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Abstract Core binding factor (CBF) acute myeloid leu-

kemia (AML) is the most common cytogenetic subtype of

AML, defined by the presence of t(8;21) or inv(16)/

t(16;16). The chromosomal aberrations create AML1-ETO

and CBFb-MYH11 fusion genes that disrupt the functions

of CBF, an essential transcription factor in hematopoiesis.

Despite the relatively good outcome of patients with CBF-

AML, only approximately half of the patients are cured

with current therapy, indicating the need for improved

therapeutic strategies. In this review, we summarize current

knowledge regarding altered transcriptional regulation,

aberrant signaling pathways, and cooperating genetic

events in CBF leukemia, and discuss challenges ahead for

translating these findings into the clinic.
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1 Introduction

The core binding factor (CBF) is a heterodimeric tran-

scription factor complex, which is composed of a DNA-

binding CBFa protein (RUNX1, 2, or 3, also called AML1,

3,or 2, respectively) and a non-DNA-binding CBFb protein

(CBFb). The a subunits share the RUNT homology domain

at the N terminus, which is responsible for binding to both

their DNA targets and CBFb. The C terminus contains

domains necessary for transcriptional activation and chro-

matin association. CBFb does not bind DNA directly, but

enhances the RUNX-DNA interaction. The RUNX1/CBFb
complex is essential for emergence of hematopoietic cells

from an endothelial cell stage, and homozygous loss of

either RUNX1 or CBFb alleles resulted in embryonic death

with lack of definitive hematopoiesis [1–4]. Deregulation

of CBF leads to the development of hematological disor-

ders, including myelodysplastic syndrome (MDS), acute

lymphoblastic leukemia, and acute myeloid leukemia

(AML). RUNX1 is one of the most frequent targets of

chromosomal and genetic alterations in myeloid diseases.

AML1-ETO, the fusion protein resulting from the chro-

mosomal translocation t(8;21), is a common mutation

associated with AML cases of the French–American–

British (FAB)-M2 subtype. CBFb is altered in AML

samples with an inversion in chromosome 16 [inv(16) or

t(16;16)], resulting in the fusion gene CBFb-MYH11. The

presence of CBFb-MYH11 is associated with almost all

cases of FAB subtype M4Eo. These AMLs with AML1-

ETO or CBFb-MYH11 fusion genes, so-called CBF-AML,

are among the most common cytogenetic subtype of AML,

being detected in 15–20% of adult de novo AML cases

[5, 6]. Patients with CBF-AML have a relatively favorable

prognosis compared with other types of AML patients.

Complete remission rate is usually more than 90% for these

patients, but approximately half of them eventually relapse

[7]. Numerous laboratory and clinical discoveries have

revealed the molecular basis of CBF-AML. Nevertheless,

targeted therapy directed at specific molecular alterations

in these leukemias has not been established. In this review,

we summarize current knowledge regarding molecular

pathogenesis of CBF leukemia, which provides a founda-

tion for the development of novel therapeutic strategies.
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2 Dominant inhibition of RUNX1 function: is it really

a critical step for CBF leukemia?

Dominant inhibition of RUNX1 function has been con-

sidered as a common and critical pathway for CBF leu-

kemia. In AML1-ETO, the DNA-binding RUNT domain

of RUNX1 is joined to ETO, creating a fusion transcript

that lacks the RUNX1 transcription activation domain.

ETO is a transcriptional repressor that contains 4 Nervy

Homology Regions (NHR 1-4), and interacts with several

corepressors including nuclear corepressor (N-CoR),

SMRT, mSin3A and the histone deacetylases (HDACs),

primarily through the NHR2 and NHR4 domains [8–11].

Consequently, AML1-ETO functions as a dominant

repressor for many RUNX1-responsive hematopoietic

genes. The CBFb-MYH11 fusion protein retains the

RUNX-binding domain in CBFb and contains an addi-

tional RUNX-binding domain in the MYH11, resulting in

a higher binding affinity for RUNX1 than wild-type

CBFb [12]. The MYH11 region associates with tran-

scriptional repressors, such as mSin3A and HDACs,

thereby repressing RUNX1-mediated gene regulation [13,

14]. In addition, CBFb-MYH11 plays a dominant nega-

tive role by sequestering RUNX1 from its targets in the

DNA [15]. The dominant inhibitory effect of these fusion

proteins on RUNX1 function was further supported by

the results of gene targeted mouse models. Mice hetero-

zygous for an AML1-ETO or a CBFb-MYH11 allele

show a nearly identical phenotype to Runx1 or Cbfb
knockout mice, namely embryonic lethality with a lack of

definitive hematopoiesis [16–18]. With these observa-

tions, it has been believed that the fusion proteins

(AML1-ETO and CBFb-MYH11) block RUNX1 func-

tion, thereby interfering with normal hematopoietic dif-

ferentiation and inducing a preleukemic condition.

However, several recent reports challenged this concept.

Knockin mice expressing a CBFb-MYH11 fusion with a

deletion of the RUNX1 high-affinity binding domain

developed leukemia quickly despite its inefficient sup-

pression of RUNX1 function [19]. The same group also

showed that CBFb-MYH11 caused Runx1 repression-

independent defects in hematopoiesis [20]. These results

indicate that RUNX1 inhibition may not be critical for

leukemogenesis by CBFb-MYH11. In addition, no inac-

tivating mutations of RUNX1 have been found in CBF-

AML patients, while it is frequently mutated in other

types of AML patients (13–32%) [21, 22]. This clinical

observation may indicate that CBF leukemia cells require

some RUNX1 function for efficient proliferation and

survival. Thus, whether the inhibition of RUNX1 function

is absolutely required for CBF leukemogenesis remains to

be elucidated.

3 Altered transcriptional regulation in CBF leukemia

In addition to their effects on RUNX1 activity, AML1-

ETO and CBFb-MYH11 modulate functions of several

other transcription factors, thereby altering global patterns

of gene expression. PU.1 is crucial for myeloid differen-

tiation, and its transcriptional activity is repressed by

AML1-ETO through physical interaction [23]. CEBPA is

an essential gene for granulopoiesis, and AML1-ETO

represses CEBPA expression and its DNA binding activity

[24]. CEBPA protein expression is also blocked by CBFb-

MYH11 through upregulation of calreticulin, an inhibitor

of CEBPA translation [25]. GATA1 is a major erythroid

transcription factor, and AML1-ETO represses transcrip-

tional activity of GATA1 by inhibiting its acetylation [26].

Functional suppression of these hematopoietic transcription

factors represents a mechanism involved in the differenti-

ation block in CBF-AML. A schematic representing the

transcriptional changes associated with CBF fusion

expression, as well as the other molecular and epigenetic

changes discussed later in this section, is shown in Fig. 1.

Several tumor suppressors are also modulated in CBF

leukemia. AML1-ETO transcriptionally represses p14ARF

and neurofibromatosis-1 (NF1) expression through domi-

nant inhibitory effects on RUNX1 function [27, 28]. CBFb-

MYH11 displaces RUNX1 from a CBF site in the promoter

of p15INK4B and represses its expression [29]. RUNX3, a

well-known tumor suppressor in solid tumors, was shown

to be a common transcriptional target for repression by

AML1-ETO and CBFb-MYH11. Interestingly, CBFb-

MYH11 represses the RUNX3 promoter through coopera-

tion with RUNX1, indicating again that normal RUNX1
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Fig. 1 Altered transcriptional regulation and signaling pathways in

CBF leukemia. Genes and pathways regulated by AML1-ETO

(black), CBFb-MYH11 (blue), or both (red) are summarized
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function is required for inv(16) leukemogenesis [30]. In

contrast to these tumor suppressors that are downregulated

in CBF leukemia, p21WAF1 is upregulated by AML1-ETO

at the protein, RNA, and promoter levels [31, 32]. The

biological significance of p21waf1 in t(8;21) leukemogene-

sis is under debate; a study reported that the p21waf1

pathway is involved in blocking leukemogenesis by

AML1-ETO [31], while another argued that the activated

p21waf1 is critical in preventing exhaustion of leukemic

stem cells in AML [33].

Among anti-apoptotic proteins, BCL2 transcription was

shown to be upregulated by AML1-ETO [34]. A later study

demonstrated that this effect may be dependent on the

status of p53 and that t(8;21) patient samples do not uni-

formly show increased BCL2 expression [35]. Previous

studies have also shown that genes involved in DNA repair

pathways, such as OGG1 and POLE, were downregulated

in AML1-ETO-expressing human hematopoietic cells

[36, 37]. The downregulation of DNA repair genes led to

increased DNA damage, which could facilitate accumula-

tion of secondary genetic alterations in AML1-ETO leu-

kemia. Interestingly, AML1-ETO-mediated DNA damage

response is p53 dependent, suggesting that activation of the

p53 pathway may be associated with improved prognosis

of t(8;21)-AML [37]. Furthermore, AML1-ETO represses

E protein transcription factors, including E2A, E2-2, and

HEB, through ETO-mediated protein interaction and dis-

placement of p300/CBP coactivators [38, 39]. Thus, the

upregulation of anti-apoptotic factors, downregulation of

DNA repair genes, and repression of E protein function

may contribute to CBF leukemogenesis.

Accumulating evidence suggests that epigenetic regu-

lation is involved in the deregulated gene expression in

CBF leukemia. A recent large-scale study of DNA meth-

ylation profiles for 344 AML patients showed that AML1-

ETO and CBFb-MYH11 leukemia presented unique

methylation signatures, with a strong shift toward genes

being methylated in CBF-AML compared with normal

CD34? cells [40]. Experimentally, it has been shown that

AML1-ETO recruits HDACs and DNA-methyltrasferase 1

(DNMT1) for transcriptional repression [8, 9, 41], imply-

ing that transcriptional silencing by AML1-ETO occurs

through combinatorial effects of histone deacetylation and

promoter DNA methylation. Interestingly, another recent

study showed that normal human CD34? cells expressing

one or the other CBF fusion protein did not recapitulate the

DNA methylation profile found in CBF-AML samples,

indicating that additional cooperating effects may be

important in addition to the leukemia fusion protein itself

to effect the final transformational methylation profile

found in patient samples [42]. Recently, a number of

studies have implicated microRNA (miRNA) as an addi-

tional epigenetic target for CBF leukemogenesis. It was

shown that miRNA-223, which is involved in myelopoie-

sis, is a direct transcriptional target of AML1-ETO. The

repressive effect of AML1-ETO on miRNA-223 gene

includes both histone deacetylation and DNA methylation,

and demethylating treatment with 5-azacytidine enhanced

miRNA-223 expression and also restored myeloid differ-

entiation [43]. Furthermore, one study which assessed 260

miRNA gene expression patterns in 215 AML patients

revealed that AML1-ETO and CBFb-MYH11 leukemia

showed distinctive miRNA signatures [44]. An indepen-

dent study using 52 AML samples containing common

recurrent translocations similarly found that the CBF-AML

patient samples were associated with distinct miRNA sig-

natures, including elevated expression of miR-126/126*

[45]. The molecular and biological consequences of the

altered epigenetic status and miRNA expression in CBF

leukemia await further studies.

4 Aberrant signaling pathways in CBF leukemia

The deregulated signaling pathways in CBF leukemia

could be good therapeutic targets. It has been shown that

AML1-ETO upregulates several genes involved in specific

signaling pathways. Among them, Jagged1 upregulation

suggests that the Notch pathway may be affected [36],

while induction of Plakoglobin (c-Catenin) and b-Catenin

indicates the activation of Wnt signaling in AML1-ETO-

expressing cells [46]. In addition, tyrosine kinase receptor

type 1 (TrkA), a receptor for nerve growth factor (NGF), is

upregulated by AML1-ETO, allowing NGF-induced

expansion of AML1-ETO-expressing human hematopoi-

etic cells [47]. A zebrafish model combined with chemical

library screening revealed cyclooxygenase (Cox)-mediated

production of prostaglandin E2 (PGE2) as a critical path-

way to prevent differentiation of AML1-ETO-expressing

cell [48]. More recently, a study using Drosophila as a

model showed that AML1-ETO-expressing precursor cells

express high levels of reactive oxygen species (ROS), and

that ROS plays a central role in the proliferation of these

precursors [49]. As for CBFb-MYH11 leukemia, gene

expression profiling of AML-M4 subtype suggested a

highly activated NF-kB pathway in inv(16) patients [50].

Given that these pathways, particularly Notch, Wnt, and

Cox/PGE2 signaling, are essential for stem cell self-

renewal, these pathways could contribute to a self-renewal

signal of leukemia stem cells (LSCs) in CBF-AML. Indeed,

it was recently shown that the Wnt pathway is required for

LSC development using mouse models of AML induced

either by coexpression of Hoxa9/Meis1 or by the fusion

oncoprotein MLL-AF9 [51]. Identification of the crucial

pathways for LSC development/maintenance in CBF leu-

kemia will be an important future challenge.
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5 Cooperating genetic events for CBF leukemia

Although AML1-ETO and CBFb-MYH11 play an essen-

tial role in CBF leukemogenesis, it appears that they alone

are not sufficient for leukemogenic transformation and

require additional genetic events to develop leukemia.

Transgenic or conditional expression of the fusion proteins

was not able to induce AML in mice [18, 52, 53]. In line

with this, retroviral expression of the fusion proteins in

human CD34? cells did not cause leukemia in immuno-

deficient mice, while it promoted the expansion of hema-

topoietic cells in vitro [54–57].

Chromosomal aberrations are frequently detected in

CBF leukemia, being present in approximately 70% of

t(8;21) and 40% of inv(16)/t(16;16) patients [58]. Dis-

tinctive patterns of chromosomal aberrations were found

in CBF-AMLs, including -X, -Y, del(9q) exclusively in

t(8;21)-AML, while ?13, ?21, ?22 were common events

in inv(16)-AML. Loss of a sex chromosome (-X or -Y) in

t(8;21) occurred at diagnosis and persisted at relapse and

was always present as the dominant clone, suggesting a

significant role of this aberration in t(8;21)-AML. In con-

trast, ?13 and ?22 in inv(16)-AML are often subclonal at

diagnosis, increase in frequency with relapse, and are

sometimes lost during disease progression [59]. The

molecular basis of these chromosomal aberrations is lar-

gely unknown with a few exceptions. TLE1 and TLE4

were suggested as candidate tumor suppressors residing in

the genomic region lost in t(8;21) patients with del(9q)

[60]. For ?22 in inv(16)-AML, MN1, which is located on

chromosome 22, is a good candidate for dose deregulation.

MN1 is highly expressed in inv(16) with ?22, and cells

coexpressing CBFb-MYH11 and MN1 quickly develop

AML in mice [61].

In addition to chromosome copy number changes,

mutations of receptor tyrosine kinases (RTKs) and Ras

genes, including KIT, FLT3, NRAS/KRAS, have been fre-

quently detected in CBF leukemia. Activating mutations of

KIT are quite prevalent in CBF leukemias (up to 40%) [62–

64], suggesting a functional collaboration between KIT and

the CBF fusion proteins. In fact, a recent study has con-

firmed that AML1-ETO and mutated KIT are able to

transform murine bone marrow cells to AML [65]. Muta-

tions in the FLT3 gene are the most frequent genetic

aberration in AML. The internal tandem duplication (ITD)

mutations at the juxtamembrane domain are relatively

infrequent in CBF-AML, but the D835Y mutation in the

kinase domain has been frequently detected in CBF-AML,

particularly in inv(16) patients [2–7% in t(8;21) AML and

6–24% in inv(16) AML] [62, 66, 67]. It was also shown

that cotransduction of FLT3-ITD and the CBF fusion

proteins promote progression to AML using a mouse

transplantation model [68, 69]. Mutations in the Ras family

of proto-oncogenes (H-Ras, N-Ras and K-Ras) are very

common in all human tumors. In CBF-AML, mutations of

NRAS and, less often, KRAS, are common among inv(16)

patients, being detected in over one-third of them. RAS

mutations are also present in 10% of t(8;21) patients [62,

70]. Experimental evidence for the cooperation between

RAS and AML1-ETO was recently provided with a pri-

mary human cell model system [71]. The high frequency of

these mutations fits well to the classical two hit model of

leukemogenesis [72], in which one class of mutations

(Class I; KIT, FLT3, RAS) confers a proliferative or sur-

vival advantage to cells, and a second class of mutations

(Class II; AML1-ETO, CBFb-MYH11) interferes with

hematopoietic differentiation. The specific Class I altera-

tions and genetic aberrations that are most frequently

associated with CBF-AML are illustrated in Fig. 2.

Another interesting molecular event implicated in CBF

leukemogenesis is the loss of putative tumor suppressor

activities present within the ETO portion of AML1-ETO. A

mouse retroviral transduction-transplantation experiment

showed that AML1-ETO with a C-terminal truncation

mutation, deleting the NHR3 and 4 domains of ETO,

gained a strong leukemogenic activity [73]. In humans, an

alternatively spliced isoform of the fusion gene, AML1-

ETO9a, has been identified in t(8;21) patients. AML1-

ETO9a lacks NHR3 and 4 domains, and similar to the

above mutant, has a strong leukemogenic potential [74].

Thus, it appears that the C-terminal portion of AML1-ETO

has some tumor suppressor functions, and loss of that

region transforms AML1-ETO into a potent leukemogenic

protein. However, the enhanced leukemogenic activity of

AML1-ETO9a has been shown only in mouse models, and

its functions in primary human hematopoietic cells remain

to be demonstrated.
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Fig. 2 Cooperating genetic events in CBF leukemia. The CBF fusion

proteins are not sufficient for leukemogenic transformation and

require additional genetic events to develop AML. Loss of sex

chromosome and del(9q) are frequently detected in AML1-ETO

leukemia, while ?13, ?21, ?22 are more prevalent in CBFb-MYH11

leukemia. Mutations in KIT, FLT3, NRAS/KRAS and ?8 are

common genetic events in both types of leukemia
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6 Future therapeutic strategies for CBF leukemia

Because of toxicity and intrinsic disease resistance, cyto-

toxic chemotherapy has reached its limit in the treatment of

AML patients. We therefore need new therapeutic strate-

gies for AML. However, to begin, we should clarify the

mechanisms of improved outcomes for CBF-AML patients

even with conventional chemotherapy. Significant in this

regard are the observations showing p53 upregulation in

t(8;21) AML, which is potentially important for the

favorable response to chemotherapy [37, 75]. Whether the

p53 pathway is inactivated in relapsed CBF-AML patients,

and whether p53 activating drugs are effective for those

relapsed patients should be examined in the future. Given

the high frequency of mutations in RTKs (KIT and FLT3)

and RAS, blocking these signaling pathways using specific

inhibitors may be a promising therapeutic strategy. To

make the best use of these inhibitors, patient stratification

based on gene mutation or pathway activation status will be

important. In addition, the altered transcriptional regulation

evident in CBF leukemia could be a good therapeutic tar-

get. Among so many deregulated genes, repression of

RUNX1 function has been considered as a critical step for

CBF leukemogenesis. However, as we mentioned above,

the precise roles of RUNX1 in CBF leukemia remain

uncertain and should be clarified. Epigenetic inhibitors of

DNA methylation, histone deacetylation, and histone

methylation, may have a better chance to reset the dereg-

ulated transcription in CBF leukemia rather than targeting

individual molecules.

The simplest therapeutic strategy for CBF leukemia is

targeting the fusion proteins themselves. RUNT domain/

CBFb interaction has been considered important for the

development of CBF leukemia [76], and a small molecule

that allosterically inhibits RUNT/CBFb binding has

already been developed [77]. However, a recent study

reported that the transforming activity of AML1-ETO is

independent of CBFb interaction and instead requires for-

mation of homo-oligomeric complexes through the NHR2

domain of ETO portion [78]. This controversy currently

remains unresolved [79, 80]. Nevertheless, blocking the

homo-oligomeric properties of AML1-ETO could be an

alternative or additional strategy to suppress its leukemo-

genic activity. In theory, combined therapies using inhibi-

tors targeting both RUNT/CBFb interaction and

oligomerization will provide sufficient efficacy and speci-

ficity. Furthermore, recent advances in nanoparticle deliv-

ery systems enabled RNAi-mediated gene inhibition in

specific tissues and organs [81]. In the future, this tech-

nique could be applied to leukemia therapy to specifically

inhibit leukemia-associated genes, including AML1-ETO

and CBFb-MYH11 (Fig. 3).

7 Concluding remarks

With the accumulating evidence for molecular pathogen-

esis of CBF leukemia, it is now crucial to translate our

understanding into the clinic. Several small molecules

targeting a specific pathway have been under testing in

clinical trials, and many more will be tested in the near

future. We should examine the results carefully to deter-

mine how effective each drug is, and which patients with

CBF-AML benefit from each therapy. Furthermore, we

should develop better experimental models with primary

human cells and patient samples to faithfully recapitulate

human diseases [82, 83]. Such models will become extre-

mely useful for preclinical evaluation of candidate drugs.

Translational research, which integrates molecular patho-

genesis with clinical trials, will provide new and better

therapies to patients with CBF leukemia.
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