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Summary

The human translocation (t8;21) is associated with ~12%
of the cases of acute myelogenous leukemia. Two genes,
AMLI and ETO, are fused together at the translocation
breakpoint, resulting in the expression of a chimeric
protein called AMLI1-ETO. AMLI1-ETO is thought to
interfere with normal AML1 function, although the
mechanism by which it does so is unclear. Here, we have
used Drosophila genetics to investigate two models of
AMLI1-ETO function. In the first model, AML1-ETO is a
constitutive transcriptional repressor of AMLI1 target
genes, regardless of whether they are normally activated or
repressed by AMLI1. In the second model, AML1-ETO
dominantly interferes with AML1 activity by, for example,

competing for a common co-factor. To discriminate
between these models, the effects of expressing AML1-ETO
were characterized and compared with loss-of-function
phenotypes of lozenge (Iz), an AMLI homolog expressed
during Drosophila eye development. We also present results
of genetic interaction experiments with AML1 co-factors
that are not consistent with AML1-ETO behaving as a
dominant-negative factor. Instead, our data suggest that
AML1-ETO acts as a constitutive transcriptional repressor.
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Introduction

The human disease acute myelogenous leukemia (AML)
is characterized by the proliferation of undifferentiated
hematopoietic ~ precursor cells. The most common
chromosomal abnormality associated with AML is a
translocation (t8;21) that fuses the gene ETO (RUNXITI —
Human Gene Nomenclature Database) to AMLI (RUNXI —
Human Gene Nomenclature Database) (Erickson et al., 1992;
Nisson et al., 1992; Shimizu et al., 1992; Miyoshi et al., 1993;
Look, 1997). The fusion gene resulting from this translocation
encodes a chimeric protein, AML1-ETO. AML1-ETO contains
the N terminus of AMLI1 and almost the entire ETO protein
(Fig. 1A). AMLI (also known as Runx1) belongs to the Runt
Domain (RD) family of transcription factors. Members of the
RD family share a highly conserved DNA-binding domain (the
eponymous RD) and a C-terminal VWRPY motif that is
capable of recruiting transcriptional repressors, although
AMLI1 also functions as a transcriptional activator (Fig. 1A)
(reviewed by Peterson and Zhang, 2004). The RD also interacts
with CBFp, a co-factor that enhances the DNA-binding affinity
of AMLI1 (Ogawa et al., 1993; Wang et al., 1993). In AMLI-
ETO, the entire AML1 RD is joined to ETO. ETO contains
four conserved functional domains, so called Nervy Homology
Regions (NHR) named after the Drosophila homolog of ETO,
nervy (Fig. 1A) (Feinstein et al., 1995). Multiple regions in
ETO interact with transcriptional repressors, including NHR4,
which comprises two zinc fingers (reviewed in Peterson and
Zhang, 2004; Hug and Lazar, 2004). These protein interactions

suggest that ETO acts as a transcriptional repressor, further
implying that AMLI-ETO also represses transcription.
Accordingly, AMLI1-ETO is able to repress transcription in
vitro and, importantly, AMLI-ETO is able to repress the
expression of AMLI target genes. These findings suggest that
AMLI-ETO has the potential to regulate the expression of
genes that are under the control of AMLI in vivo. A change in
the regulation of AMLI target genes would be significant,
given that AMLI is expressed in differentiating hematopoietic
cells and that AMLI knockout results in a block of normal
hematopoiesis (Okuda et al., 1996; Wang et al., 1996a).
These data have led to the proposal that AMLI1-ETO causes
leukemia by interfering with either the function of endogenous
AMLI1 or the transcriptional regulation of AMLI target genes
(Lutterbach and Hiebert, 2000; Peterson and Zhang, 2004).
Two classes of models can describe how AMLI-ETO could
interfere with normal AMLI activity (Fig. 1B). First, because
AMLI1-ETO has the potential to interact with AML1 co-factors
(such as CBFp) through its RD, it could act as a dominant-
negative molecule by competing with AMLI1 for these
co-factors. Such a mechanism has been proposed for
CBFB:MYHI1, a leukemogenic fusion that is thought to
sequester the normally nuclear AMLI in the cytoplasm (Kanno
etal., 1998; Adya et al., 1998; Li and Gergen, 1999). A second
model is that AML1-ETO binds to AML1-binding sites via its
RD and represses transcription of AML1 target genes. Unlike
AML1, which can both activate and repress target genes, this
model posits that AMLI-ETO functions as a constitutive
repressor. Although AMLI1-ETO has been shown to interact
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with CBFp and repress the expression of AMLI-regulated
genes in vitro and in cell culture, the available data do not
distinguish between these two models. A knowledge of how
this oncoprotein functions at a mechanistic level is important
for understanding how AMLI1-ETO contributes to AML and
for the design of possible therapies.

We used the Drosophila eye as an in vivo system to
distinguish between these two models of AML1-ETO function.
We chose the fly eye for these studies for two reasons. First,
the eye is an experimentally accessible tissue that is well suited
for analyzing gene function. Second, the role of the AMLI
homolog Iz has been extensively studied in fly eye development
(Daga et al., 1996; Batterham et al., 1996; Crew et al., 1997;
Xu et al., 2000; Flores et al., 2000; Siddall et al., 2003; Canon
and Banerjee, 2003). The Drosophila eye has also been used
to analyze other human disease genes, including those that
contribute to neurodegeneration such as spinocerebellar ataxia
and huntingtin (Jackson et al., 1998; Kazantsev et al., 2002)
(reviewed by Bonini and Fortini, 2002). In Drosophila, there
are two characterized RD family members, Iz and runt (run),
and two uncharacterized genes that are predicted to encode RD
transcription factors (Fig. 1A) (Rennert et al., 2003). There are
also two well-conserved CBFP homologs in flies, called
brother (bro) and big brother (bgb), which are able to stimulate
the ability of both fly and mammalian RD proteins to bind
DNA (Golling et al., 1996; Li and Gergen, 1999; Kaminker et
al., 2001). In vitro, RD factors from different species are able
to recognize similar binding sites, suggesting that they may
also recognize similar sites in vivo (Pepling and Gergen, 1995;
Golling et al., 1996; Xu et al., 2000; Flores et al., 2000).
Consistent with this molecular conservation, RD factors in
different species also have analogous roles during
development. For example, like AMLI in humans, [z is
expressed in the fly hematopoietic lineage, where it is
necessary for the specification of a subset of hematopoietic cell
types (Lebestky et al., 2000; Waltzer et al., 2003).

We found that the phenotypes resulting from AMLI1-ETO
expression in the fly eye differ from those produced by
expressing AML1 and from the /7" phenotype, indicating that
the effects of AML1-ETO on Drosophila eye development are
distinct from these other genetic alterations. Furthermore, we
show that expression of AMLI1-ETO represses the expression
of Drosophila Pax2 (sv — FlyBase) which is a directly activated
target gene of Lz. These data suggest that AML1-ETO is able
to repress the expression of RD targets in vivo. AML1-ETO is
also able to block the expression of deadpan (dpn), a gene that
is normally repressed by Lz. This result is particularly
informative for distinguishing between the dominant-negative
and constitutive repressor models, because we predict that a
negatively regulated target would be de-repressed if AMLI-
ETO acts by dominantly interfering with Lz function, but would
remain repressed if AMLI-ETO behaves as a constitutive
repressor. Finally, genetic interaction experiments with the RD
co-factors Bro and Bgb are inconsistent with a dominant-
negative model of AMLI1-ETO function. Together, these results
support a constitutive repressor model of AML1-ETO function.

Materials and methods

Fly stocks
UAS-AMLI-ETO flies were generously provided by B. Mathey-

Research article

Prevot, who also supplied the UAS-AMLI plasmid that was used to
generate the UAS-AMLI flies; Izr'3, a null allele of lz; UAS-Iz;
Df(3L)bgh™ (a small deficiency that removes bgh, referred to here as
bgb™"y; and SME-lacZ flies were kindly shared by the Banerjee
laboratory; UAS-run, UAS-bro and UAS-bgb flies were gifts from the
Gergen laboratory.

Immunofluorescence

Eye discs were dissected from 3rd instar larvae or pupae raised at
25°C. The discs were fixed in 4% formaldehyde in 1 XPBS, incubated
overnight in primary antibody diluted in 1 XPBT (0.1% Triton X-100
in 1 XPBS), washed and then incubated with fluorescently-conjugated
secondary antibodies from Jackson ImmunoResearch. The following
primary antibodies were used: mouse anti-fB-gal (1/1000; Sigma),
rabbit anti-Bgal (1/1500; Cappell), rat anti-Elav 7E8A10 (1/50;
Developmental Studies Hybridoma Bank), mouse anti-Cut (1/10;
Developmental Studies Hybridoma Bank), rabbit anti-AML1 AP1651
(1/50; generously shared by P. Erickson) and rabbit anti-Dpn (1/200;
kind gift of H. Vaessin).

UAS-NLS-AML1AETO, UAS-AML1-ETOAZF and UAS-Iz-enR
plasmids

UAS-NLS-AMLIAETO was created by PCR amplifying nucleotides 1-
531 of AMLI-ETO from an AMLI-ETO cDNA template kindly
supplied by B. Mathey-Prevot. Nucleotide 531 corresponds to the last
nucleotide of the RD, which is also the last AMLI nucleotide in
AMLI-ETO. The resulting AMLIAETO PCR product was cloned into
a modified pUASt vector that fuses an NLS in frame to 5" of
AMLIAETO. UAS-AMLI-ETOAZF was generated using two Xcm
restriction digest sites that flank the zinc fingers. This removes amino
acids 591-698 of AMLI1-ETO. The digested AMLI-ETO cDNA was
incubated with T4 DNA polymerase to generate in-frame blunt ends
that were then ligated together. AMLI-ETOAZF was sequenced and
cloned in pUASt. UAS-lz-enR was created by substituting the
engrailed repressor domain for nucleotides 1624-2259 of Iz (Iz cDNA
gift of the Banerjee laboratory) and then cloning /z-enR into pUASt.

Results

Expression of AML1-ETO causes phenotypes that
are distinct from other RD gene gain- and loss-of-
function phenotypes

To study the function of AMLI-ETO we used the Gal4-UAS
system to express AMLI-ETO in the fly eye (Brand and
Perrimon, 1993). The eye was chosen to characterize AML1-
ETO function in the fly for several reasons. First, expression
of exogenous proteins during fly eye development typically
does not result in lethality, allowing a thorough analysis of the
resulting phenotypes. Second, the function and targets of the
Drosophila RD gene Iz, which is expressed in the eye, have
been extensively characterized, thereby providing many
valuable tools and markers with which to carry out this analysis
(Daga et al., 1996; Crew et al., 1997; Xu et al., 2000; Flores
et al., 2000; Canon and Banerjee, 2003). An underlying
premise of this approach is that Lz target genes will respond
to AMLI1-ETO in a similar manner as genes that are regulated
by AMLI during human hematopoiesis. Although we focus
here on effects in the eye, expression of AMLI-ETO in the
fly hematopoietic system also has dramatic phenotypic
consequences (B. Mathey-Prevot, J.W. and R.S.M.,
unpublished). However, the lack of identified direct Lz targets
in the fly hematopoietic system makes it less suitable to study
the mechanism of AMLI-ETO function.

A wild-type adult Drosophila eye has ~750 ommatidia
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organized in a regular array. Each ommatidium has eight
photoreceptors (R1 to R8), four cone cells, eleven pigment
cells and three interommatidial bristle cells (reviewed by Wolff
and Ready, 1993). The eye forms from the eye imaginal disc,
which is a monolayer epithelium. In the eye imaginal disc the
morphogenetic furrow (MF) sweeps from the posterior to the
anterior, orchestrating ommatidial development as it
progresses. Posterior to the MF the first cell to differentiate is
the R8 photoreceptor, which recruits additional cells to the
forming ommatidium from a pool of undifferentiated cells.
The ommatidia form in a step-wise manner: first, the
photoreceptors join the ommatidium, followed by the cone
cells and, lastly, the pigment cells and interommatidial
bristles. Iz is expressed in the undifferentiated precursors,
photoreceptors R1, R6, R7, cone cells and pigment cells and
is necessary for the differentiation of these cell types (Fig. 1C)
(Daga et al., 1996; Batterham et al., 1996; Crew et al., 1997;
Flores et al., 1998).

As a first step towards testing the dominant-negative model
of AMLI-ETO function, we analyzed the adult phenotypes
resulting from the expression of AMLI-ETO and other RD
proteins (such as AMLI1 and Run) in the eye. We used two
different Gal4 driver lines: lz-Gal4 and Glass Multimer
Reporter (GMR)-Gal4. Iz-Gal4 drives expression in cells that
normally express /z, namely, the undifferentiated cells, R1, R6,
R7 and cone and pigment cells, but is also expressed outside
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Fig. 1. Schematic of RD- and ETO-related
proteins. (A) The RD proteins (blue) contain
the RD, which binds DNA and interacts with
CBFp/Bro/Bgb, and a C-terminal VWRPY
motif. ETO and Nervy (green) share four
conserved domains [NHR 1-4; NHR 4 is the
zinc-finger (ZF) domain]. enR (red) is from
the Engrailed protein and includes its
repressor domain. (B) Wild-type AML1
(blue) interacts with CBFp (purple) and can
bind either transcriptional activators (yellow
triangle) or repressors (red hexagon) to
regulate gene expression. There are two
models to describe how AML1-ETO
(blue+green) could be interfering with
endogenous AMLI1 target gene expression to
cause leukemia. First, AML1-ETO, which
recruits transcriptional repressors through its
C terminus, could repress the expression of
all AMLI targets (constitutive-repressor
model). Alternatively, AML1-ETO might
titrate away AMLI1 co-factors, such as CBFp3,
preventing AML1 from activating and
repressing gene expression (dominant-
negative model). In contrast to the predictions
of the constitutive repressor model,
negatively regulated targets would be de-
repressed in the dominant-negative model.
(C) A wild-type ommatidium contains eight
photoreceptors (1-8; circles), four cone cells

"
8':\4) \C_),[d)'-’:axz (c; ovals), eleven pigment cells (not shown)

and three bristles (not shown). Iz (blue),
which expressed in photoreceptors 1, 6 and 7
and the cone cells, regulates the expression of
svp (green), Drosophila Pax2 (red) and dpn
(yellow) as indicated.

the eye. GMR-Gal4 is more eye specific and expressed in all
cells that are within and posterior to the morphogenetic furrow.

Iz-Gal4 UAS-Iz eyes appear wild type, demonstrating that
elevating Lz levels in /z-expressing cells has no effect on eye
development (Fig. 2B). By contrast, the expression of either
run or AMLI results in eyes that appear ‘glazed’, meaning that
individual ommatidium are virtually impossible to discern
(Fig. 2C,D). This suggests that run and AMLI interfere with
normal eye development and are not functionally equivalent to
lz. However, [z-Gal4 UAS-run eyes are slightly more
pigmented than the /z-Gal4 UAS-AMLI eyes, suggesting that
run and AMLI may be functionally distinct from each other.
Flies that express AMLI1-ETO via lz-Gal4 die during pupal
stages, probably owing to expression outside the eye (for
example, /z-Gal4 also drives expression in the hematopoietic
system). However, in the eyes of Iz-Gal4 UAS-AMLI-ETO
animals that survive to late pupal stages individual ommatidia
cannot be observed and part of the eye is frequently covered
by scar tissue (Fig. 2E). This phenotype is more severe than
both the Iz-Gal4 UAS-AMLI and Iz phenotypes. Owing to
the pupal lethality of lz-Gal4; UAS-AMLI-ETO flies, we also
used GMR-Gal4 to express these proteins in the fly eye. GMR-
Gal4 UAS-AMLI-ETO eyes are greatly reduced in size and no
ommatidia are visible (Fig. 2K). This phenotype is distinct
from that produced by the expression of the other RD genes
using this driver. The difference in phenotype resulting from
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Fig. 2. Adult eye phenotypes resulting from altering RD gene expression. Photographs of adult eyes, except for E, F and J, which were
dissected from unhatched pupae. For clarity, the boundary of eye tissue is outlined in the GMR-Gal4 UAS-AMLI-ETO and Iz-Gal4 UAS-AMLI-
ETO flies. Two different driver lines (Iz-Gal4, B-F; GMR-Gal4, H-K) were used to express ectopically different fly and mammalian RD
proteins. The eye color differences are due to the presence or absence of white (or a mini-white transgene), which is necessary for eye
pigmentation. The relevant genotypes of the flies are as follows: (A) wild type; (B) lz-Gal4; UAS-iz; (C) lz-Gal4; UAS-run; (D) Iz-Gal4; UAS-
AMLI; (E) Iz-Gal4; UAS-AMLI-ETO;, (F) Iz-Gal4; UAS-Iz-enR; (G) Iz""; (H) GMR-Gal4; UAS-1z; (I) GMR-Gal4; UAS-run; (J) GMR-Gal4;

UAS-AMLI; (K) GMR-Gal4 UAS-AMLI-ETO.

AML1 versus AMLI-ETO is not due to variations in
expression levels, as antibody stains show that these two
factors are expressed at similar levels (data not shown). GMR-
Gal4 UAS-Iz eyes are mildly rough and GMR-Gal4 UAS-run
eyes have the same ‘glazed’ appearance as lz-Gal4 UAS-run
eyes (Fig. 2H,I). GMR-Gal4 UAS-AMLI eyes are reduced in
size, although more eye tissue is present than in GMR-Gal4
UAS-AMLI-ETO eyes (Fig. 2J). Thus, the ectopic expression
of AMLI1-ETO in the eye via GMR-Gal4 results in a phenotype
that is distinct from the phenotypes produced by other RD
factors.

We also compared the affects of expressing AML1-ETO to
Iz eyes. As described above, GMR-Gal4 UAS-AMLI-ETO
eyes are very small (Fig. 2K). By contrast, [z eyes are wild-

type in size, although the eyes have a ‘glazed’ appearance (Fig.
2G). In addition to comparing adult phenotypes, we also
analyzed the expression of two markers of eye development in
GMR-Gal4 UAS-AMLI-ETO and Iz™" eye discs. In iz eye
discs, cone cells are transformed into photoreceptors (Daga et
al., 1996). The transformed cone cells express elav, a pan-
neural marker, and seven-up (svp)-lacZ, which is normally
expressed in only a subset of photoreceptors (R3, R4, R1 and
R6; Fig. 3B,D) (Daga et al., 1996). Using these markers, we
did not find any evidence of a cone cell-to-photoreceptor
transformation in GMR-Gal4 UAS-AMLI-ETO eye discs (Fig.
3F). Instead, we found that svp-lacZ expression is decreased:
in most of the ommatidia of GMR-Gal4 UAS-AMLI-ETO eye
discs, svp-lacZ is limited to R3 and R4. This is very different

wild type
A C

Elav

svp-pgalElav

| i L _GMR>AML1-ETO || GMR>AMLA1 |
G

Fig. 3. elav and svp-lacZ expression in larval eye discs expressing RD proteins. Discs were stained for Elav (red) and 3-gal (green). The

ommatidia in the posterior of the GMR-Gal4 UAS-AMLI eye disc (arrow in G) are more disorganized and degenerated than in GMR-Gal4 UAS-
AMLI-ETO discs (E). In the higher magnification photographs (B,D,FH), a single ommatidium is circled. The eye discs were taken from larvae
of the following genotypes: (A,B) wild type, four cells express svp-lacZ per ommatidium; (C,D) Iz, more than four cells express svp-lacZ per
ommatidium; (E,F) GMR-Gal4 UAS-AMLI-ETO, the majority of ommatidia have only two svp-lacZ-expressing cells; (G,H) GMR-Gal4 UAS-
AMLI, many ommatidia have four cells that express svp-lacZ.
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from the [z eye discs, where more cells express svp-lacZ than

in wild type (compare Fig. 3D,F). We also examined elav and
svp-lacZ expression in GMR-Gal4 UAS-AMLI eye discs to
determine if GMR-Gal4 UAS-AMLI-ETO phenotypes are
similar to GMR-Gal4 UAS-AMLI phenotypes. In the posterior
of the GMR-Gal4 UAS-AMLI eye discs, the ommatidial
clusters appear to degenerate (Fig. 3G). The amount of
ommatidial degeneration is much greater in GMR-Gal4 UAS-
AMLI eye discs than in GMR-Gal4 UAS-AMLI-ETO eye discs
(Fig. 3E). This difference in the larval eye disc is striking, given
that the adult GMR-Gal4 UAS-AMLI-ETO eyes are smaller
and have less eye tissue than GMR-Gal4 UAS-AMLI eyes.
In addition, despite the dramatic effect on photoreceptor
differentiation, svp-lacZ expression is affected only in a subset
of the ommatidia in GMR-Gal4 UAS-AMLI eye discs (Fig.
3H). These results suggest that expressing AMLI-ETO
produces a phenotype that is different from both Iz eyes and
GMR-Gal4 UAS-AMLI eyes, and therefore do not support the
dominant-negative model of AMLI1-ETO function.

Additional bro or bgb does not suppress the ectopic
AML1-ETO phenotype

The dominant-negative model posits that AMLI-ETO
interferes with the function of endogenous RD proteins such
as AMLI1 by competing for a common co-factor. The best
characterized co-factor for the RD family of transcription
factors is CBFp, which has two Drosophila homologs, Bro and
Bgb. Consistent with the idea that these co-factors interact with
Lz in vivo, removing one copy of bgb enhances a partial Iz loss-
of-function eye phenotype while additional Bgb (or Bro)
suppresses this phenotype (Kaminker et al., 2001; Li and
Gergen, 1999). For AML1-ETO, the dominant-negative model
predicts that increasing Bro or Bgb levels should also suppress
the GMR-Gal4 UAS-AMLI-ETO phenotype. To test this, we
took advantage of the fact that the GMR-Gal4 UAS-AMLI-ETO
phenotype is temperature-sensitive (Fig. 4D,E). However,
contrary to the dominant-negative model, expressing Bro or
Bgb increased the severity of the GMR-Gal4 UAS-AMLI-ETO
phenotype at 22°C (Fig. 4E,F; data not shown). The GMR-Gal4
UAS-AMLI-ETO UAS-bro eyes were greatly reduced in size
and resembled GMR-Gal4 UAS-AMLI-ETO flies raised at a
higher temperature (Fig. 4F,D). Expressing Bro or Bgb on their
own had no discernable phenotypic consequences (Fig. 4B;
data not shown). Consistent with these observations, we found
that removing one copy of bgb partially suppressed the GMR-
Gal4 UAS-AMLI-ETO phenotype (Fig. 4G). Thus, the GMR-
Gal4 UAS-AMLI-ETO phenotype is sensitive to Bro and Bgb
levels, but in the opposite direction predicted by the dominant-
negative model.

We also found that the GMR-Gal4 UAS-AMLI-ETO
phenotype is sensitive to the dose of /z. Increasing Lz levels
suppressed the GMR-Gal4 UAS-AML-ETO phenotype whereas
decreasing Lz levels enhanced the phenotype (Fig. 4H; data not
shown). These findings suggest that AML1-ETO and Lz may
be competing for a common factor or binding site, a result that
is consistent with both the dominant-negative and constitutive
repressor models.

The ETO region of AML1-ETO is required for its
activity
Another test of the dominant-negative model is to determine if

Mechanism of AML1-ETO function 2267

wild type

bgb™ .

GMR>AML1-ETO+Bro GMR=AML1-ETO

-
GMR=>AML1-ETO+Lz

GMR>AML1-ETO |

Fig. 4. The AMLI1-ETO-induced phenotype is modified by changes
in bro, bgb and Iz levels. Photographs of adult eyes raised at 22°C
(B,C.E-G) and 25°C (A,D,H). The eye tissue of the GMR-Gal4 UAS-
AMLI-ETO (D) and GMR-Gal4 UAS-AMLI-ETO UAS-bro (F) flies
is outlined. The eye color differences are due to the presence or
absence of white (or a mini-white transgene), which is necessary for
eye pigmentation. The genotypes of the flies are as follows: (A) wild
type; (B) GMR-Gal4; UAS-bro; (C) bgh""/+; (D) GMR-Gal4 UAS-
AMLI-ETO; (E) GMR-Gal4 UAS-AMLI-ETO;, (F) GMR-Gal4 UAS-
AMLI-ETO; UAS-bro; (G) GMR-Gal4 UAS-AMLI-ETO; bgb™"/+;
(H) GMR-Gal4 UAS-AMLI-ETO; UAS-Iz.

an AMLI1-ETO truncation that still has the RD, and therefore
retains the potential to interact with Bro and Bgb, produces a
similar phenotype as the full-length protein. We truncated
AMLI1-ETO C terminal to the RD, removing ETO completely
(NLS-AMLIAETO) (Fig. 1A). Similarly truncated AMLI1
proteins have been previously shown to maintain their ability
to bind CBF, which interacts with residues present in the RD
(Tahirov et al., 2001; Warren et al., 2000; Kim et al., 1999;
Kanno et al., 1998). Because AMLI1-ETO is a constitutively
nuclear protein, we also added an exogenous NLS to ensure
that the truncated protein enters the nucleus (inset in Fig. 5D).
We expressed NLS-AMLIAETO using [z-Gal4 so that its
expression would be restricted to /z-expressing cells in the eye.
Iz-Gal4 UAS-NLS-AMLIAETO animals hatch and their eyes
appear wild type (Fig. 5C). This is in contrast to Iz-Gal4 UAS-
AMLI-ETO animals, which die during pupation, and GMR-
Gal4 UAS-AMLI-ETO flies, which have very reduced eyes
(Fig. 2K). The expression of two different markers of cell
differentiation, elav and the cone cell marker SME-lacZ (a
direct target of Lz, see below), is also wild type in Iz-Gal4 UAS-
NLS-AMLIAETO eye discs (Fig. 5D). These results are
consistent with the idea that the RD domain in AMLI1-ETO is
not titrating away factor(s) that Lz requires to function and thus
provides further evidence against the dominant-negative
model. These results also demonstrate that the ETO region of
the AMLI-ETO chimera is necessary for the AMLI-ETO-
induced phenotypes.

AML1-ETO blocks the expression of an activated Lz
target in cone cells

Because the results described above do not support the
dominant-negative model of AMLI-ETO function, we
designed experiments to test the constitutive repressor model.
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Fig. 5. The ETO region of AML1-ETO is required for activity.
Larval eye discs are stained for AMLI1 (red), B-gal (green) and Elav
(blue). (A,B) Wild-type eye (A) and larval eye disc (B), showing the
normal expression pattern of SME-lacZ. anti-AML1 does not
recognize any of the endogenous fly RD proteins. (C,D) lz-Gal4
UAS-NLS-AMLIAETO eyes appear wild type (C) and expression of
NLS-AMLIAETO does not affect SME-lacZ expression or eye disc
development (D). (D, inset) An ommatidium is enlarged to show that
NLS-AMLIAETO colocalizes with Elav in the nucleus.

This model proposes that AML1-ETO represses the expression
of AMLI targets, regardless of whether AMLI normally
activates or represses these genes. In the Drosophila eye,
several [z targets have been identified. One of these is
Drosophila Pax2, which is expressed in cone cells and is
directly activated by Lz via the SME enhancer (Fu and Noll,
1997; Fu et al., 1998; Flores et al., 2000). We used the SME-
lacZ reporter gene to monitor the effect of AMLI-ETO on this
Lz target in vivo (Flores et al., 2000). In addition, we followed
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the expression of cut, which is a Lz-independent marker for
cone cells, to determine if cone cells can still differentiate when
expressing AMLI-ETO. There was a small reduction in the
number of cut-expressing cone cells, suggesting that AMLI1-
ETO has some potential to interfere with the differentiation of
this cell type. However, in the many cuz-expressing cone cells
that remain, AMLI1-ETO repressed SME-lacZ expression (Fig.
6LJ). Although there was some residual SME-lacZ expression
in larval eye discs, expression of this reporter gene is nearly
abolished by pupal stages (Fig. 6K,L).

If AMLI-ETO is a constitutive repressor, we would expect
it to have similar properties to other RD proteins that are fused
to a potent and constitutive repressor domain. To test this idea,
we expressed a Lz protein that is fused to the engrailed
repressor domain (Lz-enR, Fig. 1A). As with AML1-ETO, flies
expressing lz-enR via lz-Gal4 die during pupal stages. In pupae
where eyes form, they have an eye phenotype that is similar to
that produced by AML1-ETO (Fig. 2F). Moreover, like AML1-
ETO, expression of Lz-enR inhibits SME-lacZ expression in
cone cells (Fig. 6M-P). Thus, expressing Lz-enR results in a
similar phenotype to expressing AMLI1-ETO that is distinct
from the /7™ phenotype. Unlike [z eye discs, cone cells are
present in both the Iz-Gal4 UAS-AMLI-ETO and Iz-Gal4 UAS-
Iz-enR eye discs. Therefore, the loss of SME-lacZ expression
is not due to the absence of this cell type.

AML1-ETO represses deadpan, a gene normally
repressed by Lz

The results described above indicate that AMLI-ETO is
capable of inhibiting the expression of Drosophila Pax2, a gene
that is directly activated by Lz. Our next question was whether
expression of AML1-ETO also blocks the expression of targets
that Lz negatively regulates. The dominant-negative and
constitutive repressor models predict different outcomes for
this experiment (Fig. 1B). If AMLI1-ETO is acting
as a dominant-negative factor, a gene that Lz

larval pupal

negatively regulates should be de-repressed. In

Cut SME-lacZ Cut

| IzLz-enR ||Iz>AML1-ETO|| Iz || wild type |

| SME-lacZ

contrast, if AMLI-ETO is acting as a constitutive
repressor this gene will remain repressed. dpn is
directly and negatively regulated by Lz in cone
cells (Canon and Banerjee, 2003). dpn is normally
expressed in the R3/R4 photoreceptors just
posterior to the furrow and is then transiently
expressed in differentiating R7 photoreceptors
(Fig. 7A; see Fig. 1C for a summary of its

Fig. 6. Expression of AMLI1-ETO and Lz-enR inhibits
SME-lacZ expression in larval and pupal eye discs. The
eye discs are stained for Cut (green) and -gal (red).
Larval eye discs are shown in A,B,E,FILJ,M,N and
pupal eye discs are shown in C,D,G,H,K,L,O,P.

(A-D) In wild type, SME-lacZ is expressed in cone
cells, which also express cut, during larval and pupal
stages (the green and red channels are separated).

(E-H) SME-lacZ is directly activated by Lz, and is
therefore not expressed in Iz eye discs, which also do
not have cone cells. (I-L) SME-lacZ levels are
significantly reduced in Iz-Gal4 UAS-AMLI-ETO eye
discs. This effect is more obvious at pupal stages (K,L).
Cut expression remains. (M-P) Ectopic expression of
Lz-enR also inhibits SME-lacZ expression (Iz-Gal4
UAS-Iz-enR). Cut expression remains.
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expression pattern) (Canon and Banerjee, 2003). In 7" eye

discs dpn is expressed normally in R3, R4 and R7 but is also
expressed in the transformed cone cells (Fig. 7B) (Canon and
Banerjee, 2003). In GMR-Gal4 UAS-AMLI-ETO eye discs,
dpn expression in R7 is virtually abolished and there is no
ectopic expression in other cells (Fig. 7C). dpn expression in
R7 is also repressed in GMR-Gal4 UAS-Iz-enR eye discs,
similar to GMR-Gal4 UAS-AMLI-ETO eye discs (Fig. 7D).
The expression of dpn in R3/R4 is not affected, despite the fact
that GMR-Gal4 is active in these cells. One explanation for this

| Dpn Elav |

2
u
bar
3
&
=
o

GMR>Lz-enR

GMR>AML1-ETOAZF

Fig. 7. Effects of AML1-ETO and AML1-ETOAZF expression on
dpn. Discs were stained for Elav (red) and Dpn (green). The identity
of the dpn-expressing photoreceptors is indicated to the right of the
panels and an arrow indicates an individual R7 cell in each
photograph. The asterisk next to B indicates cone cells differentiating
as photoreceptors in /7" eye discs. (A) dpn is normally expressed in
differentiating R3, R4 and R7 photoreceptors (see also Fig. 1C).

(B) In Iz eye discs, dpn is expressed in the transformed cone cells
(arrowhead). (C) In GMR-Gal4 UAS-AMLI-ETO eye discs, dpn is
repressed in R7 (although an occasional R7 cell weakly expresses
dpn). No ectopic Dpn expression is observed. (D) dpn is not
expressed in R7 in GMR-Gal4 UAS-Iz-enR eye discs. (E) In GMR-
Gal4 UAS-AMLI-ETOAZF eye discs there are more dpn-expressing
R7 cells than in GMR-Gal4 UAS-AMLI-ETO eye discs, suggesting
that the zinc-finger domain is required for complete dpn repression in
this assay.
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observation is that bgb is not expressed in R3/R4 (although it
is not known if Bro is expressed in these cells) (Kaminker et
al., 2001). The repression of dpn by AML1-ETO is inconsistent
with a model in which AMLI-ETO inhibits Lz activity.
Instead, these results provide further support for the idea that
AMLI1-ETO is a constitutive transcriptional repressor.

In the constitutive repressor model, the ETO region of
AMLI-ETO recruits transcriptional co-repressors (Hug and
Lazar, 2004). Although multiple regions within the ETO C
terminus can interact with transcriptional repressors, the zinc-
finger domain is necessary to mediate repression in cell culture
assays (Lutterbach et al., 1998a; Wang et al., 2004). Based on
these results, we tested whether the zinc-finger domain is also
crucial for AMLI1-ETO function in vivo in Drosophila by
expressing an AMLI-ETO protein that lacks the zinc-finger
domain (AMLI-ETOAZF). Expression of AMLI-ETOAZF
using GMR-Gal4 produced an adult eye phenotype that was
intermediate between the AML1 and AML1-ETO phenotypes
(Fig. 2J,K; data not shown). Furthermore, expression of this
protein had an inconsistent effect on dpn expression in R7 (Fig.
7E). There were some R7 cells that expressed dpn and some
that did not. No ectopic dpn expression was observed in these
eye discs. However, expression of AMLI1-ETOAZF repressed
SME-lacZ, similar to full-length AMLI-ETO, although
AMLI1-ETOAZF showed less inhibition of cone cell
differentiation (monitored by cut staining) than did AMLI-
ETO (data not shown). These results suggest that the ETO zinc-
finger domain plays a role in AML1-ETO function in vivo, but
for the repression of some target genes this domain appears not
to be required and may be redundant with other ETO domains.

Discussion

Drosophila as a model system to study AML1-ETO
function

AMLI-ETO has been widely studied using both cell culture and
animal models. Several AMLI-ETO knock-in murine models
now exist, including an inducible knock-in that bypasses the
embryonic lethality observed in other AMLI-ETO knock-in
mice (Yergeau et al., 1997; Okuda et al., 1998; Rhoades et al.,
2000; Yuan et al., 2001; Higuchi et al., 2002). Surprisingly,
these knock-in murine models indicate that AMLI-ETO alone
is not sufficient to cause leukemia. The AMLI-ETO-expressing
mice develop leukemia only after additional mutations are
induced (Yuan et al., 2001; Higuchi et al., 2002). The need to
induce secondary mutations to trigger the disease state could
complicate the use of mice as a model organism to study how
AMLI-ETO acts at a mechanistic level. Complementary animal
models to investigate AMLI-ETO function in vivo may provide
additional insights into the activity of this oncogene. For
example, AMLI-ETO has recently been expressed in zebrafish
embryos, resulting in abnormal hematopoiesis (Kalev-Zylinska
et al., 2002). Here, we describe the phenotypes resulting from
the expression of AMLI-ETO in flies, establishing another
animal model in which to study AMLI-ETO function.
Drosophila is a particularly attractive model organism, given
the relative ease of performing large-scale genetic screens in
flies. In support of this idea, we show here that the AMLI-ETO
eye phenotype is sensitive to changes in the levels of bro and
bgb. Thus, it should be possible to perform a modifier screen
to identify additional genes that interact with AMLI-ETO. In
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fact, we have already performed an initial screen and identified
several genomic regions that show a genetic interaction with
AMLI-ETO (J.W. and R.S.M., unpublished).

AML1-ETO as a constitutive transcriptional
repressor

We used the Drosophila eye to investigate two different
models of AMLI-ETO function. Although previous studies
showed that AMLI-ETO interferes with endogenous AML1
activity, it was unclear how AMLI1-ETO might act in vivo.
AMLI1-ETO contains the AML1 RD, which interacts with
DNA and co-factors such as CBFP. Thus, one plausible
model is that AMLI-ETO titrates CBFp away from AMLI,
inhibiting AMLI1 from acting effectively. CBFJ is crucial for
AMLL1 activity, as demonstrated by the fact that Chfb-null
mice phenocopy AMLI mutants (Wang et al., 1996b; Sasaki
et al., 1996; Niki et al., 1997). In addition, AMLI1-ETO has
been shown to compete with AML1 for CBF (Meyers et al.,
1995; Tanaka et al., 1998). In flies, the CBF[} homologs bro
and bgb are required for RD function (Li and Gergen, 1999;
Kaminker et al., 2001). However, in contrast to the prediction
of a dominant-negative model, we found that supplying
higher levels of Bro (or Bgb) increased the severity of the
AMLI1-ETO phenotype instead of suppressing it. This result
suggests that AML1-ETO uses these co-factors to generate
the observed phenotypes and that supplying additional Bro or
Bgb results in a higher concentration of functional AMLI-
ETO/co-factor complexes. In an analogous manner, reducing
the dose of Bgb enhances a Iz hypomorphic phenotype
(Kaminker et al., 2001), consistent with the idea that Lz uses
this co-factor and that reducing its concentration results in
lower amounts of functional Lz/co-factor complexes. In both
cases, changes in Bgb or Bro levels only show an effect when
AMLI-ETO or Lz are present in limiting amounts (/z* and
GMR-Gal4; UAS-AMLI-ETO at 22°C); changing the levels
of these co-factors does not produce a visible phenotype in
an otherwise wild-type background. Similarly, we found that
expression of an AML1-ETO truncation that still contains the
Bro- and Bgb-interaction domain had no effect on eye
development in an otherwise wild-type background. Thus, it
appears that these co-factors are not normally present in
limiting amounts, but become limiting when their partners
(e.g. AMLI-ETO or Lz) are present at low levels. Taken
together, these results suggest that AMLI-ETO does not
compete with endogenous RD factors for these co-factors and
provide evidence against a dominant-negative model of
AMLI-ETO function.

By contrast, our results, in particular showing that AML1-
ETO represses genes that are directly activated (Drosophila
Pax2) or directly repressed (dpn) by Lz, support the idea that
AMLI1-ETO behaves as a constitutive repressor. These results
are also consistent with previous findings showing that AML1-
ETO represses gene expression (Meyers et al., 1995;
Lutterbach et al., 1998a). Although AMLI1 functions as a
transcriptional activator and repressor, neither the AMLI
transactivation domain nor repressor domain are present in
AMLI-ETO. Instead, the RD is fused to nearly the entire ETO
protein, which is capable of recruiting several co-repressors
through multiple domains (Peterson and Zhang, 2004; Hug and
Lazar, 2004). In our experiments, we propose that AML1-ETO
binds to Lz-binding sites via its RD and represses the
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expression of Lz target genes, regardless of whether these
genes are normally activated or repressed by Lz. By extension,
we suggest that AMLI-ETO acts similarly to repress AMLI
target genes when expressed in humans. Although there are a
few reports suggesting that AML1-ETO activates transcription,
it is unclear if this regulation is direct. Furthermore, for at least
one of these activated targets (bcl2), there is conflicting
evidence whether AMLI-ETO causes an in increase in gene
expression (Klampfer et al., 1996; Banker et al., 1998; Shikami
et al., 1999; Burel et al., 2001). In sum, our results support the
idea that AMLI-ETO is a constitutive transcriptional repressor
of AMLI targets and fit with a large body of evidence showing
that AMLI1-ETO represses transcription in a RD binding site-
dependent manner (Peterson and Zhang, 2004).

Recently, AML1-ETO was also shown to affect transcription
by interacting with the basic helix-loop-helix factor called
HeLa E-box binding factor (HEB) (Zhang et al., 2004). In these
experiments, AML1-ETO and ETO were shown to block the
transactivation activity of HEB in cell culture assays by
interfering with the ability of HEB to recruit CBP/p300. For
AMLI target genes that are activated by E proteins, the
mechanism defined by these experiments may be one way
in which AMLI-ETO causes transcriptional repression. In
addition, inhibition of E protein activity may represent another
mechanism by which AML1-ETO carries out its leukemogenic
functions. As our experiments specifically examined the
regulation of previously characterized [z target genes, for
which it is not known if there is an E protein input, we cannot
at present distinguish between these two possibilities.
However, we emphasize that these mechanisms are not
mutually exclusive and that both may be operating in vivo.

Our results also tested if the zinc fingers are necessary for
AMLI-ETO to inhibit gene expression. When compared with
AMLI-ETO, we found that AMLI1-ETOAZF is slightly less
potent at repressing dpn expression but is able to repress SME-
lacZ equally well. These results suggest that the zinc fingers
may be more important for repressing some target genes than
others and that this domain might be functionally redundant
with other parts of the protein. This is not surprising, as
multiple transcriptional repressor complexes can interact with
different regions of ETO (Davis et al., 2003). Although the zinc
fingers mediate an interaction with N-CoR/SMRT, the amino
acids surrounding NHR2, for example, are capable of
recruiting HDAC-1, HDAC-3 and Sin3a (Lutterbach et al.,
1998a; Lutterbach et al., 1998b; Gelmetti et al., 1998; Wang
et al., 1998; Amann et al., 2001; Hildebrand et al., 2001).
Furthermore, an attempt to define a single region of ETO that
disrupts its function in vivo was unsuccessful (Cao et al.,
2002). Thus, although the zinc-finger domain is highly
conserved, blocking its function may only interfere with the
repression of a small subset of AML1-ETO target genes.

In conclusion, these data provide strong support for a model
in which AML1-ETO is a constitutive transcriptional repressor
rather than a factor that dominantly interferes with the activity
of endogenous RD protein function. One implication from
these findings is that AML might be caused by the repression
of genes that AML1 normally activates, rather than a reduction
of normal AMLI1 activity. Accordingly, we suggest that a
deeper understanding of how AML1-ETO contributes to AML
will require the identification of genes that are normally
activated by AMLI.



o
=
Q
=
g

2
o
>
&

A

We thank Utpal Banerjee, Peter Gergen, Bernard Mathey-Prevot,
Gary Struhl, Harald Vaessin and the Bloomington Stock Center and
Developmental Studies Hybridoma Bank for fly stocks and reagents;
and Bernard Mathey-Prevot for comments on the manuscript. This
work was supported by a grant from the NCI to R.S.M.

References

Adya, N., Stacy, T., Speck, N. A. and Liu, P. P. (1998). The leukemic protein
core binding factor beta (CBFbeta)-smooth-muscle myosin heavy chain
sequesters CBFalpha2 into cytoskeletal filaments and aggregates. Mol. Cell.
Biol. 18, 7432-7443.

Amann, J. M., Nip, J., Strom, D. K., Lutterbach, B., Harada, H., Lenny,
N., Downing, J. R., Meyers, S. and Hiebert, S. W. (2001). ETO, a target
of t(8;21) in acute leukemia, makes distinct contacts with multiple histone
deacetylases and binds mSin3A through its oligomerization domain. Mol.
Cell. Biol. 21, 6470-6483.

Banker, D. E., Radich, J., Becker, A., Kerkof, K., Norwood, T., Willman,
C. and Appelbaum, F. R. (1998). The t(8;21) translocation is not
consistently associated with high Bcl-2 expression in de novo acute myeloid
leukemias of adults. Clin. Cancer Res. 4, 3051-3062.

Batterham, P., Crew, J. R., Sokac, A. M., Andrews, J. R., Pasquini, G. M.,
Davies, A. G., Stocker, R. F. and Pollock, J. A. (1996). Genetic analysis
of the lozenge gene complex in Drosophila melanogaster: adult visual
system phenotypes. J. Neurogenet. 10, 193-220.

Bonini, N. M. and Fortini, M. E. (2002). Applications of the Drosophila
retina to human disease modeling. In Drosophila Eye Development (ed. K.
Moses), pp. 257-276. New York: Springer-Verlag.

Brand, A. H. and Perrimon, N. (1993). Targeted gene expression as a means
of altering cell fates and generating dominant phenotypes. Development 118,
401-415.

Burel, S. A., Harakawa, N., Zhou, L., Pabst, T., Tenen, D. G. and Zhang,
D. E. (2001). Dichotomy of AMLI1-ETO functions: growth arrest versus
block of differentiation. Mol. Cell. Biol. 21, 5577-5590.

Canon, J. and Banerjee, U. (2003). In vivo analysis of a developmental circuit
for direct transcriptional activation and repression in the same cell by a Runx
protein. Genes Dev. 17, 838-843.

Cao, Y., Zhao, H. and Grunz, H. (2002). XETOR regulates the size of the
proneural domain during primary neurogenesis in Xenopus laevis. Mech.
Dev. 119, 35-44.

Crew, J. R., Batterham, P. and Pollock, J. A. (1997). Developing compound
eye in lozenge mutants of Drosophila: lozenge expression in the R7
equivalence group. Dev. Genes Evol. 206, 481-493.

Daga, A., Karlovich, C. A., Dumstrei, K. and Banerjee, U. (1996).
Patterning of cells in the Drosophila eye by Lozenge, which shares
homologous domains with AMLI1. Genes Dev. 10, 1194-1205.

Davis, J. N., McGhee, L. and Meyers, S. (2003). The ETO (MTGS8) gene
family. Gene 303, 1-10.

Erickson, P., Gao, J., Chang, K. S., Look, T., Whisenant, E., Raimondi, S.,
Lasher, R., Trujillo, J., Rowley, J. and Drabkin, H. (1992). Identification
of breakpoints in t(8;21) acute myelogenous leukemia and isolation of a
fusion transcript, AMLI1/ETO, with similarity to Drosophila segmentation
gene, runt. Blood 80, 1825-1831.

Feinstein, P. G., Kornfeld, K., Hogness, D. S. and Mann, R. S. (1995).
Identification of homeotic target genes in Drosophila melanogaster
including nervy, a proto-oncogene homologue. Genetics 140, 573-586.

Flores, G. V., Daga, A., Kalhor, H. R. and Banerjee, U. (1998). Lozenge is
expressed in pluripotent precursor cells and patterns multiple cell types in
the Drosophila eye through the control of cell-specific transcription factors.
Development 125, 3681-3687.

Flores, G. V., Duan, H., Yan, H., Nagaraj, R., Fu, W., Zou, Y., Noll, M.
and Banerjee, U. (2000). Combinatorial signaling in the specification of
unique cell fates. Cell 103, 75-85.

Fu, W. and Noll, M. (1997). The Pax2 homolog sparkling is required for
development of cone and pigment cells in the Drosophila eye. Genes Dev.
11, 2066-2078.

Fu, W., Duan, H., Frei, E. and Noll, M. (1998). shaven and sparkling are
mutations in separate enhancers of the Drosophila Pax2 homolog.
Development 125, 2943-2950.

Gelmetti, V., Zhang, J., Fanelli, M., Minucci, S., Pelicci, P. G. and Lazar,
M. A. (1998). Aberrant recruitment of the nuclear receptor corepressor-
histone deacetylase complex by the acute myeloid leukemia fusion partner
ETO. Mol. Cell. Biol. 18, 7185-7191.

Mechanism of AML1-ETO function 2271

Golling, G., Li, L., Pepling, M., Stebbins, M. and Gergen, J. P. (1996).
Drosophila homologs of the proto-oncogene product PEBP2/CBF beta
regulate the DNA-binding properties of Runt. Mol. Cell. Biol. 16, 932-942.

Higuchi, M., O’Brien, D., Kumaravelu, P., Lenny, N., Yeoh, E. J. and
Downing, J. R. (2002). Expression of a conditional AMLI-ETO oncogene
bypasses embryonic lethality and establishes a murine model of human
t(8;21) acute myeloid leukemia. Cancer Cell 1, 63-74.

Hildebrand, D., Tiefenbach, J., Heinzel, T., Grez, M. and Maurer, A. B.
(2001). Multiple regions of ETO cooperate in transcriptional repression. J.
Biol. Chem. 276, 9889-9895.

Hug, B. A. and Lazar, M. A. (2004). ETO interacting proteins. Oncogene 23,
4270-4274.

Jackson, G. R., Salecker, 1., Dong, X., Yao, X., Arnheim, N., Faber, P. W.,
MacDonald, M. E. and Zipursky, S. L. (1998). Polyglutamine-expanded
human huntingtin transgenes induce degeneration of Drosophila
photoreceptor neurons. Neuron 21, 633-642.

Kalev-Zylinska, M. L., Horsfield, J. A., Flores, M. V., Postlethwait, J. H.,
Vitas, M. R., Baas, A. M., Crosier, P. S. and Crosier, K. E. (2002). Runx 1
is required for zebrafish blood and vessel development and expression of a
human RUNXI-CBF2T1 transgene advances a model for studies of
leukemogenesis. Development 129, 2015-2030.

Kaminker, J. S., Singh, R., Lebestky, T., Yan, H. and Banerjee, U. (2001).
Redundant function of Runt Domain binding partners, Big brother and
Brother, during Drosophila development. Development 128, 2639-2648.

Kaminker, J. S., Canon, J., Salecker, I. and Banerjee, U. (2002). Control of
photoreceptor axon target choice by transcriptional repression of Runt. Nat.
Neurosci. 5, 746-750.

Kanno, T., Kanno, Y., Chen, L. F., Ogawa, E., Kim, W. Y. and Ito, Y.
(1998). Intrinsic transcriptional activation-inhibition domains of the
polyomavirus enhancer binding protein 2/core binding factor alpha subunit
revealed in the presence of the beta subunit. Mol. Cell. Biol. 18, 2444-2454.

Kazantsev, A., Walker, H. A., Slepko, N., Bear, J. E., Preisinger, E., Steffan,
J.S., Zhu, Y. Z., Gertler, F. B., Housman, D. E., Marsh, J. L. et al. (2002).
A bivalent Huntingtin binding peptide suppresses polyglutamine
aggregation and pathogenesis in Drosophila. Nat. Genet. 30, 367-376.

Kim, W. Y., Sieweke, M., Ogawa, E., Wee, H. J., Englmeier, U., Graf, T.
and Ito, Y. (1999). Mutual activation of Ets-1 and AML1 DNA binding by
direct interaction of their autoinhibitory domains. EMBO J. 18, 1609-1620.

Klampfer, L., Zhang, J., Zelenetz, A. O., Uchida, H. and Nimer, S. D.
(1996). The AMLI/ETO fusion protein activates transcription of BCL-2.
Proc. Natl. Acad. Sci. USA 93, 14059-14064.

Lebestky, T., Chang, T., Hartenstein, V. and Banerjee, U. (2000).
Specification of Drosophila hematopoietic lineage by conserved
transcription factors. Science 288, 146-149.

Li, L. H. and Gergen, J. P. (1999). Differential interactions between Brother
proteins and Runt domain proteins in the Drosophila embryo and eye.
Development 126, 3313-3322.

Look, A. T. (1997). Oncogenic transcription factors in the human acute
leukemias. Science 278, 1059-1064.

Lutterbach, B. and Hiebert, S. W. (2000). Role of the transcription factor
AML-1 in acute leukemia and hematopoietic differentiation. Gene 245, 223-
235.

Lutterbach, B., Sun, D., Schuetz, J. and Hiebert, S. W. (1998a). The MYND
motif is required for repression of basal transcription from the multidrug
resistance 1 promoter by the t(8;21) fusion protein. Mol. Cell. Biol. 18,
3604-3611.

Lutterbach, B., Westendorf, J. J., Linggi, B., Patten, A., Moniwa, M.,
Davie, J. R., Huynh, K. D., Bardwell, V. J., Lavinsky, R. M., Rosenfeld,
M. G. et al. (1998b). ETO, a target of t(8;21) in acute leukemia, interacts
with the N-CoR and mSin3 corepressors. Mol. Cell. Biol. 18, 7176-7184.

Meyers, S., Lenny, N. and Hiebert, S. W. (1995). The t(8;21) fusion protein
interferes with AML-1B-dependent transcriptional activation. Mol. Cell.
Biol. 15, 1974-1982.

Miyoshi, H., Kozu, T., Shimizu, K., Enomoto, K., Maseki, N., Kaneko, Y.,
Kamada, N. and Ohki, M. (1993). The t(8;21) translocation in acute
myeloid leukemia results in production of an AMLI-MTGS8 fusion
transcript. EMBO J. 12, 2715-2721.

Niki, M., Okada, H., Takano, H., Kuno, J., Tani, K., Hibino, H., Asano,
S., Ito, Y., Satake, M. and Noda, T. (1997). Hematopoiesis in the fetal liver
is impaired by targeted mutagenesis of a gene encoding a non-DNA binding
subunit of the transcription factor, polyomavirus enhancer binding protein
2/core binding factor. Proc. Natl. Acad. Sci. USA 94, 5697-5702.

Nisson, P. E., Watkins, P. C. and Sacchi, N. (1992). Transcriptionally active
chimeric gene derived from the fusion of the AML1 gene and a novel gene



o
=
Q
=
g

2
o
>
&

A

2272 Development 132 (10)

on chromosome 8 in t(8;21) leukemic cells. Cancer Genet. Cytogenet. 63,
81-88.

Ogawa, E., Inuzuka, M., Maruyama, M., Satake, M., Naito-Fujimoto, M.,
Ito, Y. and Shigesada, K. (1993). Molecular cloning and characterization
of PEBP2 beta, the heterodimeric partner of a novel Drosophila runt-related
DNA binding protein PEBP2 alpha. Virology 194, 314-331.

Okuda, T., van Deursen, J., Hiebert, S. W., Grosveld, G. and Downing, J.
R. (1996). AMLI, the target of multiple chromosomal translocations in
human leukemia, is essential for normal fetal liver hematopoiesis. Cell 84,
321-330.

Pepling, M. E. and Gergen, J. P. (1995). Conservation and function of the
transcriptional regulatory protein Runt. Proc. Natl. Acad. Sci. USA 92, 9087-
9091.

Peterson, L. F. and Zhang, D. E. (2004). The 8;21 translocation in
leukemogenesis. Oncogene 23, 4255-4262.

Rennert, J., Coffman, J. A., Mushegian, A. R. and Robertson, A. J. (2003).
The evolution of Runx genes I. A comparative study of sequences from
phylogenetically diverse model organisms. Evol. Biol. 3, 4.

Rhoades, K. L., Hetherington, C. J., Harakawa, N., Yergeau, D. A., Zhou,
L., Liu, L. Q., Little, M. T., Tenen, D. G. and Zhang, D. E. (2000).
Analysis of the role of AMLI-ETO in leukemogenesis, using an inducible
transgenic mouse model. Blood 96, 2108-2015.

Sasaki, K., Yagi, H., Bronson, R. T., Tominaga, K., Matsunashi, T.,
Deguchi, K., Tani, Y., Kishimoto, T. and Komori, T. (1996). Absence of
fetal liver hematopoiesis in mice deficient in transcriptional coactivator core
binding factor beta. Proc. Natl. Acad. Sci. USA 93, 12359-12363.

Shikami, M., Miwa, H., Nishii, K., Takahashi, T., Sekine, T., Mahmud, N.,
Nishikawa, M., Shiku, H., Kamada, N. and Kita, K. (1999). Low BCL-
2 expression in acute leukemia with t(8;21) chromosomal abnormality.
Leukemia 13, 358-368.

Shimizu, K., Miyoshi, H., Kozu, T., Nagata, J., Enomoto, K., Maseki, N.,
Kaneko, Y. and Ohki, M. (1992). Consistent disruption of the AML1 gene
occurs within a single intron in the t(8;21) chromosomal translocation.
Cancer Res. 52, 6945-6948.

Siddall, N. A., Behan, K. J., Crew, J. R., Cheung, T. L., Fair, J. A,,
Batterham, P. and Pollock, J. A. (2003). Mutations in lozenge and D-Pax2
invoke ectopic patterned cell death in the developing Drosophila eye using
distinct mechanisms. Dev. Genes Evol. 213, 107-119.

Tahirov, T. H., Inoue-Bungo, T., Morii, H., Fujikawa, A., Sasaki, M.,
Kimura, K., Shiina, M., Sato, K., Kumasaka, T., Yamamoto, M. et al.
(2001). Structural analyses of DNA recognition by the AML1/Runx-1 Runt
domain and its allosteric control by CBFbeta. Cell 104, 755-767.

Tanaka, K., Tanaka, T., Kurokawa, M., Imai, Y., Ogawa, S., Mitani, K.,
Yazaki, Y. and Hirai, H. (1998). The AML1I/ETOMTGS) and AMLI1/Evi-
1 leukemia-associated chimeric oncoproteins accumulate
PEBP2beta(CBFbeta) in the nucleus more efficiently than wild-type AMLI1.
Blood 91, 1688-1699.

Waltzer, L., Ferjoux, G., Bataille, L. and Haenlin, M. (2003). Cooperation
between the GATA and RUNX factors Serpent and Lozenge during
Drosophila hematopoiesis. EMBO J. 22, 6516-6525.

Wang, J., Hoshino, T., Redner, R. L., Kajigaya, S. and Liu, J. M. (1998).
ETO, fusion partner in t(8;21) acute myeloid leukemia, represses
transcription by interaction with the human N-CoR/mSin3/HDACI
complex. Proc. Natl. Acad. Sci. USA 95, 10860-10865.

Wang, J., Wang, M. and Liu, J. M. (2004). Domains involved in ETO and
human N-CoR interaction and ETO transcription repression. Leuk. Res. 28,
409-414.

Wang, Q., Stacy, T., Binder, M., Marin-Padilla, M., Sharpe, A. H. and
Speck, N. A. (1996a). Disruption of the Cbfa2 gene causes necrosis and
hemorrhaging in the central nervous system and blocks definitive
hematopoiesis. Proc. Natl. Acad. Sci. USA 93, 3444-3449.

Wang, Q., Stacy, T., Miller, J. D., Lewis, A. F., Gu, T. L., Huang, X.,
Bushweller, J. H., Bories, J. C., Alt, F. W., Ryan, G. et al. (1996b). The
CBPFbeta subunit is essential for CBFalpha2 (AML1) function in vivo. Cell
87, 697-708.

Wang, S., Wang, Q., Crute, B. E., Melnikova, I. N., Keller, S. R. and Speck,
N. A. (1993). Cloning and characterization of subunits of the T-cell receptor
and murine leukemia virus enhancer core-binding factor. Mol. Cell. Biol. 13,
3324-3339.

Warren, A. J., Bravo, J., Williams, R. L. and Rabbitts, T. H. (2000).
Structural basis for the heterodimeric interaction between the acute
leukaemia-associated transcription factors AML1 and CBFbeta. EMBO J.
19, 3004-3015.

Wolff, T. and Ready, D. F. (1993). Pattern formation in the Drosophila retina.

Research article

In The Development of Drosophila, Vol. II (ed. M. Bate and A. Martinez-
Arias), pp. 1277-1326. Plainview, NY: Cold Spring Harbor Laboratory
Press.

Xu, C., Kauffmann, R. C., Zhang, J., Kladny, S. and Carthew, R. W.
(2000). Overlapping activators and repressors delimit transcriptional
response to receptor tyrosine kinase signals in the Drosophila eye. Cell 103,
87-97.

Yergeau, D. A., Hetherington, C. J., Wang, Q., Zhang, P., Sharpe, A. H.,
Binder, M., Marin-Padilla, M., Tenen, D. G., Speck, N. A. and Zhang,
D. E. (1997). Embryonic lethality and impairment of haematopoiesis in mice
heterozygous for an AMLI1-ETO fusion gene. Nat. Genet. 15, 303-306.

Yuan, Y., Zhou, L., Miyamoto, T., Iwasaki, H., Harakawa, N.,
Hetherington, C. J., Burel, S. A., Lagasse, E., Weissman, I. L., Akashi,
K. et al. (2001). AMLI-ETO expression is directly involved in the
development of acute myeloid leukemia in the presence of additional
mutations. Proc. Natl. Acad. Sci. USA 98, 10398-10403.

Zhang, J., Kalkum, M., Yamamura, S., Chait, B. T. and Roeder, R. G.
(2004). E protein silencing by the leukemogenic AML1-ETO fusion protein.
Science 305, 1286-1289.



