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Abbreviations and explanations

AE-cells
ALY
AML
AMLI
AMLI-ETO
Bcl-6
CBF
CBFA2T
CBFB-MYHI11
CBP
CEBPa
C-fos
CM-cells
CML
COS7
EPO
ETO
FACS
FLT3
GATA-1
G-CSF
Gfi-1
GM-CSF
GST
HDAC
HEB
HEL
HOX
HSC
HSPC
IL-3

1P

LEF
M-CSF
MDS
MEF
MPO
MPRO
MTG16

AMLI-ETO expressing cells

Always early protein

Acute Myeloid Leukemia

Acute Myeloid Leukemia 1

Acute Myeloid Leukemia 1-Eight Twenty One
B-Cell lymphoma 6

Core Binding Factor

CBFoa subunit 2 translocated to

Core Binding Factor-Myosin Heavy chain 11
CREB binding protein

CCAAT/enhancer binding protein

Cellular oncogene fos

CBFB-MYHI11 expressing cells

Chronic Myeloid Leukemia

Monkey kidney cell line

Erythropoietin

Eight Twenty One

Fluorescence activated cell sorting
Fms-related tyrosine kinase 3

GATA-binding protein 1

Granulocyte-colony stimulating factor
Growth factor independence-1

Granulocyte monocyte-Colony Stimulating Factor
Glutathione S-transferase

Histone deacetylase

HeLa E-box binding protein

Human Erythro Leukemia

Homeobox protein

Hematopoietic Stem Cell

Hematopoietic stem progenitor cell
Interleukin-3

Immunoprecipitation

Lymphoid enhancer binding factor
Monocyte-colony stimulating factor
Myelodysplastic syndrome

Myeloid Elf-1-like Factor

Myeloperoxidase

Murine neutrophil progenitor cell line
Myeloid translocation gene on chromosome 16
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MTGS8
MTGRI1
MYND
NB4
N-CoR
NHR
P14ARF
PKA RII
PLZF
PST
RARa

RHD
Runx1
SCL
SIN3
SMRT
TA
TAF
TAL1
TCRp
U937

Myeloid translocated gene 8

Myeloid translocation gene related 1
Myeloid Nervy Deaf

Human promyelocytic cell line

Nuclear Co-repressor

Nervy Homology region

pl4 alternate reading frame?

type Il c-amp dependent protein kinase
Promyelocytic leukemia zinc finger

Proline serine threonine rich region
Retinoic acid receptor o

Retrovirus associated DNA sequences

Runt Homology Domain

Runt-related transcription factor 1 (=AML1)
Stem cell leukemia hematopoietic transcription factor (=TAL1)
SWI-Independent 3

Silencing Mediator for Retinoic acid and Thyroid hormone receptors
Transcriptional activation domain

TATA binding protein Associated Factor
T-cell acute lymphocytic leukemia 1

T-cell receptor 3

Human monocytic cell line



Introduction

Leukemia pathophysiology

Hematopoiesis is the process of blood formation. Billions of blood cells are
manufactured every day to supply the body with oxygen, to defend against infections
and to participate in coagulation. All blood cells are produced in a hierarchical manner
from a very small number of hematopoietic stem cells. Stem cells have the ability to
selfrenew and to produce multipotent progenitors, which have lost the selfrenewal
ability but are able to proliferate and develop into the different blood-cell lineages.
Hematopoiesis secures a continuous production of effector cells both for oxygen
supply and for innate and specific immunity.

Neoplasias of the blood forming organs are classified as acute and chronic
leukemias that are further divided into myeloid and lymphoid categories. Common for
acute myeloid leukemia is that the normal production of blood cells is disrupted by a
clonal expansion of malignant cells that typically are arrested in differentiation and are
more or less resistant to apoptosis. This results in an accumulation of immature blast-
like cells. In contrast, cronic leukemia cells, for example in CML, show continuous
hematopoietic differentiation. The patients with CML may have few symptoms at an
early stage, whereas acute leukemia is a rapidly progressing disease and will result in
fatality if left untreated [1].

In solid tumors an array of heterogeneous genetic aberrations have been reported,
consisting of chromosomal deletions and translocations, gene amplifications and point
mutations [2]. In leukemia, an acquired chromosomal translocation is a typical genetic
aberration [3]. More than 300 chromosomal translocations have been described in
leukemia, but much fewer leukemic phenotypes have been defined. This indicates that
different chromosomal translocations may have similar phenotypes perhaps reflecting
similar involvement of cellular signaling pathways for proliferation, differentiation
and viability [4]. A chromosomal translocation can cause a loss of function from
haploinsufficiency or a gain of function through a chimeric protein with novel

properties.



In lymphoid malignancies an Ig gene or a T cell receptor gene is often rearranged
to become a proto-oncogen. This typically leads to overexpression of the gene that is
under control of the Ig or TCR promoter [5]. In CML, a gene for a tyrosine kinase
(ABL) is fused to a gene with an oligomerization domain (BCR) [6, 7].
Oligomerization of the gene product constitutively activates the tyrosine kinase, which
gives a cellular growth advantage. In AML, chromosomal translocations commonly
affect transcription factor genes whose protein products are necessary for normal
hematopoiesis of one or more lineage [8]. Genes for transcriptional co-activators may
also be involved in chromosomal translocations [9-11]. In AML, single translocations
may impair differentiation but are probably not sufficient to be leukemogenic by
themselves. Further activating mutations for instance in genes for tyrosine kinases
such as FLT3, c-kit and RAS are believed to contribute to the pathogenesis [12-16].
Transcription factor genes frequently involved in AML are genes for core binding
factor (CBF), retinoic acid receptor (RARa) and the HOX family [17]. The gene for
the AMLI1 transcription factor, which is part of the CBF complex, is the most
frequently disrupted gene in AML. The translocation between chromosome 8§ and 21
[t(8;21)] results in the chimeric gene AMLI1-ETO. AML with this aberration is most
often subtyped as FAB AML M2, which is characterized by a partial block at the
myeloblastic stage of differentiation. ETO was identified from the cloning of t(8;21) in
1992 [18]. The AMLI-ETO fusion protein retains a 5 region of the AMLI
transcription factor and almost all of the nuclear ETO phosphoprotein [18, 19].

AML1 and AML1-ETO

AMLI1 (Runxl) belongs to the AML family of transcription factors together with
AML2 and AML3. AMLI is primarily expressed in cells of the hematopoietic system
and has been shown to be crucial for definitive hematopoiesis [20, 21]. AMLI
regulates genes for hematopoietic growth factors such as those for GM-CSF, IL-3 as
well as genes for hematopoietic granule proteins such as MPO and neutrophil elastase
[22-24]. AMLI is the a-subunit of the so-called CBF complex, which also contains a
B-subunit CBFf. The Runt Homology Domain (RHD) of AMLI1 binds both to DNA



and CBFf. The binding of CBFf increases the affinity of AML1 for DNA.
Furthermore, the distal part of AMLI, containing the transcriptional activation
domain, recruits coactivators such as p300, CBP, MOZ and ALY [25-28]. The RHD of
AMLI is preserved in AMLI-ETO whereas the transcriptional activation domain of

AMLI1 is lost (Figure 1) [29].

1 453

ETO NHR 2 NHR 5 NHR 4

604

RHD UHR 2 NHR 5 NHR 4

AMLI1-ETO

Figure 1. Functional domains of AML1, ETO and AML1-ETO (resulting from the
translocation t[8;21]). The RHD is the DNA binding region, TA is the
Transactivation Domain and the NHRs are the Nervy Homology Regions, which
mediate interactions with transcription factors and co-repressor molecules. The
AMLI-ETO retains the 5’ region of AMLI1 including the DNA-binding RHD, and
almost the whole sequence of ETO except for the most amino-terminal 30 amino
acids.

The ETO homologues

ETO (also designated MTGS8 or CBFA2T1) belongs to a family of evolutionary
conserved proteins. ETO is a nuclear phosphoprotein, which can become part of a co-
repressor complex. Two homologues to human ETO have been found, MTGR1 and
MTG16. MTGR1 was identified as a binding partner to AML1-ETO [30]. MTG16
was identified from a gene rearrangement in the chromosomal translocation t(16;21),
which encodes an AMLI-MTGI16 fusion protein [31, 32]. This fusion protein is

present in a minority of patients with therapy related leukemia and MDS. All three
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ETO homologues are closely related. ETO has 61% and 67% homology with MTGR1
and MTG16 respectively, whereas MTGR1 shares 54% homology with MTG16 [30,
32].

Expression

Human ETO is found for example in brain, heart, thymus, preadipocytes and neuronal
cells [33-36]. Originally Erickson er al detected ETO in megakaryocytes and CD34+
cells [37]. Miyoshi et al reported a lack of ETO expression in hematopoetic cells [19].
A surprising finding was that gene targeting of ETO in mice is associated with reduced
postnatal viability due to abnormal development of the midgut. However, no defects in
hematopoiesis were noted in the knockout mice [38]. In contrast to ETO, MTGRI is
ubiquitously expressed in human cells [33, 39]. But similar to the ETO gene knockout,
the MTGRI1 gene knockout is also associated with a malformed gut structure [40].
More specifically, a gradual loss of goblet-, Paneth- and enteroendocrine-cells is
noted. The MTGR1 knockout mouse is smaller than normal [40]. MTG16 is expressed
in most tissues investigated including the major hematopoietic lineages [39, 41].

However, human kidney cells seem to lack MTG16 [32].

Splice forms

ETO consists of 13 exons transcribed into the alternatively spliced transcripts ETOa
and ETOb, which differ at the 5° end. They code for proteins of 577 and 604 amino
acids respectively [36]. The MTGR1 gene has 15 exons transcribed into MTGR1a and
MTGRI1b, which yield proteins of 575 amino acids and 604 amino acids respectively
[33]. The MTG16 gene has 13 exons, which encode two transcripts, MTG16a and
MTG16b, which code for 653 amino acids and 567 amino acids respectively [32].

Structure

The ETO homologues have four evolutionary conserved regions also present in the
drosophila protein nervy [30, 42]. These are termed Nervy Homology Regions (NHR)
1-4 (Figure 2). NHR1 resembles TAF110 and is also referred to as the TAF domain.

NHR2 contains an amphiphatic helical domain important for oligomerization [30].
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NHR3 is referred to as the nervy domain. NHR4, also termed MYND, contains zinc
finger motifs [30, 42].
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Figure 2. Organisation of the ETO homologues showing the evolutionary conserved
domains NHR 1-4. PST= Proline, Serine Threonine rich region.

The region between NHRI1 and NHR2 contains a nuclear localization signal
necessary for nuclear import [43]. The amphiphatic NHR2 mediates homo- and
hetero-dimerization between the homologues [30]. The ETO region from NHR2 to
NHR4 associates with co-repressors such as mSIN3a, N-CoR, SMRT, which recruit
HDAC:s 1-3 [40, 44-48]. The assembled complex inactivates the chromatin by HDAC-

mediated deacetylation of histones (Figure 3).
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Transcriptional
repressor

Figure 3. Assembly of an ETO complex leads to repression. ETO binds a sequence
specific transcriptional repressor and dimerizes. Binding of co-repressors mSIN3 and
N-CoR leads to HDAC recruitment and transcriptional inactivation.

Subnuclear localization

ETO shows a punctate subnuclear pattern [43, 49, 50], but can be detected in the
cytoplasm too [35, 51]. MTGRI is found in the nucleoplasm, while MTG16a is
located in the nucleolus [52]. MTG16a forms a complex with either ETO or MTGR1
as detected by immunofluorescent microscopy [52]. Therefore, MTG16a may drag
ETO and MTGRI from the nucleoplasm into the nucleolus. This could lead to lack of
ETO and MTGRI1 in the nucleoplasm with decreased repression as a consequence.
Furthermore, the resulting transfer of ETO homologues into the nucleolus could lead
to increased repression at this location. In addition, an ETO homologue present in
excess could sequestrate co-repressor molecules, thus blocking the ability of

repression of the other homologue due to lack of co-repressor elements.

Transcriptional repression

The fact that the ETO homologues form complexes with the co-repressors N-CoR and
SIN3, suggests a repressor function [44, 47]. However, the lack of DNA binding
domains indicates that the ETO homologues do not act directly as repressors
themselves. Rather, they could act as adapters between transcriptional repressors and

co-repressors. They would do this by binding to DNA-specific repressors and recruit
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co-repressors and HDAC to form a complex that mediates chromatin silencing by
histone deacetylation.

ETO can interact with a number of nuclear proteins. Among known interacting
proteins is PLZF, which is a nuclear repressor protein causing growth suppression and
differentiation inhibition of hematopoietic cells [53] (Figure 4). The PLZF-induced
repression is enhanced by ETO. Furthermore, ETO and MTGI16 both bind the
transcription factor Gfi-1 [50], which is assumed to regulate differentiation and
survival in megakaryocytic and erythroid cells [54, 55]. ETO also associates with the
basic helix-loop-helix transcription factor HEB [56] which is involved in regulation of
T and B lymphocyte differentiation [57]. ETO represses HEB through blocking the
binding of the activator molecules p300/CBP [56]. Furthermore, ETO can bind to and
enhance the repression of the antiapoptotic Bel-6 molecule [58]. ETO is also
associated with the regulatory subunit of type II ¢c-AMP dependent protein kinase,
which phosphorylates target genes in the centrosome-Golgi area [59]. In addition,
ETO can associate with the transcriptional repressor Atrophin-1, implicated in
neurodegenerative disease [60]. The functional domains of the ETO homologues that
interact with specific nuclear proteins are shown in Figure 4. Taken together, the ETO
homologues are known to mediate repression of genes that are mostly involved in
proliferation and differentiation. Therefore, the ETO homologues might be important
in control of lineage choice, differentiation and proliferation. Additional ETO

homologue interacting proteins are likely to be discovered.

Presence in multi-protein complexes
The ETO homologue interacting proteins N-CoR and SIN3 are both large proteins that
are found in multiprotein complexes with repressor activity. Each complex is

associated with HDAC activity [61, 62].
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Dimerisation

N-CoR mSin3a mSin3a N-CoR/SMRT
Possible NLS
NLS
120 216 ! 352 378 444 492 515 552 604
IO N S O 5
HDAC 1,3 HDAC 2 HDAC 1-3
Gfi-1 Gfi-1 PKARII
I
PLZF
>
Bcl-6

Figure 4. Schematic view of the functional NHR domains of ETO and known
interacting proteins. Lines show the ETO regions necessary for the indicated
interactions.

SIN3 is the structural center in a core complex that may contain many additional
components such as HDAC1, HDAC2, RbAp46, RbAp48, SAP30, SAP18 and Sds3
[61, 63, 64]. The HDACs mediate the enzymatic repressor activity [63], whereas the
other core proteins seem to stabilize the SIN3—HDAC interaction [65], mediate contact
with the nucleosome [66] and increase the stability of the complex [67, 68]. The core
complex can bind to and repress transcription factors such as Mad-Max [69] and
UMES® [70]. The SIN3 core complex is also able to indirectly confer repression to a
number of nuclear hormone receptors by recruiting N-CoR and SMRT that act as
bridges between the core complex and the transcription factor [71-73]. Apart from
associating with the SIN3 core complex, N-CoR and SMRT are found in complexes
with different compositions that also have HDAC activity [62, 74-76]. Not only that,
HDAC:s are also found in other co-repressor complexes such as NURD and CoREST-
HDAC [65, 77-79].

Thus, the ETO homologues have an ability to bind both SIN3, N-CoR and

HDAG:S, all with the ability to confer repression. The combinatorial possibilities of
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these proteins in complexes are vast and the complexity of the co-repressor machinery
has not fully been resolved. The role of the ETO homologues in this machinery

remains to be further determined.

AML1-ETO

Clinical features

Some clinical features of t(8;21) AML are summarized in Table 1. Leukemic blasts of
t(8;21) leukemia have characteristic morphological features corresponding to the M2
subgroup of the French American British (FAB) classification. Large blasts with
strong peroxidase reaction are typical. Furthermore, the blasts have cytoplasmic
vacuoles, many azurophil granules and needle shaped Auer rods. In addition,
dysmorphic features of erythroid and megakaryocytic cells are frequent as well as
hypergranular neutrophils. This gives a trilineage dysplasia with MDS-like cells.
Eosinophilia is frequent. Phenotypically, the blasts are CD34+, but they often show
expression of the B-cell marker CDI19 without other B-cell antigens or
immunoglobulin gene rearrangements. Sometimes the NK-cell marker CD56 is also

expressed [80, 81].

AMLI-ETO clinical characteristics
Cell morphology MPO positive blasts
Auer rods
Large cytoplasmic vacuoles
Dysgranulopoiesis
Eosinophilia
Additional features Granulocytic sarcoma (10%)
Phenotypic features CD34+
CD19+
CD56+
Additional chromosomal aberrations X-Y-
Del9q

Table 1. Clinical characteristics of t(8,;21) leukemia.
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Transcriptional activity

AMLI-ETO retains the DNA binding part of AMLI1, whereas the transactivation
domain is deleted and replaced by ETO. It seems that AMLI-ETO deregulates a
number of genes by repression and possibly by transcriptional activation. Some of the
target genes for AMLI-ETO are normally regulated by AMLI, while others are not.
Thus, in one case AMLI1-ETO is thought to have a major dominant negative effect on
AMLI target genes as suggested in Figure 5a. Among such genes are those for GM-
GSF, TCRp enhancer, C-fos and pl4ARF [82-86].

However, AMLI-ETO does not only affect transcription directly by binding to
DNA. It may also interfere with transcription indirectly through protein-protein
interactions. In this case, AML1 normally binds a transcription factor X for gene A
without binding directly to DNA (Figure 5b). AMLI-ETO may compete out AMLI
and take its place on the transcription factor. This will result in indirect AML1-ETO-
mediated transcriptional repression instead of normal AMLI1/X-mediated activation.
This fits several examples of AMLI1-ETO-mediated repression. One example is
abrogation of CEBPa transcriptional activation during which AMLI1-ETO interferes
with the binding of AMLI1 to CEBPa [87]. This results in a decreased expression of
CEBPa and inhibition of granulopoiesis [88]. Another example is displacement of
AMLI1 and the co-activator c-jun from PU.1 [89] leading to downregulation of PU.1
target genes. Similarly, AMLI-ETO competes with AMLI in its binding for MEF,
which normally activates the IL-3 gene transcription synergistically with AML1. The
interaction between AML1-ETO and MEF leads to IL-3 promoter repression [90, 91].

In addition to transcriptional repression, AMLI-ETO may also show
transcriptional activation. In this case (Figure 5c), AMLI1 normally binds to a gene B
without transcriptional activation. But AML1-ETO may replace AML1 in binding to
the promoter, which leads to transcriptional activation. Thus, AMLI-ETO would
activate gene B by recruitment of co-activators to the promoter. One example of this is
activation of the anti-apoptotic gene BCL-2 after binding of AML1-ETO to the AML1

consensus sequences of the BCL-2 promoter [92].
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Normal vs t(8;21) leukemia

Co-repressors

a) Dominant negative repression

C) Transcriptional activation

d ) Activation by sequestration

@y

1538
Sequestration @

Figure 5. Modes of AMLI1-ETO-mediated interference with gene transcription. Normal
AMLI actions are shown to the left and the suggested corresponding AML1-ETO actions
to the right. a). Dominant negative effect - AMLI-ETO directly interferes with AML1 by
competitive binding to the promoter. b). Indirect repression — AML1-ETO replaces AML1
and abrogates synergy between AMLI1 and the transcriptional activator X. AML1-ETO
binding leads to transcriptional inactivation of gene A. c). Transcriptional activation —
AMLI1 alone has no transcriptional activity on gene B whereas AML1-ETO binding leads
to recruitment of co-activators. d). Transcriptional activation — AML1-ETO sequestrates
the transcriptional repressor Y from the ETO repressor complex leading to transcriptional
activation of gene C.

Co-repressors

18



Another example of AML1-ETO-mediated transcriptional activation is depicted in
Figure 5d. In this case, a transcriptional repressor (Y) tethered to DNA normally binds
ETO leading to gene repression. However, an abundance of AMLI-ETO may
sequestrate the repressor (Y) and displace it from the promoter. As a result, the
sequestration of Y by AMLI1-ETO may lead to transcriptional activation of Y target
genes. This mode of action has been shown for PLZF, which is sequestrated by
AMLI1-ETO, leading to lack of repression [53].

It is important to consider that the support for the models in Figure 5 is based on in
vitro studies with gene reporter systems. The fact that AML1-ETO binds and affects
transcription of genes in vitro is not questioned but the in vivo relevance of these
findings is yet to be determined. For instance, the in vitro studies are based on
overexpression, which can produce interactions that rarely occur in vivo. Furthermore,
gene expression in vivo is more complex and affected by, not one, but many different
factors. Endogenous factors can be displaced in favor of the over-expressed protein. In
addition, cell specific factors may influence transcription giving different
transcriptional settings in vitro and in vivo.

Many genes involved in regulation of hematopoiesis are affected by AML1-ETO
through interference with AML1-dependent and AML1-independent transcription. In
conclusion, AML1-ETO can repress transcription directly by binding to DNA and
indirectly by interfering with the binding of transcription factors to the promoters or
the assembly of co-activators. Furthermore, AMLI-ETO can also activate

transcription.

Cell biology

AMLI1-ETO-mediated inhibition of granulocytic differentiation has been demonstrated
both in leukemic cell lines and primary hematopoietic cells [93-96]. Inhibition of
granulocytic differentiation has been reported in mouse myeloid precursor L-G and
32D cell lines and in the human monoblastic U937 cell line [30, 93-95]. Erythroid
differentiation was impaired by AML1-ETO in the human erythroleukemia K562 cell
line and the murine erythroleukemia cell line MEL [97, 98]. Thus, the AML1-ETO

effect in leukemia cell lines primarily seems to be differentiation inhibition. This effect
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may be cell type specific as AMLI-ETO has been observed selectively to inhibit
granulocyte and erythroid differentiation [93, 94, 97, 98].

AMLI-ETO enhanced proliferation in the murine L-G and 32D cell lines upon
addition of G-CSF [30, 95]. However, AML1-ETO reduced proliferation in the human
U937 cell line [94]. In contrast to AMLI-ETO, AML1-MTG16 inhibited proliferation
in 32D cells [99]. In fact, the MTG16 moiety of the fusion protein was responsible for
the proliferation inhibition. Thus, the pro- or anti-proliferative effect of AMLI-ETO
seems to be dependent on cell type.

In primary hematopoietic cells, retroviral expression of AMLI-ETO inhibits
proliferation of committed progenitors and promotes proliferation of more primitive
progenitors [100, 101]. Interestingly, transduced hematopoietic progenitor cells remain
CD34+ and show enhanced self-renewal. The longevity of the cultures correlates to
the proportion of CD34+ cells, which remain constant until the cells go through
senescence. The AMLI-ETO expressing progenitor cells have a restricted capacity for
multi-lineage differentiation and are able to differentiate into monocytes and B-cells
only [102] but not into granulocytes [96]. It has been known that the expression of a
single ETO NHR4 domain in human progenitor cells inhibits granulocytic but not
monocytic differentiation [103]. This observation enforces the importance of the ETO
partner for the biological effects of the fusion protein AMLI1-ETO. The fusion protein
can also suppress erythropoietic differentiation of progenitor cells [104]. Thus AMLI1-
ETO-expressing proerythroblasts have an ability to expand more than control cells.
Furthermore, the early erythroid differentiation is disrupted although the cells retain an
ability to differentiate partially in response to EPO. In addition to that, the
differentiated erythroid cells have a more immature profile than the corresponding
normal cells. In conclusion, the data from cell lines and hematopoietic progenitor cells
indicate that AMLI-ETO selectively inhibits granulocytic and erythrocytic
differentiation, and that the ETO part of AMLI-ETO plays a major role in inhibition
of differentiation.

It is learned from gene targeting that AML1 is necessary for blood formation [20,
21]. In support of this, AML1-ETO “knock in” mice lack fetal liver hematopoiesis and

show midgestational lethality due to brain hemorrhage, traits similar to those of AML
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gene targeting in mice [105]. Furthermore, the hematopoietic AML1-ETO “knock in”
cells have features of dysplastic multilineage hematopoietic progenitors with increased
self-renewal capacity [106]. Conditional AMLI1-ETO “knock in” mice show normal
hematopoiesis apart from a promotion of self-renewal in progenitor cells, but they do
not develop leukemia [107]. However, when these mice are treated with mutating
agents, they develop AML. This indicates that a second hit is required for
leukemogenicity [108]. Importantly, AMLI-ETO in itself may not be leukemogenic,
but it may prolong the lifespan of cells to make it possible to acquire additional
mutations (second hits) that are necessary for oncogenicity. In fact, activating
mutations in tyrosine kinases FLT3, KIT and NRAS have been found in 28% of
patients with t(8;21) [109]. It is of special interest that an AML1-ETO mutant lacking
the ETO domains NHR3-4 was found to be a more potent leukemogenic inducer in
transgenic mice than AML1-ETO [110]. A similar form of AML1-ETO lacking NHR4
is found as a splicing variant and is expressed in both AMLI-ETO containing cell
lines and in patients with t(8;21) [111]. Together, these data indicate that a second hit
can in fact occur within AML1-ETO itself or in proteins and pathways dependent on
the NHR3-4 domains of ETO.

Though not fully leukemogenic by itself, AMLI-ETO expressing cells have traits
constituting a cell prone to become leukemogenic. A leukemic cell is “immortalized”,
immature and differentiation inhibited. Hematopoietic progenitor cells expressing

AMLI1-ETO are not immortalized but immature and inhibited in differentiation [102].

Aims of the present investigation

The overall aim of this thesis is to shed light on how AMLI-ETO might be
leukemogenic. AMLI1-ETO requires the ETO moiety to be able to interfere with
transcriptional regulation [30, 112]. Figure 6 is a summary of the cell biology of the
AMLI-ETO discussed in the previous section. It emphasizes changes of gene
regulation in hematopoietic stem cells leading to a partial differentiation block. It also
emphasizes the AMLI1-ETO-mediated growth arrest that has to be overcome by

“second hits” for leukemia to occur. In addition, this model suggests that activation of
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anti-apoptotic genes contributes to the leukemic phenotype. Furthermore it poses our

question of the ETO homologue participation in t(8;21) leukemia. This thesis focuses

on the normal function of the ETO homologues in hematopoiesis with the aim to

understand their involvement in leukemia.

)
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The first aim was to biochemically characterize the interactions between the
ETO-homologues to determine whether they can cooperate.

The second aim was to elucidate the role of the ETO homologues in the
different hematopoietic lineages. If the ETO homologues are involved in
hematopoietic differentiation, the AML1-ETO differentiation block might be
caused by AML1-ETO interfering with normal ETO homologue function.
The third aim was to examine the transcriptional repressor activities of the
ETO homologues. More specifically, the aim was to investigate deletion of
functional domains in MTG16 and to study the relation between MTG16 and
co-repressors such as SIN3B and N-CoR.

The fourth aim was to investigate whether AML1-ETO can influence the
expression of the ETO homologues. If AMLI-ETO affects the ETO
homologues, this could be a contributing factor to the AMLI-ETO
phenotype and help to eclucidate the role of the ETO homologues in

hematopoiesis.
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Figure 6. A hypothetic model for the transforming properties of AML1-ETO as a basis
for this thesis. The impact on AMLI1 target genes, the importance of second hits,
activation of anti-apoptotic pathways and stimulation of proliferation are emphasized.

Experimental considerations

Cell models

Cell lines are casily available and offer high reproducibility. However, cell lines
contain multiple genetic aberrations and deviate in differentiation, proliferation and
apoptosis programs as compared to primary cells. This can obscure the properties that
are studied. Primary cells are preferable if available. However, primary cells are not
available in infinite numbers, often have a short life span and are difficult to keep in
culture. Both primary cells and hematopoietic cell lines such as U937, NB4, HEL and
MPRO were used in this thesis for studies of ETO homologue interactions, prevalence

and expression during hematopoiesis. The monkey derived COS7 and the human 293T
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cell lines were used in transient transfection experiments. AMLI1-ETO transduced

HSPCs were also used.

Gene transfer

DNA can be transferred to cells by dendrimer-based transfection, electroporation or
retroviral transduction. Dendrimer-based systems offer a quick and convenient way of
DNA transfer. The dendrimers form a positively charged complex with DNA, which is
taken up by endocytosis, and the DNA is translocated to the nucleus. This system is
useful for transient transfection of adherent cells and has low cytotoxicity.
Electroporation offers a way of transfecting cells in suspension. Passive integration of
DNA into the genome during mitosis is necessary for stable transfection.
Electroporation requires a large number of cells due to substantial cell death. Delivery
of DNA with retrovirus yields higher efficiency than electroporation but is more
elaborate. Retroviral gene transfer has high efficiency because the delivery mode is
non-toxic and genomic integration is supported. Most retroviruses need cell division

for gene integration so quiescent cells are not suitable.

Transcriptional assays

A transcriptional reporter consists of a promoter linked to a reporter gene that codes
for a protein that can be quantified. The amount of reporter protein is proportionally
related the activity of the promoter. This system is used to study the transcriptional
effects of promoter binding proteins. However, the ETO homologues appear not to
have DNA-binding capacity. Therefore, the ETO homologue genes have to be fused to
an inert promoter-binding protein for transcriptional studies. We utilized the 5xGAL4-
tk-luc system, which consists of a reporter vector, where a herpes virus thymidine
kinase (k) promoter drives luciferase expression that can be assayed in a luminometer.
Five GAL4 sequences are situated upstream of the promoter. The gene for an ETO
homologue is ligated to the gene for a GAL4 binding domain. This construct generates
a fusion protein of which the GAL4-binding domain binds to the GAL4 sequence of

the reporter plasmid. Thereby, the ETO homologue becomes localized to the promoter
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and the transcriptional effects of the ETO homologue can be measured. In this way it
is possible to measure transcriptional effects of non-DNA binding proteins such as an
ETO homologue. Transcriptional reporter systems expressed transiently in cell lines
give sensitive, rapid and reproducible results. A drawback is that the promoter activity

can be influenced by endogenous transcription factors and co-factors.

PCR

Reverse transcriptase PCR

RT-PCR is used for detection of specific mRNA transcripts. The method is based on
exponential amplification of DNA. First, the mRNA is copied to cDNA by reverse
transcriptase using random hexamer primers. Then the cDNA is denatured at 95°C to
separate the two strands. After cooling, primers are annealed to a specified site on each
strand. By use of Taq DNA polymerase, tolerant to high temperature, DNA is
extended from the primers at 60°. The newly synthesized DNA is denatured at 95°C
and used for new rounds of synthesis. After 20-40 rounds, the PCR product is

analyzed by agarose gel electrophoresis.

Quantitative real time PCR

Quantitative real time PCR (Q-PCR) is used to quantitate mRNA transcripts.
Compared to Northern blotting, Q-PCR requires less cells and takes less time but
needs more optimizing. Each amplification cycle exponentially increases the DNA
product by a factor of 2. As the amount of DNA doubles with each PCR cycle, there is
a 2x2 increase after two cycles, and 2x2x2 increase after three cycles (the 2" rule) and
so forth. However, the reaction levels out with time due to polymerase inactivation and
inhibition of primer-template annealing.

By labeling the PCR product with fluorochromes, the exponential amplification
can be measured. Sybr Green becomes fluorescent after intercalation with double
stranded DNA. It is easy to use but can react with unspecific PCR products and
primer-dimers. In contrast, the oligo-nucleotide Tagman probe anneals only to the

specific PCR product and has both a fluorochrome and a quencher attached. Thus, the
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dye will not become fluorescent until the DNA polymerase eclongates over the
annealed probe leading to digestion of the probe and release of the fluorochrome that
becomes active. Therefore, the Tagman method is more specific than the Sybr Green.
The PCR kinetics are important for quantitation. Initially the PCR is non linear but
after a few cycles enough template has accumulated for linear amplification following
the 2" rule, before the reaction reaches a plateau phase (Figure 7). Quantification of
cDNA is done during the linear phase (Figure 7) when a threshold is set. The threshold
cycle (Cy) is the point where the amplification curve crosses the threshold. Assuming
efficient PCR, two samples that are separated by 2 cycles will have a fourfold
difference in transcript levels. However, because of target secondary structures,
nucleotide composition, primer design etc., the PCR seldom amplifies according to the
2" rule. A standard curve is constructed from a DNA of known concentration to
calculate the true amplification efficiency. The C, values of the standard curve is used

create an equation from which the actual transcript level of the sample can be

calculated.
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Figure 7. Amplification of a standard curve. Samples are separated with a 5-fold
dilution, giving rise to a difference of approximately 2.3 cycles. A threshold is set
within the linear amplification phase. The C; is the point where the amplification curve
crosses the threshold and this is used for calculation of the amplification efficiency.
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An internal standard (loading control) is needed to adjust for differences between
samples in regard to amount, tissue type, differentiation status and methodological
error margins. House-keeping gene transcripts assumed to have constant expression
such as that for GAPDH, 18S, B-actin, f,-microglobulin or tubulin are often used as an
internal standard to make samples comparable. In this work, a suitable internal
standard was sought for differentiating U937 cells. Ribosomal RNA 18s was
unsuitable because of too high a level since the internal standard should be within
approximately 5 PCR cycles of the target gene. The transcripts for GAPDH and HPRT
were found to fluctuate during cell differentiation. ;M was chosen as the internal
standard because it displayed low variation during cell differentiation and showed
consistent levels when different experiments were compared. In primary cells, c-abl

was found to be an appropriate internal standard.

IP-Western

In IP-Western, solubilized protein is precipitated with a specific antibody and
separated by SDS-PAGE followed by Western blotting with a specific antibody. IP-
Western can be used to detect interactions between two proteins by co-precipitation.
An antibody against one protein is used for IP and an antibody against the other for
subsequent Western blotting. Proteins that are too miniscule to be detected by direct
Western blotting can be detected by IP-Western. By using the same antibody, the
protein is enriched by IP and detected by Western blotting. Quantitative comparisons
cannot be made by IP-Western since it is not possible to include an internal loading

control.

Results/Discussion

Interactions between the ETO homologues (I).

We showed that all ETO homologues were able to interact with each other as well as
with AML1-ETO. The coiled-coil oligomerization domain NHR2 was required for

homo- and hetero-interactions. Furthermore, our results suggested that the NHR3
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region was also required for ETO-MTG16 interaction. A region within NHR3 might
be responsible for a direct contact of ETO with MTG16 or NHR3 might normally bind
a stabilizing protein that fortifies an ETO-MTG16 interaction.

The size of complexes differed between mutants lacking the functional domains
NHR1-NHR4 as shown by gel chromatography. Thus, 600 kDa wt ETO-containing
complexes were detected. However, ETO lacking NHR2 was not detected in a
complex but detected as a 70 kDa monomer. This clearly demonstrated the importance
of an intact NHR2 coiled-coil domain for oligomerization. ETO lacking NHRI1 or
NHR4 formed larger complexes than those formed by w¢ ETO. In accordance with this
observation, an AMLI-ETO splicing variant lacking NHR4 was found to form
multimers instead of dimers [111]. The larger complex size is unlikely to be due to a
different complex composition since the deletions would rather result in an inability to
bind proteins. Instead, it is possible that the larger complex size is due to an abnormal
conformation of the deletion mutants leading to aggregation.

Upon ectopic ETO homologue expression in COS cells, complex formation was
observed between all the homologues. However, we failed to detect ETO homologue
interactions in vivo probably because of a too low endogenous concentration of the
proteins. Therefore, endogenous hetero-dimerization between the ETO homologues
remains to be shown. If homo-dimerization between the ETO homologues occurred
naturally, then ETO dimers could be present in one kind of complex and MTG16
dimers in another kind of complex. If so, ETO homologues might form specific
repressor complexes and thus repress individual target genes. If, on the other hand,
hetero-dimerization occurred naturally, then different ETO-homologues would be
present in the same complex to a high extent. It is possible that certain combinations of
ETO-homologues would bind one repressor, while other combinations of ETO
homologues would bind another repressor. Furthermore, a specific combination of
ETO homologues might determine the level of repression as different homologues
may affect the co-repressor recruitment differently. This is supported by the fact that
ETO binds to one subset of HDAC whereas MTG16 binds another subset [44]. The
subnuclear compartmentalization of the ETO homologues is also important for

interactions. ETO and MTGRI1 normally reside in the nucleoplasm, whereas MTG16a
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resides in the nucleolus [52]. If MTG16a associates with ETO or MTGRI1 it could drag
them to the nucleolus leaving the nucleoplasm ETO homologue-free. This might lead
to increased or decreased repression in the nucleolus and the nucleoplasm respectively.
Consequently, various combinations of homologues might affect the repression

activity differently.

Expression of ETO homologues during hematopoietic differentiation (II).

MTGI16 and MTGR1 are ubiquitously expressed in tissues and cell lines [32, 33]. In
contrast, the expression of ETO is more restricted. Of all leukemic cell lines examined,
ETO was expressed only in the erythroid cell line HEL indicating restricted
hematopoietic expression.

MTGI16 protein decreased in U937 cells during granulocyte-like differentiation
but not during monocyte-like differentiation suggesting lineage-specific regulation.
Also MTGI6 transcript levels decreased during granulocyte-like differentiation in
these cells. These findings suggest a role for MTG16 in granulocytic differentiation.

A more complete and relevant transcript expression profile of the ETO
homologues was achieved by examination of FACS-sorted hematopoietic cells and
differentiating CD34+ bone marrow cells. MTG16 transcript levels decreased 5-10
fold during both granulocytic and erythroid differentiation. Furthermore, low MTG16
transcript levels were observed in the FACS-sorted differentiated cells compared to the
CD34+ progenitor cells with a strong inverse correlation between the MTGI16
expression and the degree of differentiation. This could mean that in progenitor cells,
MTGI16 is either required for commitment to differentiation or is inhibiting
differentiation. In the latter case, MTG16 needs to be downregulated for differentiation
to progress. However, support for the former idea comes from the finding that
overexpression of MTG16 relieves the block of granulocytic differentiation caused by
AMLI-ETO [103]. Thus, ectopic expression of AML1-ETO in myeloblastic 32D cells
inhibited terminal differentiation, but MTGI16 overexpression relieved the
differentiation block. Therefore, MTG16 could be part of a repressor complex that

antagonizes maintenance of progenitor cell status and thereby promotes commitment
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to differentiation. As we have observed that AMLI-ETO can bind MTG16 (1), it
seems plausible that AML1-ETO-mediated sequestration of MTG16 would lead to a
possible shortage of MTG16 in repressor complexes. If MTG16 were required for
initiation of differentiation of the progenitor cell, such sequestration would impair
differentiation. Alternatively, MTG16 could be required for proliferation of progenitor
cells. As an example, N-terminally deleted MTG16 but not wt MTG16 was shown to
inhibit G-CSF-dependent proliferation in myeloblastic 32D-cells [99]. This suggests
that N-terminally deleted MTG16 has lost a regulatory capacity and constitutively
represses proliferation. The higher level of MTG16 seen in progenitor cells may be
consistent with a role in proliferation at this stage.

MTGRI is little affected by the differentiation status of hematopoietic cells. Thus,
MTGRI transcript levels were similar in CD34" progenitor cells and in more mature
bone marrow cells. Except for the ETO-homologues, other binding partners have not
yet been reported for MTGR1. AMLI-ETO enhanced G-CSF dependent proliferation
in the murine myeloid precursor cell line L-G [30]. Co-expression of MTGR1 and
AMLI1-ETO further augmented cell proliferation whereas MTGR1 had no effect on its
own. This implies that MTGRI1 acts as a “standby” repressor that has the ability to
augment the activity of other ETO homologues. Further support for the involvement of
ETO homologues in differentiation/proliferation comes from the finding that MTGR1
is required for normal neurogenesis in Xenopus and Chicken [113]. A putative
dominant negative form of MTGR1 markedly reduced differentiation in developing
neurons. Furthermore, MTGR1 gene targeting in mice show mostly undifferentiated
cells in the secretory lineage of the small intestine [40]. Collectively, these results
indicate that MTGR1 may play a minor role in hematopoietic regulation.

We confirmed that ETO is sparsely expressed in CD34+ hematopoietic progenitor
cells as reported before [37]. Our novel interesting observation was, however, the
finding of ETO transcripts in erythroid cells. ETO transcript levels were
approximately 100-fold higher in erythroid bone marrow cells compared to CD34+
cells. During erythroid differentiation of CD34+ progenitor cells, ETO was
upregulated transiently at the proerythroblastic stage. Erythroid differentiation is a
complex process in which factors such as GATAI1, PU-1 and EPO are carefully
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regulated [114-116]. The upregulation of ETO in proerythroblasts suggests a role in
the regulation of erythroid differentiation, and ETO might be part of a regulatory
complex essential for erythropoiesis. Like ETO, the erythroid transcription factor
TAL1/SCL dimerizes with E-proteins [56, 117-120]. This suggests that ETO and
TALI may cooperate in erythroid development. In fact, the mouse MTG16 ortologue
(ETO-2) has been shown to interact with TAL1 and E2A in a complex with repressor
activity [121, 122]. Moreover, this complex contained the erythropoiesis factors
GATA-1 and LMO-2, which further implements a role for the ETO homologues in
erythropoiesis. It is possible that ETO may replace the function of ETO-2 in human
erythropoiesis. Furthermore, the ETO binding partner Gfi-1 is necessary for
erythropoiesis [54]. Like ETO, Gfi-1 is upregulated during erythroid differentiation
and is suggested to act as a repressor at a late stage of erythroid differentiation [123].
During erythropoiesis cells go through a massive clonal expansion concomitant with
differentiation. It is possible that ETO-mediated repression has a part in regulating the
transition from proerythroblast to erythroblast. It remains to be determined whether the
reported AMLI-ETO impairment of erythroid differentiation [104] is caused by
interference with ETO. AML1-ETO might sequester ETO by oligomerization in the
proerythroblast thus prohibiting normal ETO function. Or, AMLI-ETO might
sequester ETO and maintain ETO repressor capacity when downregulation normally
should occur.

Collectively, our results suggest a role for ETO homologues in hematopoiesis. The
downregulation of MTG16 during both erythroid and granulocytic differentiation
implies a possible connection to differentiation. Furthermore, the transient expression

of ETO during erythropoiesis, suggests a functional role in this lineage.

Transcriptional repression of ETO homologues (III).

Originally ETO was found to have repressor capacity and further research on
repression in this context has focused on ETO, much due to the relation with AMLI-
ETO. Having found that the ETO homologues are differentially expressed in
hematopoiesis [39] and that MTG16 has been implicated in erythroid regulation [121,
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122], we found it fit to assess MTG16’s role in repression and to see whether it
cooperated with the ETO homologue interacting co-repressors N-CoR and hSIN3B.

By utilizing a galactosidase-luciferase based reporter system, in which MTG16 is
directed to the vicinity of a promoter, we found that MTG16 potently induced
repression. This was in accordance with our expectations as similar approaches have
shown similar results for ETO [48, 124]. We then focused on the importance of the
functional domains of the ETO homologues, NHR 1-4, which are evolutionary
conserved and thus believed to be important for the function of the ETO homologues.
The NHRs are responsible for oligomerization and binding of transcriptional
repressors, co-repressors and HDACs. Individual deletions of the NHRs did not alter
the transcriptional repression. It was surprising that deletion of NHR2 did not decrease
repression as this region binds both HDACs, SIN3 and is crucial for oligomerization
[44, 46]. Thus, we hypothesized that loss of MTGI16 oligomerization and SIN3
binding with diminished HDAC capacity would lead to abrogated transcriptional
repression. The lack of effect when deleting the oligomerization-dependent NHR2
indicates that oligomerization is not quantitatively linked to repression. MTG16 might
have retained co-repressor and HDAC binding through other NHRs. Thus deletion of a
single NHR was insufficient to give an effect on repression.

ETO augments N-CoR-mediated repression together with SIN3A [125]. In contrast
to ETO, murine MTG16 does not interact with mSIN3A [44]. However, the
alternatively spliced SIN3B interacts with all ETO homologues including MTG16
(Dhanda RS et al., submitted for publication). This indicates that MTG16, N-CoR and
SIN3B may cooperate in transcriptional repression. We found that SIN3B had
repressor capacity. Furthermore, SIN3B-mediated repression was augmented by N-
CoR. However, no combined transcriptional repression was observed between
MTGI16, N-CoR and SIN3B. Despite the lack of cooperation for repression, a physical
interaction was observed between MTG16 and SIN3B. Moreover, none of the ETO
homologues augmented SIN3B-mediated repression. Possibly, even though both
MTGI16 and SIN3B are co-repressors, their interaction might have a different
consequence than the augmenting one. In “native” repression, the MTG16-SIN3B

interaction could stabilize the co-repressor complex rather than activate it. Or possibly,
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if MTG16 is to cooperate with SIN3B and N-CoR in repression, further yet
unidentified components of the MTG16 co-repressor complex may play a role.

The ETO homologues are highly homologous. Therefore it is possible that they
have redundant functions and repress the same target genes. For example, both ETO
and MTG16 can bind the transcriptional repressor Gfi-1 [50] suggesting a similar
function in this case. However, these observations do not rule out that the ETO
homologues might have differential functions too. Some observations speak for
separate functions. For example, MTGR1 was found to enhance and ETO to repress
AMLI-ETO mediated repression [30, 46]. However, these observations are not strictly
comparable since different transcriptional assays were used in the two experiments.
We observed that N-CoR does not affect MTGI16-mediated repression, while a
previous report has shown ETO to augment N-CoR-mediated repression [125]. This
indicates differential functions for ETO and MTG16. However, the systems compared
are reciprocal. Considering this, it can imply that the ETO homologues have a stronger
HDAC recruiting capacity than N-CoR. Thus, when ETO binds to an N-CoR repressor
complex, additional HDACs are recruited to the complex and repression is enhanced.
Conversely, when N-CoR binds to an MTG16 complex, this could already be saturated
with HDACs and thus repression remains unchanged. This hypothesis points to a
similarity for the ETO homologues and suggests that they function primarily as HDAC

recruiters in repressor complexes.

The expression of ETO homologues in leukemic cells (IV).

Human hematopoietic stem/progenitor cells (HSPCs) transduced with either AMLI-
ETO (AE-cells), CBF-MYH11 (CM-cells) or other chimeric oncoproteins have given
new possibilities for determination of the role of these proteins in hematopoietic
differentiation [102]. The resulting AE- and CM-cultures have longer life span than
untransduced progenitor cells although the cultures do not become fully immortalized
[102]. Both AE- and CM-cultures show a partial differentiation block with 30-50% of

the cells remaining CD34+.
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The finding of similar transcript levels for MTGR1 in AE-cells, CM-cells and
normal hematopoietic progenitor cells indicated that none of the fusion proteins
affected MTGR1 expression. Furthermore, early or late AE cultures did not reveal any
MTGR1 mRNA differences either, further emphasizing a lack of effect of AML1-ETO
on MTGRI. In contrast to AE-cells, however, hematopoietic progenitor cells that had
been in “mild” myeloid culture condition for three days showed a two-fold decrease of
MTGRI transcript levels. This is interpreted as an effect of differentiation of quiescent
cells before loosing CD34-expression. A similar MTGR1 decrease was seen during
differentiation in U-937 cells (II). Possibly, MTGR1 represses a target gene involved
in the initiation of differentiation. Thus, the presence of MTGR1 would inhibit
differentiation and the downregulation of MTGR1 would be a prerequisite for
differentiation to proceed. ETO seems to regulate adipocyte differentiation in such a
manner [34]. The transcription factors C/EBP o and f regulate adipocyte
differentiation. ETO can repress C/EBP a and f§ in preadipocytes. Upon adipocyte
differentiation, the ETO expression decreases leading to C/EBP o and (3 upregulation,
which in turn enables further differentiation.

MTGI16 transcript levels were lower in AE-cells but not in CM-cells. This should
not be due to a disrupted CBF-complex since this complex is disrupted in both AE-
and CM-cells. The fusion proteins AMLI-ETO and CBFB-MYHI1! both act as
dominant negative inhibitors of CBF through AML1 and CBFf respectively. The
results therefore suggest that MTG16 is transcriptionally regulated by the aberrantly
expressed ETO of AML1-ETO but not by CBF-MYHI11. Alternatively, the different
phenotypes of AE- and CM-cells might affect the MTG16 levels.

Does MTG16 affect self-renewal and/or differentiation of AE-cultures? Normal
hematopoietic cells both proliferate and mature concomitantly with MTG16
downregulation [39]. The AE-cultures have enhanced proliferation capacity but are
inhibited in differentiation ability. Thus, lower MTG16 transcript levels in the AE-
cultures could either be correlated with enhanced proliferation or inhibited
differentiation. The finding that MTG16 overexpression can induce differentiation in
AMLI-ETO expressing progenitor cells [103] supports the idea that MTGI16 is
associated with differentiation. This would imply that repressed MTG16 could have a
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role for the partial differentiation block in AE-cells. Hypothetically, AMLI-ETO
could repress MTG16 in progenitor cells leading to differentiation inhibition of these

cells.

Future perspectives

Differential expression in hematopoietic lineages as described in this thesis implies
that the ETO homologues may have distinct functional properties. The fact that they
have been found to bind different transcriptional repressors and co-repressors support
this notion. However, the functional effects of these interactions and how they are
regulated are still not fully understood. What is the mechanistic role of the ETO
homologues in hematopoietic differentiation? To clarify this, additional nuclear
binding partners for ETO may be sought in erythroid cells, which have a high
expression of ETO and are therefore relevant in exploring the role of ETO. Potential
ETO-containing nuclear complexes have been enriched by ion exchange and gel
filtration chromatography followed by attempted purification by affinity
chromatography on matrix-bound anti-ETO antibodies (unpublished data). Purified
proteins can be analyzed by masspectrometry and identified ETO interacting proteins
may be defined. The long-term AMLI1-ETO cultures, established from HSPCs [101]
may also be used to elucidate the function of the ETO homologues. Since these
cultures have a partial differentiation block and prolonged CD34+ expression they are
relevant model systems for leukemic cells with AML1-ETO (#[8;21]). One hypothesis
is that down-regulated MTG16 causes granulocytic differentiation block in leukemic
cells with AMLI1-ETO (#[8;21]) (paper IV). A controllable expression of MTG16 in
AE-cultures might be used for exploration of this hypothesis.

What effect does AMLI-ETO have on the normal interactions between the ETO
homologues? Studying the sub-nuclear organization of the homologues could give
answers to this question. We believe that AML1-ETO binds and sequesters the ETO
homologues and that this interferes with the normal functions of the ETO homologues.
AMLI-ETO resides in the nucleoplasm [43] and MTG16 in the nucleolus [52]. It is
plausible that AML1-ETO attracts MTG16 to the nucleoplasm like AML1-MTG16
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does [52] and thus disturbs the function of MTG16. It is also possible that the co-
repressor-binding domains of aberrantly expressed AMLI-ETO may sequester other
co-repressors such as N-CoR, mSin3a and HDACSs that normally binds to the ETO
homologues. If AML1-ETO interferes with either MTG16 or other co-repressors, this
could dislocate and thus deregulate the normal transcriptional targets of the ETO-
homologues, N-CoR, SIN3A and HDACs. This could give effects that contribute to
the leukemic phenotype of AML1-ETO containing cells.

Populiirvetenskaplig sammanfattning

Blodet fyller livsviktiga uppgifter i kroppen sdsom syretransport och infektionsférsvar.
De roda blodkropparna skoter syretransporten och de vita blodkropparna hanterar
infektionsskyddet eller immunférsvaret. Blodplittar star for blodets levring vid
blodning. Efterhand foérbrukas blodcellerna och dérfor sker en kontinuerlig nybildning.
Vid akut behov kan produktionen av blodceller 6ka mycket snabbt. De olika
blodcellerna bildas frén ursprungsceller (stamceller) i benmérgen vilka forokar sig
samtidigt som de mognar. Det krivs ett regleringssystem for att bestimma vilka gener
(arvsanlag) som ska komma till uttryck (slas pa) for att styra cellvixt och utmognad.
Det krdvs ocksa ett regleringssystem for att bestimma vilka gener som ska stdngas av.
Det sistndmnda systemet dr i fokus for detta arbete vilket handlar om proteiner som
stinger av gener (gen-tystare). De studerade gen-tystarna utgérs av ETO-sldktet, i
vilket proteinet ETO (Eight Twenty One) och ytterligare tva slidktingar ingér.
ETO-sldktet har visat sig vara involverat vid leukemi. Vid en viss typ av leukemi
har man namligen funnit att ETO genen 4r forenad med en annan gen. Ett nytt protein,
ett s.k. fusionsprotein, bildas istéllet och dess funktion &r fordndrad. Leukemiceller
visar en stord utmognad. De forokar sig kontinuerligt men mognar inte vilket leder till
en ansamling av omogna leukemiceller som inte formar skydda mot infektioner pa ett
normalt sétt. Det ETO-innehéllande fusionsproteinet tycks spela en roll for
uppkomsten av den typiska mognadshdmningen hos leukemiceller. ETO-sléktets
normala roll &r okénd och dess inblandning i blodbildning och leukemi héller pa att

kartlaggas.
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Vi fann att ETO-sldktingar bade kan binda till sig sjdlva och till varandra. Om
denna korsvisa bindning sker i en normal milj6 innebér detta att ETO-sldktingarna kan
samarbeta i deras gen-tystande aktiviteter. Dessutom fann vi att leukemispecifika
fusionsproteiner ocksd kan binda till ETO-sléktingar, vilket skulle kunna stéra deras
gen-tystande funktioner.

ETO-slaktingar binder inte bara till varandra utan ingar ocksa i komplex med icke-
besldktade proteiner som bidrar till den gen-tystande effekten. For att forsta samspelet
mellan ETO-sldaktingar och andra proteiner i sddana komplex studerade vi den gen-
tystande effekten hos somliga av de ingdende proteinerna. Vara forskningsresultat
antyder att ETO-sldktingarna har starkt gen-tystande aktivitet jamfort med de ovriga
proteinerna i komplexet. ETO-sldktingarna tycks férmedla och forstirka komplexets
gen-tystande aktvitet.

Vi fann att ETO-slédktingar produceras under blodbildningen. En av de tre ETO-
slaktingarna bildas sérskilt under utvecklingen av de syretransporterande roda
blodkropparna och inte i andra blodceller. Denna ETO-slékting kan darfor ha en viktig
roll i regleringen av de roda blodkropparnas bildning. Vid vita och réda blodcellers
utmognad observerades for 6vrigt en minskning av en annan ETO-sldkting. Detta kan
betyda att somliga ETO-sléktingar maste minska for att tillita mognadsprocessen. Vi
fann dven att en av ETO-sldktingarnas bildning hdmmades i ett leukemi-likt system.
Detta foranleder oss att tro att en minskad miangd ETO-slikting leder till att cellerna i
detta system forblir omogna. Denna minskning kan vara en bidragande faktor till att
leukemi utvecklas.

Detta arbete har gett en dkad forstaelse for ETO-sliktets roll i blodbildningen och
dess koppling till leukemi. Genom samspel med andra proteiner tror vi att ETO-sléktet
bidrar till att bibehalla den jamvikt mellan genaktivering och gen-tystning som krivs
for en normal blodbildning. En forstaelse av denna jamvikt och den ojamvikt som
rader vid leukemi kan i forlangningen bidra till nya idéer for behandling av

blodsjukdomar.

37



Acknowledgements

Inge Olsson, for gott handledande och din férmaga att vinda pé vetenskapliga
problem s& man ser dem ur andra vinklar. Ann-Maj Persson, for laborativ expertis
och att alltid ha ett svar till hands om varfér saker som borde fungera inte gor det.
Ellinor Johnsson, for gedigen laborativ erfarenhet, din outtréttliga vilja att fa mig att
blanda EDTA och framf6rallt ditt fina humér. Sofia Rondin Lindberg, for gott
kollegieskap, givande projekt-diskussioner, ditt tdlamod och din formaga att se positivt
pa saker. Hanna Rosén, for att du livat upp tillvaron genom att vara en retsticka.
Markus Hansson, for fina exceltips och hus-prat. Linda Kéllquist. for upplyftande
och roligt rumssillskap. Rakesh Singh Dhanda, for a productive collaboration. May-
Louise Andersson, for all hjdlpsamhet vid administrativ problemlosning. Urban
Gullberg, for experimentell klarsyntet och for att du driver pd i sparen. Susanna
Obad, Emelie Svensson, Malin Ageberg and Louise Edvardsson, for en trevlig
doktorandtid med retreats, maskerader och middagar. Karina Vidovic —idrottslig
forebild, for att du i tidernas begynnelse invigde mig i den laborativa vérlden. Tor
Olofsson — FACS guru, for sorteringshjdlp och for att du hojt bouquet-en pa
avdelningen. Bodil Rosberg, for att du har det ddr man inte visste vad det var, hur det
fungerade eller att man behovde det. James C Mulloy for having a true research
mentality and biding me a pleasant stay in your lab. Familj och viinner, for att ni

funnits och finns runtikring.

38



References

1.

2.

10.

11.

12.

13.

14.

16.

17.

18.

20.

Gahrton, G. and B. Lundh, Blodsjukdomar. Lirobok i hematologi. 3rd ed. 1999,
Stockholm: NATUR OCH KULTUR.

Mitelman, F., B. Johansson, and F. Mertens, Mitelman Database of Chromosome
Aberrations in Cancer. 2006.

Rowley, J.D., Recurring chromosome abnormalities in leukemia and lymphoma.
Semin Hematol, 1990. 27(2): p. 122-36.

Kelly, L.M. and D.G. Gilliland, Genetics of myeloid leukemias. Annu Rev Genomics
Hum Genet, 2002. 3: p. 179-98.

Rabbitts, T.H., Chromosomal translocations in human cancer. Nature, 1994.
372(6502): p. 143-9.

Wang, J.Y., et al., The mouse c-abl locus: molecular cloning and characterization.
Cell, 1984. 36(2): p. 349-56.

McWhirter, J.R., D.L. Galasso, and J.Y. Wang, A coiled-coil oligomerization domain
of Ber is essential for the transforming function of Bcr-Abl oncoproteins. Mol Cell
Biol, 1993. 13(12): p. 7587-95.

Speck, N.A., et al., Core-binding factor: a central player in hematopoiesis and
leukemia. Cancer Res, 1999. 59(7 Suppl): p. 1789s-1793s.

Giles, R.H., et al., Detection of CBP rearrangements in acute myelogenous leukemia
with (8,16). Leukemia, 1997. 11(12): p. 2087-96.

Ida, K., et al., Adenoviral E1A-associated protein p300 is involved in acute myeloid
leukemia with t(11;22)(g23;q13). Blood, 1997. 90(12): p. 4699-704.

Rowley, J1.D., et al., All patients with the T(11;16)(q23;p13.3) that involves MLL and
CBP have treatment-related hematologic disorders. Blood, 1997. 90(2): p. 535-41.
Ahuja, H.G., et al., The pattern of mutational involvement of RAS genes in human
hematologic malignancies determined by DNA amplification and direct sequencing.
Blood, 1990. 75(8): p. 1684-90.

Kiyoi, H., et al., Internal tandem duplication of FLT3 associated with leukocytosis in
acute promyelocytic leukemia. Leukemia Study Group of the Ministry of Health and
Welfare (Kohseisho). Leukemia, 1997. 11(9): p. 1447-52.

Meshinchi, S., et al., Prevalence and prognostic significance of Flt3 internal tandem
duplication in pediatric acute myeloid leukemia. Blood, 2001. 97(1): p. 89-94.
Reuss-Borst, M.A., et al., AML: immunophenotypic heterogeneity and prognostic
significance of c-kit expression. Leukemia, 1994. 8(2): p. 258-63.

Wang, Y.Y., et al., AMLI-ETO and C-KIT mutation/overexpression in t(8;21)
leukemia: Implication in stepwise leukemogenesis and response to Gleevec. Proc Natl
Acad Sci U S A, 2005. 102(4): p. 1104-1109.

Dash, A. and D.G. Gilliland, Molecular genetics of acute myeloid leukaemia. Best
Pract Res Clin Haematol, 2001. 14(1): p. 49-64.

Erickson, P., et al., Identification of breakpoints in t(8;21) acute myelogenous
leukemia and isolation of a fusion transcript, AMLI/ETO, with similarity to
Drosophila segmentation gene, runt. Blood, 1992. 80(7): p. 1825-31.

Miyoshi, H., et al., The 1#(8;21) translocation in acute myeloid leukemia results in
production of an AMLI-MTGS fusion transcript. Embo J, 1993. 12(7): p. 2715-21.
Wang, Q., et al., Disruption of the Cbfa2 gene causes necrosis and hemorrhaging in
the central nervous system and blocks definitive hematopoiesis. Proc Natl Acad Sci U
S A, 1996. 93(8): p. 3444-9.

39



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Okuda, T., et al., AMLI, the target of multiple chromosomal translocations in human
leukemia, is essential for normal fetal liver hematopoiesis. Cell, 1996. 84(2): p. 321-
30.

Nuchprayoon, 1., et al., PEBP2/CBF, the murine homolog of the human myeloid
AMLI and PEBP?2 beta/CBF beta proto-oncoproteins, regulates the murine
myeloperoxidase and neutrophil elastase genes in immature myeloid cells. Mol Cell
Biol, 1994. 14(8): p. 5558-68.

Shoemaker, S.G., R. Hromas, and K. Kaushansky, Transcriptional regulation of
interleukin 3 gene expression in T lymphocytes. Proc Natl Acad Sci U S A, 1990.
87(24): p. 9650-4.

Takahashi, A., et al., Positive and negative regulation of granulocyte-macrophage
colony-stimulating factor promoter activity by AMLI-related transcription factor,
PEBP2. Blood, 1995. 86(2): p. 607-16.

Bruhn, L., A. Munnerlyn, and R. Grosschedl, ALY, a context-dependent coactivator of
LEF-1 and AML-1, is required for TCRalpha enhancer function. Genes Dev, 1997.
11(5): p. 640-53.

Kitabayashi, L., et al., Activation of AMLI-mediated transcription by MOZ and
inhibition by the MOZ-CBP fusion protein. Embo J, 2001. 20(24): p. 7184-96.
Kitabayashi, 1., et al., Interaction and functional cooperation of the leukemia-
associated factors AMLI and p300 in myeloid cell differentiation. Embo J, 1998.
17(11): p. 2994-3004.

Yagi, R., et al., A WW domain-containing yes-associated protein (YAP) is a novel
transcriptional co-activator. Embo J, 1999. 18(9): p. 2551-62.

Meyers, S., J.R. Downing, and S.W. Hiebert, Identification of AML-1 and the (8;21)
translocation protein (AML-1/ETO) as sequence-specific DNA-binding proteins: the
runt homology domain is required for DNA binding and protein-protein interactions.
Mol Cell Biol, 1993. 13(10): p. 6336-45.

Kitabayashi, 1., et al., The AMLI-MTGS leukemic fusion protein forms a complex with
a novel member of the MTGS8(ETO/CDR) family, MTGR1. Mol Cell Biol, 1998. 18(2):
p. 846-58.

Calabi, F. and V. Cilli, CBFA2T1, a gene rearranged in human leukemia, is a member
of a multigene family. Genomics, 1998. 52(3): p. 332-41.

Gamou, T., et al., The partner gene of AMLI in t(16,21) myeloid malignancies is a
novel member of the MTG8(ETO) family. Blood, 1998. 91(11): p. 4028-37.
Morohoshi, F., et al., Structure and expression pattern of a human MTGS/ETO family
gene, MTGRI. Gene, 2000. 241(2): p. 287-95.

Rochford, J.J., et al., ETO/MTGS is an inhibitor of C/EBPbeta activity and a regulator
of early adipogenesis. Mol Cell Biol, 2004. 24(22): p. 9863-72.

Sacchi, N., et al., Subcellular localization of the oncoprotein MTGS8 (CDR/ETO) in
neural cells. Oncogene, 1998. 16(20): p. 2609-15.

Wolford, J.K. and M. Prochazka, Structure and expression of the human MTGS/ETO
gene. Gene, 1998. 212(1): p. 103-9.

Erickson, P.F., et al., ETO and AMLI phosphoproteins are expressed in CD34+
hematopoietic progenitors: implications for t(8;21) leukemogenesis and monitoring
residual disease. Blood, 1996. 88(5): p. 1813-23.

Calabi, F., R. Pannell, and G. Pavloska, Gene targeting reveals a crucial role for
MTGS in the gut. Mol Cell Biol, 2001. 21(16): p. 5658-66.

Lindberg, S.R., et al., The Leukemia-associated ETO homologues are differently
expressed during hematopoietic differentiation. Exp Hematol, 2005. 33(2): p. 189-98.

40



40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Amann, J.M., et al., Mtgrl is a transcriptional corepressor that is required for
maintenance of the secretory cell lineage in the small intestine. Mol Cell Biol, 2005.
25(21): p. 9576-85.

Davis, I.N., et al., ETO-2, a new member of the ETO-family of nuclear proteins.
Oncogene, 1999. 18(6): p. 1375-83.

Feinstein, P.G., et al., Identification of homeotic target genes in Drosophila
melanogaster including nervy, a proto-oncogene homologue. Genetics, 1995. 140(2):
p. 573-86.

Odaka, Y., et al., Nuclear import and subnuclear localization of the proto-oncoprotein
ETO (MTGS). Oncogene, 2000. 19(32): p. 3584-97.

Amann, J.M., et al., 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, 2001. 21(19): p. 6470-83.

Hildebrand, D., et al., Multiple regions of ETO cooperate in transcriptional
repression. J Biol Chem, 2001. 276(13): p. 9889-95.

Lutterbach, B., et al., 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, 1998. 18(6): p. 3604-11.

Lutterbach, B., et al., ETO, a target of t(8,;21) in acute leukemia, interacts with the N-
CoR and mSin3 corepressors. Mol Cell Biol, 1998. 18(12): p. 7176-84.

Zhang, J., et al., Oligomerization of ETO is obligatory for corepressor interaction.
Mol Cell Biol, 2001. 21(1): p. 156-63.

McNeil, S., et al., The 1(8;21) chromosomal translocation in acute myelogenous
leukemia modifies intranuclear targeting of the AMLI/CBFalpha?2 transcription
Jactor. Proc Natl Acad Sci U S A, 1999. 96(26): p. 14882-7.

McGhee, L., et al., Gfi-1 attaches to the nuclear matrix, associates with ETO (MTGS8)
and histone deacetylase proteins, and represses transcription using a TSA-sensitive
mechanism. J Cell Biochem, 2003. 89(5): p. 1005-18.

Komori, A., et al., Association of MTGS8 (ETO/CDR), a leukemia-related protein, with
serine/threonine protein kinases and heat shock protein HSP90 in human
hematopoietic cell lines. Jpn J Cancer Res, 1999. 90(1): p. 60-8.

Hoogeveen, A.T., et al., The transcriptional corepressor MTG16a contains a novel
nucleolar targeting sequence deranged in t (16, 21)-positive myeloid malignancies.
Oncogene, 2002. 21(43): p. 6703-12.

Melnick, A., et al., AML-1/ETO fusion protein is a dominant negative inhibitor of
transcriptional repression by the promyelocytic leukemia zinc finger protein. Blood,
2000. 96(12): p. 3939-47.

Saleque, S., S. Cameron, and S.H. Orkin, The zinc-finger proto-oncogene Gfi-1b is
essential for development of the erythroid and megakaryocytic lineages. Genes Dev,
2002. 16(3): p. 301-6.

Zweidler-Mckay, P.A., et al., Gfi-1 encodes a nuclear zinc finger protein that binds
DNA and functions as a transcriptional repressor. Mol Cell Biol, 1996. 16(8): p.
4024-34.

Zhang, J., et al., E protein silencing by the leukemogenic AMLI-ETO fusion protein.
Science, 2004. 305(5688): p. 1286-9.

Quong, M.W., W.J. Romanow, and C. Murre, E protein function in lymphocyte
development. Annu Rev Immunol, 2002. 20: p. 301-22.

Chevallier, N., et al., ETO protein of t(8;21) AML is a corepressor for Bcl-6 B-cell
lymphoma oncoprotein. Blood, 2004. 103(4): p. 1454-63.

41



59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

Fukuyama, T., et al., MTGS proto-oncoprotein interacts with the regulatory subunit of
type Il cyclic AMP-dependent protein kinase in lymphocytes. Oncogene, 2001. 20(43):
p. 6225-32.

Wood, J.D., et al., Atrophin-1, the dentato-rubral and pallido-luysian atrophy gene
product, interacts with ETO/MTGS in the nuclear matrix and represses transcription.
J Cell Biol, 2000. 150(5): p. 939-48.

Hassig, C.A., et al., Histone deacetylase activity is required for full transcriptional
repression by mSin3A. Cell, 1997. 89(3): p. 341-7.

Jones, P.L., et al., Multiple N-CoR complexes contain distinct histone deacetylases. ]
Biol Chem, 2001. 276(12): p. 8807-11.

Laherty, C.D., et al., Histone deacetylases associated with the mSin3 corepressor
mediate mad transcriptional repression. Cell, 1997. 89(3): p. 349-56.

Zhang, Y., et al., Histone deacetylases and SAP18, a novel polypeptide, are
components of a human Sin3 complex. Cell, 1997. 89(3): p. 357-64.

Zhang, Y., et al., The dermatomyositis-specific autoantigen Mi2 is a component of a
complex containing histone deacetylase and nucleosome remodeling activities. Cell,
1998. 95(2): p. 279-89.

Verreault, A., et al., Nucleosomal DNA regulates the core-histone-binding subunit of
the human Hatl acetyltransferase. Curr Biol, 1998. 8(2): p. 96-108.

Alland, L., et al., Identification of mammalian Sds3 as an integral component of the
Sin3/histone deacetylase corepressor complex. Mol Cell Biol, 2002. 22(8): p. 2743-
50.

Lechner, T., et al., Sds3 (suppressor of defective silencing 3) is an integral component
of the yeast Sin3[middle dot]Rpd3 histone deacetylase complex and is required for
histone deacetylase activity. J Biol Chem, 2000. 275(52): p. 40961-6.

Ayer, D.E., Q.A. Lawrence, and R.N. Eisenman, Mad-Max transcriptional repression
is mediated by ternary complex formation with mammalian homologs of yeast
repressor Sin3. Cell, 1995. 80(5): p. 767-76.

Kadosh, D. and K. Struhl, Repression by Ume6 involves recruitment of a complex
containing Sin3 corepressor and Rpd3 histone deacetylase to target promoters. Cell,
1997. 89(3): p. 365-71.

Alland, L., et al., Role for N-CoR and histone deacetylase in Sin3-mediated
transcriptional repression. Nature, 1997. 387(6628): p. 49-55.

Heinzel, T., et al., A complex containing N-CoR, mSin3 and histone deacetylase
mediates transcriptional repression. Nature, 1997. 387(6628): p. 43-8.

Nagy, L., et al., Nuclear receptor repression mediated by a complex containing
SMRT, mSin3A, and histone deacetylase. Cell, 1997. 89(3): p. 373-80.

Guenther, M.G., et al., A core SMRT corepressor complex containing HDAC3 and
TBLI1, a WD40-repeat protein linked to deafness. Genes Dev, 2000. 14(9): p. 1048-57.
Li, J., et al., Both corepressor proteins SMRT and N-CoR exist in large protein
complexes containing HDAC3. Embo J, 2000. 19(16): p. 4342-50.

Underhill, C., et al., A novel nuclear receptor corepressor complex, N-CoR, contains
components of the mammalian SWI/SNF complex and the corepressor KAP-1.J Biol
Chem, 2000. 275(51): p. 40463-70.

Humphrey, G.W., et al., Stable histone deacetylase complexes distinguished by the
presence of SANT domain proteins CoREST/kiaa0071 and Mta-L1. J Biol Chem,
2001. 276(9): p. 6817-24.

Xue, Y., et al., NURD, a novel complex with both ATP-dependent chromatin-
remodeling and histone deacetylase activities. Mol Cell, 1998. 2(6): p. 851-61.

42



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

You, A, et al., CoREST is an integral component of the COREST- human histone
deacetylase complex. Proc Natl Acad Sci U S A, 2001. 98(4): p. 1454-8.

Downing, J.R., The AMLI-ETO chimaeric transcription factor in acute myeloid
leukaemia: biology and clinical significance. Br J Haematol, 1999. 106(2): p. 296-
308.

Hurwitz, C.A., et al., Distinctive immunophenotypic features of (8;21)(q22;q22) acute
myeloblastic leukemia in children. Blood, 1992. 80(12): p. 3182-8.

Frank, R., et al., The AMLI/ETO fusion protein blocks transactivation of the GM-CSF
promoter by AMLIB. Oncogene, 1995. 11(12): p. 2667-74.

Hwang, E.S., et al., Regulation of c-fos gene transcription and myeloid cell
differentiation by acute myeloid leukemia 1 and acute myeloid leukemia-MTGS, a
chimeric leukemogenic derivative of acute myeloid leukemia 1. FEBS Lett, 1999.
446(1): p. 86-90.

Linggi, B., et al., The #(8,21) fusion protein, AMLI ETO, specifically represses the
transcription of the p14(ARF) tumor suppressor in acute myeloid leukemia. Nat Med,
2002. 8(7): p. 743-50.

Meyers, S., N. Lenny, and S.W. Hiebert, The #(8;21) fusion protein interferes with
AML-1B-dependent transcriptional activation. Mol Cell Biol, 1995. 15(4): p. 1974-82.
Yang, G, et al., Transcriptional repression of the Neurofibromatosis-1 tumor
suppressor by the 1(8;21) fusion protein. Mol Cell Biol, 2005. 25(14): p. 5869-79.
Westendorf, J.J., et al., The #(8,;21) fusion product, AML-1-ETO, associates with
C/EBP-alpha, inhibits C/EBP-alpha-dependent transcription, and blocks granulocytic
differentiation. Mol Cell Biol, 1998. 18(1): p. 322-33.

Pabst, T., et al., AMLI-ETO downregulates the granulocytic differentiation factor
C/EBPalpha in t(8;21) myeloid leukemia. Nat Med, 2001. 7(4): p. 444-51.

Vangala, R.K., et al., The myeloid master regulator transcription factor PU.I is
inactivated by AMLI-ETO in t(8,;21) myeloid leukemia. Blood, 2003. 101(1): p. 270-7.
Mao, S., et al., Functional and physical interactions between AMLI proteins and an
ETS protein, MEF : implications for the pathogenesis of 1(8;21)-positive leukemias.
Mol Cell Biol, 1999. 19(5): p. 3635-44.

Uchida, H., J. Zhang, and S.D. Nimer, AMLIA and AMLIB can transactivate the
human IL-3 promoter. J Immunol, 1997. 158(5): p. 2251-8.

Klampfer, L., et al., The AMLI/ETO fusion protein activates transcription of BCL-2.
Proc Natl Acad Sci U S A, 1996. 93(24): p. 14059-64.

Ahn, M.Y., et al., Negative regulation of granulocytic differentiation in the myeloid
precursor cell line 32Dcl3 by ear-2, a mammalian homolog of Drosophila seven-up,
and a chimeric leukemogenic gene, AMLI/ETO. Proc Natl Acad Sci U S A, 1998.
95(4): p. 1812-7.

Burel, S.A., et al., Dichotomy of AMLI-ETO functions: growth arrest versus block of
differentiation. Mol Cell Biol, 2001. 21(16): p. 5577-90.

Kohzaki, H., et al., Block of granulocytic differentiation of 32Dcl3 cells by
AMLI/ETO(MTGS) but not by highly expressed Bcl-2. Oncogene, 1999. 18(28): p.
4055-62.

Tonks, A., et al., Expression of AMLI-ETO in human myelomonocytic cells selectively
inhibits granulocytic differentiation and promotes their self-renewal. Leukemia, 2004.
18(7): p. 1238-45.

Harada, Y., et al., A hematopoietic-specific transmembrane protein, Art-1, is possibly
regulated by AMLI. Biochem Biophys Res Commun, 2001. 284(3): p. 714-22.

Le, X.F., et al., Characterization of the ETO and AMLI-ETO proteins involved in 8;21
translocation in acute myelogenous leukemia. Eur J Haematol, 1998. 60(4): p. 217-25.

43



99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Rossetti, S., et al., Myeloid maturation block by AMLI-MTG 16 is associated with
Csflr epigenetic downregulation. Oncogene, 2005. 24(34): p. 5325-32.

Basecke, J., et al., AMLI/ETO promotes the maintenance of early hematopoietic
progenitors in NOD/SCID mice but does not abrogate their lineage specific
differentiation. Leuk Lymphoma, 2005. 46(2): p. 265-72.

Mulloy, J.C., et al., The AMLI-ETO fusion protein promotes the expansion of human
hematopoietic stem cells. Blood, 2002. 99(1): p. 15-23.

Mulloy, J.C., et al., Maintaining the self-renewal and differentiation potential of
human CD34+ hematopoietic cells using a single genetic element. Blood, 2003.
102(13): p. 4369-76.

Ibanez, V., et al., AMLI-ETO decreases ETO-2 (MTG16) interactions with nuclear
receptor corepressor, an effect that impairs granulocyte differentiation. Cancer Res,
2004. 64(13): p. 4547-54.

Tonks, A., et al., The AMLI-ETO fusion gene promotes extensive self-renewal of
human primary erythroid cells. Blood, 2003. 101(2): p. 624-32.

Yergeau, D.A., et al., Embryonic lethality and impairment of haematopoiesis in mice
heterozygous for an AMLI-ETO fusion gene. Nat Genet, 1997. 15(3): p. 303-6.
Okuda, T., et al., Expression of a knocked-in AMLI-ETO leukemia gene inhibits the
establishment of normal definitive hematopoiesis and directly generates dysplastic
hematopoietic progenitors. Blood, 1998. 91(9): p. 3134-43.

Rhoades, K.L., et al., Analysis of the role of AMLI-ETO in leukemogenesis, using an
inducible transgenic mouse model. Blood, 2000. 96(6): p. 2108-15.

Yuan, Y., et al., AMLI-ETO expression is directly involved in the development of
acute myeloid leukemia in the presence of additional mutations. Proc Natl Acad Sci U
S A,2001. 98(18): p. 10398-403.

Schessl, C., et al., The AMLI-ETO fusion gene and the FLT3 length mutation
collaborate in inducing acute leukemia in mice. J Clin Invest, 2005. 115(8): p. 2159-
2168.

Yan, M., et al., Deletion of an AMLI-ETO C-terminal NcoR/SMRT-interacting region
strongly induces leukemia development. Proc Natl Acad Sci U S A, 2004. 101(49): p.
17186-91.

Kozu, T., et al., MYND-less splice variants of AMLI-MTGS (RUNXI1-CBFA2TI) are
expressed in leukemia with t(8;21). Genes Chromosomes Cancer, 2005. 43(1): p. 45-
53.

Lenny, N., S. Meyers, and S.W. Hiebert, Functional domains of the t(8;21) fusion
protein, AML-1/ETO. Oncogene, 1995. 11(9): p. 1761-9.

Koyano-Nakagawa, N. and C. Kintner, The expression and function of MTG/ETO
Sfamily proteins during neurogenesis. Dev Biol, 2005. 278(1): p. 22-34.

Simon, M.C., et al., Rescue of erythroid development in gene targeted GATA-1- mouse
embryonic stem cells. Nat Genet, 1992. 1(2): p. 92-8.

Wu, H., et al., Generation of committed erythroid BFU-E and CFU-E progenitors
does not require erythropoietin or the erythropoietin receptor. Cell, 1995. 83(1): p.
59-67.

Zhang, P., et al., Negative cross-talk between hematopoietic regulators: GATA
proteins repress PU.I. Proc Natl Acad Sci U S A, 1999. 96(15): p. 8705-10.

Hsu, H.L., et al., Preferred sequences for DNA recognition by the TALI helix-loop-
helix proteins. Mol Cell Biol, 1994. 14(2): p. 1256-65.

Hsu, H.L., et al., Enhancer-binding activity of the tal-1 oncoprotein in association
with the E47/E12 helix-loop-helix proteins. Mol Cell Biol, 1991. 11(6): p. 3037-42.

44



119.

120.

121.

122.

123.

124.

125.

Shivdasani, R.A., E.L. Mayer, and S.H. Orkin, Absence of blood formation in mice
lacking the T-cell leukaemia oncoprotein tal-1/SCL. Nature, 1995. 373(6513): p. 432-
4.

Porcher, C., et al., The T cell leukemia oncoprotein SCL/tal-1 is essential for
development of all hematopoietic lineages. Cell, 1996. 86(1): p. 47-57.

Goardon, N., et al., ETO2 coordinates cellular proliferation and differentiation during
erythropoiesis. Embo J, 2006. 25(2): p. 357-66.

Schuh, A.H., et al., ETO-2 associates with SCL in erythroid cells and megakaryocytes
and provides repressor functions in erythropoiesis. Mol Cell Biol, 2005. 25(23): p.
10235-50.

Garcon, L., et al., Gfi-IB plays a critical role in terminal differentiation of normal and
transformed erythroid progenitor cells. Blood, 2004.

Wang, J., et al., ETO, fusion partner in t(8;21) acute myeloid leukemia, represses
transcription by interaction with the human N-CoR/mSin3/HDAC1 complex. Proc Natl
Acad Sci U S A, 1998. 95(18): p. 10860-5.

Lausen, J., et al., The nuclear receptor co-repressor (N-CoR) utilizes repression
domains I and 111 for interaction and co-repression with ETO. J Biol Chem, 2004.
279(47): p. 49281-8.

45




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




