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The AML1-ETO fusion protein, generated by the t(8;21) chromo-
somal translocation, is causally involved in nearly 20% of acute
myeloid leukemia (AML) cases. In leukemic cells, AML1-ETO resides
in and functions through a stable protein complex, AML1-ETO–

containing transcription factor complex (AETFC), that contains
multiple transcription (co)factors. Among these AETFC compo-
nents, HEB and E2A, two members of the ubiquitously expressed
E proteins, directly interact with AML1-ETO, confer new DNA-
binding capacity to AETFC, and are essential for leukemogenesis.
However, the third E protein, E2-2, is specifically silenced in AML1-
ETO–expressing leukemic cells, suggesting E2-2 as a negative
factor of leukemogenesis. Indeed, ectopic expression of E2-
2 selectively inhibits the growth of AML1-ETO–expressing leuke-
mic cells, and this inhibition requires the bHLH DNA-binding do-
main. RNA-seq and ChIP-seq analyses reveal that, despite some
overlap, the three E proteins differentially regulate many target
genes. In particular, studies show that E2-2 both redistributes
AETFC to, and activates, some genes associated with dendritic cell
differentiation and represses MYC target genes. In AML patients,
the expression of E2-2 is relatively lower in the t(8;21) subtype, and
an E2-2 target gene, THPO, is identified as a potential predictor
of relapse. In a mouse model of human t(8;21) leukemia, E2-
2 suppression accelerates leukemogenesis. Taken together, these
results reveal that, in contrast to HEB and E2A, which facilitate
AML1-ETO–mediated leukemogenesis, E2-2 compromises the func-
tion of AETFC and negatively regulates leukemogenesis. The three E
proteins thus define a heterogeneity of AETFC, which improves our
understanding of the precise mechanism of leukemogenesis and
assists development of diagnostic/therapeutic strategies.
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Hematopoiesis is governed by a number of critical transcrip-
tion factors that cooperatively regulate gene expression and

intrinsically determine cell fate (1). Recent genome-wide studies
further highlight the role of combinatorial and dynamic inter-
actions of these transcription factors in regulation of hemato-
poietic stem cell (HSC) self-renewal and differentiation (2, 3). In
leukemia, genes encoding transcription factors are frequently
involved in chromosomal translocation and mutation (4), and the
resulting fusion/mutant proteins often acquire new interactions

with other transcription factors and cofactors, thereby altering
transcriptional networks and blocking hematopoietic differenti-
ation (5). Targeting the leukemogenic transcription factors and
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restoring differentiation thus represents an attractive strategy for
leukemia therapy (6, 7).
The AML1-ETO fusion protein, generated by the t(8;21)

translocation, is causally involved in nearly 20% of acute myeloid
leukemia (AML) cases (8). AML1-ETO is mainly associated
with the French–American–British (FAB) classified M2 AML,
but it is also observed in ∼6% of M1 and in lower percentages of
M0, M4, and M5 AML and other myeloproliferative syndromes
(9). Although patients with t(8;21) AML generally respond well
to chemotherapy, and thus have a relatively favorable prognosis,
a considerable number of patients relapse and suffer poor clin-
ical outcome (9). These observations together indicate a het-
erogeneity within t(8;21) AML and emphasize the necessity for
understanding the precise mechanisms and for developing per-
sonalized therapeutics. The t(8;21) most likely occurs in human
HSCs (10), in which the expression of AML1-ETO enhances
HSC self-renewal (11). AML1-ETO has also been shown to
block differentiation of multiple hematopoietic lineages, in-
cluding granulocytes (12–14), erythrocytes (15), and lymphocytes
(16). These differentiation blockages are mainly attributed to the
capacities of AML1-ETO to directly interact and interfere with
key transcription factors that regulate each hematopoietic line-
age (17). Strikingly, however, it has been noted that the AML1-
ETO–mediated differentiation blockages are likely incomplete
(18, 19). Although the underlying mechanism remains unclear,
this notion explains the consistently observed presence of
AML1-ETO transcripts in t(8;21) AML patients with long-term
remission (20, 21), as well as in some differentiated cells in pri-
mary leukemia samples (10).
In contrast to the dynamic interactions of AML1-ETO with

many transcription factors (e.g., ETS family proteins, C/EBPα
and GATA1) (13, 22, 23) and cofactors (e.g., N-CoR/SMRT,
HDACs, p300, PRMT1, and JMJD1C) (24–29), we recently
found that the majority, if not all, of AML1-ETO actually resides
in a stable AML1-ETO–containing transcription factor complex
(AETFC) (30). In leukemic cells, the multivalently interacting
AETFC components stabilize each other, colocalize, and co-
operatively regulate target genes; and the integrity and proper
conformation of AETFC are critically important for AML1-
ETO–mediated leukemogenesis. Of note, AETFC can recog-
nize target genes not only through the RUNT domain of AML1-
ETO, but also through other DNA-binding transcription factors
within the complex, particularly the E-box binding factors—thus
explaining the mechanistic complexity for AML1-ETO regula-
tion of a wide variety of target genes (30).
Among the AETFC components, E2A (also known as TCF3)

and HEB (also known as TCF12) are two members of the E
protein subfamily (class I) of basic helix–loop–helix (bHLH)
transcription factors. Surprisingly, the third E protein E2-2 (also
known as TCF4) is absent from AETFC (30). Originally isolated
as transcription factors binding the E-box DNA motifs in Ig
enhancers (31, 32), the three E proteins are ubiquitously expressed
and mainly function through heterodimerization with the tissue-
specific class II bHLH transcription factors, thereby synergistically
recognizing E-boxes (33). On the other hand, E-protein activities
can be inhibited by the ID subfamily (class V) bHLH transcription
factors, which lack the basic region for DNA binding but hetero-
dimerize with E proteins and prevent them from binding to
DNA (34). These functionally synergistic and antagonistic cross-
interactions of E proteins with other bHLH subfamilies form a
transcriptional feedback loop, which represents an important
general mechanism regulating cell fate decision in various de-
velopmental systems (35). Indeed, during hematopoiesis, E proteins
are broadly expressed and play important roles in multiple steps of
lineage commitment (36). In particular, E2A is essential for B-cell
development (37), in which E2-2 and HEB also play a minor role
(38). HEB and E2A, probably functioning as a heterodimer, are in-
volved in T-cell development (39). E2-2 recently has been identified

as an important regulator of dendritic cell development (40). Fur-
thermore, the E-protein/ID regulatory axis has been implicated in
mixed lineage leukemia (MLL)-associated AML and may serve as a
therapeutic target (41–43). Given the strong similarities among the E
proteins in sequence and structure, it is important to clarify whether
their different functions in developmental regulation rely on their
intrinsic structural divergences or subtly different expression patterns.
In this study, we investigated the different roles of the three E

proteins in AML1-ETO–mediated leukemogenesis, which is
potentially related to an AETFC heterogeneity defined by the
different E proteins. Interestingly, despite their broad expression
in normal hematopoietic stem and progenitor cells (HSPCs), E2-
2, but not E2A and HEB, is silenced in the cell lines derived from
t(8;21) AML patients. We hypothesize that suppression of E2-
2 may confer an advantage for AML1-ETO–mediated leuke-
mogenesis. Given the specific function of E2-2 in dendritic cell
development, it is possible that, relative to E2A and HEB,
the E2-2–driven dendritic cell differentiation is less efficiently
blocked by AML1-ETO. Therefore, HSPCs with a lower E2-
2 expression/activity may have a better chance to be blocked
from differentiation and thereafter to be transformed by AML1-
ETO. We performed functional and mechanistic studies to ex-
amine these hypotheses. Our results also suggest that the den-
dritic differentiation of leukemic cells could be achieved in the
presence of AML1-ETO, and thus provide a valuable clue for
development of targeted and immune-based therapeutics.

Results
The Absence of E2-2 from AETFC Is Due to Its Loss of Expression in
t(8;21) AML Cell Lines. In our unbiased biochemical purification and
characterization of AETFC from Kasumi-1 cells, large amounts of
E2A and HEB proteins were consistently detected, while E2-2 was
completely undetectable (30). This surprising observation could be
explained by two possibilities: (i) a structural difference of E2-
2 from E2A and HEB that precludes interactions with AML1-
ETO and, consequently, integration into AETFC; or (ii) lack of
E2-2 expression in Kasumi-1 cells. In an examination of the first
possibility, we compared the ability of the three E proteins (ec-
topically expressed with AML1-ETO) to interact with AML1-
ETO by coimmunoprecipitation (co-IP) assay. The results show
that E2-2 and HEB bind AML1-ETO with a comparable affinity,
while E2A exhibits a slightly weaker interaction (Fig. 1A). In
support of this result, the E2-2 p300/CBP and ETO target (PCET)
and NHR2-binding (N2B) motifs, which bind the NHR1 and
NHR2 domains of AML1-ETO, respectively (30, 44), are almost
identical to those of HEB (SI Appendix, Fig. S1 A–C), whereas the
E2A PCET and N2B motifs are relatively divergent (SI Appendix,
Fig. S1 B and C). Indeed, the E2A PCET has been shown to
mediate a weaker interaction with NHR1 of AML1-ETO (45).
Notably, the HLH domains of the three E proteins show a dif-
ferent phylogenic relationship—the E2-2 HLH is more divergent
than E2A and HEB, implying a potentially distinct DNA-binding
specificity of E2-2 (SI Appendix, Fig. S1D). Thus, these analyses
suggest that a structural difference may not be an adequate ex-
planation for the absence of E2-2 from AETFC.
To test the second possibility, we determined E2-2, E2A and

HEBmRNA levels by RT-PCR analysis of Kasumi-1 and SKNO-1
[also t(8;21) patient-derived] cells, as well as several other
hematopoietic/leukemic cell lines that included HL-60 (M2
AML; AML1-ETO–negative), U-937 (monocyte derived from
histiocytic lymphoma), THP-1 (M5 AML), MV4-11 (biphenotypic
B-myelomonocytic leukemia), K-562 (chronic myelogenous
leukemia), and Namalwa (Burkitt’s lymphoma). The results
showed that, while E2A and HEB are broadly expressed in all cell
lines, E2-2 mRNA is not detectable in Kasumi-1 and SKNO-
1 cells but is normally expressed in other cells (Fig. 1B and SI
Appendix, Fig. S2A). This result was further confirmed by
quantitative RT-PCR (RT-qPCR) analysis, in which E2-2 was
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barely detected in Kasumi-1 and SKNO-1 cells (Fig. 1C). Con-
sistent with the gene expression pattern, chromatin immuno-
precipitation coupled with massively parallel DNA sequencing
(ChIP-seq) analysis of p300 binding (27) and histone acetylation
(46–48) revealed that these epigenetic marks for transcriptional
activation are present at the E2-2 promoter in K562 cells but not
in Kasumi-1 and SKNO-1 cells (Fig. 1D, Left). In contrast, the
E2A and HEB promoters show activation marks in all cell types
(Fig. 1D, Middle and Right). These results indicate that, despite
being considered as a ubiquitously expressed gene, E2-2 is spe-
cifically silenced in the t(8;21) cell lines, which explains why the
E2-2 protein is absent from AETFC.

Expression of E2-2 in Primary HSPCs and Leukemic Samples. To de-
termine the expression of E2-2 in primary human HSPCs, from
which the t(8;21) leukemias originate, we purified CD34+ HSPCs
from umbilical cord blood and analyzed E2-2 expression by RT-
PCR. The result showed that E2-2 is normally expressed in these
cells (Fig. 1E). Other studies of gene expression profiling of
different hematopoietic lineages in human (3, 49) and mouse
(50, 51) also showed relatively high E2-2 expression in HSPCs.
We then assessed the expression of E2-2 in primary leuke-
mia and normal bone marrow (BM) samples. Analysis of a
microarray-based gene expression profiling of leukemia per-
formed by the International Microarray Innovations in Leuke-

mia (MILE) Study Group (52) demonstrated that the E2-2
expression is significantly lower in t(8;21) leukemia compared
with non-t(8;21) AML and normal BM samples (Fig. 1F). In-
deed, our own RT-qPCR analysis of t(8;21) AML patient (n =
11) versus normal BM (n = 23) samples also indicated a signif-
icant decrease of E2-2 expression in the t(8;21) AML patient
samples, even though a considerably diverse expression of E2-2
exists in the t(8;21) AML samples (Fig. 1G).

E2-2 Is Not a Direct Target Gene of AML1-ETO. Both the complete
silence of E2-2 in t(8;21) leukemic cell lines and the relatively
lower expression in primary t(8;21) leukemia samples imply that
E2-2 could be directly repressed by AML1-ETO. We examined
this possibility by determining whether E2-2 can be up-regulated
by knockdown of AML1-ETO in Kasumi-1 cells (Fig. 2A). The
BPI gene, which has been known to be directly repressed by
AML1-ETO (53), was used as a positive control. The results
showed that, while the AML1-ETO knockdown can dramatically
activate BPI (Fig. 2B), it cannot up-regulate E2-2 (Fig. 2C). To
investigate whether AML1-ETO directly binds to the E2-2 gene,
we analyzed our ChIP-seq data for AETFC in Kasumi-1 cells.
The results showed that none of the tested AETFC components
bind to E2-2 but that they all bind to the BPI promoter (Fig. 2D).
Furthermore, knockdown of AML1-ETO led to a gain of histone
H3 lysine 9 acetylation (H3K9ac) at the BPI promoter but not
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the E2-2 locus (Fig. 2E), reflecting a consistent silencing of E2-2
at the chromatin level. Ectopic expression of AML1-ETO in
human HSPCs also failed to significantly down-regulate E2-2 (SI
Appendix, Fig. S2B). Thus, these results clearly indicate that E2-2
is not a direct target gene of AML1-ETO. To test whether re-
versal of epigenetic gene silencing mechanism(s) may release the
repression of E2-2, we analyzed previously published (54) gene
expression profiles of Kasumi-1 cells treated with the DNA
methyltransferase inhibitor Decitabine (DAC), the histone
deacetylase inhibitor Trichostatin A (TSA), and the chemo-
therapeutic agent cytarabine (Ara-C). The results showed that
the Kasumi-1 cells treated with DAC (500 nM) and TSA
(300 nM) have higher E2-2 expression levels relative to those
treated with Ara-C (100 nM) or a low dosage of DAC (10 nM)
(SI Appendix, Fig. S3), supporting the possibility that E2-2 is si-
lenced by an epigenetic mechanism that is associated with DNA
methylation and histone modification.

Restoration of E2-2 Expression Selectively Inhibits the Growth of
AML1-ETO–Expressing Leukemic Cells. To define the function of
E2-2 in AML1-ETO–expressing leukemic cells, we transduced
Kasumi-1 cells with an E2-2–expressing retrovirus in which a
green fluorescent protein (GFP) reporter was linked down-
stream of E2-2 in the same mRNA by an internal ribosome entry
site (IRES). The vector containing GFP alone (MIGR1) was
used as a control. We cocultured the GFP+ and GFP− cells and
measured the percentage of GFP+ cells to indicate their com-
petitive growth ability. The results showed that the percentage of
E2-2–expressing cells significantly decreased over time, whereas
the MIGR1-transduced cells remained unchanged, indicating
that the restoration of E2-2 expression inhibits cell growth (Fig.
3A). We then sorted the GFP+ cells using flow cytometry and
assessed cell growth with the Cell Counting Kit-8 (CCK-8) assay.
The results showed that the E2-2 expression significantly inhibits

the growth/viability of Kasumi-1 cells (Fig. 3B). We also per-
formed a colony formation assay with methylcellulose medium
supporting myeloid cell growth, and the results showed that the
E2-2–expressing cells generate much smaller and fewer numbers
of colonies than do control (MIGR1) cells (Fig. 3 C and D).
To determine whether the growth inhibition is specific for E2-

2 relative to other E proteins, we transduced Kasumi-1 cells with
E2-2 (tagged by either FLAG or HA), E2A, and HEB, and
found that only E2-2 dramatically inhibits cell growth, whereas
E2A and HEB exert little effect (Fig. 3E). We then determined
whether this effect is specific for AML1-ETO–expressing leu-
kemic cells by a similar analysis in a cell line (HL-60) derived
from a non-t(8;21) M2 AML patient (55). The results indicate
that E2-2 exerts only a very modest effect that lies between those
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of E2-2. ChIP-seq data for Kasumi-1 cells treated with mismatch siRNA (siMM)
and AML1-ETO siRNA (siRE) are from Ptasinska et al. (46).
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Fig. 3. Restoration of E2-2 expression selectively inhibits the growth of
AML1-ETO–expressing leukemic cells. (A) Competitive coculture assay
showing a growth disadvantage of the E2-2–transduced Kasumi-1 cells.
Kasumi-1 cells were infected with retroviruses that contain E2-2 or control
vector (MIGR1), and their growth was interpreted by the percentage of the
infected (GFP+) cells within total cells over time. As it takes ∼3 d for the GFP
expression to reach its peak, the percentages were normalized to the values
at day 3 postinfection. (B) Growth curves of E2-2–transduced and control
cells, showing that E2-2 expression inhibits the growth/viability of Kasumi-
1 cells. The GFP+ cells were sorted by flow cytometry at day 3, and the viable
cell numbers over time in the culture were assessed by measuring optical
density (OD) at wavelength of 450 nm by CCK-8 assay. (C) Colony formation
assay showing that the Kasumi-1 cells expressing E2-2 form smaller colonies
compared with the control (MIGR1) cells. Upper and Lower show the same
representative colonies in bright-field and fluorescent views. (Scale bar,
200 μm.) (D) Quantification of the colony formation units (CFU) of the cells
analyzed in C, showing that the number of CFUs formed by the E2-2–
expressing Kasumi-1 cells is much lower compared with the control cells.
n = 3; mean ± SD; ***P < 0.001. (E and F) Different effects of overexpression
of E2-2, E2A, and HEB in Kasumi-1 and HL-60 cells. While the growth-
inhibitory effect of E2-2 is evident in Kasumi-1 cells (E), this E2-2 effect is
very modest, and virtually ranked between E2A and HEB, in HL-60 cells (F).
The growth curves (A, B, E, and F) are representatives of at least two in-
dependent experiments with triplicate wells each time and are presented as
mean ± SD.
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shown by E2A and HEB (Fig. 3F). These results thus strongly
suggest that E2-2 specifically inhibits the growth of t(8;21)
leukemic cells.

The bHLH DNA-Binding Domain Is Important for the Activity of E2-2.
As classical transcription factors, E2-2, E2A, and HEB similarly
exert their DNA-binding and transcriptional activation functions
through their separable C-terminal bHLH domain and N-terminal
activation domains (AD1–3), respectively (56). To determine
whether the inhibitory effect of E2-2 in AML1-ETO–expressing
leukemic cells can be attributed to either the DNA-binding do-
main (DBD) or the activation domain (AD), we swapped the
DBD and AD parts between E2-2 and HEB (Fig. 4A) and
assessed the chimeric proteins for their ability to inhibit the growth
of Kasumi-1 cells. Interestingly, the results showed that the HEB
derivative carrying the E2-2 DBD (designated as HEB:E2-2) ac-
quires the inhibitory activity (Fig. 4B), whereas the E2-2 derivative
carrying HEB DBD (designated as E2-2:HEB) loses this activity
(Fig. 4C). These results suggest that the specific role of E2-
2 requires a distinct DNA-binding specificity that can possibly
target E2-2 to specific target genes. This notion is also consistent
with the fact that the E2-2 HLH domain is structurally divergent
from the E2A and HEB HLH domains (SI Appendix, Fig. S1D).
To further define the role of the different E2-2 domains, we

made a serial deletion of each domain and assessed the functions

of these deletion mutants (Fig. 4D). The results show that only
deletion of the bHLH domain abolishes the E2-2 inhibition of
Kasumi-1 cell growth, whereas deletions of other individual do-
mains show little effect (Fig. 4E). A Western blot showed that all
these mutants were expressed properly (SI Appendix, Fig. S4).
Taken together, these results suggest that the E2-2 bHLH DNA-
binding domain is important for the activity of E2-2 in inhibiting
the growth of AML1-ETO–expressing leukemic cells.

E2-2 Overexpression Leads to Repression of MYC Target Genes. To
explore the mechanisms underlying the different roles of E2-2,
E2A, and HEB in AML1-ETO–associated leukemic cells, we
performed RNA massively parallel sequencing (RNA-seq) and
ChIP-seq analyses of Kasumi-1 cells transduced with MIGR1-
based retroviruses expressing E2-2, E2A, or HEB. As each E
protein can be efficiently integrated into AETFC, we observed
considerable overlapping patterns among the three E proteins
both in their binding to genomic sites/genes and in their regu-
lation of gene expression, which is consistent with their structural
similarity. For example, despite possible competitions between
the three E proteins, alignment of their binding sites indicated a
genome-wide colocalization (SI Appendix, Fig. S5A); sequence
analysis of these regions revealed similar overrepresented tran-
scription factor binding sites (SI Appendix, Fig. S5B); and gene
expression analysis demonstrated significant overall correlations
of the genes up- and down-regulated by E2-2, E2A, and HEB (SI
Appendix, Fig. S5 C and D).
We next performed gene set enrichment analysis (GSEA) of

the gene expression data to identify biological features and
pathways underlying the different roles of the E proteins in
Kasumi-1 cells. One of the striking findings was that the MYC
target genes are significantly repressed by E2-2, but not by E2A
or HEB (Fig. 5A). Notably, MYC recently has been identified as
a critical player in preventing cellular apoptosis and differenti-
ation, and this function is highly specific for t(8;21) leukemia
relative to other leukemic cells (57). Indeed, a gene ontology
(GO) analysis of genes differentially expressed in E2-2–
overexpressing Kasumi-1 cells indicated that the genes related
to hematopoietic cell lineage and apoptotic processes are most
significantly affected (SI Appendix, Fig. S6). We therefore ana-
lyzed apoptosis of the cells by double staining with Annexin V-
FITC and propidium iodide (PI). The results show that the
percentage of apoptotic cells in the E2-2–expressing Kasumi-
1 cells is dramatically higher than the percentages of E2A- and
HEB-expressing cells (Fig. 5B and SI Appendix, Fig. S7 A and B).

E2-2 Targets Dendritic Genes and Promotes Dendritic Differentiation
of AML1-ETO–Expressing Leukemic Cells. Reflecting a potential for
cellular differentiation induced by E proteins, a KEGG gene set
containing markers for hematopoietic lineages was significantly
enriched in the up-regulated genes by all three E proteins (Fig.
5C). However, it is notable that the top-ranked genes up-
regulated by E2-2 are virtually distinct from those of E2A and
HEB (Fig. 5C). Consistent with the relatively specific role of E2-
2 in dendritic cell differentiation, the top-ranked hematopoietic
lineage genes (e.g., CD9, THPO, and GP9) up-regulated by E2-
2 are important markers and/or regulators of dendritic cells (58–
60) (Fig. 5C). In contrast, E2A and HEB share common top-
ranked genes (e.g., CSF1R and FLT3) that are relatively lower
ranked in the E2-2–up-regulated genes. In strong support of this
finding, our ChIP-seq data also showed that the CD9 and THPO
gene loci are directly targeted by E2-2, but not E2A or HEB,
whereas many other genes (e.g., CSF1R) are equally bound and
regulated by all E proteins (Fig. 5D). These results suggest that,
despite considerable similarity among the three E proteins,
E2-2 can specifically target some genes related to dendritic
cell differentiation.
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Fig. 4. The bHLH DNA-binding domain is important for the ability of E2-
2 to inhibit the growth of Kasumi-1 cells. (A) A schematic representation of
the strategy for swapping the DNA-binding and the transcriptional activa-
tion domains between E2-2 and HEB. (B) Gain of the growth-inhibitory
function by the chimeric HEB protein containing the E2-2 DNA-binding do-
main (HEB:E2-2), as indicated by the experiment determining the competi-
tive growth of the Kasumi-1 cells expressing the indicated proteins (GFP+)
versus control (GFP−) cells. (C) Loss of the growth-inhibitory function by the
chimeric E2-2 protein containing the HEB DNA-binding domain (E2-2:HEB).
(D) A schematic representation of the deletion of individual domains of E2-2.
(E) Elimination of the growth-inhibitory function of E2-2 in Kasumi-1 cells by
deletion of the bHLH DNA-binding domain but not other domains. The
growth curves (B, C, and E) are representatives of at least two independent
experiments with triplicate wells each time and are presented as mean ± SD.
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To determine whether the up-regulation of dendritic genes by
E2-2 really associates with a phenotypic dendritic differentiation
of leukemic cells, we performed flow cytometry analysis of sur-
face markers of the Kasumi-1 cells expressing ectopic E2-2, E2A,
and HEB. Remarkably, we observed the emergence of a pop-
ulation of potential dendritic cells marked by CD141 (also
known as thrombomodulin, or THBD) (61–63) from the E2-2–
expressing Kasumi-1 cells (SI Appendix, Fig. S8A), and the per-
centage of these cells can be increased to over 40% in a dendritic
cell culturing medium (Fig. 5E). In contrast, the granulocytic
marker CD11b (also known as ITGAM) and the monocytic
marker CD14 were not detected in these cells (SI Appendix, Fig.
S8B). These results thus suggest that E2-2 can fulfill unique
functions in regulating specific target genes and promoting
dendritic differentiation of the AML1-ETO–associated leuke-
mic cells.

High THPO Expression Is Associated with a Low Relapse Rate of t(8;21)
AML Patients. To test whether the molecular features could pre-
dict clinical outcomes of the patients, we analyzed 50 patients
with t(8;21) AML by performing RNA-seq of their leukemic cells

collected at diagnosis. These patients all achieved complete re-
mission upon chemotherapy, but 18 of them suffered relapse. A
comparison of differentially expressed genes between the re-
lapsed and nonrelapsed patients revealed that THPO expression
is statistically higher in the nonrelapsed patients (Fig. 5F), and
this finding was supported by a GSEA result showing that a set of
THPO neighborhood genes (MORF_THPO) (64) is also signif-
icantly enriched in the nonrelapsed patient samples (SI Appen-
dix, Fig. S9A). Although the THPO signaling pathway that is
mediated by the THPO receptor (i.e., the proto-oncoprotein
MPL) previously has been implicated in regulation of AML1-
ETO leukemogenesis (65, 66), the leukemia cellular autono-
mous expression of THPO has not been studied. Of note, while
being highly expressed in dendritic cells (3), THPO is not
expressed in normal HSPCs (SI Appendix, Fig. S9B) (3, 67).
Thus, elevated THPOmRNA levels in the leukemic cells of some
t(8;21) AML patients may reflect a partial dendritic differenti-
ation of the cells. In contrast, E2-2 is ubiquitously expressed in
all cell types, and therefore it is difficult to detect the cell
population-specific alteration of E2-2 expression that may con-
tribute to leukemia progression, explaining why we did not
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Fig. 5. E2-2 represses MYC target genes and activates dendritic genes to promote dendritic differentiation, which is shown to be relevant to clinical outcome
of t(8;21) AML patients. (A) Gene set enrichment analysis (GSEA) of the RNA-seq data indicating that the MYC target genes are negatively correlated with the
genes regulated by E2-2, but not E2A or HEB, in Kasumi-1 cells. (B) Flow cytometry analysis of apoptosis of the Kasumi-1 cells transduced with indicated E
proteins. Note that more significant apoptosis is induced by overexpression of E2-2 relative to E2A and HEB in Kasumi-1 cells. Combination of Annexin V and
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Fig. S7. (C) GSEA revealing that the gene set of hematopoietic lineages is significantly enriched in the up-regulated genes by E2-2, E2A, and HEB. However, the
rank of genes up-regulated by E2-2 is distinguishable by several top-ranked dendritic genes. (D) ChIP-seq data showing that some dendritic genes are spe-
cifically bound by E2-2, whereas many commonly regulated genes are cobound by the three E proteins. (E) Flow cytometry analysis of the presence of the
dendritic cell surface marker CD141 on the Kasumi-1 cells transduced with indicated E proteins, showing that overexpression of E2-2 enhances dendritic
differentiation. The cells were cultured in a dendritic cell medium. (F) Expression of THPO in t(8;21) AML patient samples collected at diagnosis. Note that the
THPO mRNA level is statistically lower in the patients who later suffered relapse (n = 18) than those who did not (n = 32), and that the patients with highest
TPHO expression tend not to relapse. (G) Relapse curves of patients with high and low THPO expression. Cutoff point was set as 25% so that 13 patients with
high THPO and 37 patients with low THPO were analyzed.
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observe a correlation between E2-2 expression and patient relapse
or a coexpression pattern between E2-2 and THPO in the herein
analyzed total BM samples. Nonetheless, a gene expression
analysis (SI Appendix, Fig. S9B) of purified populations of he-
matopoietic cells (3) demonstrated a closely correlated expres-
sion of E2-2 and THPO mRNAs during differentiation of HSCs
to plasmacytoid dendritic cells, supportive of our functional
studies. Interestingly, by comparison of the t(8;21) AML pa-
tients’ THPO mRNA levels, the patients with the highest THPO
expression appear separable from other patients and virtually all
reside in the nonrelapse group (Fig. 5F), implying that a strati-
fication of patients according to their THPO mRNA levels at a
defined cutoff point may help predict relapse risk. Indeed, when
we choose a cutoff value of 25% to stratify these patients into
THPO-higher (n = 13) and -lower (n = 37) groups, the Kaplan–
Meier curves show that the patients with high THPO expression
have a significantly lower chance of relapse (P = 0.0284; Fig.
5G). Thus, these results suggest that the elevated THPO ex-
pression in patient leukemia samples can be considered as a
potential predictor of nonrelapse in t(8;21) AML patients.

E2-2 Suppression Accelerates Leukemogenesis in Vivo.We previously
found that E2A and HEB are important for AML1-ETO–me-
diated leukemogenesis. Thus, in a mouse model for human
t(8;21) leukemia that was generated by transducing mouse
HSPCs with AML1-ETO9a (a highly leukemogenic short isoform
of AML1-ETO), knockdown of E2A and HEB significantly
delayed leukemogenesis (30). Equivalent to human HSPCs, the
mouse HSPCs express all three E proteins (Fig. 6A), allowing
investigation of the role of E2-2 in AML1-ETO9a–driven leuke-
mogenesis. To this end, we performed shRNA-mediated
knockdown of E2-2 in the cells (Fig. 6A) and transplanted
them into sublethally irradiated recipient mice. Since a luciferase
reporter gene had been integrated into these cells (30, 68),
bioluminescence imaging was used to monitor the growth of
leukemic cells in vivo. At 20 d posttransplantation, the bio-
luminescent signal was readily detected in the mice carrying E2-
2 knockdown cells, but it was very weak in the mice carrying
control cells (Fig. 6B). Organ sections of the mice showed in-
vasion of myeloid leukemia cells into their spleens and livers
(Fig. 6C). Furthermore, the mice carrying E2-2 knockdown cells
showed comparable levels of AML-ETO9a in leukemic cells (SI
Appendix, Fig. S10A) but more severe splenomegaly (SI Appen-
dix, Fig. S10B) and significantly shorter survival time compared
with the control mice (P = 0.0004; Fig. 6D). These results in-
dicate that suppression of E2-2 accelerates AML1-ETO9a–
driven leukemogenesis, which is opposite to the effect of E2A/
HEB knockdown in the same mouse model. Notably, gene ex-
pression analysis of flow cytometry-purified leukemic cells of two
mouse models, namely the AML1-ETO9a– and Tet2−/−;AML1-
ETO–driven leukemic mouse models (69, 70), suggested that E2-
2 could be suppressed in their leukemic cells in comparison with
the related nonleukemic cells (SI Appendix, Fig. S11 A and B) or
the control granulocyte macrophage progenitors (SI Appendix,
Fig. S11C), respectively. This observation may also depict leu-
kemia progression in the t(8;21) AML patients. To assess the
effect of E2-2 suppression in human normal HSPCs, we per-
formed shRNA-mediated knockdown of E2-2 in human CD34+

HSPCs (SI Appendix, Fig. S12A), and the results showed that E2-
2 knockdown slightly increases the capacity of the cells to form
myeloid colonies (SI Appendix, Fig. S12B), which may reflect a
skewed balance of cell differentiation from a dendritic to a my-
eloid linage. Thus, although E2-2 is apparently dispensable for
development and function of HSCs (36), its capacity in hema-
topoietic lineage commitment and differentiation could cast it in
an important role in regulating leukemogenesis.

Discussion
In this study, we found that E2-2 is specifically silenced in t(8;21)
patient-derived leukemic cell lines, thereby explaining why E2-
2 is completely absent from AETFC. In confirmation of the
hypothesis that E2-2 negatively regulates AML1-ETO–associ-
ated leukemogenesis, we discovered that E2-2 plays a distinct
role relative to E2A and HEB, although the three E proteins, if
present, can equally integrate into AETFC. Our functional and
genome-wide studies suggest a model for the mechanism (Fig.
6E), in which the different E proteins and related heterogenous
AETFC complexes may target specific genes that differentially
alter cell fates and contribute to leukemogenesis. Restoring E2-
2 expression fulfils a potential for dendritic differentiation of the
cells in the presence of AML1-ETO, and suppression of E2-
2 accelerates leukemogenesis in vivo. Thus, this study provides
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insights into the mechanism of AETFC regulation of gene ex-
pression and leukemogenesis and valuable information for iden-
tifying potential therapeutic targets.
AETFC is a stable complex containing multiple transcription

factors and cofactors, including the oligomerized AML1-ETO,
the AML1-binding partner CBFβ, E proteins E2A and HEB, the
hematopoietic class II bHLH transcription factor LYL1, the
LIM-domain protein LMO2, and its interacting partner LDB1
(30). The stability of AETFC is achieved by strong multivalent
interactions among these components, which colocalize genome-
wide and stabilize each other. However, this stability does not
necessarily mean that AETFC is homogenous. In fact, the in-
volvement of two E proteins (E2A and HEB) in AETFC already
implies a potential heterogeneity. In support of this notion, we
previously found that knockdown of either E2A or HEB in
Kasumi-1 cells is inefficient in disrupting AETFC, whereas the
joint knockdown of E2A and HEB dramatically decreases the
protein levels of AETFC components (30). Notably, compared
with E2A and HEB, both of which positively contribute to
AML1-ETO–mediated leukemogenesis, we herein have found
that E2-2 plays a negative role. Although the absence of E2-2 in
the AML1-ETO–expressing leukemic cell lines makes it un-
feasible to directly purify an E2-2–containing AETFC, our
studies in primary cells and overexpression experiments suggest
that E2-2 is expressed normally in the HSPCs that originally
acquire AML1-ETO and can be integrated into AETFC in the
same manner as E2A and HEB. Thus, E2-2, E2A, and HEB can
define an AETFC heterogeneity in which these three E proteins
can be integrated competitively or cooperatively, allowing them
to play both overlapping and distinct functions.
In parallel with herein-identified distinct functions of E2-

2 relative to E2A and HEB in AML1-ETO–mediated leuke-
mogenesis, functional differences of the E proteins in normal
development have been evidently observed in mouse genetic
studies. In particular, knockout of E2-2, E2A, or HEB in mice
predominantly affects the development of plasmacytoid den-
dritic cells (40), B cells (37), and T cells (38), respectively. The
underlying mechanism can be explained in two different ways:
expression levels versus intrinsic structural properties of the E
proteins. First, although the E proteins are broadly expressed in
different tissues, their expression levels are not equal and the
functionally dominant E protein in a certain tissue could be
relatively highly expressed or tightly regulated at the transcrip-
tional level. In supportive of this possibility, it has been observed
that a combined dosage of E2-2, E2A, and HEB regulates B-cell
development (38) and, interestingly, that endogenous E2A can
be functionally replaced by E2A-promoter–driven expression of
HEB in supporting B-cell development (71). These observations
suggest that the functional specificity of E proteins could be
determined at least partially by their expression levels and
independently of their structural divergence. Second, and in
complete contrast, the intrinsic structural characteristics of E
proteins can also contribute to their tissue-specific functions. For
example, E2A has been found to form a homodimer that is re-
stricted in B cells (72), and this homodimerization is determined
either by its phosphorylation status (73) or by an intermolecular
disulfide bound (74), neither of which is observed in E2-2 or
HEB. In this study, using an approach of domain swapping be-
tween E2-2 and HEB in the same cellular context, we have un-
equivocally shown that the bHLH DNA-binding domain is
critical for the functional specificity of E2-2, which is in agree-
ment with the divergence of the E2-2 bHLH domain from the
E2A and HEB bHLH domains. By ChIP-seq and RNA-seq
analyses, we also confirmed the differential recognition of tar-
get genes by E2-2 relative to E2A and HEB. Thus, our results
provide conclusive evidence for the above-described second
mechanism, in which the intrinsic structural characteristics of the

E2-2 bHLH domain define the functional specificity by targeting
specific genes.
It is striking that E2-2 is completely silenced in both Kasumi-

1 and SKNO-1 cell lines, and it remains a mystery as to when and
how E2-2 is silenced during the progression of these leukemia
cases. At least in these two cell lines, ChIP-seq data suggest that
E2-2 is not directly repressed by AML1-ETO, and that it is likely
silenced by a more stable epigenetic mechanism. Although we
cannot retrace the clonal evolutionary history of the leukemia
patients from whom the two cell lines were derived, it would
be interesting to investigate this aspect in live patients and to
determine when the E2-2 silencing/repression occurs. Given that
t(8;21) is believed to be produced in HSPCs in which E2-2 is
normally expressed, the E2-2 silencing/repression should emerge
as a secondary event after the expression of AML1-ETO. Fur-
ther pursuit of this issue with innovative single-cell approaches
would be very helpful to understand whether and how E2-
2 contributes to clonal evolution of leukemia cells.
Blockage of differentiation has been considered to be one of

the major mechanisms by which AML1-ETO drives leukemo-
genesis (75, 76). Differentiation therapy, a concept already being
exceptionally successful in treatment of acute promyelocytic
leukemia (77), thus has been sought to treat AML1-ETO–asso-
ciated leukemia. While remaining far from a success in the clinic,
experiments with cultured cells and animal models have shown
that differentiation of AML1-ETO–associated leukemia can be
achieved by application of certain drugs (e.g., histone deacety-
lase inhibitors) (78–80) or by overexpression of transcription
factors such as C/EBPα (81). Notably, differentiation of these
cells is mostly accompanied by degradation of AML1-ETO. In-
deed, siRNA-mediated AML1-ETO knockdown per se can in-
crease the susceptibility of these cells to differentiation (82). In
this study, however, we found that overexpression of E2-2 can
induce a partial dendritic differentiation of the cells without
degradation of AML1-ETO. As an explanation for this obser-
vation, it is possible that the ability of AML1-ETO to inhibit E2-
2–mediated dendritic differentiation is not as strong as differ-
entiation toward myeloid and erythroid lineages. Interestingly,
the ETO family protein MTG16/ETO2 has been shown to co-
operate with E2-2 to promote dendritic differentiation (83).
Along this line, it is conceivable that, during leukemia progres-
sion, if AML1-ETO emerges in an HSPC that highly expresses
E2-2 and is committed to the dendritic lineage, AML1-ETO may
not be able to efficiently block differentiation to cause leuke-
mogenesis; suppression/silencing of E2-2 thus offers this AML1-
ETO–positive cell an advantage to propagate as leukemia. Last,
as dendritic cells are antigen-presenting cells that stimulate im-
mune responses, efforts have been made to convert leukemic
cells directly into dendritic cells to present leukemia-specific
antigen to immune effector cells (84, 85). To this end, our
study provides a promising potential for an efficient dendritic
differentiation of AML1-ETO–associated leukemia and for de-
velopment of immune-based therapeutics for t(8;21) leukemia.

Materials and Methods
Cell Culture, Proliferation, Differentiation, and Colony Assays. Kasumi-1 cells
were cultured in RPMI medium 1640 (Gibco) supplemented with 10% FBS
and penicillin/streptomycin. Cell proliferation and viability was determined
by cell counting and CCK-8 (Bimake). Competitive growth (dis)advantage was
evaluated by calculating the percentage of analyzed (e.g., GFP+) cells in total
cells at different time points. Dendritic cell differentiation was induced by
adding 20 ng/mL recombinant human stem cell factor (hSCF), 20 ng/mL
recombinant human granulocyte–macrophage colony stimulating factor
(hGM-CSF), 20 ng/mL recombinant human interleukin-4 (hIL-4), and 100 ng/
mL recombinant human fms-like tyrosine kinase 3 ligand (hFLT3L), as pre-
viously reported (86). For colony assay (87), 1,000 cells were cultured in
Methocult H4435 medium (StemCell Technologies), and the colony number
was scored at day 7 or indicated time points under an inverted microscope.
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Gene Overexpression and Knockdown. Gene overexpression and knockdown
were achieved by MIGR1-based retrovirus and pLKO.1-based lentivirus sys-
tems, respectively. For preparation of retroviruses, 293T cells were trans-
fectedwithMIGR1-based plasmids and packaging plasmids VSVG and gag-pol
by Lipofectamine 2000 (Invitrogen). For lentiviruses, 293T cells were trans-
fected with pLKO.1-based plasmids and packaging plasmids pMD2G and
PsPAx2. Viral supernatant was collected at 48 h after transfection and filtered
with 0.45-μm Millex filters. Leukemic/hematopoietic cells were infected with
30% (vol/vol) filtered virus in the presence of 8 μg/mL Polybrene (Sigma) and
centrifuged at 1,200 × g for 90 min at 37 °C. Medium was changed 12–20 h
after infection. To improve efficiency, the cells could be infected twice. The
AML1-ETO shRNA vector was reported previously (30), and the other shRNA
vectors were purchased from Open Biosystems. The efficiency of knockdown
was determined by RT-qPCR at 3 d after infection.

Co-IP Assay. For coexpression of exogenous proteins, 293T cells were trans-
fected with plasmids using Lipofectamine 2000 (Invitrogen), and leukemic
cells were infected with retroviruses expressing genes of interest. Cell lysis,
protein binding, and 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 analyzed byWestern blot.

RT-PCR and RT-qPCR. Total RNA was extracted with the TRIzol Reagent
(Invitrogen), and cDNA was synthesized by the PrimeScript RT reagent kit
with gDNA Eraser (TaKaRa). Standard PCR and qPCR were performed with
the KOD Plus system (TOYOBO) and the SYBR Premix Ex Taq GC system
(TaKaRa), respectively.

Flow Cytometry. Flow cytometry analysis was performed on the BD LSRFor-
tessa cell analyzer. An antibody for CD141 (BDCA-3) (MACS Miltenyi Biotec)
was used to assess the CD141 expression and dendritic cell differentiation.
Cell apoptosis analysis were performed by incubating 1 × 106 cells with APC
Annexin V (BD Pharmingen) and PI at room temperature for 15 min, fol-
lowed by flow cytometry analysis.

ChIP-Seq. ChIP assay was performed as previously reported (88). In brief, GFP+

Kasumi-1 cells were sorted by flow cytometry at day 3 after retrovirus in-
fection, cross-linked with 1% formaldehyde for 10 min, and stopped by
125 mM glycine. After lysis and sonication, 3 μg of HA-Tag (C29F4) rabbit
monoclonal antibody (Cell Signaling Technology) was incubated with chro-
matin samples overnight at 4 °C, and 20 μL of rProtein A/G Beads 4FF (Smart
Lifesciences) were used for immunoprecipitation. The DNA were purified
with the MinElute PCR Purification Kit (QIAGEN) and subjected to library
construction and next-generation sequencing with the Illumina systems.
ChIP-seq reads were aligned to the hg19 version of human reference ge-
nome using Bowite2 (version 2.2.9). MACS2 (version 2.1.1) callpeak algo-
rithm was used to identify regions of ChIP-seq enrichment over background.
Bigwig files were then produced by MACS2 bdgcmp algorithm and visual-
ized in IGV.

RNA-Seq. GFP+ Kasumi-1 cells were harvested at day 4 after virus infection.
RNA was extracted with the TRIzol Reagent (Invitrogen). Libraries were
generated using the TruSeq RNA Sample Preparation Kit, version 2 (Illu-
mina), and sequenced with Illumina HiSeq 2500. TopHat (version 2.0.9) was
used to align the reads to the genome and HTseq was used to calculate
fragments per kilobase of exon model per million mapped reads (FPKM) of
the genes. GSEA and GO analyses were performed to interpret the function
and mechanism of the differentially expressed genes. ChIP-seq and RNA-seq
data were deposited in the GEO database (accession no. GSE114644) (89).

Mouse Leukemia Transplantation Assay. The transplantable AML1-ETO9a–
driven leukemic cells were infected with lentiviruses expressing control or
E2-2 shRNAs, screened by puromycin for 3 d, and transplanted into sub-
lethally irradiated recipient mice by tail vein injection. Leukemia develop-
ment was determined by flow cytometry and morphological analyses of
peripheral blood and BM cells. For bioluminescent imaging of leukemic cells
in vivo, bioluminescent imaging was performed using an IVIS100 imaging
system upon injection of the substrate of luciferase, D-Luciferin. Overall
survival of the mice was analyzed by the Kaplan–Meier method, and the
statistical significance was evaluated by the log rank test.

Patients and Samples. Fifty children with t(8;21) AML were diagnosed and
treated in the Shanghai Children’s Medical Center, and this study was ap-
proved by the Institutional Review Board of the center. Leukemic cells of
these patients were subjected to RNA-seq following the protocol as de-
scribed above. The patients were stratified into groups based on their gene
expression patterns, and the Kaplan–Meier method and log rank test were
used to analyze relapse rate of different groups of the patients.
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