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ABSTRACT The mammalian AMLyCBFa runt domain
(RD) transcription factors regulate hematopoiesis and osteo-
blast differentiation. Like their Drosophila counterparts, most
mammalian RD proteins terminate in a common pentapep-
tide, VWRPY, which serves to recruit the corepressor Groucho
(Gro). Using a yeast two-hybrid assay, in vitro association and
pull-down experiments, we demonstrate that Gro and its
mammalian homolog TLE1 specifically interact with AML1
and AML2. In addition to the VWRPY motif, other C-terminal
sequences are required for these interactions with GroyTLE1.
TLE1 inhibits AML1-dependent transactivation of the T cell
receptor (TCR) enhancers a and b, which contain functional
AML binding sites, in transfected Jurkat T cells. LEF-1 is an
additional transcription factor that mediates transactivation
of TCR enhancers. LEF-1 and its Drosophila homolog Pangolin
(Pan) are involved in the WntyWg signaling pathway through
interactions with the coactivator b-catenin and its highly
conserved fly homolog Armadillo (Arm). We show that TLEy
Gro interacts with LEF-1 and Pan, and inhibits LEF-1:b-
catenin-dependent transcription. These data indicate that, in
addition to their activity as transcriptional activators, AML1
and LEF-1 can act, through recruitment of the corepressor
TLE1, as transcriptional repressors in TCR regulation and
WntyWg signaling.

The AML genes (also termed CBFa or PEBP2a) are members
of a gene family of heterodimeric transcription factors. Family
members contain a highly conserved region of 128 aa desig-
nated the ‘‘runt domain’’ (RD), because of its homology to a
region in the Drosophila Runt protein (1). The RD mediates
both AML heterodimerization with the CBFb protein and the
binding of AML to its consensus DNA target sequence
PyGPyGGT (1–4). In humans and mice, three highly con-
served AML genes have been identified (2–4): AML1 on
chromosome 21q22.1, AML2 on chromosome 1p36, and AML3
on chromosome 6p21 (5, 6). Homozygous disruption of AML1
and AML3 in mice indicated that AML1 plays a crucial role in
hematopoiesis (7, 8) whereas AML3 is essential for osteogen-
esis (9, 10). Importantly, AML1 and CBFb genes are the most
frequent targets for leukemia-associated translocations (11),
further highlighting the pivotal role of these genes in hema-
topoiesis.

The expression of AML1 is regulated by two distinct pro-
moters and involves complex patterns of alternative splicing
(12), resulting in a diverse collection of mRNAs of different-
sized coding regions (188–480 aa) (13, 14). The longer proteins
contain a transactivation domain (TAD) and a nuclear matrix
targeting signal (15) downstream of the RD, whereas in the
shorter forms the TAD is missing (2). Of interest, we have

recently shown that the short isoform AML1-d, lacking part of
the TAD, was capable of suppressing in vivo tumor growth and
differentiation (16).

Consistent with their expression patterns and knockout
mouse phenotypes, AML binding sites are present in promoter
regulatory regions of several hematopoietic and bone-specific
genes (2, 4). Characterization of AML interactions within
these promoter regions revealed that AML1 activates tran-
scription in a context-dependent manner involving contacts
with adjacently bound transcription factors (2, 4). For example,
on the T cell receptor (TCR) a enhancer, AML1 associates
with the adjacently bound transcription factor Ets-1, and
together with LEF-1 interacts with the nonDNA-binding
protein ALY, which acts as a LEF-1yAML1 coactivator in this
context (17, 18). LEF-1 is also a target of the WntyWg
signaling pathway (19). Wnt signaling allows the translocation
of cytoplasmatically tethered b-catenin into the nucleus, where
it directly interacts with LEF-1, stimulating LEF-1-dependent
transcriptional activation (19).

As noted before (2), most AML proteins that contain
full-length TAD terminate with an identical C-terminal
VWRPY motif. This pentapeptide is similar in position and
sequence to the WRPW motif found in Hairy-related basic
helix–loop–helix transcription factors (20). It has been shown
that in the Hairy-related basic helix–loop–helix repressors,
WRPW serves to recruit the corepressor Groucho (Gro) (21,
22). More recently, Aronson et al. (23) showed that the
VWRPY sequence is required for Gro interactions with Runty
PEBP2aB.

The Drosophila Gro and its human homologs TLE1–4 (24)
are widely expressed nuclear proteins that do not bind to DNA,
but include WD repeats that are implicated in protein–protein
interactions (25). Gro proteins are general transcriptional
corepressors that mediate repression by a variety of specific
DNA-binding proteins (25). It is thought that DNA-bound
transcription factors interact with and recruit GroyTLE to
target promoters, however, the mechanism by which TLEyGro
bring about transcriptional repression remains unknown.

Here we demonstrate direct interactions between GroyTLE
and the AML1, AML2 and LEF-1 proteins and show that these
interactions lead to transcriptional repression of AML- and
LEF-1-regulated target genes.

MATERIALS AND METHODS

Yeast Interaction Assays. Yeast interaction trap assays were
performed essentially as described (21, 26). Yeast strains were
transformed with the activation domain-AML fused proteins
cloned into the 2 m TRP1 plasmid pJG4–5, which allows
galactose-dependent expression. Individual transformant col-
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onies were tested for b-galactosidase activity in a liquid assay
using general procedures (27).

Plasmids. Plasmids encoding LexA fusions were con-
structed in frame by insertion of the corresponding coding
regions in an EcoRI site at the 39 end of LexA(2021pl) plasmid
(26). LexA-Cbfb contained amino acids 2–182 of mouse Cbfb2
(28), LexA-TLE1 contained amino acids 32–770 (24). LexA
Gro, LexA-t-Gro (amino acids 251–719 of Gro), and LexA-
Dmcdc2 have been described (21). The following coding
regions were cloned in-frame, through an EcoRI site, into
pJG4–5 plasmid (26): RD (amino acids 51–181 of AML1a),
t-AML1a, t-AML1b, AML1a, AML1b, and AML2 (Fig. 1) (6,
14). pGEX2T-Pan, pGEX2T-PanS25, pZEX-E(spl)m7,
pZEX-E(spl)m7DWRPW, pET-Gro, and pGEX-Gro have
been described (21, 29, 30). TCRa and TCRb reporters
contain the tk promoter linked to luciferase coding region. The
98-bp human TCRa enhancer fragment was generated as
described (31). The mouse minimal TCRb enhancer with two
AML binding sites [nucleotides 607–746,ref. 32; Fig. 3] was
used. TCRb enhancer with mutated AML binding sites and
TCRa enhancer with mutated LEF-1 site were generated as
described (17, 33). The HA-LEF-1 plasmid, TOPFLASHy
FOPFLASH vectors and pCGN-b-catenin were kindly pro-
vided by Rolf Kemler (Max-Planck Institute for Immunobiol-
ogy, Freiburg, Germany), Marc van de Wetering and Hans
Clevers (University Hospital, Utrecht, The Netherlands) and
by Avri Ben-Zeev (The Weizmann Institute of Science, Re-
hovot, Israel), respectively. TLE1 was cloned into pCDNA3
expression vector.

Protein–Protein Interactions. Interaction between immobi-
lized Ni-NTA-purified fused AML proteins and in vitro-
translated 35S-labeled TLE1 protein was performed as de-
scribed (17). For pull-down experiments, fused proteins (20
mg) immobilized on Ni-NTA beads were incubated with Jurkat
postnuclear extract (100 mg) (34) for 2 hr at 4°C in binding
buffer A (20 mM Hepes, pH 7.9y50 mM KCly2.5 mM MgCl2y
10% glyceroly1 mM DTTy0.2% BSAy50 mM NaFy1 mM
phenylmethyl sulfonyl f luoride (PMSF)y5 mg/ml Aprotininy20
mg/ml pepstatin Ay20 mg/ml leupeptin). The Ni-NTA beads
were washed with PBS, associated proteins were eluted, and

the bound TLE proteins were detected (24, 34). For in vitro
association studies between TLE1 and LEF-1 or b-catenin,
each of the latter two was transfected (20 mg DNA) into 293
cells (2.5 3 106). Cells were harvested 48 hr later in immu-
noprecipitation buffer (20 mM Tris (pH8), 1% Triton X-100,
140 mM NaCl, 10% glycerol, 1 mM EGTA, 1.5 mM MgCl2, 1
mM DTT, 50 mM NaF, 1 mM PMSF, 5 mg/ml Aprotinin, 20
mg/ml pepstatinA and 20 mg/ml leupeptin). Extracts ('500 mg)
containing similar amounts of LEF-1 or b-catenin, were
incubated with anti-hemagglutinin (clone 12 CA5, Boehringer
Mannheim) bound to Affi-Gel 10 for 2 hrs at 4°C. Bound
protein was eluted in sample buffer containing 50 mM citrate
and analyzed. Glutathione S-transferase (GST) pull-down
assays were performed essentially as described (21, 30).

Cell Culture, Transient Transfection, and Reporter Gene
Assays. The human embryonic kidney cell line 293, was
cultured at 37°C in DMEM supplemented with 10% fetal calf
serum. Jurkat cells were grown in RPMI medium 1640 sup-
plemented with 10% fetal calf serum. 293 cells were trans-
fected by CaPO4 and Jurkat cells by SuperFect (Qiagen,
Germany). Jurkat-transfected cells were harvested after 7–8
hr, and 293 cells were harvested after 24 hr. The amount of
DNA in the transfections was kept constant by additions of the
relevant backbone vector. Luciferase activity was measured by
the Luciferase Assay System (Promega).

RESULTS

The VWRPY Motif and Additional C-Terminal Sequences in
AML1 and AML2 Are Required for Interactions with Groy
TLE. To determine whether AML and TLEyGro can interact
with each other, a combination of yeast two-hybrid interaction
studies and biochemical analyses of in vitro association and
pull-down binding assays were performed.

The various AML-derived constructs used in the interaction
trap assays are shown in Fig. 1. AML1b and AML2 both
include the RD and the entire TAD, and both end with the
VWRPY motif (6, 14). AML1b and AML1a are identical
except that the latter contains a different C terminus, lacking
the VWRPY (6, 13). Various AML regions, fused to an

FIG. 1. GroyTLE1 interacts specifically with AML1 and AML2 in the yeast interaction trap assay. Interactions between the AML coding regions
fused to an activation domain (AD) and GroyTLE1 proteins fused to LexA-DNA binding domain. LexA-b delineates LexA fused to Cbfb.
LexA-Dmcdc2 served as a negative control. The numbers indicate b-galactosidase activity resulting from reporter activation. 1 designates relative
strength of blueness on X-gal indicator plates based on analyses of at least 8–10 colonies; 11 indicates .20 b-galactosidase units. 2 designates
white colonies, indicative of absolute failure to activate the lacZ reporter gene. The assay configuration was dictated by the observation that
LexA-AML constructs alone activated the reporter.

Biochemistry: Levanon et al. Proc. Natl. Acad. Sci. USA 95 (1998) 11591



activation domain (AD-AML), were introduced and expressed
in yeast cells that contained, in addition to a lacZ reporter
gene, one of the following bait constructs: LexA-Gro, LexA-
TLE1, or LexA-t-Gro. The latter is a truncated version of Gro
that spans amino acids 251–719, and maintains specific inter-
action with Hairy (21). Control LexA-b contains Cbfb, which
interacts with all tested RD-containing proteins. Gro inter-
acted strongly with VWRPY-containing AML1b and AML2
but only weakly with AML1a (Fig. 1). t-Gro, which lacks the
Q, GP, and CcN domains of Gro (24), interacted with AML1b
more stongly than did full-length Gro. This indicated that the
SP and WD domains of Gro contain the AML-binding func-
tion. TLE1, the human homolog of Gro, shares a high degree
of sequence similarity with Gro (24). In this assay, AML1b and
AML2 interacted significantly with TLE1 yet to a lesser extent
than they did with Gro (Fig. 1). The strong AML:Gro inter-
action was also observed independently by Aronson et al. (23),
who showed that in yeast, Gro interacts weakly with Drosophila
Runt, whereas PEBP2aB1, the mouse homolog of Runt,
interacts more strongly with Gro. Removal of the RD, in
t-AML1b and t-AML1a, improved the interaction with TLE1,
indicating that the N-terminal part of AML was not required
for this interaction (Fig. 1). Consistent with this, RD by itself
failed completely to interact with either Gro or TLE1. Of note,

t-AML1a–TLE1 and AML1b–TLE1 interactions are of similar
magnitude, indicating that in addition to the VWRPY motif,
other C-terminal sequences may contribute to these interac-
tions.

We next confirmed the ability of AML to directly interact
with TLE by protein-affinity blot analysis (‘‘Far Western
assay’’), by using purified recombinant AML fusion proteins
(Fig. 2 A and B). 35S-labeled TLE1 bound strongly to immo-
bilized N-terminal truncated AML1b and AML2 (lanes 3 and
4). Binding of TLE1 to immobilized AML1a also was detected
(lane 5), whereas nonrelevant control proteins did not show
any interaction with TLE1 (lanes 1 and 2). These results
further suggest that both the C-terminal region of AML and
the VWRPY motif play a role in AML–TLE1 interactions.

To evaluate the biological significance of the in vitro inter-
actions between AML and TLE, we asked whether AML
proteins interact with TLE in vivo (Fig. 2C). AML1 and AML2
are highly expressed in the human T cell line Jurkat (6, 14), as
are the TLE proteins (34). Indeed, anti-TLE antibodies that
reacted with in vitro-translated TLE1 (lane 6) readily detected
TLE in Jurkat cell extracts (lane 7). Western blot analysis
readily detected TLE proteins that were pulled-down from
Jurkat cell extracts by immobilized AML1 or AML2 (lanes 4
and 5), but not by two other nonrelated control proteins (lanes
2 and 3). Taken together, the results of the interaction trap, Far
Western assay, and pull-down studies clearly demonstrate that
Gro and TLE specifically interact with AML1 and AML2 and
that, in addition to the VWRPY motif, other C-terminal
sequences participate in these interactions.

TLE1 Represses TCRa and TCRb Activity in Jurkat Cells.
The ability of AML1 and AML2 to pull down TLE from Jurkat
extracts suggested that these proteins are interacting in vivo.
These associations are puzzling, as transfection experiments
have previously shown that AML1 is a transcriptional activator
(4, 17, 18, 33, 35), whereas Gro was shown to act as a
transcriptional corepressor (21, 22). To examine the possibility

FIG. 2. VWRPY-containing AML proteins associate with Gro and
TLE. (A) A scheme of 63 His AML proteins used in Far Western and
pull-down analyses. Numbers on the 63 His derivatives indicate the
regions that are included in the constructs. (B) In vitro association
assay between AML and TLE proteins. Three micrograms of 63 His
proteins: AML2, 33 kDa, lane 3; AML1b, 37 kDa, lane 4; AML1a, 39
kDa, lane 5; and control nonrelevant fused proteins, Bovine a1 and a2
PAF-AH (1b) subunits of 35 kDa, lanes 1 and 2, were analyzed by
Western blotting and reacted with 35S in vitro -translated TLE1. (C)
Interaction in Jurkat cell extracts between immobilized AML and
TLE. 63 His-AML1-b lane 5, AML2 lane 4 and control nonrelevant
proteins: 63 His leptin lane 3 (18 kDa) and the a2 PAF-AH (1b)
subunit lane 2 (35 kDa). Bound proteins were analyzed with pan-TLE
monoclonal antibodies. Lane 1 AML1-b without Jurkat extract, served
as control for nonspecific binding of anti-TLE antibodies to 63 His
proteins. The size difference between in vitro-translated TLE (lane 6)
and Jurkat extract TLE (lane 7) may result from expression of four
different TLE genes in Jurkat cells. Ponceau staining are shown in the
bottom panels of B and C.

FIG. 3. TLE1 repress TCRa and TCRb activity in Jurkat cells.
Jurkat cells (2.5 3 106) were transfected by SuperFect for 7–8 hr with
wild-type or mutated (marked by 3 at the top panel) TCRb, 2 mg (A),
or TCRa, 1 mg (B) reporters, with or without 1 mg of TLE1 expression
vector. Data presented are the average of five (TCRb) and six (TCRa)
independent transfections carried out in duplicate. Control values of
reporter lacking TCR enhancer (5–8%) were substracted. (C) A
scheme summarizing the various interactions of AMLyCBFa with the
adjacently bound factors Ets, Myb, and CyEBP, as well as with the
coactivators (arrows) p300yCBP and ALY, and with the negative
regulators (bar) Ear 2 and TLE.

11592 Biochemistry: Levanon et al. Proc. Natl. Acad. Sci. USA 95 (1998)



that AML1 negatively regulates transcription in conjunction
with TLE1, we assessed the ability of TLE1 to repress the
activity of TCRa and TCRb in their native milieu, i.e., T cell
Jurkat. Reporter constructs in which luciferase (luc) activity
was regulated by either the TCRa or TCRb enhancers were
used; AML–enhancer interactions are necessary for transcrip-
tional activation by these control regions (4, 17, 18, 35, 36). The
minimal enhancer of TCRa contains well characterized func-
tional binding sites for several transcription factors, including
LEF-1, ATFyCREB, AML, and Ets (refs. 17, 18, 31, 35, 37,
and 38; Fig. 3). The TCRb minimal enhancer used here
contained two well defined AML binding sites and two Ets
binding sites but no LEF-1 binding site (Fig. 3). Enhancer
activity in Jurkat cells was assayed in TLE1- transfected versus
nontransfected cells. Transfection of TCR reporters alone
recorded the endogenous level of transcriptional activators.
Cotransfection with TLE1 reduced TCRb activity by two-
thirds (Fig. 3A), in keeping with the repressive role of TLE1
and given the specific interactions between GroyTLE1 and
AML1 documented above. Significantly, site-directed mu-
tagenesis of AML binding sequences in the TCRb enhancer
markedly reduced both the endogenous activity of TCRb and,
importantly, TLE1-mediated inhibition (Fig. 3A). This result
indicated that TLE1-mediated transcriptional repression de-
pended largely on the binding of AML to the TCRb enhancer.
Similar results were obtained by transfections of the TCRb
constructs into the early myeloid cell line K562 (not shown).

The activity of the TCRa enhancer was also reduced by
cotransfection with TLE1 (Fig. 3B). However, TLE1 caused a
greater reduction in TCRb activity than it did in TCRa
activity. As expected, mutation in the LEF-1 binding site
decreased the activity of TCRa; however, surprisingly, it also
reduced the inhibition by TLE1 (Fig. 3B). This result raised the
possibility that in the context of the TCRa enhancer, TLE1
also interacted with LEF-1. Therefore, we further examined
the interactions between LEF-1 and TLE1 (below).

TLE1 Inhibits LEF-1:b-Catenin-Mediated Transcriptional
Stimulation. It has recently become evident that LEF-1 and its
Drosophila homolog Pangolin (Pan) are involved in the
WntyWg signaling pathway through their interactions with
b-catenin and its highly conserved Drosophila homolog Ar-

madillo (Arm) (29, 39, 40). b-CateninyArm is a co-activator of
LEF-1yPan in stimulating transcription from multimerized
LEF-1 binding sites (39). To investigate the possibility that
TLE1 counteracts b-catenin-dependent LEF-1 activity, we
employed two luc reporter constructs which contained either
multimeric LEF-1 binding sites (TOPFLASH) or mutated
LEF-1 binding sites (FOPFLASH) (39). Cotransfection of
TOPFLASH with LEF-1 and b-catenin resulted in more than
180-fold increase of luc activity relative to TOPFLASH alone
(Fig. 4). As expected, cotransfection with the mutated con-
struct FOPFLASH resulted in no activity. Addition of TLE1
to the cotransfection assay markedly reduced the stimulation
effect of LEF-1 and b-catenin on the TOPFLASH-luc activity.
These data show that TLE1 is capable of repressing LEF-1y
b-catenin-mediated transcriptional stimulation in vivo.

TLE1yGro Interacts with LEF-1yPan but Not with b-Cate-
nin. The above results raised the question as to whether TLE1
abrogated LEF-1yb-catenin activity by physically interacting
with LEF-1 or by tethering b-catenin, thus preventing it from
cofunctioning with LEF-1. To address this issue, we have
examined the interactions between these proteins by in vitro
association assay. Far Western blots performed with 35S-
labeled TLE1 and immobilized LEF-1 or b-catenin showed
that TLE1 interacted with LEF-1 but not with b-catenin (Fig.
5A, lanes 3 and 4). In addition, immobilized GST-Gro retained
35S-labeled Pan in a pull-down assay (Fig. 5B, lane 4).

Pan Interacts with Arm and Gro Through Different Do-
mains. As noted before, Drosophila Pan is a target of the

FIG. 4. TLE1 abrogates LEF- and b-catenin-dependent activity of
TOPFLASH. 293 cells (0.5 3 106) were transfected by CaPO4 for 24
hr with 0.5 mg of reporter plasmids containing three LEF-1 binding
sites (TOPFLASH) or three mutated LEF-1 binding sites (marked
by 3 at the top panel, FOPFLASH), together with 2 mg of expression
plasmid of LEF-1 and b-catenin, in the presence or absence of 2 mg
of TLE1 expression vector.

FIG. 5. TLE1yGro interactions with LEF-1yPan. (A). TLE1 in-
teracts with LEF-1 and not with b-catenin. In vitro association of
35S-labeled TLE1 with LEF-1 or b-catenin that were immunoprecipi-
tated (IP) from overexpressing 293 cells. Lanes 1 and 2: IP LEF-1 and
b-catenin reacted with anti-HA antibody. Lanes 3 and 4: interaction
of IP LEF-1 and b-catenin with 35S-labeled TLE1. (B). Gro interacts
with Pan. In vitro association between immobilized GST-Gro and in
vitro-translated 35S-labeled Pan or DPan lacking the first 50 aa. GST
and GST-E(spl)m7 served as negative controls. Lanes 1 and 2: 10% of
labeled Pan or DPan input, respectively. GST, GST-Gro and GST-
E(spl)m7 incubated with labeled Pan were run in lanes 3,4, and 5,
respectively; GST, GST-Gro, and GST-E(spl)m7 incubated with la-
beled DPan were run in lanes 6,7, and 8, respectively. (C) Pan (1–130)
is adequate for interaction with Arm. In vitro association between
immobilized GST-Pan (1–130) and 35S-Arm. Lanes: 1, 10% of 35S-Arm
input; 2, GST; 3,GST-Pan (1–130); 4, GST-PanS25 (1–130). (D) Pan
(1–130) is not adequate for the interaction with Gro. In vitro associ-
ation between immobilized GST-Pan (1–130) and 35S Gro. Lanes: 1,
10% of 35S Gro input; 2, GST; 3, GST-Pan (1–130); 4, GST-PanS25
(1–130); 5, GST-E(spl)m7 as a positive control; 6, GST-
E(spl)m7DWRPW-lacks the C-terminal tetrapeptide motif necessary
for mediating m7-Gro interaction (21). Below B, C and D, are
Coomassie blue-stained gels.

Biochemistry: Levanon et al. Proc. Natl. Acad. Sci. USA 95 (1998) 11593



WntyWg signaling pathway and activates transcription through
its interaction with Arm (29, 39). It was reported that the
N-terminal 130 aa of Pan are sufficient for in vitro interactions
with b-catenin (29). Additionally, the Pan variants PanS 25 and
PanS 28, carrying point mutations in amino acids 31 and 43,
respectively, have a mutant phenotype and show reduced
binding to b-catenin in vitro, suggesting that N-terminal amino
acids 1–50 are required for functional interactions between
Pan and Armyb-catenin (29). Because TLE1 and Gro inter-
acted with LEF-1 and Pan, respectively (Fig. 5 A and B), we
tested whether Gro and Arm bind coincident domains on Pan
and thus compete for interaction with Pan. As previously
shown by others for b-catenin (29), immobilized GST-Pan
(1–130) specifically retained 35S-labeled Arm (Fig. 5C, lane 3).
In contrast, it failed to retain 35S-labeled Gro (Fig. 5D, lane 3).
However, in vitro-synthesized Pan lacking the first 50 aa readily
interacted with GST-Gro (Fig. 5B, lane 7). These results
indicate that structural requirements for Pan–Arm interaction
differ than those for Pan–Gro, although they do not rule out
in any way the possibility of indirect competition by Gro and
Arm over the binding to Pan.

DISCUSSION

Here we have described the identification and characterization
of protein–protein interactions between the corepressors
TLEyGro and the transcriptional regulators AML and LEF-
1yPan. In AML, the terminal VWRPY motif was required for
the association with GroyTLE, consistent with previous find-
ings by Aronson et al. (23), along with additional C-terminal
sequences. In Pan, we have shown that the interaction inter-
face required for contacting GroyTLE is distinct from that
used for Pan–b-catenin interactions. Transactivation assays
demonstrated that TLE1 repressed transcription mediated by
the TCRa and TCRb enhancers. Provocatively, these data
imply a putative function for AML and LEF-1 in gene repres-
sion, in addition to their previously well characterized activity
as transcriptional activators (see below), and suggest that TLE
may inhibit Wnt signaling by repressing b-catenin-dependent
transcriptional activation mediated by LEF-1.

The large variety of protein isoforms encoded by AML1 (13,
14) provide ample potential possibilities for protein–protein
interactions, with the VWRPY motif being only one of several
interacting sequences. Notably, AML1 interacts with Ets, Myb,
and CyEBP when bound to nearby binding sites (4) as well as
with the nonDNA-binding proteins PEBP2byCBFb, ALY,
Ear2, and p300yCBP (refs. 2, 18, 41, and 42; Fig. 3C).

Gro and TLE are widely expressed and seem to act as
dedicated co-repressors for a specific subset of DNA-binding
transcriptional regulators. In Drosophila, these include the
Hairy-related basic helix–loop–helix protein repressors, En-
grailed (En) and Dorsal (21, 30, 43, 44). Unlike the interactions
between GroyTLE and RuntyAML, which rely on a common
VWRPY motif (or on Hairy’s WRPW), Gro’s interactions with
En and Dorsal are mediated by the eh1 and rel homology
domains, respectively (30, 43, 44). LEF-1 also lacks a VWRPY
pentapeptide, but it does contain a somewhat similar pen-
tapeptide, FRQPY, at position 223–227 within a highly con-
served PanyLEF-1 region. Further work will clarify the po-
tential significance of this sequence.

AML and LEF-1yTCF are both members of extended gene
families, highly conserved between Drosophila and vertebrates.
Contrary to other transcriptional activators, AML1 and LEF-
1yTCF are unable to activate transcription through multim-
erized binding sites in vitro (4, 31, 38, 45), suggesting that their
mode of regulation may be context-dependent. LEF-1 over-
comes this deficiency by association with b-catenin, a compo-
nent of the Wnt signaling pathway (39, 46), whereas the AML1
copartner has yet to be identified. In mammals, AML1 and
LEF-1yTCF are initially expressed in several tissues during

development (47, 48) and are found subsequently in adult
lymphocytes. Coexpression of both AML1 and LEF-1 in T
lymphocytes correlates well with their cobinding to the TCRa
enhancer, their interaction with the coactivator ALY (18), and
as shown here, with their ability to interact with GroyTLE.
Thus, AML1 and LEF-1 may share various partner proteins,
including ALY and TLE.

To date, AML1 and LEF-1yTCF have been shown to
promote gene expression, so their interactions with the Groy
TLE co-repressors are intriguing. In flies, Gro has been
implicated in negative transcriptional regulation and, in its
absence, all of its associated partner proteins fail to silence
their respective target genes (21, 23, 43, 44). Indeed, recruit-
ment of Gro was even shown to alter an activator to a repressor
(30). Similarly, alliance with GroyTLE may convert the AML1
and LEF-1yTCF to being transcriptional repressors. However,
a second possibility exists, that GroyTLE act to ensure that
AML and LEF-1yTCF target genes are silenced until the
conditions are ripe for activation. In this scenario, AML is not
acting as a transcriptional repressor, but rather under appro-
priate conditions GroyTLE is displaced by a co-activator,
thereby enabling transactivation to occur. Further experiments
will allow us to distinguish between these two possibilities.

We thank Rolf Kemler, Marc van de Wetering, Hans Clevers,
Konrad Basler, Avri Ben-Zeev, Al Courey, Amos Oppenheim, and
Lucas Walzer for plasmids, cells, and reagents, and Yigal Burstein,
Avri Ben-Zeev and Beny Geiger for discussions and advice. This work
was supported by grants from the Cooperation Program in Cancer
Research of the Deutsches Krebsforschungszentrum (DKFZ) and
Israel’s Ministry of Science (MOS); the Commission of the European
Community’s Biomedicine and Health research program BIOMED II;
and the Shapell Family Biomedical Research Foundation at the
Weizmann Institute. Z.P. is supported by the Israel Cancer Research
Fund (RCDA), by the Israel Science Foundation, and by the Fund for
the Advancement of Medicine in memory of Eliyahu and Tatiana
Leszczynski. S.S. is a Scholar of the Fonds de la Recherche en Sante
du Quebec and a Killam Scholar of the Montreal Neurological
Institute.

Note. While this paper was under review, Thirunavukkarasu et al. (49)
have reported that TLE2 inhibits the transactivation function of
another member of the RD family; the osteoblast-specific transcrip-
tion factor Osf2 (originally cloned as Cbfa1yAML3), and that the
VWRPY motif is required for this inhibition.
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43. Jiménez, G., Paroush, Z. & Ish-Horowicz, D. (1997) Genes Dev.
11, 3072–3082.

44. Tolkunova, E. N., Fujioka, M., Kobayashi, M., Deka, D. &
Jaynes, J. B. (1998) Mol. Cell. Biol. 18, 2804–2814.

45. Zaiman, A. L. & Lenz, J. (1996) J. Virol. 70, 5618–5629.
46. Molenaar, M., van de Wetering, M., Oosterwegel, M., Peterson-

Maduro, J., Godsave, S., Korinek, V., Roose, J., Destrée, O. &
Clevers, H. (1996) Cell 86, 391–399.

47. Simeone, A., Daga, A. & Calabi, F. (1995) Dev. Dyn. 203, 61–70.
48. Oosterwegel, M., van de Wetering, M., Timmerman, J., Kruis-

beek, A., Destree, O., Meijlink, F. & Clevers, H. (1993) Devel-
opment (Cambridge, U.K.) 118, 439–448.

49. Thirunavukkarasu, K., Mahajan, M., McLarren, K. W., Stifani, S.
& Karsenty G. (1998) Mol. Cell. Biol. 18, 4197–4208.

Biochemistry: Levanon et al. Proc. Natl. Acad. Sci. USA 95 (1998) 11595


