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t(8;21) and t(16;21) create two fusion proteins, AML-1-ETO and AML-1-MTG16, respectively, which fuse
the AML-1 DNA binding domain to putative transcriptional corepressors, ETO and MTG16. Here, we show
that distinct domains of ETO contact the mSin3A and N-CoR corepressors and define two binding sites within
ETO for each of these corepressors. In addition, of eight histone deacetylases (HDACsSs) tested, only the class
I HDACs HDAC-1, HDAC-2, and HDAC-3 bind ETO. However, these HDACs bind ETO through different
domains. We also show that the murine homologue of MTG16, ETO-2, is also a transcriptional corepressor
that works through a similar but distinct mechanism. Like ETO, ETO-2 interacts with N-CoR, but ETO-2 fails
to bind mSin3A. Furthermore, ETO-2 binds HDAC-1, HDAC-2, and HDAC-3 but also interacts with HDAC-6
and HDAC-8. In addition, we show that expression of AML-1-ETO causes disruption of the cell cycle in the G,
phase. Disruption of the cell cycle required the ability of AML-1-ETO to repress transcription because a
mutant of AML-1-ETO, A469, which removes the majority of the corepressor binding sites, had no phenotype.
Moreover, treatment of AML-1-ETO-expressing cells with trichostatin A, an HDAC inhibitor, restored cell
cycle control. Thus, AML-1-ETO makes distinct contacts with multiple HDACs and an HDAC inhibitor

biologically inactivates this fusion protein.

The acute myeloid leukemia 1 (AML-1) gene is one of the
most frequently mutated genes in human leukemia and is dis-
rupted by multiple chromosomal translocations in AML, in-
cluding t(8;21) and t(16;21) (9, 35, 38). t(8;21) is the most
frequent of these translocations, and it contains the AML-1
DNA binding domain fused to a transcriptional corepressor,
ETO (also known as MTGS) (4, 5, 34). t(16;21), although
rarer, fuses the AML-1 DNA binding domain to an ETO-
related protein, MTG16 (9). AML-1 is also indirectly affect-
ed by inv(16), which fuses CBFp, an allosteric regulator of
AML-1, to a smooth muscle myosin heavy chain (25).

ETO is highly related to MTG16 and a third family member,
MTGRYI, in mammalian cells and Nervy in Drosophila (6). The
mammalian family members are highly conserved throughout
the proteins, with four domains conserved in Nervy. These
regions are an N-terminal domain that is also homologous to
the transcriptional coactivator TAF110 (17), a hydrophobic
heptad repeat (HHR) that mediates dimerization (3, 21), a
domain of unknown function termed the Nervy domain, and a
domain containing two zinc finger motifs that are required for
contacting the central domain of N-CoR (29). The murine
homologue of MTG16 was identified by low-stringency screen-
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ing of a cDNA library by using an ETO ¢cDNA as a probe (3).
It shares 77% overall identity with human ETO, but within
three of four conserved domains, these proteins are 92 to 96%
identical, implying that they function similarly. The Nervy do-
main is the least conserved domain among family members and
is 86% identical between these two proteins.

ETO is a component of a high-molecular-weight complex
containing histone deacetylases (HDACs) (29), and ETO as-
sociates with N-CoR or SMRT and mSin3A independently (10,
29). Incapable of binding DNA directly, ETO and the associ-
ated corepressors can be recruited to chromatin through inter-
actions with DNA binding proteins. For example, ETO binds
the promyelocytic zinc finger protein PLZF, which is a DNA
binding transcriptional repressor that is disrupted by t(11;17)
in acute promyelocytic leukemia (31). The binding of ETO to
this transcription factor potentiated the repression of a PLZF
responsive promoter (32), suggesting that ETO acts as a core-
pressor.

While ETO associates with mSin3 (29), nuclear hormone
corepressors (10, 29, 41), and HDACs (29), the nature and
extent of these associations have not been fully addressed. In
addition, little is known about the mechanism of action of
ETO-2 (MTG16). Therefore, we have further characterized
the mechanisms of action of ETO and ETO-2. While it was
anticipated that ETO-2 would act as a repressor when fused to
a DNA binding domain, we unexpectedly found that ETO-2
did not interact with mSin3A. Based on this observation, we
demonstrated that the ETO dimerization motif mediated one
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FIG. 1. ETO-2 represses transcription when tethered to a pro-
moter. (A) Schematic diagram of the Gal4-TK-luciferase reporter
plasmid and the GAL4-ETO and GAL4-ETO-2 fusion proteins. (B)
ETO and ETO-2 repress transcription. GAL4-ETO and GALA4-
ETO-2 were transfected with the GAL4 reporter plasmid into NIH
3T3 cells, and relative light units were measured. The data are graphed
as the relative fold repression after correction for transfection effi-
ciency.

contact with mSin3A. In addition, we found that HDAC-1,
HDAC-2, and HDAC-3 all bound ETO, but with different
characteristics, suggesting that ETO may serve as a platform
for multiple HDACs and corepressors. Moreover, constitutive
repressors of AML-1-regulated genes, such as the inv (16)
fusion protein or engineered AML-1-repression domain fu-
sion proteins, slow cell cycle progression (2, 26, 27). Similarly,
exogenous expression of AML-1-ETO inhibited cell cycle pro-
gression in the G, phase of the cell cycle. However, addition of
the HDAC inhibitor trichostatin A (TSA) to the cell culture
media restored normal cell cycle progression, indicating that
AML-1-ETO physically and functionally interacts with
HDAGC: to disrupt biological functions.

MATERIALS AND METHODS

Plasmids. The GAL4-thymidine kinase (TK)-luciferase construct used in the
transcription assays was described previously (7). Several plasmids used in our
assays were kindly provided to us by the following investigators: FLAG-tagged
HDAC-1 to -6 constructs were given to us by E. Seto (12), and Myc-HDAC-8
was provided by E. Hu (18). Hemagglutinin (HA)-HDAC-7 and full-length
N-CoR tagged with the FLAG epitope were kindly provided by R. Evans (20).
CMV5-Myc-mETO-2 was created in two steps in order to preserve the Myc tag
present in pJM mETO-2 (3). A HindIII-Xbal fragment was generated using an
internal HindIlII site and Xbal site in the vector 3’ of the cDNA insert placed into
HindIIl-Xbal-cut pCMV5 and was called pCMV5 mETO-2 C-term. A second
fragment generated by the HindIII digest using a HindIII site in the vector 5" of
the Myc tag was isolated and placed into the HindIII site of pPCMV5 mETO-2
C-term, and orientation was determined. CMV5-HA-mETO-2 and GAL
mETO-2 were made by cutting mETO-2 out of pJ3omega mETO-2 with Xbal
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FIG. 2. ETO and ETO-2 associate with corepressors. Cos-7 cells
were transfected with HA-ETO or Myc—-ETO-2, and cell lysates were
immunoprecipitated (IP) with anti-mSin3A antibody (A) or were
transfected with FLAG-tagged N-CoR and HA-ETO-2 or HA-ETO-2
alone and immunoprecipitated with anti-FLAG antibody (B). Proteins
were detected by immunoblot analysis using anti-mSin3A, anti-HA,
and anti-Myc antibodies. The bottom panels show the level of expres-
sion of ETO and ETO-2. The arrow indicates the presence of a back-
ground band.

and placing it into the Xbal sites of pPCMV5-HA2 and pCMV5 M2 (pCMV5 M2
was described previously [7]). The pCMVS5-HA series of vectors was made by
subcloning oligonucleotides encoding a start methionine and the HA epitope
into the EcoRI site of the pCMV5 vector. GAL4-ETO was constructed by
releasing ETO from pBS-ETO with X%ol and placing it into the Sall site of
pCMV5 M2. Regions of ETO were made by PCR and subcloned into the EcoRI
and Sall sites of pCMV5 M2. PCR primers pairs used were as follows: ETO
amino acids (aa) 217 to 385, 5'-CGGAATTCGCTGCTCTGGATGCCAGCA
C-3" and 5'-CCGCTCGAGGTCTGCTTCTTGACACCGCCT-3'; ETO aa 379
to 499, 5'-CCGCAATTGGCGGTGTCAAGAAGCAGAC-3' and 5'-CGCTCG
AGCTCCGCCGCCTGCCGTTTGGC-3'; ETO aa 493 to 559, 5'-GGAATTCC
AAACGGCAGGCGGCGGAG-3' and 5'-CGCTCGAGCTGCTGGGCCTGC
AGGGTCTG-3'; ETO aa 553 to 604, 5'-CGGAATTCCCAGACCCTGCAGG
CCCAGCAG-3" and 5'-CCGCTCGAGCTAGCGAGGGGTTGTCTCTAT-3';
ETO aa 217 to 301, the same 5’ primer as aa 217 to 385 and 5'-CCGCTCGA
GACGGTAACGCTGAGGTGGAGG-3"; ETO aa 259 to 343, 5'-CGGAATTC
GCACTCAGAACATCCAAGCAAG-3" and 5'-CCGCTCGAGGTGACTAAT
CATTTCTTCTTGACG; ETO aa 300 to 385, 5'-CGGAATTCCTACCGTTT
GGATGATATGGCC-3" and the same 3’ primer as the aa 217 to 385 fragment.
To create the pCMV5 hETO-mETO-2 chimeric protein, a BamHI site con-
served between the two DNAs and one in the vector on the 3’ side of the inserted
cDNA were used to release a C-terminal ETO-2 fragment. This fragment was
placed into a BamHI-cut pCMVS5 hETO construct. A similar strategy was used
to create pPCMV5 Myc-mETO-2/hETO. pCMV5 Myc-mETO-2/hETO A394-446
was made by taking advantage of a BglII site conserved between hETO and
mETO-2 located at nucleotides 1416 and 1483, respectively. A Bgl/II-BamHI
fragment was released from ETO and placed into a BamHI-cut pCMV5 Myc-
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FIG. 3. Mapping the C-terminal mSin3A-binding domain. (A) Schematic diagram of ETO/ETO-2 and ETO-2/ETO chimeric proteins. (B)
Lysates were made from cells expressing the indicated chimeric proteins and immunoprecipitated with anti-mSin3A antibody. The chimeric
proteins were detected using anti-ETO or anti-Myc antibody. Arrows indicate the position of ETO.

ETO-2 maintaining the open reading frame. For the pCMVS5 Myc-mETO2/
hETO constructs which delete the Nervy domain, mETO-2/hETO A447-488 and
mETO/hETO A394-488, the same strategy was used with a construct having a
deletion of this region, described previously (28). The site-directed mutations
DH358,359NS and D347E were generated using overlap extension PCR. The
primers that were used to generate the DH-to-NS mutation were 5'-AGTGGA
AACATCTTAACGATCTGTTAAACTGCAT-3" and 5'-ATGCAGTTTAACA
GACTGTTAAGATGTTTCCACT-3’ (the changed codons are italicized). The
D347E mutant was made using the following oligonucleotides: 5'-CACAGACT
AACAGAAAGAGAATGGGCA-3' and 5'-TGCCCATTCTCTTTCTGTTAGT
CTGTG. All of the constructs generated by PCR were sequenced through the
Vanderbilt University sequencing core facility to verify that no mutations were
introduced.

Transcription assays. NIH 3T3 cells were transfected using the Superfect
reagent (Qiagen) with 1 ng of GAL4-TK-luciferase, 100 ng of the appropriate
GAL4-ETO, GAL4-mETO-2, or GAL4-ETO region expression plasmids, and
200 ng of pCMV5-secreted alkaline phosphatase (SEAP) plasmid as an internal

control. Firefly luciferase activities were measured using the Luciferase Assay
System (Promega) and normalized to SEAP activity. Cells were harvested ap-
proximately 48 to 52 h posttransfection.

Cell lines and cell cycle analysis. C33A cells and Cos-7 cells were maintained
in Dulbecco modified Eagle medium (DMEM; BioWhittaker Inc.,Walkersville,
Md.) containing 10% fetal bovine serum, 50 U of penicillin/ml, 50 g of strep-
tomycin/ml, and 2 mM L-glutamine (all from BioWhittaker). NTH 3T3 cells were
maintained in DMEM containing 10% bovine serum. The culture of parental
32D.3 myeloid progenitor cells and establishment of stable cell lines was per-
formed as previously described (15, 37). Murine erythroleukemia (MEL) cells
were maintained as suspension cultures in DMEM supplemented with 10% fetal
bovine serum (BioWhittaker), 2 mM L-glutamine (BioWhittaker), 1% penicillin
G-streptomycin (Gibco-BRL, Life Technologies, Inc.) at 37°C in a 5% CO,
humidified incubator. MEL cells were electroporated with the pTET. TAK.HYG
vector (kindly provided by Brian Van Ness, University of Minnesota). MEL cells
expressing the fet repressor DNA-binding domain fused to the VP16 transcrip-
tional activation domain were electroporated with pTET.AMLI1-ETO.Neo and
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FIG. 4. Mapping the N-terminal mSin3A and N-CoR binding sites. (A) Schematic diagram of the GAL4-ETO chimeric proteins. (B) Lysates
were made from cells expressing the indicated chimeric proteins and immunoprecipitated with anti-mSin3A antibody (left). Plasmids expressing
FLAG-tagged N-CoR were cotransfected into cells with the GAL4-ETO chimeric proteins (right) and immunoprecipitated with anti-FLAG
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measured. The data are graphed as relative fold repression after correction for transfection efficiency.
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selected for G418 resistance. Single-cell clones expressing AML-1-ETO protein
were identified by immunoblot analysis. 32D.3 cells stably transfected with AML-
1B, A/E, or A/E A469 were constructed as previously described (15, 37) by using
the sheep metallothionine promoter plasmid pMT-CB6. G418-resistant cells
were cloned in methylcellulose or by limiting dilution.

Cell cycle analysis was performed by flow cytometry as described previously
(37). Ten thousand total events were analyzed per sample. The ModFit computer
program (Verity Software House, Topsham, Maine) was used to generate the
histograms and determine the percentage of cells within the G, phase of the cell
cycle.

Coim

p blotting. Cos-7 cells (3 X 10° cells in
100-mm-diameter dishes) were transfected using Lipofectamine (BRL) with 1.0
g of expression plasmids and an appropriate amount of pCMV5 vector to
maintain the Lipofectamine-to-DNA ratio. For coexpression experiments, 1 to
2.5 pg of pCMV5-GALA4-ETO and 2.5 pg of Flag-tagged N-CoR or HDACs
were cotransfected. Approximately 48 to 52 h posttransfection, cells were har-
vested and extracted with phosphate-buffered saline supplemented with 1 ug of
leupeptin/ml, 1 pg of pepstatin/ml, 0.2 mM phenylmethylsulfonyl fluoride, and
0.1 trypsin inhibitor unit of aprotinin/ml and containing 0.5% Triton X-100, 0.1%
sodium deoxycholate, and 0.1% sodium dodecyl sulfate (SDS) unless otherwise
noted. For immunoprecipitations, cell lysates were sonicated and then incubated
with 50 ul of formalin-fixed Staphylococcus aureus cells (Pansorbin; CalBiochem)
for 30 min to remove proteins nonspecifically binding to protein A. After cen-
trifugation for 5 min at 4°C, the supernatants were collected, and a portion was
removed for immunoblot analysis and then incubated for 1 h with affinity-
purified primary antibody (K 20 anti-mSin3A [Santa Cruz Biotechnology], anti-
Myc(9E10) [Babco], and anti-HA [Babco] antibodies). A 20-pl volume of a 50%
slurry of protein A-Sepharose (Pharmacia Biotech, Uppsala, Sweden) or protein
G-Sepharose (Sigma) was then added for 30 min to collect the immune com-
plexes, and these complexes were washed three times at 4°C with lysis buffer. For
FLAG coimmunoprecipitations, 20 pl of a 50% slurry of anti-FLAG M2 beads
(Sigma) was added to the lysates, incubated for 90 min at 4°C, and washed three
times at 4°C with lysis buffer. Protein A-Sepharose, protein G-Sepharose, and
FLAG beads were blocked in PBS containing 1% bovine serum albumin prior to
addition to the lysate.

For immunoblot analysis, the cell lysate was electrophoresed through 10%
polyacrylamide gels or Criterion 4 to 20% gradient gels (Bio-Rad), transferred
onto Immobilon-P (Millipore) or nitrocellulose (Schleicher and Schuell), and
probed with the indicated antibodies. Immune complexes were detected using
the Super Signal chemiluminescence detection system (Pierce) and a horseradish
peroxidase-labeled goat anti-rabbit or rabbit anti-mouse secondary antibody
(Sigma). Proteins were detected using purified rabbit polyclonal antibodies spe-
cific to the N- or C-terminal domains of ETO, rabbit polyclonal antibody to the
AML RHD, and mouse monoclonal antibodies to the GAL4 DNA binding
domain (Santa Cruz), FLAG (Sigma), HA (Babco), or Myc (Babco) epitopes.
For immunoblot analysis, one-tenth of the total lysate from the immunoprecipi-
tations or 100 pg of protein (quantitated with the Bio-Rad DC protein assay) or
immune complexes were boiled in Laemmli buffer for 3 min, fractionated by
SDS-polyacrylamide gel electrophoresis (PAGE), and transferred to nitrocellu-
lose. These membranes were blocked for 1 h with 5% milk, and incubated with
the indicated primary antibody overnight at 4°C. Proteins were visualized by
chemiluminesence (Super Signal; Pierce).

ecipitations and im

RESULTS

ETO-2, like ETO, represses transcription. ETO is a tran-
scriptional repressor when fused to the GAL4 DNA binding
domain and its activity is measured using a promoter consisting
of four GAL4 binding sites upstream of a minimal TK pro-
moter (39). To test the ability of ETO-2 to repress transcrip-
tion, chimeric proteins were made which fused the GAL4
DNA binding domain to the N terminus of ETO or ETO-2
(Fig. 1A). These plasmids were cotransfected with GAL-TK-
luciferase reporter plasmids, and the luciferase activity was
normalized to an internal control for transfection efficiency
(Fig. 1B). Both ETO and ETO-2 were potent repressors in this
assay (Fig. 1B).

ETO-2 does not associate with mSin3A but binds N-CoR.
ETO represses transcription by associating with several core-
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FIG. 5. ETO and ETO-2 bind multiple HDACs. (A) ETO binds
HDAC-1, HDAC-2, and HDAC-3. The numbers above the lanes in-
dicate the epitope-tagged form of HDAC-1 to -8 that was coexpressed
with ETO. After immunoprecipitation (IP) with anti-FLAG (FL), an-
ti-HA (HA), or anti-Myc (Myc) antibody, copurifying ETO was de-
tected by immunoblot analysis (middle). The bottom panel is an im-
munoblot of the cell lysates prior to immunoprecipitation. =,
nonspecific bands and proteolytic fragments. (B) ETO-2 binds HDACs
1,2, 3, 6, and 8. The experiment was performed exactly as in panel A,
but using epitope-tagged mETO-2. The numbers above the lanes in-
dicate the epitope-tagged HDAC that was coexpressed with ETO-2 as
described for panel A. Note that anti-HDAC antibody connotes that
the experiment was performed with antibodies to the epitope tag for
that HDAC.
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levels of expression of the GAL4-ETO chimeric proteins (bottom).

pressor molecules, including mSin3A, N-CoR, SMRT,
HDAC-1, and HDAC-2 (10, 29, 41), though the nature of
these contacts has yet to be defined. To determine if ETO-2
represses transcription through a similar mechanism, epitope-
tagged forms of ETO and ETO-2 were transiently expressed,
cell lysates were immunoprecipitated with anti-mSin3A anti-
body, and ETO and ETO-2 were detected by immunoblot
analysis. As shown previously (29), ETO copurified with
mSin3A (Fig. 2A). Unexpectedly, ETO-2 failed to associate
with mSin3A, suggesting a mechanism of repression distinct
from ETO. In addition, we coexpressed ETO-2 with FLAG-
tagged N-CoR to detect a possible association. HA-ETO-2
was found in the anti-FLAG immune complexes only when
FLAG-N-CoR was coexpressed (Fig. 2B). Similar interactions
were seen with the N-CoR-related SMRT corepressor (data

not shown). Therefore, ETO-2 contacts N-CoR but not
mSin3A.

The observation that ETO, but not ETO-2, bound mSin3A
suggested that the mSin3A interaction occurred through resi-
dues that are not conserved between ETO and ETO-2. The
fact that deletion of several conserved regions of ETO, includ-
ing the HHR, Nervy, and ZnF motifs, failed to eliminate
mSin3A binding lends further support to this conclusion (29).
We took advantage of this distinction to begin to define the
mSin3A binding motifs in ETO by creating chimeric ETO/
ETO-2 and ETO-2/ETO proteins (Fig. 3A). The chimeric pro-
teins were constructed using unique BamHI and Bg/II restric-
tion sites that are conserved in both cDNAs and maintain the
open reading frame. The chimeric proteins were expressed in
Cos-7 cells and tested for their ability to bind mSin3A in
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mSin3A and N-CoR bind to distinct ETO domains. (Left) Lysates were made from cells expressing the indicated chimeric proteins and
immunoprecipitated (IP) with anti-mSin3A antibody. Immune complexes were analyzed for the presence of mSin3A (top) and GAL4-ETO
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GALA4-ETO chimeric proteins were coexpressed with FLAG-N-CoR, and cell lysates containing FLAG-tagged N-CoR were immunoprecipitated
with anti-FLAG antibody. Chimeric proteins were detected using anti-GAL4 antibody (below). (C) HDACs bind different domains in ETO.
GALA4-ETO chimeric proteins were coexpressed with FLAG-HDAC-1 or FLAG-HDAC-3, and cell lysates containing expressed FLAG-tagged
HDAC-1 or HDAC-3 were immunoprecipitated with anti-FLAG antibody. Chimeric proteins copurifying were detected using anti-GAL4 antibody
(middle). Shown are the levels of expression of the GAL4-ETO chimeric proteins (bottom) and immunoprecipitated HDAC (top).

immunoprecipitation assays. The ETO/ETO-2 protein copuri-
fied with mSin3A, but the amount of associating protein was
reduced compared to wild-type ETO (Fig. 3B, left). By con-
trast, the ETO-2/ETO chimeric protein associated with
mSin3A to a degree similar to ETO (Fig. 3B, right panel).
Therefore, we were able to create deletions within the ETO-
2/ETO chimeric protein to further define the sequences re-
quired for mSin3A binding (Fig. 3A). Deletion of the con-
served nervy domain did not affect mSin3A binding, but
deletion of the region between the HHR and the nervy domain
eliminated the mSin3A interaction (Fig. 3B, right).

To further define the mSin3 interaction domain observed in
the ETO/ETO-2 chimeric protein, we created a series of GAL4
DNA binding domain-ETO fusion proteins to determine what

sequences were sufficient for mSin3A binding (Fig. 4A). Un-
fortunately, a GAL4-ETO protein encompassing only the N-
terminal 217 aa of ETO was not expressed to levels high
enough to make a clear determination of corepressor binding
(data not shown). However, consistent with the analysis of
ETO/ETO-2 chimeric proteins, two domains of ETO were
sufficient for mSin3A copurification encompassing sequences
217 to 385 and 379 to 499 (Fig. 4B, left), although in this assay,
residues 217 to 385 appeared to bind mSin3A better than the
379-t0-499 domain.

Next, we used the GAL4-ETO proteins to define the do-
mains of ETO that are sufficient for N-CoR binding. Although
the zinc finger motifs are sufficient to bind the central region of
N-CoR in yeast two-hybrid assays and mammalian two-hybrid
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assays (29, 45), these sequences are dispensable for the inter-
action of AML-1-ETO with full-length N-CoR, suggesting the
presence of a second N-CoR binding domain (29). Indeed,
only the first domain tested (residues 217 to 385) copurified
with N-CoR immune complexes (Fig. 4B, right), suggesting
that this domain contains the previously predicted second N-
CoR binding motif.

Some of the advantages of using GAL4-ETO fusion proteins
are that the GAL4 motif provides both a nuclear localization
signal and the ability to measure transcriptional activity of the
fusion proteins using a GAL4-dependent reporter plasmid
(Fig. 1A). Therefore, the ability of the ETO domains to repress
transcription was defined. Relative to wild-type ETO, each
individual domain was impaired for repression, consistent with
the presence of multiple corepressor binding sites in full-length
ETO (Fig. 4C). However, GAL4-ETO(217-385), which ap-
pears to bind mSin3A and N-CoR better than the C-terminal
fragments, was the only domain that was capable of significant
repression. This result agrees with the observation that dele-
tion of the zinc finger motif in the context of AML-1-ETO did
not dramatically affect repression by the fusion protein (23).

ETO interacts with class I HDACs independent of mSin3A
or N-CoR. Previously, we had demonstrated that ETO associ-
ated with HDAC-1 and HDAC-2 (29). To extend this analysis,
we determined whether ETO could contact any of the known
class I or class II HDACs. Epitope-tagged forms of HDACs 1
to 8 were coexpressed with ETO, and the levels of ETO that
copurified with specific HDACs were measured by immuno-
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blot analysis (Fig. 5A). The class I HDACs HDAC-1,
HDAC-2, and HDAC-3 all bound ETO whereas HDAC-8 only
weakly associated with ETO (Fig. 5A). However, none of the
class II HDACs showed a significant interaction with ETO.
Therefore, ETO interacts with a subset of the class I HDACs.

Because ETO-2 interacted with N-CoR, but not mSin3A,
the HDACs that ETO-2 can bind were determined by copuri-
fication (Fig. 5B). Like ETO, mETO-2 associated with
HDAC-1, HDAC-2, and HDAC-3. However, mETO-2 also
interacted with HDAC-6, which has a duplicated catalytic do-
main and the fourth class I family member, HDAC-8. There-
fore, ETO and mETO-2 are capable of interacting with differ-
ent subgroups of HDACsS to repress transcription.

N-CoR interacts with the class I HDACs 4, 5, and 7 (19, 20)
and with the class I HDAC HDAC-3 (13, 24, 43), whereas
mSin3A binds HDAC-1, HDAC-2, and HDAC-7 (14, 20, 22,
36). Therefore, it is possible that HDAC binding by ETO was
via N-CoR or mSin3A. To test this possibility, we coexpressed
FLAG-tagged HDAC-1, HDAC-2, and HDAC-3 with the
GALA4-ETO chimeric proteins to determine whether mSin3A
and HDAC binding cosegregated. All three HDACs tested
interacted with ETO residues 493 to 559 (Fig. 6), which were
not sufficient for the copurification of either mSin3A or N-CoR
(Fig. 4B). Thus, the HDACs bind ETO independent of mSin3
and N-CoR. In addition, HDAC-1 and HDAC-3 bound ETO
residues 217 to 385, which also contact mSin3A and N-CoR.
HDAC-3 also weakly associated with ETO residues 379 to 499
(Fig. 6). By contrast, HDAC-2 poorly bound ETO residues 217
to 385 but copurified with ETO residues 379 to 499, which also
contain a second mSin3A-binding site (compare Fig. 6 and
4B). Therefore, even the homologous class I HDACs bind
ETO via separable domains.

HHR-oligomerization domain of ETO is required for
mSin3A, but not N-CoR interactions. Because mSin3A, N-
CoR, HDAC-1, and HDAC-3 all interacted with ETO residues
217 to 385, we further subdivided this domain to define the
interacting motifs (Fig. 7A). Three overlapping fragments were
fused to the GAL4 DNA binding domain and tested for bind-
ing each corepressor in coimmunoprecipitation assays (Fig.
7B). Only ETO residues 300 to 385, containing the HHR-
dimerizaton domain, were sufficient to mediate mSin3A bind-
ing. By contrast, the first ETO fragment containing residues
217 to 301 weakly bound N-CoR (Fig. 7B). The second frag-
ment (residues 259 to 343) also bound N-CoR in some assays,
suggesting a very weak association (data not shown). HDAC-3
associated with fragments containing either ETO residues 259
to 343 or 300 to 385, whereas HDAC-1 interacted only with
GALA4-ETO(300-385) (Fig. 7C). Therefore, HDAC-3 either
binds ETO twice within this domain or this interaction is me-
diated by the residues that overlap between these fragments
(aa 300 to 343) and it binds differently than HDAC-1. Thus,
N-CoR binds a domain distinct from mSin3A, and HDAC-1
and HDAC-3 have different binding patterns that are separa-
ble from N-CoR.

Given that ETO residues 300 to 385 are sufficient to contact
mSin3A and that ETO-2 failed to bind mSin3A, we compared
the primary sequence of ETO and ETO-2 in this region (Fig.
8A). Because GALA4-ETO(259-343) overlaps with GALA4-
ETO(300-385) but does not bind mSin3A, it is likely that
residues 343 to 385 (including the HHR-dimerization motif)
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FIG. 8. The HHR-dimerization motif of ETO contacts mSin3A. (A) Comparison of the sequences of ETO and ETO-2 within the HHR-
dimerization domain. Stars highlight the differences between ETO and ETO-2. The HHR is shown in italics. Arrows indicate the amino acids that
were changed and analyzed in panel B. The underlined sequence indicates a region of low homology. (B) The HHR is required for binding mSin3A.
Lysates were made from cells expressing the indicated GAL4-ETO chimeric proteins and were immunoprecipitated with anti-mSin3A antibody.
Shown are immunoprecipitated mSin3A (top), associated GAL4-ETO proteins (middle), and the expression of the GAL4-ETO fusion protiens
(bottom). The chimeric proteins were detected using anti-GAL4 antibody.

are required for this interaction. In addition, the region with
the least homology within this sequence (residues 319 to 333;
Fig. 8A), could be deleted in the context of GALA-ETO(217-
385) without the loss of mSin3A binding (data not shown).
Within the sequence from aa 343 to 385, there are only three
differences between ETO and ETO-2 that could alter the as-
sociation with mSin3A. Therefore, we used site-specific mu-
tagenesis to change these residues of ETO to match those
found in ETO-2 within the GAL4-ETO(300-385) fusion pro-
tein. The alteration of the two amino acids within the HHR-
dimerization domain (D358N, H359S) significantly impaired
mSin3A binding (Fig. 8B), whereas the conservative D347E
change just upstream of the HHR had no effect (Fig. 8B).

Thus, one of the mSin3A binding domains of ETO overlaps
with the HHR-dimerization motif.

HDAC inhibitor biologically inactivates t(8;21) fusion pro-
tein. The strong association of ETO with HDACs implied that
the t(8;21) fusion protein uses HDACs to alter biological phe-
notypes. Because of the large number of contacts (some over-
lapping; see Fig. 11) between ETO and corepressors, we could
not readily determine whether AML-1-ETO function coseg-
regated with mutants that eliminated specific contacts. There-
fore, we used the HDAC inhibitor TSA to probe the role of
HDACGs in AML-1-ETO function. While AML-1-ETO im-
pairs myeloid cell differentiation (1, 44), HDAC inhibitors
promote hematopoietic cell differentiation irrespective of
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AML-1-ETO action. Therefore, we attempted to establish an
alternate assay. Previously, we found that AML-1 (RUNX-1)
overexpression in 32D.3 myeloid progenitor cells led to an
acceleration of S-phase entry and accumulation of S-phase
cells when compared to 32D.3 cells expressing control vector
alone (40). In addition, expression of the inv(16) or an artificial
AML-1-repression domain fusion protein slowed cell cycle
progression in the G, phase (2, 26). Because AML-1-ETO and
inv(16) have similar biological actions, we tested whether
AML-1-ETO could also impair cell cycle progression.

To avoid potential problems in establishing cell lines ex-
pressing high levels of the fusion protein, we created tetracy-
cline-inducible AML-1-ETO-expressing MEL cells (11).
AML-1-ETO protein was not detected in the presence of
tetracycline, but it was strongly induced in the absence of
tetracycline (Fig. 9A). In the presence of tetracycline, the
AML-1-ETO-expressing cells grew normally; however, when
AML-1-ETO expression was induced, these cells grew slowly.
The numbers of cells in each cell cycle phase were determined
using flow cytometry to measure DNA content after staining
with propidium iodide. AML-1-ETO-expressing cells accumu-
lated in G, with a commensurate decrease in the number of
cells in S phase (Fig. 9B).

To confirm that this effect was not cell type specific, we used
our previously characterized 32D.3 cell lines expressing the
fusion protein from the zinc-inducible metallothionine pro-
moter (44). We measured the number of cells in each cell cycle
phase by using propidium iodide staining of DNA and flow
cytometry to measure DNA content 48 h after zinc induction of
AML-1-ETO expression (Fig. 9C). AML-1-ETO-expressing
cells, but not control cells, accumulated with a 2N DNA con-
tent indicative of a slowing of G, phase transit.

As a further control for this phenotype, we used a C-termi-
nal deletion mutant of AML-1-ETO (AML-1-ETO A469),
which removes ETO sequences C terminal to the TAF110
domain (including both mSin3A binding sites, one N-CoR
binding site, and the majority of HDAC-binding sites; Fig. 2 to
6) and no longer represses transcription (23). This mutant
failed to alter the cell cycle profile of 32D.3 cells (Fig. 9D,
right). By contrast, cells expressing AML-1-ETO showed a
significant G, arrest, with a concomitant decrease in S phase
(Fig. 9D, middle) when compared to control 32D.3 cells con-
taining the empty vector (Fig. 9D, left). The results with the
A469 mutant suggest that transcriptional repression mediated
by the AML-1-ETO fusion protein may be critical for induc-
tion of this aberrant cell cycle phenotype.

Next, we used the AML-1-ETO-mediated inhibition of cell
cycle progression to biologically test the role of HDACs in
AML-1-ETO function. MEL cells expressing AML-1-ETO
were cultured in the absence of tetracycline to induce protein
expression in the presence or absence of 0.05 uM TSA. Con-
sistent with previous experiments, AML-1-ETO overexpres-
sion caused cells to arrest in the G, phase. TSA effectively
abrogated the G, phase accumulation induced by AML-1-
ETO but had no effect on control cell lines (Fig. 10). There-
fore, AML-1-ETO likely inhibits cell cycle progression by re-
pressing AML-1 target gene expression and HDAC inhibitors
specifically inactivate AML-1-ETO.
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DISCUSSION

The molecular contacts between the ETO zinc finger motif
and the nuclear hormone corepressors N-CoR and SMRT
have been defined by yeast two-hybrid assays, mammalian two-
hybrid assays, and purification studies (10, 29, 41, 45). How-
ever, our approach of defining domains of ETO that are suf-
ficient for corepressor binding by using chimeric ETO/ETO-2
and GAL4-ETO proteins has defined multiple contacts be-
tween ETO, N-CoR, mSin3A, HDAC-1, HDAC-2, and
HDAC-3 (the known molecular contacts for ETO are summa-
rized in Fig. 11A). By using overlapping fragments of ETO as
GAL4-ETO fusion proteins, we were able to separate closely
adjoining binding sites for corepressors. For example,
HDAC-3 bound both GAL4-ETO(259-343) and GALA4-
ETO(300-385), indicating that the binding site likely resides in
the region of overlap between these fragments (residues 300 to
343). By contrast, mSin3A bound to only GAL4-ETO(300-
385), placing this binding site C terminal to HDAC-3 (Fig.
11A). These results are consistent with the recent identifica-
tion of an mSin3A binding site that overlapped the HHR
domain (16). However, our results using point mutations indi-
cated that the HHR-dimerization domain of ETO contacts
mSin3A (Fig. 8). Although we were able to define a second
mSin3A binding site between the HHR and nervy domain by
using the ETO/ETO-2 fusion proteins, we were not able to use
this strategy to map the second HDAC-2 binding site because
HDAC-2 also bound ETO-2 (Fig. 5B).

ETO is the prototype of a family of highly homologous
evolutionarily conserved proteins. Like ETO, ETO-2 is a po-
tent repressor when tethered to a promoter by fusing it to the
GAL4 DNA binding domain (Fig. 1). Therefore, it was unex-
pected that ETO, but not ETO-2, interacted with mSin3A. In
fact, while the human family members ETO and MTG16a are
67% identical, the regions that specify mSin3A binding include
one of the least conserved regions of ETO and a subtle alter-
ation in the HHR-oligomerization motif. Because HDAC-1
and HDAC-2 heterodimerize and copurify with mSin3,
whereas HDAC-3 copurified with N-CoR (24, 43), we propose
a model in which ETO can recruit at least two different core-
pression complexes (Fig. 11B). This model is consistent with
the sucrose gradient sedimentation pattern of ETO because
ETO cosedimentated with both N-CoR and mSin3A but was
found in fractions that contained mSin3A and not N-CoR (29).
However, as ETO can bind HDACs independent of either
mSin3A or N-CoR, it remains possible that ETO is a compo-
nent of multiple corepression complexes.

The lack of mSin3A binding by ETO-2 and its ability to
associate with five HDAC:s indicates that it is a component of
a corepressor complex(es) that is distinct from ETO-contain-
ing complexes (Fig. 11C). If ETO and ETO-2 have distinct
mechanisms of action or distinct targets for repression, this
would explain why multiple family members are expressed in
the same cell type. Alternatively, the fact that ETO family
members can homo- and heterodimerize through the HHR
domain adds a further level of complexity to transcriptional
regulation by this family and may be a way of fine tuning
transcriptional control in a particular tissue (21, 28).

It has been postulated that oligomerization of ETO is critical
for interactions with N-CoR or SMRT and for AML-1-ETO
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FIG. 10. TSA ablates the AML-1-ETO-induced G, phase accumulation of cells. Cell cycle analysis of AML-1-ETO-expressing (A/E) and
control (MEL) cell lines by using propidium iodide staining and flow cytometry were used to measure DNA content. The indicated cell lines (lines
5, 10, and 14) were cultured in media containing or lacking tetracycline. After washing the cells to remove tetracycline, half of the cells were

cultured in the presence of 0.05 wM TSA. Cell cycle histograms were compiled using the ModFit algorithm.

biological actions (33, 45). However, in light of our definition
of corepressor binding sites within and adjacent to the HHR-
dimerization domain of ETO, it is more likely that it was the
deletion of these corepressor binding sites that affected AML-

1-ETO function (46). In fact, the AML-1-ETO deletion that
was used to suggest a biological role for dimerization of AML-
1-ETO (deletion of ETO residues 340 to 440 as numbered
here) impinged upon one HDAC-1 binding motif, both

FIG. 9. AML-1-ETO-expressing cells accumulate in the G, phase. (A) Immunoblot analysis of AML-1-ETO in the presence and absence of
tetracycline. Cells were cultured in the presence (+) or absence (—) of tetracycline for 48 h prior to the preparation of whole-cell extracts for
separation by SDS-PAGE. Proteins were detected using antibodies directed to residues 50 to 177 of AML-1 (the RHD). Arrows indicate the
AML-1-ETO and AML-1B bands. Note that the endogenous AML-1B is repressed by AML-1-ETO expression. The numbers following the
AML-1-ETO designations indicate individual clonal cell lines. (B) Cell cycle analysis of AML-1-ETO-expressing MEL cells. Cells were cultured
in the absence of tetracycline for 48 h before DNA content analysis was determined by flow cytometry after staining the DNA with propidium
iodide. (C) Cell cycle analysis of AML-1-ETO-expressing 32D.3 myeloid progenitor cells. These cell lines expressing AML-1-ETO were
characterized previously (45). DNA content analysis was determined by flow cytometry after propidium iodide staining. Flow cytometric histograms
for the indicated cell lines are shown and the number of cells in each cell cycle phase were determined using the ModFit algorithm. (D) A
transcriptionally inactive deletion mutant of AML-1-ETO (A469) does not disrupt cell cycle function. Cell cycle analysis of 32D.3 cells expressing
AML-1-ETO, the deletion mutant A469, or pMT control vector alone were induced with 75 uM ZnSO, for 16 h, and aliquots were processed for
flow cytometric analysis. The names of the 32D.3-derived cell lines are labeled at the top of each panel and the percentages of cells in each phase
of the cell cycle, as determined by the ModFit analysis program, are shown within each panel. The apoptotic cells and debris were gated and are
not shown in the histograms.
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FIG. 11. Hypothetical model of ETO and ETO-2 corepression
complexes. (A) Schematic diagram of the domains of ETO that bind
corepressors. Arrows indicate where the stated proteins contact ETO
based on the analysis in this work and work previously described (10,
29, 41). TAF110, a region of ETO with homology to Drosophila
TAF110; HHR, hydrophobic heptad repeat; ND, nervy homology do-
main; Zn, the predicted dual zinc finger motif. (B) Model of ETO-
containing complexes. (C) Model of ETO-2-containing complexes. ?,
potential corepressor interactions yet to be identified.

mSin3A binding domains, and possibly binding sites for
HDAC-2 and HDAC-3 (46) (Fig. 11A). By contrast, a more
specific deletion of the HHR-dimerization motif that affected
only one mSin3A-binding site had modest effects on GAL4-
ETO (45) and AML-1-ETO-mediated transcriptional repres-
sion (28). This mutation reduced, but did not eliminate, bind-
ing to mSin3A, N-CoR, or HDACsS (references 28 and 29 and
this work). Thus, it is possible that dimerization contributes to
repression, but dimerization is not required for corepressor
binding. If indeed ETO family proteins heterodimerize, our
results indicate that association between ETO and ETO-2
could lead to the recruitment of a distinct set of corepressors
and HDAC:s given that ETO binds mSin3A, but ETO-2 does
not, and ETO-2 binds HDAC-6 and HDAC-8. This might
broaden the biological action of ETO and, by extension, AML-
1-ETO.

Though counterintuitive, inhibition of cell cycle progression
by AML-1-ETO has a precedent in that the inv (16) fusion
protein, which also represses AML-1 target genes, caused a
slowing of cell cycle progression in the G, phase (2). In fact,
t(8;21)-containing leukemia cell lines (e.g., Kasumi-1) grow
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very slowly. Although it is difficult to ascertain whether this
phenotype is related to leukemogenesis, it does afford us a
highly reproducible biological assay with which to probe the
mechanism of action of AML-1-ETO. TSA induces cell dif-
ferentiation, cell death, and, in some cases, cell cycle inhibi-
tion, perhaps due to induction of p21™*f/<P! (30). Indeed,
upon longer exposure of these MEL cells to TSA, we observed
partial differentiation and cell cycle arrest in both control and
AML-1-ETO-expressing cells (data not shown). However, in
the short term, we observed that TSA biologically inactivated
the t(8;21) fusion protein.

The t(15;17) and t(11;17) fusion proteins also used HDACs
to repress transcription and preliminary work using inhibitors
of these enzymes in therapy was successful (42). In addition,
t(8;21)-containing blasts are sensitive to a combination of reti-
noic acid and TSA (8). Our results begin to provide a mecha-
nistic basis for the sensitivity to TSA and further emphasize
that HDAC inhibitors can biologically inactivate AML-1-
ETO. This work also demonstrates the necessity of the devel-
opment of HDAC inhibitors that target specific classes of
HDAGC:s or specific HDACs. Although N-CoR and mSin3A
bind class I and class I HDACsS, the independent association
of HDAC-1, HDAC-2, and HDAC-3 with ETO suggests that
treatment of patients harboring t(8;21) may require only inhi-
bition of the class I deacetylases, thereby decreasing any po-
tential toxicity associated with a broad-spectrum HDAC inhib-
itor such as TSA. Moreover, our work demonstrates the
interactions that can take place, but the constellation of core-
pressors and HDACsS that are expressed in t(8;21)-containing
leukemic blasts will ultimately define the critical therapeutic
targets.
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