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Notch is a transmembrane receptor that determines cell fates and pattern formation in all animal species.
After specific ligand binding, the intracellular part of Notch is cleaved off and translocates to the nucleus,
where it targets the DNA binding protein RBP-J�. In the absence of Notch, RBP-J� represses Notch target
genes by recruiting a corepressor complex. We and others have previously identified SHARP as one component
of this complex. Here, we show that the corepressor ETO as well as the leukemogenic fusion protein AML1/
ETO directly interacts with SHARP, that ETO is part of the endogenous RBP-J�-containing corepressor
complex, and that ETO is found at Notch target gene promoters. In functional assays, corepressor ETO, but
not AML1/ETO, augments SHARP-mediated repression in an histone deacetylase-dependent manner. Fur-
thermore, either the knockdown of ETO or the overexpression of AML1/ETO activates Notch target genes.
Therefore, we propose that AML1/ETO can disturb the normal, repressive function of ETO at Notch target
genes. This activating (or derepressing) effect of AML1/ETO may contribute to its oncogenic potential in
myeloid leukemia.

A small number of signaling pathways are known to regulate
gene expression and, hence, cell fates in many organ systems.
Notch acts as the receptor in one of these pathways and is
involved in regulating many cellular processes, such as stem
cell maintenance or differentiation during the development
and renewal of adult tissues (reviewed in references 5 and 17).
In higher eukaryotes, well-studied examples of the influence of
Notch on cell fate are neurogenesis and myogenesis in Dro-
sophila (reviewed in reference 4) and hematopoiesis in mice
(reviewed in references 27 and 38).

At the molecular level, the triggering of the Notch receptor
by ligand binding leads to proteolytic processing within the
transmembrane domain, which results in the release of the
Notch intracellular domain Notch-IC. Notch-IC can translo-
cate to the nucleus, where it targets the DNA binding protein
RBP-J�, also known as CSL [CBF1, Su(H), Lag-1)], in order to
activate Notch target genes. In mice and Drosophila melano-
gaster, the phenotypes that are produced upon depletion of
RBP-J� are similar, but not identical, to those produced by the
loss of Notch function. Subsequently, it became clear to us that

many differences could be explained by the derepression of
Notch target genes. Hence, we postulated that repression and
activation via RBP-J� involve the recruitment of distinct core-
pressors and coactivator complexes (reviewed in references 5
and 23). Notch-IC binding to RBP-J� is crucial for switching
from the repressed state to the activated state. When Notch-IC
enters the nucleus, its binding to RBP-J� may trigger an allo-
steric change that facilitates the displacement of the transcrip-
tional corepressor complex. Subsequently, Mastermind binds
to Notch-IC/RBP-J� and the resulting ternary protein complex
recruits coactivators, such as histone acetyltransferase p300
or PCAF (22, 33, 40, 44), chromatin remodeling factors, and
the mediator complex, to activate transcription (12). When
Notch-IC is absent from the nucleus, RBP-J� recruits a histone
deacetylase (HDAC)-containing corepressor complex (15, 18,
32, 34).

We and others have previously described the protein
SHARP (SMRT- and HDAC1-associated repressor protein)
as part of the RBP-J� corepressor complex (21, 32). SHARP is
a ubiquitously expressed, large protein of approximately 450
kDa, containing four RNA recognition motifs at its N terminus
and a highly conserved SPOC domain at its C terminus (3, 30,
37). Its highly conserved repression domain has been de-
scribed to interact with SMRT and N-CoR (37) and with
CtIP/CtBP (34). Mice deficient for the murine SHARP ho-
mologue MINT die during late embryogenesis (21). Studies
using fetal liver transfer and a conditional knockout ap-
proach have shown a SHARP deficiency to cause hemato-
poietic defects in marginal zone B-cell development and
T-cell development (21, 39, 45).

ETO (also called myeloid translocational gene 8 protein
[MTG8]) is best known as a fusion partner of AML1 in leu-
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kemias carrying the t(8;21) translocation (10, 29); in fact, the
name of the protein is an acronym for the translocation (eight-
twenty-one). ETO belongs to a family of conserved nuclear
proteins whose members can be found from Drosophila to
humans. It contains four evolutionarily conserved functional
domains called nervy homology regions (NHRs). NHR2 is
important for homodimerization and protein-protein interac-
tion with other corepressors. Although ETO is not able to bind
to DNA, it is reported to act as a negative transcriptional
regulator. ETO can homodimerize and heterodimerize with
other members of the ETO family as well as interact directly
with the corepressors N-CoR, SMRT, and Sin3A (reviewed in
reference 16) (13, 26, 41). The function of ETO as a corepres-
sor depends also on recruitment of HDACs, especially
HDAC1, -2, and -3 (2).

The t(8;21)(q22/q22) translocation, which fuses the ETO
gene on human chromosome 8 with the AML1 gene on chro-
mosome 21, is seen in approximately 12 to 15% of acute my-
eloid leukemia (AML) cases, and in about 40% of AML cases,
it is seen with a French-American-British-classified M2 phe-
notype (9). AML1 (also known as Runx-1) is a transcription
factor that forms a heterodimer with a non-DNA-binding pro-
tein, CBF� (31, 41). The t(8;21) translocation fuses DNA en-
coding the N-terminal 177 amino acids of AML1, which in-
cludes the RUNT DNA-binding domain (which also interacts
with CBF�), in frame with the codons for amino acids 30 to
604 of ETO. The AML1/ETO fusion deletes the terminal ac-
tivation domain of AML1 and acts as a dominant-negative
form of AML1, which represses AML1 target genes. In con-
trast, AML1/ETO could also be found as an activator of tran-
scription involving Bcl-2 (20) and enhanced the expression of
p21WAF1 (35). However, the mechanism through which AML1/
ETO can activate transcription remains unclear.

The focus of this study is to further characterize the RBP-
J�/SHARP corepressor complex. In a yeast two-hybrid screen
with the RBP-J�-interacting corepressor SHARP, ETO was
identified as an interaction partner. SHARP-ETO interaction
was confirmed in glutathione S-transferase (GST) pull-down
and coimmunoprecipitation experiments. Furthermore, in
chromatin immunoprecipitation (ChIP) experiments, the colo-
calization of RBP-J�/SHARP and ETO could be found at
Notch target genes. Interestingly, the leukemogenic fusion
protein AML1/ETO also interacts with SHARP and is present
in the endogenous RBP-J� corepressor complex of Kasumi
cells. However, in functional assays, ETO but not AML1/ETO
augments SHARP-mediated repression. Moreover, AML1/
ETO is able to disturb transcriptional repression at Notch
target genes. Therefore, we propose that AML1/ETO dereg-
ulates not only AML1 target genes but also Notch target genes.

MATERIALS AND METHODS

Oligonucleotides. For a list of all oligonucleotides used for the construction of
plasmids and for real-time PCR, see the materials and methods section of the
supplemental material.

Plasmids. The ETO expression plasmid was made by inserting the SalI
(blunted with Klenow fragment)-digested/NotI-digested ETO fragment from
pBind-ETO (provided by J. Lausen) into the EcoRV-digested/NotI-digested
pDNA3 vector. The AML1/ETO expression plasmid was produced from
pGEX6P1-AML1/ETO (provided by J. Lausen) in a manner similar to that
described above. For bacterial expression of GST fusion proteins, the KpnI
(blunted with Klenow fragment)-digested/NotI-digested ETO fragment from

pcDNA3-ETO was inserted into the SmaI-digested/NotI-digested pGEX6P1
vector (Amersham). The GST fusions of SHARP as well as the expression
plasmids pcDNA3-Flag-SHARP-RD and pcDNA3-Flag2-SHARP have previ-
ously been described (32, 34). For mapping of the SHARP ETO interaction, the
expression plasmids pcDNA3-Flag3-ETO-N (amino acids 1 to 305), pcDNA3-
Flag3-ETO-C (amino acids 297 to 604), and pcDNA3-Flag3-ETO (amino acids
400 to 604) were constructed as follows. The N-terminal fragment of ETO
(ETO-N) was amplified by PCR using ETO-N_001 and ETO-N_002 as primers,
digested with EcoRI and XhoI, and inserted into the corresponding sites of
pcDNA3-Flag3. The C terminus of ETO (ETO-C) was amplified using the
primers ETO-C_001 and ETO-C_002, digested with EcoRV and XhoI, and
inserted into the corresponding sites of pcDNA3-Flag3. The ETO deletion
mutant (amino acids 400 to 604) was amplified using the primers ETO-del_001
and ETO-del_002 by PCR, digested with EcoRV and XhoI, and inserted into
pcDNA3-Flag3. The pcDNA3-ETO-enhanced green fluorescent protein (eGFP)
and pcDNA3-AML1/ETO-eGFP constructs were made as follows. ETO-C was
amplified by PCR using the upstream primer ETO_001 and the downstream
primer ETO_002, digested with EcoRI and XhoI, and inserted into the corre-
sponding sites of pcDNA3-eGFP, resulting in pcDNA3-ETO-C-eGFP. For in-
serting the N-terminal part of ETO or AML1/ETO, the vectors pcDNA3-ETO
and pcDNA3-AML1/ETO were digested with EcoRI and inserted into the cor-
responding site of pcDNA3-ETO-C-eGFP. The pcDNA3-Flag3-AML1/
ETO(tr)-eGFP expression plasmid was produced as follows. The C-terminal part
of AML1/ETO was deleted using the 5� phosphorylated oligonucleotides
TR_001 and TR_002. The oligonucleotides were annealed, and the resulting
double-stranded DNA flanked by the restriction sites for BamHI and XhoI was
inserted into the corresponding sites of pcDNA3-Flag3-AML1/ETO, resulting in
pcDNA3-Flag3-AML1/ETO(tr). For eGFP fusion, pcDNA3-AML1/ETO-eGFP
was digested with XhoI and XbaI and the eGFP sequence was inserted into the
corresponding sites of pcDNA3-Flag3-AML1/ETO(tr). The RBP2N specific ex-
pression vector pcDNA3-RBP2N-d2EosFP (42) was digested with XhoI and
XbaI, and the PCR-amplified eqFP611 cDNA (primers RBP_001 and RBP_002)
was inserted, resulting in RBP2N-eqFP611. The reporter plasmids for the lucif-
erase assays pFR-Luc, pGA981/6, and HES1-Luc as well as the expression
plasmids pCMV-RBP-VP16, pCMV-Gal4-VP16-SHARP-RD, pCMV-mNotch-
1-IC, and pcDNA3-Flag1-SHARP (amino acids 2770 to 3127) were described
previously (32). The Hey1(�97/�85)-Luc reporter was a gift from M. Gessler.
The ETO(xl) and XETOR expression plasmids were gifts from Ying Cao, Uni-
versity of Ulm.

Yeast two-hybrid screening. Yeast two-hybrid screening was performed as
described previously (32).

Cell culture and preparation of cell extracts. The HEK293 (ATCC CRL 1573)
and HeLa (ATCC CCL 2) cell lines were grown in Dulbecco’s modified Eagle’s
medium (Gibco) supplemented with 10% fetal calf serum (FCS). The Kasumi
cell line was grown in RPMI 1640 medium (Gibco) supplemented with 20% FCS,
5% HEPES, and 5% L-glutamine. The murine erythroleukemia (MEL) and
human erythroleukemia (HEL) cell lines were grown in RPMI 1640 medium
(Gibco) with 10% FCS, penicillin, and streptomycin. A pre-T-cell line called
Beko was derived from mice deficient in T-cell receptor beta (kind gift from J.
Kisielow). Beko cells were grown in Iscove’s modified Dulbecco medium (Gibco)
with 2% FCS, nonessential amino acids, 0.3 mg/liter Primatone, and 5 mg/liter
insulin. All cell lines were maintained at 37°C under 5% CO2. Whole-cell lysates
for Western blotting and immunoprecipitation experiments were prepared as
follows. Cells were washed in phosphate-buffered saline (PBS) and suspended in
ice-cold CHAPS lysis buffer (10 mM 3{3-[(3-cholamidopropyl)-dimethylammo-
nio]-1-propanesulfonate}, 50 mM Tris-HCl, pH 7.8, 150 mM NaCl, 5 mM NaF,
0.5 mM phenylmethylsulfonyl fluoride and protease inhibitors; Complete mix;
Roche) and incubated on ice for 1 h. The lysates were cleared by centrifugation
at 80,000 � g for 30 min. Protein concentrations were determined by using the
Bradford assay method (Bio-Rad). The extracts were used for Western blotting
and immunoprecipitation experiments.

DNA transfection. HEK293 cells were transfected using the calcium phosphate
coprecipitation method (Promega), HeLa cells were transfected using the
FuGENE transfection reagent (Roche), and Kasumi cells were transfected with
Lipofectamine 2000 (Invitrogen). All transfections were performed according to
the manufacturer’s instructions.

In vitro protein translation. Proteins were translated in vitro in the presence
of [35S]methionine by using the reticulocyte lysate-coupled transcription/trans-
lation system (Promega). Translation and labeling quality were monitored by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

GST pull-down assay. The GST fusion proteins were expressed in Escherichia
coli strain BL21 (Stratagene) and stored as whole bacterial lysates at �80°C.
Approximately 1 �g of GST protein and GST fusion protein were immobilized

VOL. 28, 2008 ETO, RBP-J�/SHARP INTERACTION AND COREPRESSOR FUNCTION 3503



with glutathione-Sepharose beads (Amersham) and incubated together with the
in vitro-translated proteins under rotation at 4°C for 1 h. Beads were washed four
times with 600 �l buffer A (40 mM HEPES [pH 7.5], 5 mM MgCl2, 0.2 mM
EDTA, 0.5% NP-40, and 100 mM KCl) and four times with 600 �l buffer B
(equivalent to buffer A, but containing 300 mM KCl). After the washing steps,
the beads were resuspended in SDS-PAGE loading buffer and the proteins were
separated by SDS-PAGE. The gels were dried and exposed to X-ray films.

Immunoprecipitation. Immunoprecipitation experiments were carried out us-
ing whole-cell extracts from HEK293 cells 24 h after cotransfection with Flag-
SHARP-RD (3477 to 3664) and expression plasmids for ETO and AML1/ETO.
Cells were lysed with 700 �l CHAPS lysis buffer. The extracts were incubated
with 40 �l agarose-conjugated anti-Flag antibody (M2; Sigma) at 4°C overnight.
The beads were washed five times with CHAPS lysis buffer and resuspended in
SDS-polyacrylamide gel loading buffer. For the investigation of endogenous
protein interactions, immunoprecipitation experiments were carried out using
CHAPS cell extracts from Kasumi cells or HEL cells. The extracts were incu-
bated with 4 �g of anti-ETO antibody (Santa Cruz) or 20 �l of an anti-SHARP
antibody (�SHARP 2 [32]) at 4°C overnight, followed by a 2-h incubation with 40
�l Sepharose-conjugated protein G beads (Amersham). The beads were washed
five times with CHAPS lysis buffer and resuspended in SDS-PAGE loading
buffer.

Western blotting. The proteins resolved in SDS-polyacrylamide gels (10%)
were transferred electrophoretically at room temperature to polyvinylidene di-
fluoride membranes (Millipore) for 1 h at 50 mA by using a Tris-glycine buffer
system. The membranes were preblocked for 1 h in a solution of 2% or 3% milk
powder in 0.1% Tween 20 in PBS (PBS-T) before the antibodies were added.
The following antibodies were used: anti-ETO (goat polyclonal immunoglobulin
G [IgG] raised against the C terminus of ETO; catalog no. sc-9737; Santa Cruz),
secondary antibody peroxidase-conjugated rabbit anti-goat IgG (Jackson Immu-
noResearch), anti-Flag (catalog no. M5; Sigma), secondary antibody peroxidase-
conjugated sheep anti-mouse IgG (catalog no. NXA931; Amersham), anti-
RBP-J� (rat monoclonal IgG2a [catalog no. T6709; Institute of Immunology
Co., Ltd.] and secondary antibody peroxidase-conjugated goat anti-rat IgG
[Dianova]), anti-VP16 (mouse monoclonal IgG directed against amino acids 456
to 490 of VP16 [catalog no. sc-7545; Santa Cruz] and secondary antibody per-
oxidase-conjugated sheep anti-mouse IgG [NXA931; Amersham]).

Luciferase assay. HeLa cells (5 � 104) were transfected in 24-well plates (with
1 �g of reporter plasmid DNA), together with various amounts of expression
plasmid. Luciferase activity was determined from at least three independent
transfections with 20 �l of cleared lysate in an LB 9501 luminometer (Berthold)
by using the luciferase assay system from Promega.

Purification of RBP-J� DNA-binding complexes. Purification was performed
as described previously (34). Whole-cell extracts from 109 Kasumi cells were
used. The DNA-binding complexes were analyzed by electromobility shift assay
(EMSA) and Western blotting.

EMSA. The EMSA experiments were performed as described previously (34).
ChIP. MEL and Kasumi cells were fixed for 1 h with 10 mM dimethyladipi-

mate. For cross-linking, the cells were incubated in 1% formaldehyde for 10 min
at room temperature. The cross-linking reaction was stopped with 125 mM
glycine. Nuclear extracts were prepared by using a cell lysis buffer (50 mM
Tris-HCl [pH 8.0], 2 mM EDTA, 0.1% NP-40, 10% glycerol, 2 mm dithiothre-
itol). The nuclei were resuspended in 600 �l resuspension buffer (50 mM Tris-
HCl [pH 8.0], 1% SDS, 5 mM EDTA, 2 mM dithiothreitol) and sonicated.
Chromatin was 10-fold diluted with dilution buffer (50 mM Tris-HCl [pH 8.0],
200 mM NaCl, 5 mM EDTA, 0.5% NP-40) and precleared. The precleared
chromatin extract was incubated overnight with, in each case, 50 �g antibodies
against ETO (rabbit polyclonal antibody), SHARP (rabbit polyclonal antibody),
and RBP-J� (Chemicon). The immunoprecipitates were immobilized on protein
A-Sepharose beads for 2 h. After washing the beads with 500 mM NaCl and 500
mM LiCl containing buffers, we eluted chromatin from the beads with elution
buffer (Tris-EDTA, 2% SDS) at room temperature. The cross-linking of chro-
matin was reversed for 6 h at 65°C in the presence of 300 mM NaCl and RNase
A. Chromatin was precipitated with ethanol, dissolved in Tris-EDTA-PK buffer
(10 mM Tris-HCl [pH 7.5], 5 mM EDTA, 0.25% SDS) and treated with pro-
teinase K for 2 h at 45°C. After purification by phenol-chloroform extraction, the
chromatin was precipitated at �20°C in the presence of 300 mM NaCl, tRNA,
glycogen, and ethanol overnight. The chromatin was analyzed by quantitative
real-time PCR.

Overexpression in HEK293 cells and knockdown in Kasumi and pre-T cells.
HEK293 cells (3 � 106 in 10-cm dishes) were transfected with an empty pcDNA3
vector or expression plasmids pcDNA3-AML1/ETO, pcDNA3-AML1/ETO(tr),
pcDNA3-mNotch-1-IC, and pCMV-RBP-VP16. The cells were harvested 24 h
after transfection. After mRNA isolation and cDNA synthesis, the expression of

Notch target genes was determined by real-time PCR. Kasumi cells were trans-
fected with the pSIR-short interfering RNA (siRNA)-internal ribosome entry
site-GFP vector, which expresses the specific AML1/ETO junction hairpin (CGA
GAA CCU CGA AAU CGU ACT). GFP-positive and GFP-negative cells were
sorted by fluorescence-activated cell sorting 3 days after transfection and subse-
quently analyzed via reverse transcription-PCR. The pre-T-cell line Beko was
retrovirally infected with the pSIR-siRNA-histidinol vector, which expresses
either hairpin ETO1.1 (GCA TGA GCA CCT TCT GCT CAA) or hairpin
ETO1.2 (GAT CGC CTG TGG AAG TGA AGA). The retroviral packaging cell
line Phoenix was transfected with calcium phosphate. Two days later, retroviral
supernatants were taken and Beko cells were spin infected four times over 2 days.
Cells were selected on 500 mM histidinol, and real-time PCR was performed 1
week after selection.

RESULTS

Corepressor SHARP physically interacts and colocalizes
with ETO and AML1/ETO. In order to identify proteins that
interact with the RBP-J�-associated corepressor SHARP, we
performed a yeast two-hybrid screen by using the repression
domain of SHARP (SHARP-RD) as bait. A human embryonic
brain library was screened, and the corepressor ETO was iden-
tified as an interactor. The association between SHARP-RD
and ETO was verified in several independent assays (Fig. 1 and
2). First, in GST pull-down experiments, full-length ETO, ra-
diolabeled in a cell-free system, interacted only with the bac-
terially expressed GST fusion protein GST-SHARP-RD
(amino acids 3477 to 3664) (Fig. 1A, lane 4), not with a C-
terminally truncated mutant of GST-SHARP-RD (amino acids
3477 to 3628) or GST alone (Fig. 1A, lanes 2 and 3). The fusion
protein AML1/ETO, containing almost the whole ETO pro-
tein fused to the DNA-binding domain of AML1, also bound
only to GST-SHARP-RD (amino acids 3477 to 3664) (Fig. 1B,
lane 4), not to the truncated GST-SHARP-RD (amino acids
3477 to 3628) or GST alone (Fig. 1B, lanes 2 and 3).

Secondly, coimmunoprecipitation experiments were per-
formed in order to confirm the interaction of ETO (or AML1/
ETO) and SHARP-RD in vivo. For this purpose, HEK293
cells were transiently transfected with expression plasmids for
ETO or AML1/ETO alone or together with Flag-tagged
SHARP-RD. Flag-SHARP-RD was immunoprecipitated with
an anti-Flag antibody; ETO and AML1/ETO were detected in
Western blot analyses by using an anti-ETO antibody (Fig.
1C). Immunoprecipitated ETO and AML1/ETO could be de-
tected only if they were expressed together with Flag-
SHARP-RD (Fig. 1C, bottom panel). In addition, after the
incubation of cell lysates from ETO-expressing HEL cells (Fig.
1D, lane 2) with an antibody directed against endogenous
SHARP protein (32), both RBP-J� (Fig. 1D, lane 3) and ETO
(Fig. 1D, lane 4) were coimmunoprecipitated.

ETO contains four highly conserved functional domains
called nervy homology regions (NHR1 to NHR4). Previous
investigations showed that these domains mediate interaction
with other repressor proteins like N-CoR, SMRT, or Sin3A (2,
25, 26, 41). In order to identify which domains of ETO are
responsible for SHARP interaction, several Flag-tagged, trun-
cated versions of ETO were synthesized (Fig. 2A). Both the
N-terminal part of ETO containing NHR1, Flag3-ETO-N
(amino acids 1 to 305), and the C-terminal part, Flag3-ETO-C
(amino acids 297 to 604), containing NHR2 to NHR4, associ-
ated with GST-SHARP-RD (amino acids 3477 to 3664) in
GST pull-down experiments (Fig. 2B, lanes 5 and 8). Neither
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construct showed any interaction with GST alone (Fig. 2B,
lanes 3 and 6) or with the truncated GST-SHARP-RD (amino
acids 3477 to 3628) (Fig. 2B, lanes 4 and 7). In vitro-translated,
Flag-tagged ETO (400 to 604) containing NHR3 and NHR4
was not able to bind to GST-SHARP-RD (amino acids 3477 to
3664) (Fig. 2C, lane 5) in a comparison with full-length ETO as
a positive control (Fig. 2C, lane 6). These results demonstrate
that SHARP interacts with ETO and AML1/ETO in vitro and
in vivo. Furthermore, the first two functional domains of ETO
contribute to the interaction with the full-length SHARP re-
pression domain in a manner independent of each other.

Since, at the moment, it is not possible to detect SHARP by
Western blotting (21, 32), we decided to use an immunofluo-
rescence approach. To examine the subcellular localization of
SHARP, ETO, and AML1/ETO, HEK293 cells were cotrans-
fected with eGFP fusions of ETO, AML1/ETO, and a recently
identified C-terminally truncated version of AML1/ETO (46),
together with full-length SHARP (see Fig. S1A in the supple-
mental material). SHARP was immunostained using an anti-
serum directed against SHARP. All three eGFP fusion pro-
teins and SHARP locate to the nucleus (see Fig. S1A in the

supplemental material). SHARP interacts with RBP-J�
through a conserved interaction domain (32). To investigate
the subcellular localization of SHARP, RBP-J�, and AML1/
ETO triple-color fluorescence images were taken of the nuclei
of HEK293 cells cotransfected with AML1/ETO-eGFP and a
fusion of RBP2N with an optimized variant of the red fluores-
cent protein eqFP611 (42, 43). AML1/ETO-eGFP, RBP2N-
eqFP611, and endogenous SHARP localized in the nuclei of
HEK293 cells (see Fig. S1B in the supplemental material).

ETO and SHARP colocalize with RBP-J� at promoter re-
gions of Notch target genes. To investigate whether the ETO-
SHARP interaction also takes place at Notch target genes in
vivo, ChIP experiments were performed. We used ETO-ex-
pressing MEL cells and investigated whether ETO, SHARP,
and RBP-J� can be found specifically at several Notch target
gene promoters. After the immunoprecipitation of either
RBP-J�, SHARP, or ETO, promoter regions of the HES1
gene and of the newly described Notch target Nrarp (24) could
be specifically amplified, whereas several control regions (con-
trol 1, HES1 gene 3� untranscribed region [UTR]; control 2,
Hey1 gene 3� UTR) remained at background levels (Fig. 3).

FIG. 1. ETO and AML1/ETO interact with SHARP in vitro (A and B) and in vivo (C and D). (A and B, lanes 4) Cell-free, synthesized,
35S-labeled ETO and AML1/ETO bind to GST-tagged SHARP-RD (amino acids 3477 to 3664) immobilized on glutathione-Sepharose beads. (A
and B, lanes 3) They do not interact with a truncated version of immobilized GST-SHARP-RD (amino acids 3477 to 3628). (C) HEK293 cells were
cotransfected with expression plasmids for ETO or AML1/ETO, together with Flag-tagged SHARP-RD. The expression of Flag-SHARP-RD,
ETO, and AML1/ETO was detected by Western blotting (WB) using antibodies against the Flag tag (upper blot) and ETO (middle blot). ETO
and AML1/ETO were coimmunoprecipitated only with SHARP-RD from lysates of cells cotransfected together with Flag-SHARP-RD (lower blot,
lanes 4 and 5). (D) Endogenous RBP-J� and ETO could be coimmunoprecipitated from HEL cellular extracts by an anti-SHARP antibody (lanes
3 and 4). Coimmunoprecipitated ETO and AML1/ETO were detected on Western blots using the ETO antibody (�ETO). Coimmunoprecipitated
RBP-J� was detected using the RBP-J� antibody (�RBP-J�).
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AML1/ETO is part of the endogenous RBP-J�-complex.
Previously, we isolated endogenous RBP-J�-containing com-
plexes by DNA affinity chromatography (34). In order to
investigate the formation of endogenous DNA-bound AML1/
ETO-RBP-J� complexes, RBP-J� complexes were purified
from Kasumi cells, which express AML1/ETO (11). Complex
purification was verified by EMSA and Western blot analysis
(Fig. 4A, lanes 7 to 9, and B, bottom panel, lanes 3 to 6).
Western blot analyses further show that AML1/ETO coelutes
with RBP-J� in fractions E2 and E3 (Fig. 4B, lanes 4 and 5).
The presence of AML1/ETO within an endogenous RBP-J�
protein complex was additionally confirmed by immunopre-
cipitation experiments with whole-cell lysates from Kasumi

cells. For the precipitation of AML1/ETO, an anti-ETO anti-
body was used. RBP-J� could be coprecipitated with AML1/
ETO, as shown by Western blots probed with an antibody
against RBP-J� (Fig. 4C, lane 2). In addition, RBP-J� and
AML1/ETO were also coimmunoprecipitated by using an an-
tibody directed against endogenous SHARP (Fig. 4D, lanes 3
and 4). In order to investigate in vivo colocalization experi-
ments with the fusion protein AML1/ETO and RBP-J�, ChIP
experiments were performed using Kasumi cells. After precip-
itation with specific antibodies, RBP-J� and AML1/ETO were
specifically found at the promoters of the Notch target Nrarp
and cyclin D1 genes but not at the control (intron of the Hey1
gene) (Fig. 4E).

Taken together, these experiments demonstrate that AML1/
ETO is a potential member of an endogenous DNA-bound
RBP-J� complex in Kasumi cells. The association between
AML1/ETO and RBP-J� is most probably mediated via
SHARP, since we could not detect a direct interaction of
AML1/ETO and RBP-J�.

ETO, but not AML1/ETO, augments SHARP-mediated re-
pression. ETO has previously been described as a transcrip-
tional corepressor (reviewed in reference 16). In order to
investigate whether ETO is also able to augment SHARP-
mediated repression, we performed several functional assays.
HeLa cells were cotransfected with expression plasmids for
Gal4-VP16-SHARP-RD, human ETO, or AML1/ETO, to-
gether with the Gal4-responsive reporter construct pFR-Luc.
ETO enhanced the repression caused by Gal4-VP16-
SHARP-RD in a dose-dependent manner up to fourfold (Fig.
5A). Surprisingly, the expression of AML1/ETO led to an up
to twofold increase in promoter activity (Fig. 5A), suggesting
that AML1/ETO interferes with the repressional activity of
SHARP. Several control experiments were performed to probe
the significance of these results (see Fig. S2 in the supplemen-
tal material). One, to exclude a possible deregulation of the
activator by ETO or AML1/ETO, protein expression was an-
alyzed after transfection of HEK293 cells with Gal4-VP16-
SHARP-RD alone or together with ETO or AML1/ETO by
Western blotting (see Fig. S2A in the supplemental material).

FIG. 2. The first two functional domains of ETO (NHR1 and
NHR2) are responsible for interaction with SHARP-RD. (A) Sche-
matic representation of ETO and the truncated versions of ETO used
in this study. (B) GST pull-down with the cell-free, synthesized, Flag-
tagged, N-terminal (amino acids 1 to 305) and C-terminal (amino acids
297 to 604) halves of ETO. Both interact only with GST-SHARP-RD
(amino acids 3477 to 3664) (lanes 5 and 8), not with the truncated
GST-SHARP-RD (amino acids 3477 to 3628) (lanes 4 and 7) or GST
alone (lanes 3 and 6). The GST fusions were immobilized on glutathi-
one-Sepharose beads. (C) Cell-free synthesized ETO (amino acids 400
to 604) does not bind to immobilized GST-SHARP-RD any more
(lanes 4 and 5). Cell-free synthesized full-length ETO was used as
positive control (lane 6).

FIG. 3. ETO, SHARP, and RBP-J� can be found associated at the
promoter regions of the Notch target HES1 and Nrarp genes in MEL
cells. ChIP experiments were performed as described in Materials and
Methods. Mean values and standard deviations (error bars) of four
independent experiments are shown. Control 1, HES1 gene 3� UTR;
control 2, Hey1 gene 3� UTR.
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Two, HeLa cells were cotransfected with expression plas-
mids for Gal4-VP16-SHARP-RD, ETO (xl) or the ETO-
related XETOR from Xenopus laevis (6), together with the
Gal4-responsive reporter construct pFR-Luc. ETO (xl),
which showed a strong interaction with SHARP-RD (amino
acids 3477 to 3664) in GST pull-down experiments (see Fig.
S2B, lane 4, in the supplemental material), also enhanced
the repression caused by Gal4-VP16-SHARP-RD in a dose-
dependent manner (see Fig. S2C in the supplemental ma-
terial). In contrast, XETOR, which failed to interact with
SHARP (see Fig. S2B, lane 6, in the supplemental material),
had no effect on promoter activity (see Fig. S2C in the
supplemental material).

Previous studies have shown that ETO acts as an HDAC-
dependent corepressor (28). To determine whether the repres-
sional effect of ETO and SHARP is mediated by HDAC
activity, HeLa cells were transfected with expression plasmids
for Gal4-VP16 or Gal4-VP16-SHARP-RD and ETO, together
with the Gal4-responsive reporter construct. Subsequently, the

cells were treated with the HDAC inhibitor trichostatin A
(TSA). The repression of the promoter activity caused by
Gal4-VP16-SHARP-RD and ETO was completely abolished
after TSA treatment (Fig. 5B). GST pull-down assays showed
that cell-free synthesized HDAC1 directly interacts with GST-
ETO. We also observed a direct interaction between HDAC1
and GST-AML1/ETO in GST pull-down assays (see Fig. S3 in
the supplemental material). However, AML1/ETO did not act
as a corepressor for SHARP.

ETO but not AML1/ETO represses RBP-VP16 mediated
transcription. We have shown previously that RBP-J�/
Notch-IC interaction is not compatible with RBP-J�/SHARP
interaction due to competitive binding (32). The RBP-J�/
Notch-IC-recruited coactivator complex is different from the
RBP-J�/SHARP corepressor complex. To analyze the effect of
ETO and AML1/ETO on Notch-1-IC activated transcription,
we performed luciferase assays with the artificial promoter
construct pGA981/6 containing several RBP-J�-binding sites.
The promoter activity stimulated with Notch-1-IC was not

FIG. 4. AML1/ETO is part of an endogenous RBP-J� complex in Kasumi cells. (A) Purification of endogenous RBP-J� complexes from
Kasumi cells by DNA affinity chromatography. For purification, a DNA fragment containing 12 RBP-J�-binding sites was biotinylated and
immobilized on a streptavidin-Sepharose column. The column was incubated with whole-cell lysates from Kasumi cells. After incubation and
washing, the DNA-bound RBP-J� complexes were eluted with increasing concentrations of NaCl. (B) Western blot (WB) analysis of the lysate
(lane 1), the first wash step (lane 2), and the eluted fractions (lanes 3 to 6) using antibodies against ETO (�ETO) and RBP-J� (�RBP).
AML1/ETO appears in the second and third elution steps, together with RBP-J� (lanes 4 and 5). (C) RBP-J� can be coimmunoprecipitated with
AML1/ETO. Whole-cell lysates from Kasumi cells were incubated with an anti-ETO antibody overnight. The bound AML1/ETO complexes were
immobilized on protein G-Sepharose beads. The cell lysates before (lane 1) and after precipitation (lane 2) were analyzed by Western blotting using
an anti-RBP-J� antibody. (D) RBP-J� and AML1/ETO can be immunoprecipitated by using an antibody against SHARP. The cell lysates before
(lanes 1 and 2) and after precipitation (lanes 3 and 4) were analyzed by using an anti-RBP-J� antibody or an anti-ETO antibody, respectively.
(E) ETO and RBP-J� can be found associated at the promoter regions of the Notch target Nrarp and cyclin D1 genes in Kasumi cells. ChIP
experiments were performed as described in Materials and Methods. Mean values and standard deviations (error bars) of four independent
experiments are shown. As a control, an intron sequence of the Hey1 gene was used.
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changed by either ETO or AML1/ETO. In contrast, the co-
transfection of a SHARP construct containing only the
RBP-J� binding domain (amino acids 2770 to 3127) resulted in
a clear reduction of promoter activity, most probably due to
the displacement of the coactivator complex and not to repres-
sion (Fig. 6A). To analyze the effect of ETO and AML1/ETO
in an RBP-J�/SHARP-dependent manner, the promoter con-

struct was activated by cotransfection with RBP-VP16 (Fig.
6B), as shown previously (34). Promoter activity prestimulated
with RBP-VP16 was reduced more than twofold by ETO,
whereas AML1/ETO had no repressive effect on the promoter
activity (Fig. 6B). In addition, treatment of the cells with the
HDAC inhibitor TSA almost fully restored the promoter ac-
tivity (Fig. 6B).

FIG. 5. ETO, in contrast to AML1/ETO, acts as a corepressor for SHARP. (A) Human ETO increases, in a dose-dependent manner, the
repression of promoter activity caused by SHARP-RD. In contrast, AML1/ETO increases the promoter activity. HeLa cells were transfected with
the reporter construct pFR-Luc, the expression plasmid for the Gal4-VP16 fusion of SHARP-RD, and increasing amounts (100 ng and 150 ng)
of the expression plasmids for ETO and AML1/ETO. (B) The repression caused by SHARP-RD and ETO is HDAC dependent. The reporter
construct pFR-Luc was transfected alone or together with the expression plasmids for the Gal4-VP16 fusions and ETO into HeLa cells. The
transfected cells were incubated for 6 h with TSA. The promoter activity was fully restored after the addition of TSA. Mean values and standard
deviations (error bars) of at least four independent experiments are shown. rel., relative; �, absence of; �, presence of.

FIG. 6. (A) ETO and AML1/ETO have no effect on the Notch-IC-recruited coactivator. The artificial reporter construct pGA981/6 was
transfected into HeLa cells alone or together with a Notch-1-IC expression plasmid and an expression plasmid (100 ng) for ETO, AML1/ETO,
or SHARP (amino acids 2779 to 3127). (B) ETO but not AML1/ETO acts as a corepressor for RBP-VP16-mediated transcription. The pGA981/6
reporter was transfected into HeLa cells alone or together with the RBP-VP16 expression plasmid and increasing amounts of expression plasmid
(50 ng and 100 ng) for ETO and AML1/ETO. Where indicated, the HDAC inhibitor TSA (150 nM) was added to the cells 8 h prior to cell
harvesting. Mean values and standard deviations (error bars) of at least three independent experiments are shown. rel., relative; �, absence of;
�, presence of.
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ETO but not AML1/ETO represses Hey1 and HES1 pro-
moter activity. In humans, the HES1 and Hey1 genes had been
identified as Notch target genes. In order to investigate the
influence of ETO on these two Notch targets, luciferase assays
were performed by using reporter constructs driven by either
the HES1 or the Hey1 promoter. Cotransfection of RBP-
VP16, together with the ETO expression plasmid, strongly
reduced the promoter activity in a dose-dependent manner
(Fig. 7A and B). Interestingly, cotransfection with AML1/ETO
expression plasmid resulted in a slight activation of RBP-
VP16-mediated transcriptional activity of the HES1 promoter
construct (Fig. 7A), whereas AML1/ETO had no effect on the
RBP-VP16-mediated transcriptional activity of the Hey1 re-
porter (Fig. 7B). The expression of the activator RBP-VP16
after the cotransfection of ETO or AML1/ETO was again
tested by Western blotting (see Fig. S4 in the supplemental
material). After treatment of the cells with TSA, the promoter
activity was almost fully restored in all cases, suggesting that
the ETO-mediated repression is indeed HDAC dependent
(Fig. 7A and B).

Either knockdown of ETO1 or overexpression of AML1/
ETO activates Notch target genes. In order to investigate the
loss of function of ETO at endogenous Notch target genes, we
performed knockdown experiments in a pre-T-cell line derived
from T-cell receptor beta knockout mice (Beko) that exclu-
sively express ETO1 and not ETO2. Retroviral infection with
two independent ETO1 siRNAs led to an upregulation of the
Notch target HES1 and Nrarp genes and to a very minor
upregulation of the Hey1 gene (Fig. 8). To analyze the effect of
AML1/ETO expression on endogenous Notch target genes, we
transfected HEK293 cells with expression plasmids for either
AML1/ETO or the C-terminally truncated AML1/ETO(tr)
that has previously been described (46) to be an even more
potent oncogene. As a control, empty vector, Notch-IC, or
RBP-VP16 was transfected. After mRNA isolation and cDNA

synthesis, the expression of Hey2, p21WAF1, and actin for nor-
malization was studied by real-time PCR. AML1/ETO, like
Notch-IC or RBP-VP16, stimulates transcription by up to six-
fold in the case of Hey2 and two- to threefold in the case of
p21WAF1 (Fig. 9).

Specific knockdown of AML1/ETO leads to downregulation
of Notch target genes. To analyze the effect of AML1/ETO on
Notch target gene expression in the leukemic Kasumi cell line
expressing AML1/ETO due to the t(8;21) translocation, we
designed an siRNA that targets a 25-nucleotide region span-

FIG. 7. ETO, but not AML1/ETO, acts as a corepressor for a RBP-J�-mediated transcription of HES1 (A) and Hey1 (B) genes. The reporter
constructs were transfected into HeLa cells alone or together with the RBP-VP16 expression plasmid and increasing amounts of expression plasmid
(50 ng and 100 ng) for ETO and AML1/ETO. Where indicated, the HDAC inhibitor TSA (150 nM) was added to the cells 8 h prior to cell
harvesting. Mean values and standard deviations (error bars) of at least four independent experiments are shown. rel., relative; �, absence of; �,
presence of.

FIG. 8. Knockdown of ETO1 activates the transcription of Notch
target HES1 and Nrarp genes in pre-T cells. Two independent hairpins
(ETO-1.1 and ETO-1.2) were used to infect a mouse pre-T-cell line.
The expression of Notch target HES1 and Nrarp genes is upregulated,
whereas the Hey1 gene level is only slightly affected. The values shown
have been normalized with the expression of hypoxanthine phospho-
ribosyltransferase (HPRT). Mean values and standard deviations (er-
ror bars) of at least four independent measurements are shown. rel.,
relative.
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ning the fusion of AML1 and ETO. Kasumi cells were trans-
fected with the pSIR-siRNA-internal ribosome entry site-GFP
vector expressing the specific AML1/ETO junction hairpin.
GFP-positive and GFP-negative cells were sorted by fluores-
cence-activated cell sorting and subsequently analyzed for the
expression of AML1, AML1/ETO, GAPDH (glyceraldehyde-
3-phosphate dehydrogenase) for normalization, and several
Notch target genes (Fig. 10). Specific downregulation of
AML1/ETO mRNA, but not that of AML1, was observed. The
twofold knockdown effect was also described previously by two
other groups (14, 19). In a manner similar to that described
above, Notch target Nrarp, cyclin D1, and c-Myc genes were
significantly downregulated upon AML1/ETO knockdown
(Fig. 10).

DISCUSSION

RBP-J� is the central player in the transcriptional regulation
of Notch target genes and functions in both transcriptional
repression and activation. Notch-IC enters the nucleus, binds
to RBP-J�, and activates target genes. In the absence of Notch-
IC, RBP-J� recruits a corepressor complex that keeps Notch
target genes inactive. Previously, we described SHARP as an
RBP-J�-interacting corepressor (32). We could subsequently
show that corepressors CtIP and CtBP are recruited by RBP-
J�/SHARP to repress transcription of the Notch target gene
Hey1 (34). Here, we have investigated the role of ETO and the
leukemogenic fusion protein AML1/ETO in RBP-J�/SHARP-
mediated repression of Notch target genes and could demon-
strate that ETO, but not AML1/ETO, is able to augment
RBP-J�/SHARP-mediated repression of Notch target genes.

The repression domain of SHARP functions as a platform
for different corepressors. It has previously been shown that

the SHARP repression domain can interact with SMRT and
N-CoR (37) as well as with CtIP/CtBP (34). In the present
study, we show the functional interaction of SHARP and ETO.
These observations suggest a redundancy in the sense that
different repressor complexes act at different Notch target
genes or in different cell types. Alternatively, the RBP-J�/
SHARP corepressor complexes might cross talk with other
repressor complexes.

Mechanism of AML1/ETO-mediated disruption of repres-
sion. It has previously been described that AML1/ETO acts in
a dominant manner to inhibit AML1-mediated transcription
(reviewed in reference 7). However, there are reports which
indicate that AML1/ETO can be an activator regarding Bcl-2
(20) and enhance the expression of p21Waf1 (35) and HES1 (1).
Our finding that ETO, but not AML1/ETO, can act in concert
with RBP-J�/SHARP to repress transcription at Notch target
genes was surprising. Different potential scenarios might ex-
plain our results at the molecular level. (i) The Runx domain
of AML1 is the binding domain of CBF�, and this heterodimer
has been characterized extensively (47). The heterodimer of
AML1/ETO and CBF� could potentially activate Notch target
genes. (ii) The Runx domain of AML has previously been
described to interact with other transcriptional activators, in-
cluding Ets family factors, c-Jun/c-fos, and C-EBP family fac-
tors (reviewed in reference 36). Potentially, such an interactor
causes transcriptional activation at Notch target genes. (iii)
Alternatively, AML1/ETO and ETO localization in the nu-
cleus could be affected in a way that cannot be resolved by
standard microscopic techniques. Both proteins have been
found in the nucleus, but more careful analysis might reveal
differences in localization. An alternative splice variant of
AML1/ETO that promotes leukemogenesis more efficiently

FIG. 10. Downregulation of the Notch target Nrarp, cyclin D1, and
c-Myc genes after specific knockdown of AML1/ETO in Kasumi cells.
Cells were transfected with a construct expressing a hairpin RNA
directed against the AML1/ETO fusion region and GFP. After GFP-
positive cells were sorted, relative (rel.) mRNA levels were determined
by real-time PCR. The values have been normalized with the expres-
sion of GAPDH. Mean values and standard deviations (error bars) of
four independent measurements are shown. rel., relative.

FIG. 9. AML1/ETO and AML1/ETO(tr) activate transcription of
the Notch target Hey2 and p21Waf1 genes in HEK293 cells. Cells were
transiently transfected with empty expression plasmid pcDNA3 or
expression plasmid for AML1/ETO, AML1/ETO(tr), Notch-1-IC, or
RBP-VP16. The mRNA levels of the Notch targets Hey2 and p21Waf1

were determined by reverse transcription-PCR. As a control, the
empty pcDNA3 vector was used. The values have been normalized
with actin expression. Mean values and standard deviations (error
bars) of at least four independent measurements are shown. rel., rel-
ative.
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has previously been described (46). As shown in Fig. 9, the
truncated form of AML1/ETO, AML1/ETO(tr), upregulates
Notch target genes in a manner stronger than that of full-
length AML1/ETO. The C-terminal region that is truncated
contains NHR3 and NHR4, which are also the binding sites for
SMRT. It is possible that the lack of ETO repression in the
AML1/ETO(tr) domain makes it an even better activator (“de-
repressor”).

Upregulation of Jagged1 by AML1/ETO. It has previously
been reported that the expression of AML1/ETO causes the
upregulation of the Notch ligand Jagged1 and thereby results
in the specific activation of Notch signaling through the
Jagged1 ligand (1). Our results are in line with the upregula-
tion of certain Notch target genes by AML1/ETO (see Fig. S5
in the supplemental material). To test whether this upregula-
tion is mediated by Notch processing due to ligand binding, we
added the presenilin inhibitor N-[N-(3,5-difluorophenacetyl-L-
alanyl)]-S-phenylglycine t-butyl ester (DAPT) to the cells ex-
pressing AML1/ETO or mNotch-1-IC-	E as a control. As
expected, in mNotch-1-IC-	E-expressing cells, DAPT down-
regulates the expression of luciferase from the HES1-specific
reporter construct. In contrast, in AML1/ETO-expressing cells,
DAPT has no effect on HES1 promoter activity (see Fig. S5 in
the supplemental material). Therefore, HES1 transactivation
by AML1/ETO seems to be independent of Jagged1. These
results argue against a positive autofeedback loop via Jagged1-
mediated Notch processing. Alternatively, we propose that
AML1/ETO upregulates Notch target genes by directly dis-
rupting the normal corepressor function of SHARP/ETO.

Does derepression of Notch target genes by AML1/ETO
contribute to leukemogenesis? The activation of Notch signal-
ing favors the expansion of hematopoietic stem cells (reviewed
in reference 27). These findings would be in line with the
observation that the leukemogenic fusion protein AML1/ETO
promotes the expression of certain Notch target genes. Retro-
viral transduction of hematopoietic stem cells of AML1/ETO
recapitulates many of the hematopoietic developmental abnor-
malities seen in humans, but animals do not develop leukemia
for several months (8). This observation suggests that a prin-
cipal contribution of AML1/ETO to AML is to maintain the
undifferentiated state or even expand these progenitor cells.
The activation of Notch target genes might be crucial in this
respect. We suggest that endogenous ETO is a novel corepres-
sor to keep Notch target gene expression silent. The leukemo-
genic fusion protein AML1/ETO can disrupt the repressive
ETO function and activate certain Notch target genes. This in
turn might favor the expansion of hematopoietic progenitor
cells and possibly contribute to leukemogenesis.

In summary, our results indicate that corepressor ETO is a
novel component of the RBP-J�/SHARP corepressor complex
and that ETO, but not AML1/ETO, augments repression at
Notch target genes. It will be interesting to further investigate
the significance of the disruption of the repressive function
ETO by AML1/ETO in myeloid leukemia.
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