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E proteins are a family of helix-loop-helix transcription factors that play important roles in cell differenti-
ation and homeostasis. They contain at least two activation domains, AD1 and AD2. ETO family proteins and
the leukemogenic AML1-ETO fusion protein are corepressors of E proteins. It is thought that ETO represses
E-protein activity by interacting with AD1, which competes away p300/CBP histone acetyltransferases. Here we
report that E proteins contain another conserved ETO-interacting region, termed DES, and that differential
associations with AD1 and DES allow ETO to repress transcription through both chromatin-dependent and
chromatin-independent mechanisms. At the chromatin level, AD1 and AD2 cooperatively recruit p300. ETO
interacts with AD1 to abolish p300 recruitment and to allow HDAC-dependent silencing. At the post-chroma-
tin-remodeling level, binding to DES enables ETO to directly inhibit activation of the basal transcription
machinery. This novel repression mechanism is conserved in ETO family proteins and in the AML1-ETO
fusion protein. In addition, the repression capacity exerted by each mechanism is differentially modulated by
cross talk among various ETO domains and the AML1 domain of AML1-ETO. In particular, the oligomer-
ization domain of ETO plays a major role in targeting ETO to the DES region and independently potentiates
the TAFH domain-mediated AD1 interaction. The ability to exert repression at different levels not only may
allow these corepressors to impose robust inhibition of signal-independent transcription but may also allow a
rapid response to signals. In addition, our newly defined domain interactions and their interplays have
important implications in effectively targeting both E-protein fusion proteins and AML1-ETO found in
cancers.

In eukaryotic cells, transcriptional coactivators and core-
pressors play important roles in facilitating signal-dependent
gene activation (21). In the absence of signaling, transcription
is repressed by corepressors through their physical association
with transcription factors. Upon stimulus, corepressors are re-
leased from transcription factors, allowing coordinated recruit-
ment of multiple coactivators to overcome various rate-limiting
steps in the transcription process. At the chromatin level, co-
activators, such as p300 and CBP histone acetyltransferases
(HATs), modify histone lysines to facilitate chromatin remod-
eling. Subsequent recruitment of other coactivators that di-
rectly contact the basal transcription machinery facilitates the
assembly of a functional preinitiation complex (PIC), which
contains RNA polymerase II (Pol II) to perform the transcrip-
tion reaction. Contrary to the case with activation, repression is
often achieved by the recruitment of a single corepressor or

corepressor complex. Effective repression of transcription is a
prerequisite for achieving a physiologically correct level of
signal-dependent gene activation (48, 53). Conceivably, bind-
ing of a single corepressor to transcription factors such as
nuclear receptors, which use the common AF2 domain to com-
municate with different coactivators, is likely sufficient to block
the recruitment of multiple coactivators. However, how a core-
pressor exerts its dominant inhibition with transcription factors
such as E proteins, which contain multiple activation domains,
is less well understood.

The E proteins, including HEB (HeLa E-box binding pro-
tein), E2A, and E2-2, belong to a family of basic helix-loop-
helix (HLH) transcription factors that can activate transcrip-
tion from E-box (CANNTG) sites (43). E proteins contain
multiple activation domains, including the two conserved but
distinct AD1 and AD2 domains (8). AD1 recruits p300 and
CBP through a highly conserved LXXLL motif (7, 67). This
motif overlaps an adjacent LDSF motif, which recruits the
SAGA (Spt-Ada-Gcn5-acetyltransferase) coactivator complex
in yeast (42). AD2 also has the ability to interact with p300 and
CBP (7, 10). It has been shown that AD1 and AD2 cooperate
to maximally activate E-protein-mediated transcription (7, 8).

Accumulating evidence indicates that E proteins not only
are critical to lymphopoiesis (43, 51) but also are intimately
involved in the development of other hematopoietic lineages,
including myeloid, erythroid, megakaryocyte, and plasmacy-
toid dendritic cells (8, 13, 14, 16, 30, 32). In addition, E pro-
teins have independent functions in regulating cell prolifera-
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tion and survival and exert a tumor suppressor activity that is
lost when E-protein inhibitors are overexpressed in cancer.
Examples include the Id proteins (inhibition of differentiation/
DNA-binding) (54), which are overexpressed in a variety of
cancers, and SCL/TAL1, which is overexpressed in more than
60% of T-cell acute lymphoblastic leukemias (47). Further
emphasizing the importance of E proteins in maintaining nor-
mal cellular activities, E2A and HEB are associated with on-
cogenic chromosomal translocations that cause the loss of one
allele of E2A or HEB genes and the aberrant expression of
fusion proteins containing their activation domains. Both
events may contribute to malignancy (5, 38, 57).

The family of ETO proteins and the leukemogenic AML1-
ETO fusion protein are newly identified E-protein inhibitors
(67). The eight-twenty-one gene product ETO (also called
MTG8) is a prototypical member of a small family of transcrip-
tional corepressors that also includes ETO-2 and MTGR1
(MTG8-related protein 1) (29). ETO family proteins are ex-
pressed in a variety of cell types and tissues, including brain,
intestine, and adipose tissues and the hematopoietic compart-
ments (1, 11, 12, 22, 36, 44, 52, 56). Like E proteins, members
of this family of proteins (namely, ETO and ETO-2) are also
targeted by oncogenic chromosomal translocations (27, 29, 34,
46, 49). In particular, nearly 15% of acute myeloid leukemia
(AML) is caused by the t(8;21) translocation, which generates
the AML1-ETO fusion product by combining an N-terminal
DNA-binding domain of AML1 and an almost full-length
ETO. Unlike Id proteins, which interact with the HLH region
of E proteins to block their DNA-binding activity, ETO family
proteins and AML1-ETO associate with an E protein’s activa-
tion domain and actively repress its transcriptional activity (22,
24, 56, 67). It has been shown that dynamic associations be-
tween wild-type ETO family proteins and E proteins facilitate
a switch from cell proliferation to differentiation in erythroid-
megakaryocyte development (22, 24, 56). In contrast, in leu-
kemic cells, aberrant expression of AML1-ETO causes consti-
tutive associations between AML1-ETO and E proteins,
resulting in deregulation of E-protein function (67).

Like E proteins, the ETO family proteins exhibit modular
domain structures that include four conserved regions, desig-
nated Nervy homology regions 1 to 4 (NHR1 to -4), which are
homologous to the corresponding regions of the Drosophila
melanogaster Nervy protein. The NHR1 domain is also re-
ferred to as the TAFH domain (TAF4 homology), given its
similarity in both primary and tertiary structures (50, 61, 62) to
a conserved region within the TAF4 (TBP-associated factor 4)
proteins that are part of TFIID. The NHR2 domain mediates
tetramerization of ETO family proteins through a conserved
hydrophobic heptad repeat (HHR) (37). NHR2 also interacts
with the Sin3A corepressor (2), which associates with histone
deacetylase 1 (HDAC1). The NHR4 region contains two
MYND-type zinc fingers that allow ETO to recruit the nuclear
receptor corepressors N-CoR/SMRT and associated HDACs
(20, 40, 60).

The conserved LXXLL motif within the AD1 domain of E
proteins is also referred to as PCET (p300/CBP and ETO
target) because it mediates mutually exclusive binding of p300/
CBP coactivators and the TAFH domain of ETO family pro-
teins and AML1-ETO (67) (see Fig. 1A, left). Through this
interaction, ETO is recruited to the AD1 domain of E proteins

and blocks its interaction with p300/CBP. Here, by introducing
a point mutation into the TAFH domain of ETO, we found
that interaction with AD1 is dispensable for ETO to repress
E-protein activity. This is because ETO can be independently
recruited to another conserved E-protein region through novel
interactions involving the TAFH domain and the oligomeriza-
tion domain of ETO. Furthermore, we show that ETO,
through its differential binding to the two E-protein regions,
can mediate dual repression mechanisms that target either
chromatin or the basal transcription machinery and that the
potency of the repression exerted by each mechanism is
differentially modulated by cross talk among various ETO
domains and the AML1 domain of the AML1-ETO fusion
protein.

MATERIALS AND METHODS

Cell culture and luciferase assay. 293T cells were maintained in Dulbecco’s
modified Eagle medium with 10% fetal bovine serum. For reporter assays,
subconfluent 293T cells grown in 24-well plates were transfected with equal total
amounts of plasmids using the FuGENE 6 reagent (Roche). Luciferase assays
were performed 36 to 48 h later. The amounts of plasmids used for transfection
are as follows unless otherwise specified: ETO and ETO mutants, 75 ng; AML1-
ETO and its derivatives, 150 ng; Gal4-HEB(1-548) and its derivatives, 10 ng or
50 ng; Gal4-E2A(1-493) and its derivatives, 5 ng or 10 ng; HEB or HEB�AD1,
40 ng; E47 and E12, 5 ng. The 293T-E-box cell line was generated by stable
transfection of the E-box-driven luciferase reporter (see below) with a pBabe-
puro vector (20:1 ratio). Stable clones were screened by selection with 2 �g/ml
puromycin and maintained with 1 �g/ml puromycin. Luciferase reporters con-
tained either five copies of a Gal4-binding site (Gal4 UAS) or four copies of an
E-box (CAGATG) site. Luciferase units (Promega) were normalized to �-ga-
lactosidase activity, which served as an internal control for transfection efficiency.
Activation or repression values were relative to values for Gal4-DBD (DNA-
binding domain) or other relevant empty vector controls unless otherwise indi-
cated. Each result represents the average for duplicate samples in representative
experiments.

Plasmids and protein expression. Mammalian expression vectors for HEB,
E2A, AML1-ETO, and ETO have been described previously (67) and contain a
CMV promoter (human cytomegalovirus immediate-early promoter) to drive
expression. Mammalian expression vectors for ETO derivatives either have been
described previously (67) or were generated following standard molecular clon-
ing/PCR procedures and verified by DNA sequencing. Plasmids used for in vitro
translation with the TNT kit (Promega) were derived from the pCMX vector,
which contains a T7 promoter. Plasmids for bacterial expression of glutathione
S-transferase (GST) fusion proteins have been described previously (67). Bacu-
lovirus expression vectors were derived from pFastBac (Invitrogen).

Recombinant proteins (ACF-1, ISWI, p300, Gal4-HEB derivatives, and Gal4-
VP16) were expressed and affinity purified from baculovirus-infected Sf9 cells via
an in-frame FLAG tag by anti-FLAG M2-agarose beads (Sigma). ETO and ETO
derivatives were affinity purified either from 293T cells following transient trans-
fection or from baculovirus-infected Sf9 cells via an in-frame FLAG. The same
results were obtained by using either source, and proteins used in a given
experiment were from the same source. AML1-ETO, MTGR1, and ETO-2 were
affinity purified from transfected 293T cells via an in-frame FLAG.

Coimmunoprecipitation assay. 293T cells were transfected using the FuGENE
6 reagent or Lipofectamine 2000 (Invitrogen) according to the manufacturers’
instructions. Cells were lysed in lysis buffer (20 mM HEPES, pH 7.9, 1 mM
EDTA, 20% glycerol, and protease inhibitors) containing 300 mM NaCl and
0.5% NP-40. Cell extracts were incubated with anti-FLAG M2-agarose beads
(Sigma) at 4°C for 6 h. Following extensive washing with lysis buffer, bound
proteins (immunoprecipitates) were subjected to Western blot analysis. Input
lanes show 2% of the total.

GST pull-down assay. In vitro-translated 35S-labeled proteins were incubated
with bacterially expressed GST fusion proteins immobilized on glutathione-
Sepharose beads (Amersham Pharmacia). Following extensive washing with
buffer BC300–0.1% NP-40, bound polypeptides were resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and visualized by autoradiography.
Input lanes show a fraction of total input.

In vitro chromatin assembly and nucleosomal array HAT assay. Chromatin
assembly was performed as described previously (17) using supercoiled template,
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purified Drosophila ACF-1, ISWI, mouse NAP-1, and HeLa-derived core histone
octamers. Micrococcal nuclease partial digestion and nucleosomal array HAT
assays were performed as described previously (3). Typically, 20 ng template, 20
ng activators, and 200 ng corepressors were used.

In vitro transcription on naked DNA and chromatin templates. Transcription
reactions on supercoiled naked DNA templates using nuclear extracts were
carried out essentially as described previously (58) following a stepwise protocol
including the following: (i) template binding with activator (20 min), (ii) preini-
tiation complex formation by the addition of nuclear extract (30 min), and (iii)
transcription (30 min) by the addition of nucleoside triphosphates. The final
50-�l reaction mixture contained 40 ng of supercoiled plasmid DNA template, 20
ng of purified DNA-bound activators, 200 ng of ETO or ETO derivatives, 25 mM
HEPES (pH 7.8), 6% glycerol, 6 mM MgCl2, 70 mM KCl, 5 mM dithiothreitol,
0.4 mM (each) ATP, UTP, CTP, and GTP, 10 U of recombinant RNasin, and
various amounts of different cofactors. RNA transcripts were measured by a
primer extension assay with a primer located 110 nucleotides downstream of the
transcription start site. For quantitation, the relative activity of transcription was
based on a phosphorimager scan normalized to the basal level. In vitro tran-
scription using purified recombinant factors was performed with supercoiled
DNA templates as described previously (19). The final complete reaction con-
tained TFIIA (10 ng), TFIIB (10 ng), TFIID (equivalent of 1 ng of TBP), TFIIE�
(20 ng), TFIIE� (20 ng), TFIIF (25 ng), TFIIH (20 ng), Pol II (50 ng), and PC4
(150 ng).

Chromatin-templated transcription was carried out by using a previously de-
scribed protocol (4), which includes an additional p300-facilitated chromatin-
remodeling step, as illustrated in Fig. 5G. Assembled chromatin templates (con-
taining 40 ng of DNA) were incubated with cofactors, followed by an additional
p300-dependent chromatin-remodeling step. Nuclear extract was then added,
and thereafter the protocol was the same as that for in vitro transcription on
naked DNA. The final 50-�l reaction mixture contained 25 mM HEPES (pH
7.8), 6.8 mM MgCl2, 65 mM KCl, 5 mM dithiothreitol, 6% glycerol, 0.4 mM
(each) ATP, UTP, CTP, and GTP, 10 U of recombinant RNasin, 2 mM sodium
butyrate, and various amounts of different cofactors. Typically, the final reaction
in both naked DNA template-based and chromatin template-based transcription
assays contained 40 ng of naked or chromatinized template; 20 ng of purified
DNA-bound activators; 200 ng of ETO or ETO derivatives; and for chromatin
transcription, 50 ng of p300 and 3 �M acetyl-coenzyme A unless otherwise
indicated.

RESULTS

ETO does not need to interact with AD1 to repress HEB-
dependent transcription. Deletion of TAFH abolishes ETO’s
ability to inhibit HEB-dependent transcription from either the
E-box (67) or the Gal4 template (Fig. 1B). The latter experi-
ment used a Gal4-DBD fusion protein containing the complete
HEB activation domain (amino acids 1 to 548) [Gal4-HEB(1–
548)]. To test whether the failure to repress transcription was
due to a loss of TAFH-mediated interaction with AD1 (amino
acids 1 to 99), a conserved lysine within the TAFH domain was
mutated to glutamic acid (K98E). K98 is located on the surface
of TAFH and may directly contact PCET (Fig. 1A, right) (50).
As expected, the K98E mutation abolished the abilities of ETO
to interact with AD1 (Fig. 1C) and to repress Gal4-AD1-
dependent transcription (Fig. 1D).

Surprisingly, unlike Gal4-AD1, Gal4-HEB(1–548) remained
strongly inhibited by ETO-K98E (Fig. 1E, lane 6). This result
shows that although TAFH is needed, its interaction with AD1
is dispensable for repression of HEB-mediated transcription
(Fig. 1F). Nevertheless, ETO-K98E was unable to further re-
press the transcription to a below-basal level as ETO did (Fig.
1E, lanes 1, 5, and 6). Thus, the ability of ETO to silence basal
transcription, presumably through ETO-associated HDACs,
still requires its interaction with AD1.

ETO-K98E-mediated repression requires NHR2. We next
asked which other NHR domain(s) account for ETO-K98E-
mediated repression. Like K98E mutation, deletion of NHR2

(�NHR2) or a C-terminal region containing NHR3 and NHR4
(�403) partially relieved repression to slightly above (�NHR2)
or near (�403) basal levels (Fig. 1B; see Fig. S1 in the supple-
mental material). These results are consistent with their re-
ported roles in HDAC recruitment and ETO-mediated repres-
sion (28, 29, 39, 66). Remarkably, simultaneous K98E
mutation and NHR2 deletion essentially abolished the repres-
sion (Fig. 1E; see also Fig. S1 in the supplemental material). In
contrast, the �403 deletion slightly increased the repression by
ETO-K98E (see Fig. S1 in the supplemental material). Thus,
NHR2, in conjunction with an AD1-interaction-independent
function of TAFH, mediates a novel repression pathway that
does not involve direct TAFH-AD1 interaction.

NHR2 physically interacts with an AD1 downstream region
of HEB. NHR2 may directly interact with HEB to facilitate
ETO-K98E recruitment. This hypothesis was tested by GST
pull-down assays using the various in vitro-translated HEB
fragments depicted in Fig. 2A. Indeed, like TAFH, NHR2
interacted strongly with HEB(1–548) and its N-terminal 306
amino acids but not with the AD2 or HLH regions (Fig. 2B).
Interestingly, within HEB(1–306), TAFH and NHR2 showed
distinct binding specificities. As expected, AD1 interacted only
with TAFH (lane 2). In contrast, HEB(100–306) (amino acids
100 to 306) interacted strongly with NHR2, although a weak
but specific interaction with TAFH was also observed (lane 4;
see also Fig. 4A).

Reciprocal GST pull-down assays confirmed the in vitro
interaction between full-length ETO and HEB(100-306). They
also showed that NHR2 and its conserved hydrophobic repeat
region HHR are required for this interaction (Fig. 2C; see also
Fig. S2 in the supplemental material). In contrast, deletion of
TAFH did not reduce but rather slightly increased the inter-
action between ETO and HEB(100-306) (Fig. 2C). These re-
sults indicate that the TAFH domain within ETO�NHR2 or
ETO does not readily interact with HEB(100-306) in vitro.

The intracellular interaction between ETO and HEB(100-
306) was then confirmed by mammalian two-hybrid assays (Fig.
2D). Whereas ETO repressed the transcriptional activity of
Gal4-HEB(100-306), fusion of ETO with the VP16 activation
domain (VP16-ETO) overcame this repression and further
potentiated transcription. These results confirmed a strong
interaction between ETO and HEB(100-306) in vivo (178-fold
increase due to VP16 activity), which is comparable in magni-
tude to the interaction between ETO and AD1 assayed in the
same experiment.

Taken together, these results indicate that ETO can be re-
cruited independently to AD1 or its downstream ETO-inter-
acting sequence (DES), namely, HEB(100-306), through
TAFH-AD1 interaction or NHR2-DES interaction, respec-
tively (Fig. 2E).

DES region is required for repression by ETO-K98E. Given
the findings described above, disrupting DES-NHR2 interac-
tion should abolish repression by ETO-K98E. This was tested
by deleting a DES subregion (�100–252), which is sufficient for
ETO interaction (Fig. 3A) and is required for HEB(1–548) to
interact with NHR2 (Fig. 3B). Using luciferase assays, we
showed that ETO-K98E completely lost the ability to repress
Gal4-HEB(1–548)�(100–252)-mediated transcription (Fig.
3C). Furthermore, the presence of a DES region allowed
ETO-K98E to strongly repress the transcription mediated by
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Gal4-HEB(1–306) (Fig. 3D), indicating that DES is sufficient
to recruit ETO to repress transcription.

Both AD1 and DES are highly conserved among E proteins.
Alignment of DES regions shows a nearly 50% identity be-
tween HEB and E2A and an even greater conservation be-
tween HEB and E2-2 (see Fig. S3A in the supplemental ma-
terial). Consistent with this homology, the results observed
with HEB were recapitulated in E2A. Thus, the NHR2 domain
of ETO interacted specifically with the corresponding DES
region of E2A (see Fig. S3B to E in the supplemental mate-
rial). Similarly, this interaction was both necessary and suffi-
cient for ETO-K98E (which also failed to interact with E2A-
AD1) to repress transcription mediated by Gal4-E2A(1–493),
corresponding to Gal4-HEB(1–548), and Gal4-E2A(1–301),
corresponding to Gal4-HEB(1–306) (see Fig. S4 in the supple-

mental material). Thus, like AD1-dependent repression (67),
DES-dependent repression is likely conserved among E-pro-
tein family members.

TAFH and NHR2 cooperatively bind to DES to repress
transcription. Given that deleting TAFH completely abolished
ETO-mediated repression of HEB-dependent transcription
(Fig. 1B), the role of TAFH in DES-dependent repression of
Gal4-HEB(1–548) was then investigated. Because this role is
retained in ETO-K98E and the isolated TAFH domain elicits
a direct interaction with DES (Fig. 2B), we first tested whether
ETO-K98E can also interact with DES. Indeed, GST pull-
down assays showed that whereas K98E mutation abolished
TAFH interaction with AD1 as expected, it did not affect the
DES interaction (Fig. 4A). Neither DES nor AD1 interacted
with GST, demonstrating the specificity of the observed inter-

FIG. 1. ETO does not need to interact with AD1 to repress HEB-dependent transcription. (A) Left, schematic representation of ETO and HEB
domains showing the specific interaction between TAFH and PCET. Right, three-dimensional structure of the ETO TAFH domain in complex
with PCET showing surface representation of K98. (B, D, and E) Luciferase assays of 293T cells transfected with expression plasmids for proteins
indicated at the bottom, along with the Gal4 UAS-driven luciferase reporter. (C) GST pull-down analyses of in vitro-translated ETO and
ETO-K98E with GST-AD1. (F) Schematic representation showing repression of HEB-dependent transcription by ETO in the absence of AD1
interaction. The p300/CBP coactivators are expected to bind AD1 in the absence of TAFH-AD1 interaction.
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actions. The finding that K98 is differentially recognized by
AD1 and DES is not surprising. K98 is probably not required
for the integrity of TAFH. Rather, it plays a specialized role in
binding and stabilizing the LXXLL conformation of PCET
(50). DES lacks the characteristic LXXLL motif, explaining
why its interaction with TAFH is not affected by K98E muta-
tion. These differences also suggest that DES and AD1 may
bind to distinct regions of TAFH.

If the ability of TAFH to interact with DES underlies its role
in repression, this interaction should also occur in vivo in the
context of ETO. Such an interaction may be manifested as an
ability of TAFH to enhance ETO’s interaction with DES in
vivo. Mammalian two-hybrid assays were performed to test this
possibility. Deletion of TAFH significantly reduced ETO in-
teraction with DES (Fig. 4B). Compared with results for VP16-
ETO, both the absolute level of activation (lane 10 versus lane
12) and the increase relative to results for nonfused proteins

were significantly reduced by deleting TAFH (109-fold, lanes 9
and 10, versus 25.5-fold, lanes 11 and 12). These results con-
firmed that in vivo, TAFH does contribute to maximal ETO
interaction with DES. In further support of an intracellular
TAFH-DES interaction, deletion of NHR2 did not completely
abolish ETO interaction with DES (cf. lanes 13 and 14 and
lanes 6 and 7). Finally, we confirmed that like wild-type ETO,
ETO-K98E elicited a much stronger interaction with DES than
ETO�TAFH did (Fig. 4C), suggesting that K98E mutation
does not affect TAFH-DES interaction in vivo as expected
based on the in vitro data (Fig. 4A).

The in vivo association between TAFH and DES in the
context of ETO contrasts with our earlier GST pull-down data
(Fig. 2C; see also Fig. S2 in the supplemental material) show-
ing that this interaction does not readily occur in vitro. One
possible reason that may account for this difference is that the
specific in vivo conditions, such as coexpression and the pres-

FIG. 2. NHR2 physically interacts with an AD1 downstream region of HEB. (A) Schematic representation of HEB and truncated HEB
derivatives. (B) GST pull-down analyses of in vitro-translated HEB and HEB derivatives with GST-TAFH and GST-NHR2. Weak interaction of
HEB(100–306) with TAFH is marked by asterisks. (C) GST pull-down analyses of in vitro-translated ETO and ETO derivatives with GST-
HEB(100–306). (D) Luciferase assays of 293T cells transfected with ETO and VP16-ETO along with Gal4-HEB-AD1 or Gal4-HEB(100–306) and
the Gal4 UAS-driven reporter. (E) Schematic representation of two independent interaction interfaces (TAFH-AD1 and NHR2-DES) between
ETO and HEB.
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ence of chaperones or other cellular factors, may have assisted
the cooperative binding of DES to both TAFH and NHR2.

Taken together, our data suggest that DES-dependent re-
pression of HEB requires its simultaneous interaction with
both TAFH and NHR2 (Fig. 4D). This explains why deletion
of TAFH abolishes DES-dependent repression by ETO (Fig.
1B) and why K98E mutation preserves this repression capabil-
ity (Fig. 1E). The data also indicate that the repression is not
simply a matter of recruitment, because ETO�TAFH does get
recruited but is unable to inhibit Gal4-HEB(1–548). Rather,
multiple contacts between ETO and HEB are needed.

DES-dependent repression can occur on E-box templates.
Binding to E-box elements may alter the protein-protein in-
teraction capability of E proteins and thereby their consequent
transcriptional activity (41). We therefore tested if DES-de-
pendent repression can also occur on E-box-regulated promot-
ers. In luciferase assays using an E-box-driven template, a HEB
derivative (HEB�AD1) lacking AD1 was still capable of strong
activation of transcription (Fig. 4E). This is consistent with the
independent function of multiple E-protein activation domains
(8). Importantly, HEB�AD1-mediated transcription was also
repressed by ETO (Fig. 4E). Furthermore, the repression was
dependent on both TAFH and NHR2 (Fig. 4E), consistent
with the requirement of their interactions with DES for re-
pression. In contrast, deletion of C-terminal NHR3 and NHR4
regions (�366) slightly enhanced the repression, similar to the
effect of �403 deletion on ETO-K98E-mediated repression on

Gal4 templates (see Fig. S1 in the supplemental material).
Thus, DES-dependent repression and its underlying mecha-
nism are probably independent of DNA binding elements.

We also confirmed DES-dependent repression of E47 on
E-box templates (Fig. 4F). ETO strongly repressed E47, as
expected (lane 2). Both K98E mutation and NHR2 deletion
partially reduced but failed to abrogate the repression (lanes 3
and 4). Complete disruption of repression required simulta-
neous K98E mutation and NHR2 deletion to disrupt both AD1
and DES interactions (lane 5). These results indicate that both
AD1-dependent and DES-dependent repression pathways can
contribute to repression of E47 by ETO on E-box templates.
We obtained similar results with HEB (C. Guo and J. Zhang,
unpublished data).

DES-dependent repression does not target chromatin re-
modeling. We next turned our attention to the mechanism that
underlies DES-dependent repression. Earlier data showed that
ETO-K98E was not able to repress Gal4-HEB(1–548)-medi-
ated transcription to below basal levels (Fig. 1E). This would
argue against a role for HDACs in ETO-K98E-mediated re-
pression. To further test this possibility, we carried out re-
porter assays in the absence or presence of trichostatin A
(TSA), a specific HDAC inhibitor. Treatment with TSA sig-
nificantly reduced the ability of ETO to repress Gal4-HEB(1–
548)-mediated transcription (Fig. 5A), confirming the involve-
ment of HDACs in repression by wild-type ETO. In contrast,
repression mediated by ETO-K98E was insensitive to TSA and
was similar in magnitude to HDAC-independent repression by
ETO, as manifested in the presence of TSA (Fig. 5A). These
results exclude the possibility that the repression mediated
by ETO-K98E involves an HDAC-associated activity, which
is consistent with the data shown in Fig. 1E. As expected,
repression mediated by ETO-K98E was dependent on
NHR2 (Fig. 5A).

We then considered the possibility that binding of ETO to
DES may interfere with p300 recruitment or its activity. To this
end, an in vitro HAT assay system was set up using nucleoso-
mal arrays assembled on Gal4 UAS-containing templates by
purified ACF-1, ISWI, NAP-1, and HeLa histones (Fig. 5B and
C; see also Fig. S5A in the supplemental material). This in
vitro system confirmed that AD1 can mediate p300-dependent
nucleosomal acetylation and that ETO inhibits this acetylation
(Fig. 5D, lanes 1 to 3), presumably by blocking p300 interaction
with AD1. The inhibition by ETO was specific, since ETO did
not affect Gal4-VP16-dependent histone acetylation by p300
(see Fig. S5B in the supplemental material).

Gal4-HEB(1–548) was more potent than Gal4-AD1 in me-
diating histone acetylation (Fig. 5D, lanes 2 and 9). The effect
was more dramatic when a lesser amount of activators was
used (Fig. 5E, lanes 1 and 6). In both cases, Gal4-HEB(1–548)-
dependent histone acetylation was essentially abolished by
ETO (Fig. 5D, lane 4, and E, lane 7) but was unaffected by the
ETO-K98E and ETO�TAFH mutants, which cannot interact
with AD1 (Fig. 5D, lanes 8 and 5). These results indicate that
ETO interaction with AD1 is necessary and sufficient to block
p300 recruitment and its HAT activity. In addition, the data
also suggest that AD1 and another HEB region(s), likely AD2,
can mediate cooperative recruitment of p300 and that this
recruitment is dependent on AD1 interaction with p300.

FIG. 3. NHR2 interaction with DES is required for AD1 interac-
tion-independent repression by ETO. (A) Mammalian two-hybrid
analysis showing HEB(100–252) is sufficient to interact with ETO.
Activation is normalized to the luciferase activity observed with the
individual Gal4 fusion protein alone. (B) GST pull-down analyses of in
vitro-translated HEB(1–548)�(100–252) with GST-TAFH, GST-
NHR2, or GST. (C and D) Luciferase assays of 293T cells transfected
with a Gal4 UAS-driven luciferase reporter along with indicated ex-
pression plasmids.
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NHR2 enhances TAFH-AD1 interaction and is required for
optimal AD1-dependent repression on chromatin. Although
TAFH is sufficient to interact with AD1, deleting NHR2 dra-
matically reduced the ability of ETO to inhibit nucleosomal
acetylation elicited by either Gal4-HEB(1–548) or Gal4-AD1
(Fig. 5D, lane 6, and E). In contrast, deletion of the C-terminal
NHR3/4 regions (�403) had no effect (Fig. 5D, lane 7). Con-
sistent with this result, the in vitro interaction between ETO

and GST-AD1, which requires TAFH, was greatly reduced by
deleting NHR2 (nearly eightfold as measured by densitometry)
(Fig. 5F).

To document the functional significance of the interplay
between TAFH and NHR2 in chromatin-dependent transcrip-
tional repression by ETO, we performed in vitro transcription
assays with chromatin templates. Consistent with the HAT
assay results (Fig. 5D), ETO and ETO�403 abolished p300-

FIG. 4. TAFH and NHR2 cooperatively target DES to repress transcription in vivo. (A) GST pull-down analyses of in vitro-translated
Gal4-HEB-DES (i.e., amino acids 100 to 306) and Gal4-HEB-AD1 with GST, GST-TAFH, or GST-TAFH-K98E. (B) Luciferase assays of 293T
cells transfected with ETO, ETO mutants, or their VP16 fusions along with Gal4-DBD or Gal4-HEB(100–306), as well as the Gal4 UAS-driven
reporter. WT, wild type. (C) Luciferase assays of 293T cells transfected with ETO�TAFH (�TAFH), ETO-K98E (K98E), or their VP16 fusion
proteins, along with Gal4-DBD or Gal4-HEB(100–306) and the Gal4 UAS-driven reporter. (D) Schematic representation showing that the K98E
mutation selectively abolishes AD1 interaction. (E and F) Luciferase assays of 293T cells transfected with an E-box-driven reporter and expression
vector for HEB�AD1(E) or E47(F), with ETO and ETO mutants indicated at the bottom.
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dependent transcription by Gal4-AD1 (Fig. 5G, lanes 1 to 4, 7,
and 8) while not affecting transcription elicited by Gal4-VP16
(lanes 11 to 13). Confirming the functional importance of both
NHR2 and TAFH, the repression by ETO was dramatically
reduced by deletion of NHR2 (lane 5) and was abolished by

K98E mutation (lane 6). These in vitro results were essentially
recapitulated by reporter assays with HEB-AD1 (Fig. 5H) or
with E2A-AD1, each of which contains a highly conserved
PCET motif (see Fig. S6 in the supplemental material). The
reduced dependency of repression on NHR2 in vivo could

FIG. 5. AD1 interaction is required for ETO repression at the chromatin level and is regulated by the NHR2 domain. (A) Luciferase reporter
analyses of 293T cells transfected with expression plasmids indicated at the bottom, along with a Gal4 UAS-driven luciferase reporter. Repression
is relative to results with Gal4-HEB(1–548) alone. TSA (150 nM) or dimethyl sulfoxide was added 24 h posttransfection, and the luciferase assays
were performed 16 h later. WT, wild type. (B) Schematic representation of the DNA template used for chromatin assembly. The template contains
five copies of the Gal4 UAS element upstream of a minimal TATA promoter derived from adenovirus E4 flanked by five copies of the 5S ribosomal
DNA nucleosome-positioning sequence. (C) Micrococcal nuclease partial digestion assay. The histone/DNA ratios are 1.2:1, 1.3:1, and 1.4:1. The
1.3:1 ratio was used in the following experiments. MW, 100-bp DNA ladder. (D and E) Effects of ETO and ETO mutants on Gal4-AD1- or
Gal4-HEB(1–548)-mediated p300-dependent histone acetylation of nucleosomal arrays. Top of panel D shows the stepwise experimental scheme.
In panel D, 40 ng of Gal4-AD1 or Gal4-HEB(1–548) was used instead of the typical 20 ng. In panel E, a higher dose (300 ng) of ETO�NHR2
was also used, in addition to the typical 200 ng for ETO and its derivatives. (F) GST pull-down analyses of in vitro-translated ETO and ETO
mutants with GST-HEB-AD1. (G) Effects of ETO and ETO mutants on Gal4-AD1- or Gal4-VP16-mediated p300-dependent transcription from
chromatin templates. Top panel, the stepwise experimental scheme. (H) Luciferase reporter analyses of 293T cells transfected with expression
plasmids indicated at the bottom, Gal4-HEB-AD1, and a Gal4 UAS-driven luciferase reporter. Repression is relative to results with Gal4-HEB-
AD1 alone.
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reflect an independent function of HDAC and N-CoR/SMRT
proteins, through binding to ETO, in stabilizing ETO occu-
pancy on chromatin or promoting its repression.

DES-dependent repression can occur on naked DNA tem-
plates and interferes with PIC assembly. We continued to
explore the mechanism underlying DES-dependent repression.
Our data presented thus far indicate that DES-dependent re-
pression by ETO can occur independently of AD1 but can
dominantly inhibit AD1 activity. Furthermore, this repression
does not involve HDAC activity, nor does it interfere with
AD1-mediated p300 recruitment. We thus hypothesized that
DES-dependent repression may allow ETO to block transcrip-
tion at a step after chromatin remodeling. To test this, we
varied the order of ETO addition during Gal4-HEB(1–548)-

dependent transcription on chromatin templates (Fig. 6A). In
these experiments, purified TFIID (see Fig. S7A in the sup-
plemental material) was added to the reaction after the re-
modeling step. Although Gal4-HEB(1–548) can mediate a
high level of nucleosomal acetylation, we found that its
ability to facilitate Pol II transcription on chromatin tem-
plates was intrinsically weak but could be enhanced by ad-
ditional TFIID added after the remodeling step. This ob-
servation agrees with the observed competitive binding of
TFIID and p300 to chromatin (9) and also suggests that
TFIID recruitment can be a rate-limiting step in HEB-me-
diated p300-dependent transcription.

Consistent with the HAT assay data, ETO strongly re-
pressed transcription when added to the reaction before p300

FIG. 6. Recapitulation of the DES-dependent chromatin-independent transcriptional repression by ETO in vitro. (A) Top panel, scheme for
in vitro transcription from chromatin templates with ETO added at various time points. The experiment is essentially the same as that shown in
Fig. 5G except that purified TFIID, equivalent to 5 ng of TBP, was included at the PIC assembly step to facilitate transcription by Gal4-HEB(1–
548) from chromatin templates. Bottom panel, effects of ETO added at different indicated steps on transcriptional activation by Gal4-HEB(1–548).
(B) Top panel, scheme for in vitro transcription from naked DNA templates. Bottom panel, effects of ETO on Gal4-HEB(1–548)-dependent
activation and basal transcription. (C) Schematic representation of ETO and ETO derivatives. (D) Effects of ETO and ETO derivatives on
Gal4-HEB(1–373)-dependent transcription from naked DNA templates. WT, wild-type ETO; �403-post-PIC, ETO�403 was added after PIC
assembly (i.e., with nucleoside triphosphates). (E) Effects of ETO and ETO derivatives on Gal4-HEB-AD1- or Gal4-HEB(1–373)-dependent
transcription from naked DNA templates. (F) Effects of ETO, ETO�403, AML1-ETO, ETO-2, or MTGR1 on Gal4-HEB(1–373)-dependent
transcription from naked DNA templates. Right panel, Coomassie blue staining of purified ETO-2, MTGR1, and AML1-ETO proteins following
sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
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(Fig. 6A, lane 6). Importantly, when ETO was added after the
remodeling step, either with TFIID or with nuclear extracts, it
was still capable of repressing transcription, close to the basal
level (Fig. 6A, lanes 7 and 8). This post-chromatin-remodeling
repression should reflect ETO’s ability to directly interfere
with the communication between HEB and the basal transcrip-
tion machinery, since a similar inhibition of HEB-dependent
transcription was also observed on naked DNA templates
(Fig. 6B).

On naked DNA templates, Gal4-HEB(1–373), which con-
tains only AD1 and DES, was also strongly repressed by ETO
(Fig. 6D, lane 3). This finding allowed us to focus on HEB(1–
373) in subsequent studies. We first asked whether the ob-
served strong inhibition is dependent on DES by examining the
effect of ETO on AD1’s activity. Whereas ETO strongly re-
pressed Gal4-HEB(1–373), it only slightly inhibited Gal4-AD1
(Fig. 6E, lanes 2 and 4). Additional evidence that strong re-
pression requires DES is provided by the use of ETO�403.
ETO�403 repressed Gal4-HEB(1–373)-mediated transcrip-
tion to a greater extent than ETO did (Fig. 6D, lanes 3 and 4).
In sharp contrast, like ETO, it manifested only a twofold in-
hibition of Gal4-AD1 (Fig. 6E, lane 3), which is consistent with
their similar effects on AD1-mediated transcription from chro-
matin templates (Fig. 5G). It was not surprising that the two-
fold repression of Gal4-AD1 by ETO was NHR2 dependent
(Fig. 6E, lane 5) given the importance of NHR2 in the asso-
ciation between ETO and AD1, as shown earlier.

To explore the transcription step that is blocked in DES-
dependent repression, an “order-of-addition” experiment was
performed. When ETO�403 was added to the reaction after
the completion of PIC assembly, it lost the majority of its
inhibitory function (Fig. 6D, lane 4 versus lane 5), although an
approximately threefold inhibition was still evident (lane 2
versus lane 5). In another in vitro transcription study using
purified general transcription factors, PC4 and Pol II (see Fig.
S7B in the supplemental material), repression of Gal4-
HEB(1–548)-dependent transcription by ETO�403 could
largely be rescued by excess TFIID (see Fig. S7C in the sup-
plemental material), suggesting that TFIID and ETO�403 may
compete for binding to HEB. Together, these data indicate
that DES-dependent repression occurs predominantly by in-
terfering with PIC assembly and TFIID function.

DES-dependent repression in vitro also requires coopera-
tive functions of TAFH and NHR2 and is enhanced in AML1-
ETO and MTGR1. Because DES interaction-dependent re-
pression in vivo requires cooperative functions of NHR2 and
TAFH, we tested whether such a requirement also holds in
vitro by using the various ETO mutants shown in Fig. 6C (see
also Fig. S8A in the supplemental material). Indeed, deletion
of TAFH, NHR2, or the highly conserved HHR within NHR2
abolished the repression (Fig. 6D). Like ETO�403, the
ETO�366 mutant lacking NHR3 and NHR4 also strongly
repressed transcription (lane 9). Further confirming the im-
portance of NHR2, the additional deletion of NHR2 to
generate the ETO�324 mutant completely restored tran-
scription (lane 10).

The effect of the K98E mutation was examined next to test
if an interaction with AD1 is required for repression. We found
that the K98E mutation largely abolished repression by
ETO�403 (see Fig. S8B in the supplemental material). Also,

ETO�403 failed to repress Gal4-HEB(100–306), which lacks
the AD1 domain (see Fig. S8C in the supplemental material).
Taken together, our domain requirement study indicates that
the in vitro repression requires both TAFH-AD1 and NHR2-
DES interactions. The failure of a combination of isolated
TAFH and NHR2 fragments to elicit any repressive effect
suggests that these interactions need to occur cooperatively in
the context of ETO (see Fig. S8C in the supplemental mate-
rial).

Our in vivo and in vitro results are both consistent with the
view that DES-dependent repression requires cooperative
binding of TAFH and NHR2 to HEB. However, we were
somewhat surprised by the in vitro requirement for the TAFH-
AD1 interaction because our earlier in vivo study has shown
that this interaction is dispensable for DES-dependent repres-
sion. There are two possible explanations for this difference.
The first reflects in vitro and in vivo variation in the ability of
TAFH to interact with DES in the context of ETO. It is likely
that in vitro, an initial TAFH interaction with AD1 may facil-
itate its subsequent association with DES, which is needed for
DES-dependent repression in vivo. This is a likely possibility
because our results suggest that AD1 and DES may bind dis-
tinct regions of TAFH. Second, TAFH interaction with AD1
may also help to suppress the constitutive activity of AD1
observed in vitro, whereas in cells such activity may depend on
a later step (after chromatin remodeling) that may be blocked
by ETO in its association with DES (see Discussion).

The TAFH and NHR2 domains are both retained in the
AML1-ETO fusion protein and are conserved in the ETO-
related proteins MTGR1 and ETO-2. It is thus not surprising
that these proteins also repressed Gal4-HEB(1–373) on naked
DNA templates (Fig. 6F). However, whereas the level of re-
pression due to ETO-2 was comparable to that due to ETO,
AML1-ETO and MTGR1 resembled the C-terminally trun-
cated ETO�403 by causing a more potent repression that
reduced transcription significantly below the basal level (Fig.
6F). These results suggest that the AML1 domain within the
fusion protein can influence ETO’s activity, possibly through
cross talk with other ETO domains, such as the C-terminal
region. The unique property of MTGR1 revealed here was
surprising, because the three ETO family members are gener-
ally thought to be functionally equivalent. Interestingly, se-
quence analysis showed that MTGR1 has the lowest sequence
conservation in all NHR domains among ETO family proteins,
which may underlie its functional specificity elucidated here.

NHR2 is critical for AML1-ETO to associate with HEB and
to repress HEB-dependent transcription. The importance of
NHR2 in mediating E-protein interactions (both with AD1
and with DES) is reminiscent of its critical function in leuke-
mogenic activities of AML1-ETO (37, 63, 66). Because NHR2
has important physiological implications in leukemia, we fur-
ther examined its role in the formation of a complex between
AML1-ETO and HEB, which occurs in both cultured and
primary t(8;21) leukemic cells (67). An ETO region that in-
cludes NHR2 and a sequence immediately downstream of it
was deleted to test the role of NHR2. This derivative, desig-
nated AML1-ETO�NHR2, contains intact TAFH, NHR3, and
NHR4 domains but is unable to inhibit myeloid differentiation
(66). Coimmunoprecipitation revealed that wild-type AML1-
ETO but not AML1-ETO�NHR2 formed a stable complex
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with HEB in transfected cells (Fig. 7A). In functional studies,
HEB-mediated transcription from a stably integrated E-box-
driven luciferase template was abolished by AML1-ETO but
was minimally affected by AML1-ETO�NHR2 (Fig. 7B, lane 5
versus lane 6, 60-fold versus 2.4-fold repression), which was
expressed at a level similar to that of AML1-ETO (Fig. 7B,
right). A similar loss of inhibition by AML1-ETO�NHR2 was
also observed for E2A (E12 and E47; see Fig. S9 in the sup-
plemental material). These results suggest that in the context
of AML1-ETO, the NHR2 domain may have acquired more
importance in E-protein targeting and silencing. Accordingly,
the residual interaction derived from the TAFH domain of
AML1-ETO�NHR2 is not sufficient to support a significant
inhibition of E-protein-mediated transcription.

DISCUSSION

ETO family corepressors and AML1-ETO repress E-pro-
tein-mediated transcription through both chromatin-depen-
dent and chromatin-independent mechanisms (Fig. 8). ETO
has served as a prototype for studying the mechanisms of its
family members and AML1-ETO (20, 40, 60, 67). The current
model proposes that these proteins repress transcription by
reducing chromatin accessibility. For E proteins, this repres-
sion is thought to be mediated by a single interaction between
the TAFH domain of ETO corepressors and the AD1 domain
of E proteins, which competes with p300/CBP coactivators for
binding to AD1 (67). We now show that ETO, in fact, interacts
with two E-protein regions. The interaction with AD1, how-
ever, remains necessary and sufficient for repression of tran-
scription from chromatin templates. In addition, we have iden-
tified a novel chromatin-independent repression mechanism
that depends on the newly defined interaction. Mutation of
K98E disrupts ETO interaction with AD1 and restores p300/
CBP recruitment, but it did not abolish ETO-mediated repres-
sion of HEB or E2A as long as the second ETO binding site
was functioning. This AD1-independent repression is not me-
diated by HDACs, since it is not affected by TSA. On the other

FIG. 7. NHR2 is critical for AML1-ETO to associate with HEB
and to repress HEB-directed transcription. (A) Coimmunoprecipita-
tion of AML1-ETO and AML1-ETO�NHR2 with FLAG-HEB using
anti-FLAG (�-FLAG) M2-agarose. AML1-ETO and AML1-
ETO�NHR2 were detected via an N-terminal hemagglutinin tag.
FLAG-HEB was detected by anti-FLAG antibody. Top panel, sche-
matic representation of domains of AML1-ETO and AML1-
ETO�NHR2. AML1-ETO�NHR2 lacks amino acids 488 to 588, cor-
responding to 313 to 413 of the ETO moiety. IP, immunoprecipitation.
(B) Luciferase assays of E-box-293T cells containing an integrated
E-box luciferase reporter transfected with expression plasmids for
FLAG-HEB, AML1-ETO, and AML1-ETO�NHR2. Right panel,
Western blot analyses of transfected AML1-ETO and AML1-
ETO�NHR2 via an N-terminal HA tag with �-tubulin serving as the
control. AE, AML1-ETO.

FIG. 8. Schematic model for E-protein targeting and inhibition by ETO. Solid arrows represent facilitation of activation or repression steps.
T-shaped lines refer to inhibition. The major repression mechanisms are represented by thick lines underneath the activation steps. See the text
for details.
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hand, TSA reduces the repression by wild-type ETO to a level
comparable to that observed with ETO-K98E. Furthermore,
AD1, a region needed for p300/CBP recruitment, is dispens-
able for both HEB-mediated activation and repression of this
activation by ETO. We find that HEB�AD1 is expressed at a
high level in transfected cells (C. Guo and J. Zhang, unpub-
lished observation), which may increase its capacity to bind
DNA and to stimulate PlC assembly. This effect is reminiscent
of the direct stimulation of transcription by nuclear receptors
expressed at high levels (33). Together, these in vivo studies
suggest that productive transcription by E proteins involves
overcoming a second rate-limiting step after chromatin remod-
eling and that ETO directly inhibits this process in addition to
its inhibition of chromatin remodeling. Consistent with this
idea, in vitro transcription confirms that ETO is capable of
repressing transcription on chromatin templates when it is
added after chromatin remodeling. Moreover, on naked DNA
templates, ETO and AML1-ETO, as well as related family
members, directly inhibit HEB-dependent transcription.

Our study has added ETO family proteins to the list of
corepressors that can repress transcription by targeting both
chromatin and the basal transcription machinery. These core-
pressors, including Tup1 and Groucho/TLE family proteins as
well as N-CoR, have been studied mainly in association with
repressors (15, 25). ETO is unique, however, in that it associ-
ates with a transcriptional activator that contains multiple ac-
tivation domains, stressing the importance of inactivating co-
activators in repression by ETO. Interestingly, like Tup1 and
Groucho family corepressors, ETO is also able to interact with
HDACs and to form oligomers. An HDAC-mediated mecha-
nism should allow ETO to enforce long-term silencing, which
may impose a slow response to activating stimuli. On the other
hand, chromatin-independent repression may allow ETO to
effectively maintain an inactive promoter region in an open
chromatin state, thereby allowing rapid signal-dependent acti-
vation. The latter form of repression is particularly interesting
given recent findings that many inactive promoters in eukary-
otic cells are associated with active chromatin marks, but are
defective in PIC recruitment or postrecruitment function (31).

Roles of E-protein domains in repression and activation. E
proteins contain multiple conserved domains. Among them,
AD1 plays a dual role in both activation and ETO-mediated
repression (Fig. 8). AD1 has been previously proposed to
facilitate the recruitment of p300/CBP (7, 10, 67). This is con-
sistent with our finding that it is sufficient to mediate p300-
dependent nucleosomal acetylation and to activate transcrip-
tion from chromatin templates. Interestingly, the ability of
AD1 to recruit p300 to acetylate histone can be enhanced by
additional HEB regions, likely by AD2 given its possible asso-
ciation with p300 (7, 10). The increased acetylation however, is
abolished by ETO to a nearly basal level (Fig. 5D and E).
These results indicate that cooperative recruitment of p300
and possibly CBP is dependent on initial binding by AD1. ETO
abolishes this initial binding step, thereby blocking p300 re-
cruitment. This model likely applies to other E proteins, be-
cause deletion of AD1 but not AD2 dramatically reduces CBP
recruitment by E2A (7). It also suggests a strategy whereby
corepressors target the first step of coactivator recruitment to
effectively block the function of coactivators. Intriguingly, in
addition to its important role in controlling p300/CBP recruit-

ment, we show that AD1 is also critical to the HDAC-depen-
dent repression function of ETO (Fig. 8). In this regard, future
studies are needed to determine whether an interaction with
AD1 is required for ETO to recruit HDACs or to facilitate
their postrecruitment function.

Whereas AD1 plays a principal role in directing chromatin-
dependent repression, our in vivo and in vitro results indicate
that chromatin-independent repression by ETO requires its
interaction with DES (Fig. 8). It should be mentioned that
although an interaction with AD1 is dispensable for DES-
dependent repression in cells, this interaction is required for
repression in vitro on naked DNA templates. As noted earlier,
the TAFH-AD1 interaction may promote a subsequent
TAFH-DES interaction in vitro, which is required for DES-
dependent repression based on the in vivo data. Furthermore,
the TAFH-AD1 interaction may help suppress the in vitro
AD1 activity. Such activity would not be expected to occur
constitutively in cells, because AD1 needs to first recruit p300/
CBP to remodel chromatin. At a later step, p300/CBP may
need to be released from AD1 in order for such an activity to
become effective. It has been shown that p300 is inhibitory to
transcription (9, 23, 55) and that the release of p300 from a
promoter is necessary for, and is coupled with, TFIID recruit-
ment (9). Recruitment of TFIID, however, may be inhibited by
ETO binding to DES (see below).

The hierarchical involvement of AD1 and DES in repression
is consistent with our finding that their individual interactions
with ETO are each sufficient for repression of E-protein-de-
pendent transcription. Intriguingly, naturally occurring splice
variants of HEB and E2-2, namely HEBAlt and ITF-2A, are
lacking AD1 and most of DES (59). Similar variants of E2A
have also been reported (26). Based on our data, replacing
full-length E proteins at target promoters with these variants
should bypass the repression imposed by ETO corepressors,
leading to constitutive activation of target promoters during a
time frame when these variants are expressed at high levels.
Indeed, it has been shown that HEBAlt is transiently upregu-
lated in early T-cell precursors and plays a critical role in
facilitating early T-cell development from hematopoietic stem
cells (59), where various ETO corepressors are present at high
levels (22, 36, 44, 56).

Cross talk between ETO and AML1-ETO domains governs
repression specificity and potency. Interactions with AD1 and
DES allow ETO to inhibit transcription through separate
mechanisms. We found that optimal repression exerted by
each mechanism requires cooperation between TAFH and
NHR2 (Fig. 8). Oligomerization by NHR2 likely accounts for
its role in enhancing the TAFH-AD1 interaction and conse-
quent repression at the chromatin level. Our assays have used
heterologous domains (Gal4 and GST) that dimerize. Physio-
logically, oligomerization of ETO likely increases its affinity for
the two PCET motifs in a given E-protein dimer (6, 43).

In addition to facilitating AD1 interaction, we show that
NHR2 can directly interact with DES. TAFH cooperates with
this interaction to mediate chromatin-independent repression
(Fig. 8). Mechanistically, ETO, through its physical interaction
with DES, may interfere with the recruitment of TFIID to
inhibit PIC assembly, given previously demonstrated AD1-in-
dependent TFIID recruitment by HEB (67) and our finding
that excess TFIID can rescue ETO�403-mediated repression
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in purified in vitro transcription assays. In addition to the block
of activated transcription, we show that ETO�403, ETO�366,
and AML1-ETO, as well as MTGR1, when complexing with
HEB(1–373), can also repress basal transcription activity (Fig.
6D and F). This basal repression may conceivably involve phys-
ical associations between these proteins and components of the
basal transcription machinery, which will be explored in future
studies. The finding that fusion with AML1 (in AML1-ETO)
and C-terminal deletion (in ETO�403 and ETO�366) simi-
larly enhanced the repression activity of ETO suggests func-
tional cross talk between the N-terminal and C-terminal re-
gions of AML1-ETO (Fig. 8). One possibility is that the
N-terminal AML1 region may override inhibition imposed by
the C terminus on NHR2- and DES-dependent repression.
This form of cross talk is reminiscent of that described for
another leukemogenic fusion protein, PML-RAR. It has been
shown that the N-terminal PML destabilizes the inhibitory
conformation of the RAR C-terminal tail, thereby facilitating
binding of RAR to N-CoR/SMRT (35, 45).

Tethering of AML1-ETO to E-protein binding sites should
disrupt the delicate balance between E-protein coactivators
and ETO family corepressors and thereby cause deregulation
of E-protein function. Interestingly, a recent work showed that
HEB can also form a complex with AML1-ETO in transduced
U937 cells at AML1-ETO sites and at promoters that contain
both HEB and AML1-ETO sites (18). Thus, cross talk between
E proteins and AML1-ETO may be context dependent, resem-
bling that between nuclear receptors and other transcription
factors. Nevertheless, the transcriptional property of the
AML1-ETO–E-protein complex should be largely governed by
their interdomain interactions, which dictate cofactor associa-
tions. Our data support the involvement of multiple interdo-
main communications in regulating the repression function of
ETO family corepressors and the AML1-ETO fusion protein.
In particular, our data suggest that in the context of AML1-
ETO, NHR2 plays a critical role in targeting AML1-ETO to E
proteins to repress transcription. This suggests positive cross
talk between the AML1 and NHR2 domains that may occur
directly or indirectly through other regions, such as the C
terminus, as described above. Physiologically, NHR2 is also
critical for AML1-ETO’s leukemogenic activities (37, 63, 66),
whereas the ETO C terminus, containing NHR3/4 regions, is
inhibitory (64, 65). These findings unexpectedly mirror our
observations described here. We believe that further insight
into the mechanisms underlying the various domain interac-
tions and their interplay should not only increase our under-
standing of transcriptional mechanisms associated with E pro-
teins, AML1-ETO, and ETO family corepressors but should
also lead to novel therapeutic targets in cancers involving the
expression of AML1-ETO and E-protein-derived fusion pro-
teins.
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