
mNHR2 mice (Fig. 4e). Last, mNHR2 mice survived significantly
longer than AE9a mice (Fig. 4f). The mNHR1 mutation again showed
relatively mild effects in suppressing leukaemogenesis in mice. Taken
together, both human HSPC and mouse transplantation assays clearly
showed that the NHR2–N2B interaction is required for AML1–ETO-
mediated leukaemogenesis. Given that the extremely high stability of
the NHR2 oligomer makes its therapeutic targeting very challenging4,
the NHR2–N2B interaction potentially offers a new target.

In contrast to previously reported dynamic interactions of various
proteins with AML1–ETO under overexpression conditions, this study
provides a direct and unbiased analysis of natural AML1–ETO in leuk-
aemic cells, and identifies an endogenous stable complex (AETFC). The

multiple components in AETFC offer opportunities for the recruitment
of AML1–ETO to a variety of target genes and for the regulation of
gene expression through context-dependent functional interactions with
diverse transcriptional coactivators and corepressors (Supplementary
Figs 1, 15; further discussion in Supplementary Information). In leuk-
aemic cells, most, if not all, AML1–ETO probably resides in and functions
through AETFC, because (1) knockdown of other AETFC components
destabilizes AML1–ETO, (2) many AML1–ETO-regulated genes are
likewise co-occupied and co-regulated by AETFC components, and (3)
knockdowns of AETFC components significantly impair leukaemogen-
esis. Consistent with the observation that HEB and E2A have essential
roles in AETFC assembly and stabilization, and in leukaemogenesis, the
direct AML1–ETO–E-protein interaction is shown to be required for
leukaemogenesis. Among the two defined AML1–ETO–E-protein inter-
action sites, surprisingly, the NHR2–N2B interaction, which requires
oligomerization of NHR2, is necessary and sufficient for AML1–ETO-
mediated leukaemogenesis (further discussed in Supplementary Infor-
mation). Oligomerization of transcription factors has been known to be
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Figure 4 | Role of the AML1–ETO–E-protein interactions in human HSPC
self-renewal and mouse leukaemogenesis. a, Effects of AE and derived
mutants in the maintenance of human CD341 cells. b, CAFC assays measuring
the frequency of functional HSPCs in cells transduced with AE or derived
mutants. c, LTC-IC assays measuring the frequency of functional HSPCs after
long-term in vitro culture of cells transduced with AE or derived mutants.
a–c, n 5 3; mean 6 s.d. d, Effects of AE9a and derived mutants in mouse
leukaemogenesis, as indicated by white blood cell (WBC) count of peripheral
blood at 4 months after transplantation. e, Morphological analysis of mouse
bone marrow cells. Original magnification, 31,000. f, Kaplan–Meier survival
curves of the mice (n 5 15).
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an important regulatory mechanism for modulating their DNA-binding
specificity and affinity; and a choice of different oligomerizing partners
also contributes to the selective recruitment of cofactors29,30. The unique
NHR2–N2B interaction provides a novel model in which oligomeric
transcription factors use their oligomerization domains to create a
new protein-binding interface. Thus, this study reveals new mechanisms
of action of oligomerized AML1–ETO in leukaemogenesis, and provides
potential therapeutic possibilities.

METHODS SUMMARY
Kasumi-1 cells were grown in 12-litre spinner flasks (BellCo) and the nuclear
extract was prepared with our standard high-salt extraction method. Complex
purification was performed in a high stringency buffer (containing 300 mM KCl
and 0.1% NP-40). The Bac-to-Bac Baculovirus Expression Systems (Invitrogen)
was used to reconstitute the complex in Sf9 cells. ChIP was performed with a dual
cross-linking method, and ChIP- and RNA-seq were performed following
Illumina protocols. The short hairpin RNA (shRNA) targeting the AML1–ETO
fusion site was designed as previously described24; and other lentiviral shRNA sets
were purchased from Open Biosystems. The co-immunoprecipitation assay was
performed in a buffer containing 300 mM NaCl and 1% Triton X-100. Purified
N2B peptide and NHR2 domain were mixed at a 1:1 ratio and crystals of the
complex were grown by the hanging-drop method. Human HSPC self-renewal
and differentiation assays18,28, and mouse leukaemogenesis assays25, were per-
formed as previously described.

Full Methods and any associated references are available in the online version of
the paper.
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METHODS
Protein purification and mass spectrometry. Kasumi-1 cells were grown in 12-
litre spinner flasks (BellCo) and the nuclear extract was prepared by our standard
high-salt extraction method31. A custom anti-ETO antibody (Covance) was deve-
loped against a C-terminal peptide of ETO and purified with a recombinant
protein. Complex purification was performed in buffer BC300 (20 mM Tris, pH
7.3, 300 mM KCl, 0.2 mM EDTA and 20% glycerol) plus 0.1% NP-40. Eluted
proteins were separated by SDS–PAGE and visible bands on the gel were sliced
separately and subjected to liquid chromatography coupled with tandem mass
spectrometry (LC-MS/MS) analysis. For immunoblots, the following antibodies
were used: ETO (Santa Cruz; sc-9737), HEB (Santa Cruz; sc-357), E2A (Santa
Cruz; sc-763), LDB1 (Santa Cruz; sc-11198), LYL1 (Abcam; ab30334), CBF-b
(Pierce; PA1-317), LMO2 (Abcam; ab81988) and SCL (a gift from R. Baer).
Gel filtration. The antigen-eluted complex was subjected to gel filtration with a
Precision Column PC 3.2/30 that was pre-packed with Superose 6 and connected to
an AKTA FPLC system (GE Healthcare). A Superdex 75 column (GE Healthcare)
was used to determine the oligomeric states of wild-type and mutant AML1–ETO
NHR2.
Reconstitution of protein complex. The Bac-to-Bac Baculovirus Expression
Systems (Invitrogen) was used to generate recombinant baculoviruses containing
each AETFC component. Reconstituted protein complexes were purified from Sf9
insect cells co-infected with different baculoviruses.
ChIP and ChIP-seq. Antigen-purified anti-ETO antibody and antibodies against
HEB (Santa Cruz; sc-357), E2A (Santa Cruz; sc-763) and LMO2 (Abcam; ab81988)
were used for ChIP and ChIP-seq assays. ChIP was performed with a dual cross-
linking method. ChIP-seq libraries were constructed following the Illumina pro-
tocol and sequenced on the Illumina Genome Analyzer II. Peak-calling/annotation
and consensus sequence analyses were performed with ChIPseeqer32, CisFinder33

and Cisgenome34.
shRNA knockdown. The shRNA against AML1–ETO was designed to target the
fusion site24. Other lentiviral shRNA sets were purchased from Open Biosystems.
Virus preparation and cell infection were performed according to the manufac-
turer’s protocol. Knockdown efficiencies were analysed by RT–qPCR and/or
immunoblot at 4 days after infection.
RNA-seq. Kasumi-1 cells with knockdowns of AETFC components were har-
vested at 4 days after infection and RNA was extracted with TRIzol Reagent
(Invitrogen). Libraries were generated using the TruSeq RNA Sample
Preparation Kit (Illumina) and sequenced with Illumina HiSeq2000. The reads
were aligned with TopHat and then processed with an in-house program to
calculate the reads per kilobase per million reads (RPKM) value for each gene
following published methods35.
Cell transfection and co-immunoprecipitation. 293T cells were transfected
using Lipofactamine 2000 (Invitrogen). Cell lysis and co-immunoprecipitation
were performed with T/G lysis buffer (20 mM Tris-HCl, pH 7.5, 300 mM NaCl,
50 mM NaF, 2 mM EDTA, 1% Triton X-100 and 20% glycerol), and proteins were
analysed by immunoblot.
GST pull-down. GST-tagged proteins were expressed in Escherichia coli and
purified with Glutathione Sepharose 4B (GE Healthcare). The 35S-labelled prey
proteins were synthesized with the TNT Quick Coupled Transcription/Trans-
lation System (Promega). Pull-down assays were performed with NETN buffer
(20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA and 0.5% NP-40), followed
by SDS–PAGE and autoradiography analyses.
Co-expression of N2B fragment and NHR2 domain. The His-Sumo-tagged
N2B(100–219) fragment of HEB and the GST-tagged NHR2(482–551) domain
of AML1–ETO were co-expressed in E. coli and purified by GST or His pull-down.
By serial truncation of N2B from both ends, a short N2B(177–200) peptide was

shown to retain its binding affinity for NHR2, and this N2B fragment was used for
crystallization trials.
Crystallization and structure determination. Purified N2B(177–200) peptide
and NHR2(486–548) domain were mixed at around 1:1 ratio and subjected to
crystallization trials. Crystals of the complex were grown by the hanging-drop
method at 20 uC in buffer containing 0.1 mM Tris (pH 8.5) and 20% ethanol. A
2.9 Å resolution data set of the complex was collected on beamline 24ID-E at the
Advanced Photon Source, Argonne National Laboratory. The initial model was
solved by molecular replacement using the free NHR2 structure as the search
model. The validation of the directionality and register of the bound N2B peptide
were performed with the selenomethionine-labelling method following the intro-
duction of V186M, V194M and corresponding double mutations.
Fluorescence-polarization-based measurements. Peptides were labelled with
fluorescein at the N terminus. Fluorescence-polarization assays were carried out
and analysed using FP buffer (10 mM TEA, 20 mM NaCl, pH 7.4)36. Titration
series of protein in 10ml volume and containing 100 nM fluorescinated peptide in
384-well plates were read multiple times on a Plate Chameleon II plate reader
(HIDEX Oy).
Human HSPC self-renewal and differentiation. CD341 cells were purified from
human cord blood samples using the MACS CD34 Isolation Kit (Miltenyi Biotec).
After expansion, cells were infected with MIGR1-derived retroviruses. GFP1/
CD341 cells were sorted and grown in basic or differentiation medium and re-
plated weekly. Numbers of HSPC and differentiated cells were determined by cell
counting and flow cytometry. For the CAFC assays, CD341 cells were co-cultured
on an MS-5 monolayer and demi-depopulated weekly. The cobblestone areas were
scored at week 5. For LTC-IC assays, the cells were plated at week 6 in methylcel-
lulose with cytokines, and the colony numbers were scored 14 days after seeding18,28.
Mouse fetal liver transplantation and leukaemogenesis assays. Mouse fetal liver
HSPCs were infected with MIGR1-derived retroviruses and cultured in X-VIVO
medium (Lonza) with cytokines. Recipient mice were lethally irradiated and trans-
duced fetal liver cells were transplanted into recipient mice by tail-vein injection.
Leukaemia development was determined by complete blood count, flow cytome-
try and morphological analyses of peripheral blood and bone marrow cells25. The
overall survival of the mice was analysed by the Kaplan–Meier method, and the
statistical significance was evaluated by the logrank test. For bioluminescent
imaging of leukaemia in mice37, AE9a leukaemic cells were transduced with
MSCV-Luciferase PGK-hygo (Addgene). On injection of the substrate of lucifer-
ase, D-Luciferin, bioluminescent imaging was performed using an IVIS100
imaging system. For gene knockdown assays in the mouse model, a mouse leuk-
aemic cell line was generated from the spleen of the mice bearing AE9a-induced
leukaemia. These cells were infected with shRNA lentiviruses, selected by puro-
mycin and injected into recipient mice to generate leukaemia.
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