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Nuclear receptor corepressor (CoR)-histone deacetylase (HDAC) complex recruitment is indispensable for
the biological activities of the retinoic acid receptor fusion proteins of acute promyelocytic leukemias. We
report here that ETO (eight-twenty-one or MTG8), which is fused to the acute myelogenous leukemia 1 (AML1)
transcription factor in t(8;21) AML, interacts via its zinc finger region with a conserved domain of the
corepressors N-CoR and SMRT and recruits HDAC in vivo. The fusion protein AML1-ETO retains the ability
of ETO to form stable complexes with N-CoR/SMRT and HDAC. Deletion of the ETO C terminus abolishes
CoR binding and HDAC recruitment and severely impairs the ability of AML1-ETO to inhibit differentiation
of hematopoietic precursors. These data indicate that formation of a stable complex with CoR–HDAC is crucial
to the activation of the leukemogenic potential of AML1 by ETO and suggest that aberrant recruitment of
corepressor complexes is a general mechanism of leukemogenesis.

Chromatin modifications by histone acetylases (HATs) or
histone deacetylases (HDACs) represent a fundamental mech-
anism of transcriptional regulation (reviewed in references 13,
16, 19, 26, 56, and 59). It has been proposed that histone
acetylation weakens interactions of histones with DNA and
induces alterations in nucleosome structure, enhancing acces-
sibility of targeted promoters to components of the transcrip-
tion machinery, thus increasing transcription (52, 61). Recently
reported results support this model. Several transcriptional
coactivators, including GCN5 (5, 6), CBP/p300 (47), PCAF
(69), ACTR (8), SRC-1 (55), and TAF(II)250 (43), have in-
trinsic HAT activity. Moreover, in some cases, HAT activity
has been shown to be required for coactivator function (34, 35,
63).

Conversely, decreased histone acetylation due to the action
of HDACs is thought to lead to a less accessible chromatin
conformation, resulting in repression of transcription (16, 26,
27). Macromolecular complexes containing the yeast HDAC
homologue Rpd3 are involved in gene silencing in yeast (30,
53, 54, 62). There are multiple mammalian Rpd3 homologues
with HDAC activity (20, 58, 67, 68). Unlike activation com-
plexes, in which coactivators have intrinsic HAT activity, one
of the functions of corepressors (CoR), including N-CoR (25),
SMRT (9), and mSin3 (2), is to recruit HDAC to large multi-

protein repression complexes (1, 18, 22, 37, 44). Recruitment
of HDAC-containing complexes is involved in repression by a
number of mammalian silencers, including nuclear hormone
receptors (1, 22, 44), Mad (18, 37), YY1 (67), CBF (29), and
PLZF (14, 17, 21, 24, 39). In addition to N-CoR, SMRT, and
Sin3, the corepressor complexes include SAP18 (76), retino-
blastoma-associated proteins (76), SUN-CoR (71), and SAP30
(36, 77). Immunoprecipitates of Sin3 contain numerous other
polypeptides that are likely to be components of corepressor
complexes (36, 77).

Studies of the retinoic acid receptor alpha (RARa) fusion
proteins of acute promyelocytic leukemia (APL) provide fur-
ther evidence of a biological role of the corepressor complex
(10, 14, 17, 21, 39). Recruitment of HDACs is indispensable
for the capacity of APL fusion proteins (PML-RARa and
PLZF-RARa) to block myeloid differentiation and is respon-
sible for the retinoic acid-resistant phenotype of PLZF-RARa
APLs (10, 14, 17, 21, 39). In addition, translocations involving
p300 and CBP HATs are found in rare cases of acute myeloid
leukemia (AML) (12), strengthening the link between tight
control of histone acetylation and normal cell growth and dif-
ferentiation.

Transcription factor AML1 is the most frequent target of
chromosomal translocations in AML (23, 46). The AML1 gene
encodes various isoforms, sharing a DNA binding domain
highly homologous to that of the Drosophila runt transcription
factor (3, 28). The AML1B isoform behaves as a transcrip-
tional activator and is able to recruit p300 HAT (32) and
activate a set of target genes, including those for macrophage
colony-stimulating factor (50), granulocyte-macrophage colony-
stimulating factor (11), interleukin-3 (60), neutrophil elastase
(45), myeloperoxidase (4, 45), and T-cell receptor subunits
(41), that are essential for definitive hematopoiesis of all lin-
eages (49). In the t(8;21) chromosome translocation, AML1
recombines with the ETO (eight-twenty-one or MTG8) zinc
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finger nuclear protein, a putative transcription factor homolo-
gous to the Drosophila gene nervy (23, 42, 46).

The resulting AML1/ETO fusion protein retains the runt
homology domain, but the AML1B transactivation domain has
been replaced with ETO (23, 38, 46). AML1/ETO antagonizes
AML1B function, and the ETO portion of the fusion protein is
required for its effect (38, 41, 64, 78). AML/ETO behaves as a
transcriptional repressor on AML1 target genes and inhibits
differentiation of hematopoietic precursors in vivo (48, 64, 70,
78). We show here that ETO interacts with CoRs and recruits
HDAC activity in vivo. The AML1/ETO fusion protein retains
the ability of ETO to form stable complexes with CoRs, and
CoR binding and HDAC recruitment correlate with the ability
of AML1/ETO to inhibit terminal differentiation of hemato-
poietic precursors.

MATERIALS AND METHODS

Yeast two-hybrid screen. A yeast two-hybrid screen of a 17-day mouse embryo
library (Clontech) with SMRT (amino acids 1 to 483) as bait was performed as
previously described (72). We screened 1.4 million independent colonies and
obtained 13 identical interacting clones containing the partial ETO cDNA. A
partial ETO cDNA was isolated during two-hybrid screening, and additional
sequences were obtained by PCR using the cDNA library DNA as the template.

Eukaryotic expression vectors. Flag-ETO and Flag-ETODC (amino acids 1 to
416) constructs were subcloned into the pFlag-CMV2 vector (Eastman Kodak).
The AML1/ETO cDNA was kindly provided by S. Nimer. The Gal4-SMRT
repression domain (RD; amino acids 1 to 483) and Gal4-N-CoR RD1 (amino
acids 1 to 312) were generated by PCR and cloned into the pCMX-Gal4 DBD
(DNA binding domain) vector (75). The Gal4-SMRT receptor interaction do-
main (amino acids 983 to 1485) has been previously described (75). Mutant
ETOs were made by PCR or restriction enzyme digestion and cloned into the
pCMX-HA vector (71) or a Gal4 DBD expression vector. The green fluorescent
protein (GFP)-AML1/ETO and GFP-AML1/ETODC fusion proteins were gen-
erated by PCR and cloned into a modified PINCO retroviral vector (not con-
taining the cytomegalovirus-GFP cassette) (15). The ETODC and AML/ETODC
constructs were truncated at amino acid 416 of ETO. ETODZnF (lacking amino
acids 488 to 525) and ETO-C488S and -C508S mutants were constructed by using
PCR. All PCR products, mutations, and fusion junctions were confirmed by
sequencing.

In vitro interaction assays. SMRT (amino acids 1 to 483) and N-CoR (amino
acids 1 to 312) were generated by PCR and cloned into the pGex4T-1 vector.
Glutathione S-transferase (GST) pulldowns were performed as previously de-
scribed (14, 75). Input lanes show 10% of the total input.

Cell culture and transfection. 293T cells were maintained in Dulbecco mod-
ified Eagle medium supplemented with 10% fetal bovine serum. In coimmuno-
precipitation experiments, cells were transfected with Lipofectamine reagent
(GIBCO) in accordance with the manufacturer’s instructions. In the luciferase
reporter assay, cells were transfected by the calcium phosphate precipitation
method. The Gal4 UAS 3 5-SV40-luciferase reporter contains five copies of the
Gal4 17-mer binding site. Light units were normalized to expression of a co-
transfected b-galactosidase expression plasmid. U937 cells were maintained in
RPMI 1640 medium supplemented with 10% fetal calf serum. The amphotropic
packaging Phoenix cell line was transfected by the calcium phosphate-chloro-
quine method, and the U937 cells were infected as previously described (15).

Coimmunoprecipitation and Western analysis. Immunoprecipitation assays
were performed with 293T cells. Cells were lysed in a buffer (13 phosphate-
buffered saline, 10% glycerol, 1% Nonidet P-40, 100 mM Na3VO4, 0.5 mM
phenylmethylsulfonyl fluoride plus protease inhibitors). After sonication, whole-
cell extracts were clarified by centrifugation. Immunoprecipitations were per-
formed at 4°C by using antibodies to Flag (M2; Research Diagnostics), nuclear
CoR (N-CoR) (amino acids 150 to 425), or N-CoR (amino acids 1944 to 2453)
(71) or to a Myc tag (Oncogene Research), followed by Western blotting as
described previously (66). The rabbit polyclonal antibody to HDAC1 used was a
generous gift of C. Hassig and S. Schreiber (Harvard University) (20).

HDAC assay. [3H]acetate-labeled histones were prepared as previously de-
scribed (7) from 293T cells. Immunoprecipitated complexes on protein G-aga-
rose beads were incubated at 37°C for 1 h with [3H]acetate-labeled 293T histones
in 200 ml of HDAC buffer (20 mM Tris-HCl [pH 8.0], 150 mM NaCl, 10%
glycerol). The reaction was stopped by addition of 50 ml of 1 M HCls 0.16 M
acetic acid. Released [3H]acetic acid was extracted with ethyl acetate and quan-
tified by liquid scintillation analysis.

Cell differentiation experiments. Differentiation experiments with vitamin D3
and transforming growth factor b (TGF-b) were performed as previously de-
scribed (14). The percentages of GFP-positive cells and antigen-positive cells and
the fluorescence intensity were evaluated by FACScan.

RESULTS

A yeast two-hybrid screen for proteins that interacted with
an RD conserved between N-CoR and SMRT (SMRT RD and
N-CoR RD3; Fig. 1a) led to the identification of ETO as a
CoR-interacting protein (Fig. 1b). Full-length SMRT and N-
CoR interacted with ETO in pulldown experiments using a
GST-ETO fusion protein and in vitro-translated CoR proteins
(Fig. 1c and data not shown). Conversely, GST fusions of the
SMRT RD (or N-CoR RD3; data not shown) pulled down in
vitro-translated ETO (Fig. 1c). The strength of the interaction
between CoR and ETO was at least as great as that which we
have observed for nuclear receptor interaction (72). N-CoR
RD1 (not present in SMRT, Fig. 1a) did not interact with ETO
(Fig. 1b to d), indicating that the ETO-CoR interaction was
not a general feature of the CoR RDs. In human 293T cells, a
VP16-ETO fusion protein greatly enhanced luciferase activity
from a GAL4-based reporter in the presence of the GAL4-
SMRT RD, suggesting that the interaction between ETO and
SMRT occurred in vivo (Fig. 1d). We also performed coim-
munoprecipitation experiments with 293T cells transiently
transfected with an epitope-tagged ETO (Flag-ETO) expres-
sion vector. Cell lysates were immunoprecipitated with anti-N-
CoR antibodies, and the resulting immunocomplexes were an-
alyzed by Western blotting using antibodies directed against
the Flag epitope. As shown in Fig. 1e, anti-N-CoR antibodies

FIG. 1. In vitro and in vivo interactions of ETO with CoRs. (a) Modular
organization of SMRT, N-CoR, and ETO. ID, nuclear receptor interaction
domains. TBF-associated factor (TAF)-like and Nervy homology domains of
ETO (including Zn fingers) are indicated. (b) Results of a two-hybrid assay using
the indicated baits and preys. (c) Pulldown experiments. In vitro-translated
SMRT (full-length) and N-CoR (amino acids 1 to 1445) (upper panels) and ETO
(lower panel) were precipitated with GST or the indicated GST fusion proteins.
(d) Mammalian two-hybrid interaction assay. 293T cells were cotransfected with
a VP16ETO expression vector (as indicated) and the appropriate GAL4 fusion
protein expression vectors. (e) Coimmunoprecipitations of N-CoR and ETO.
Immunoprecipitates with anti-N-CoR antibodies against the N- or C-terminal
region and control immunoglobulin G (IgG) were obtained from 293T cells
transfected with a Flag-ETO expression vector and blotted with an anti-Flag
antibody. The input lane contains 2.5% of the total.
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specifically precipitated ETO, confirming the in vivo interac-
tion between ETO and endogenous N-CoR.

To map the ETO domain(s) required for CoR interaction,
we performed yeast two-hybrid (data not shown) and GST
pulldown experiments. Truncation of ETO at amino acid 416
(ETODC) abrogated the interaction with SMRT (Fig. 2a).
Finer mapping of the interaction revealed that deletion of
amino acids 488 to 525, containing the zinc fingers of ETO,
also prevented CoR interaction. Point mutation of cysteine
residues in either zinc finger abolished the interaction (C488S
and C508S; Fig. 2a), indicating that both zinc fingers are
critical for the interaction between ETO and a CoR. The
C-terminal truncation (ETODC) that abolished in vitro inter-
action between ETO and SMRT similarly abolished the ETO–
N-CoR interaction in vivo, as demonstrated in coimmunopre-
cipitation experiments (Fig. 2b).

To investigate the possibility that ETO might recruit the
HDAC component of the CoR/HDAC complex, anti-Flag im-
munoprecipitates were analyzed for the presence of HDAC
activity and protein (Fig. 2c and d). HDAC activity (Fig. 2c)

and HDAC1 protein (Fig. 2d) were undetectable in anti-Flag
immunoprecipitates from cells transfected with the empty Flag
control vector, although anti-N-CoR antibodies immunopre-
cipitated levels of HDAC activity comparable to those of Flag-
ETO-transfected cells (Fig. 2c and data not shown). HDAC
activity was specifically detected in the anti-Flag immunopre-
cipitates from Flag-ETO-transfected 293T cells (Fig. 2c); like-
wise, anti-Flag antibodies specifically precipitated significant
levels of HDAC1 protein (Fig. 2d). These results confirmed
the specific association of ETO with HDAC in vivo. ETO did
not interact with HDAC in vitro (Fig. 2e), strongly suggesting
that the interaction with HDAC in vivo was indirect and due to
the interaction with an endogenous CoR. Moreover, ETODC
did not recruit HDAC activity or protein in vivo (Fig. 2c and
d), further suggesting that the ETO–N-CoR interaction is re-
quired for HDAC recruitment in vivo. The ETO point mutants
that did not interact with SMRT similarly did not coimmuno-
precipitate with N-CoR or HDAC1 in 293T cells (data not
shown).

In the AML1/ETO fusion protein, the transcriptional acti-
vation domain of AML1 has been replaced with ETO (41, 42).
Therefore, we tested whether AML1/ETO retained the ability
of ETO to interact with CoRs and HDACs. Both GST-NCoR
RD3 and GST-SMRT RD fusion proteins (Fig. 3a and data
not shown) interacted with in vitro-translated AML1/ETO. A
specific AML1/ETO–N-CoR/HDAC complex was detected in
vivo in coimmunoprecipitation experiments performed with
293T cells cotransfected with a Myc-tagged AML1/ETO ex-
pression vector. Cell lysates were immunoprecipitated with
anti-Myc tag antibodies, and the resulting immunocomplexes
were analyzed for the presence of N-CoR protein and HDAC
activity. As shown in Fig. 3b and c, N-CoR was specifically
detected by Western blotting and anti-Myc tag antibodies pre-
cipitated significant levels of HDAC activity from AML1/ETO-
transfected cells. In contrast, N-CoR did not interact with
AML1/ETODC in vitro (Fig. 3a) and it was absent in immu-
noprecipitates from AML1/ETODC-transfected cells (Fig. 3b).
Likewise, no detectable HDAC activity was found in the
AML1/ETODC immunoprecipitates (Fig. 3c).

It has been previously demonstrated that the ectopic expres-

FIG. 2. In vivo interaction of ETO with HDAC1 and mapping of the ETO
CoR-binding region. (a) Mapping of the CoR interaction domain in ETO. In
vitro-translated ETO or mutant ETOs were precipitated with GST or a GST-
SMRT RD fusion protein. ETODC contains amino acids 1 to 416, ETODZnF
lacks amino acids 488 to 525, and ETO-C488S and -C508S represent point
mutations of the indicated amino acids. All of the ETO proteins were hemog-
glutinin fusions, except DC, which was a Gal4 fusion. (b) In vivo interactions of
ETO and endogenous N-CoR. Coimmunoprecipitations of N-CoR and ETO or
ETODC. Immunoprecipitates with anti-N-CoR antibodies or control immuno-
globulin G (IgG) were obtained from 293T cells transfected with a Flag-ETO or
Flag-ETODC expression vector and blotted with an anti-Flag antibody. The
input lane contains 2% of the total. (c) In vivo association of ETO and HDAC.
HDAC activity of the indicated immunoprecipitates from 293T cells transfected
with the indicated expression vectors. (d) In vivo association of ETO and HDAC.
Coimmunoprecipitation of ETO and HDAC1. Immunoprecipitates with an anti-
Flag antibody or control immunoglobulin G were obtained from 293T cells
transfected with a Flag-ETO or Flag-ETODC expression vector and blotted with
an anti-HDAC1 antibody. The input lane contains 2% of the total. (e) Lack of
direct interaction between HDAC1 and ETO in vitro. In vitro-translated
HDAC1 was precipitated with GST or GST-ETO. IP, immunoprecipitation;
dpm, disintegrations per minute.

FIG. 3. In vitro and in vivo interactions of AML1/ETO and AML1/ETODC
with CoRs and HDAC. (a) Pulldown experiments. In vitro translated AML1/
ETO or AML1/ETODC was precipitated with GST or A GST-SMRT RD fusion
protein. (b) Coimmunoprecipitation of AML1/ETO or AML1/ETODC and N-
CoR. Immunoprecipitates were obtained with an anti-Myc antibody or an ap-
propriate control monoclonal antibody from 293T cells transfected with a Myc-
tagged AML1/ETO or AML1/ETODC expression vector and blotted with anti-
N-CoR or anti-Myc antibodies, as indicated. (c) HDAC activity of the indicated
immunoprecipitates from 293T cells transfected with the indicated expression
vectors. dpm; disintegrations per minute.
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sion of AML1/ETO into hematopoietic precursor cell lines
blocks terminal differentiation (48, 64, 70, 73). To explore the
biological relevance of the interaction between AML1/ETO
and the N-CoR–HDAC complex, we compared the abilities of
AML1/ETO and the AML1/ETODC mutant to block terminal
differentiation of human promonocytic U937 cells after vita-
min D3 and TGF-b treatment. To facilitate the monitoring of
ectopic protein expression, the two fusion proteins were fused
to the GFP. The parental GFP, GFP-AML1/ETO, and GFP-
AML1/ETODC cDNAs were cloned under the control of the
59 long terminal repeat of a derivative of the hybrid Epstein-
Barr virus–retroviral PINCO vector (see Materials and Meth-
ods) (14). Efficiency of infection, as evaluated by the frequency
of GFP-positive cells, varied from 70 to 90% (PINCO control)
to 50 to 75% (GFP-AML1/ETO and GFP-AML1/ETODC)
(Fig. 4a). The intensities of the fluorescence signals were sim-
ilar in AML1/ETO and AML1/ETODC cells, indicating com-
parable levels of expression that were confirmed by Western
analysis (Fig. 4a and data not shown). Evaluation of vitamin
D3-induced differentiation in cells infected with either the con-
trol, GFP-AML1/ETO, or GFP-AML1/ETODC retrovirus was
performed by double-fluorescence fluorescence-activated cell
sorter (FACS) analysis (see Materials and Methods) of the
CD14 differentiation antigen in GFP-positive and -negative
cells. In cells infected with the control retrovirus, CD14 ex-
pression was low or absent without stimulation but increased

progressively during vitamin D3-induced differentiation in both
the GFP-positive and -negative cell populations (Fig. 4b).
Comparable up-regulation of CD14 expression was also de-
tected in the GFP-negative cells of both the AML1/ETO- and
AML1/ETODC-infected populations. Differentiation was, in-
stead, inhibited in the GFP-AML1/ETO GFP-positive cells,
while it was almost complete in the GFP-AML1/ETODC GFP-
positive cells (Fig. 4b). The ability of the GFP-AML1/ETO
fusion protein to inhibit differentiation was similar to what we
have observed for the parental AML1/ETO when it is ex-
pressed in U937 or 32D cells (unpublished results). It there-
fore appears that the integrity of the N-CoR binding region is
critical for the capacity of AML1/ETO to block differentiation
by vitamin D3 and TGF-b, suggesting that recruitment of the
N-CoR–HDAC complex is critical to the biological activity of
AML1/ETO.

DISCUSSION

The data presented here identify a role for recruitment of
the N-CoR/SMRT–HDAC repression complex in the mecha-
nism of transcriptional repression by ETO and, possibly, other
ETO family members (31). Most importantly, our results sug-
gest that one crucial mechanism of oncogenic activation of
AML1 by the t(8;21) chromosome translocation is its conver-
sion from a transcriptional activator to a repressor. One of the
AML1 isoforms (AML1B), in fact, is associated in vivo with
the transcriptional coactivator p300 (32). The p300-interacting
domain of AML1 is lost in the chromosomal translocation and
is replaced with ETO, which retains the N-CoR–HDAC inter-
action domain. The resulting AML1/ETO fusion protein,
therefore, is devoid of the ability of AML1 to recruit one HAT
(p300), while it is endowed with that of ETO to recruit the
N-CoR/SMRT CoR complex, including HDAC. This would be
predicted to alter the chromatin structure of AML1 target
genes in a manner that is the opposite of that normally asso-
ciated with AML1B-dependent activation during hematopoi-
etic differentiation (Fig. 5 shows a model). This hypothesis is
supported by recent findings showing that AML1B is a tran-
scriptional activator of some AML1 target promoters, while
AML1/ETO behaves as a transcriptional repressor (11, 23, 38,
40, 41, 51). Consistent with our results, the transcriptional
repressor function of AML1/ETO was mapped within its C-
terminal region, including the two zinc fingers (40).

Our data strongly suggest that recruitment of the CoR/Sin3/
HDAC complex is important for the function of AML1/ETO.
However, it should be pointed out that this CoR complex may
mediate transcriptional repression via both HDAC-dependent
and HDAC-independent mechanisms. While this paper was
under review, Wong and Privalsky reported on SMRT-medi-
ated repression that was unaffected by the HDAC inhibitor
trichostatin A (65). Interestingly, we have observed that tri-
chostatin A only very modestly relieves ETO-dependent re-
pression in 293T cells (74). It should also be noted that AML1/
ETO has been shown to activate the transcription of some
genes, including those for macrophage colony-stimulating fac-
tor and BCL-2 (33, 51). This could relate to the recent obser-
vation that N-CoR and SMRT can activate a subset of genes
that are normally repressed by thyroid hormone (57). Alterna-
tively, this could reflect another function of the AML1/ETO
fusion protein. Further understanding of the mechanism(s)
mediating deregulation of AML1 target genes by AML1/ETO
awaits the analysis of chromatin structure and dynamics of
those genes in vivo.

Like AML1/ETO, PML/RARa, the transforming protein of
APLs, functions as a repressor in a complex containing N-CoR

FIG. 4. Effects of AML1/ETO and AML/ETODC on differentiation. (a) The
parental GFP or the GFP-AML1/ETO and GFP-AML1/ETODC fusion proteins
were expressed in U937 cells by using a derivative of the PINCO Epstein-Barr
virus–retroviral vector. At 48 h after infection, cells were evaluated by FACS
analysis to determine the frequency of GFP-positive cells and the intensity of
fluorescence. (b) Cells were induced to differentiate with vitamin D3 and TGF-b
and evaluated for CD14 expression after 4 days by double-fluorescence FACS
analysis. CD14 expression data were acquired separately for GFP-positive and
-negative cells, as indicated. Results are given as mean values 6 the standard
deviations from three experiments.
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and HDACs (14, 39). Also, in this case, complex formation is
crucial to its biological activities. Thus, CoR recruitment is a
common feature of two otherwise unrelated leukemia-specific
signaling pathways. AMLs and APLs consist of the accumula-
tion of hematopoietic myeloid precursors arrested at specific
stages of differentiation, and their corresponding oncogenic
fusion proteins inhibit differentiation in vitro. Therefore, the
aberrant recruitment of the CoR-HDAC complex by AML1/
ETO or PML/RARa and the consequent alterations in chro-
matin structure and other effects on transcriptional regulation
might be responsible for the differentiation block and contrib-
ute to myeloid leukemogenesis (Fig. 5). The cytological, onto-
logical, and pathological differences between AMLs and APLs
might reflect qualitative or quantitative differences in the genes
targeted by AML1/ETO and PML-RARa. Finally, the involve-
ment of the CoR-HDAC repression complex in two genetically
distinct forms of myeloid leukemia underscores the critical
importance of this repression pathway in myeloid differentia-
tion.
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