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Abstract
The TAL1 (or SCL) gene, originally discovered through its involvement by a chromosomal
translocation in T-cell acute lymphoblastic leukemia, encodes a basic helix-loop-helix (bHLH)
transcription factor essential for hematopoietic and vascular development. To identify its interaction
partners, we expressed a tandem epitope-tagged protein in murine erythroleukemia (MEL) cells and
characterized affinity-purified Tal1-containing complexes by liquid chromatography-tandem mass
spectrometry analysis. In addition to known interacting proteins, two proteins related to the Eight-
Twenty-One (ETO) corepressor, Eto2/Mtg16 and Mtgr1, were identified from the peptide fragments
analyzed. Tal1 interaction with Eto2 and Mtgr1 was verified by coimmunoprecipitation analysis in
Tal1, Eto2-, and Mtgr1-transfected COS-7 cells, MEL cells expressing V5 epitope-tagged Tal1
protein, and non-transfected MEL cells. Mapping analysis with Gal4 fusion proteins demonstrated
a requirement for the bHLH domain of Tal1 and TAF110 domain of Eto2 for their interaction, and
transient transfection and glutathione S-transferase pull-down analysis showed that Mtgr1 and Eto2
enhanced the other’s association with Tal1. Enforced expression of Eto2 in differentiating MEL cells
inhibited the promoter of the Protein 4.2 (P4.2) gene, a direct target of TAL1 in erythroid progenitors,
and transduction of Eto2 and Mtgr1 augmented Tal1-mediated gene repression. Finally, chromatin
immunoprecipitation analysis revealed that Eto2 occupancy of the P4.2 promoter in MEL cells
decreased with differentiation, in parallel with a decline in Eto2 protein abundance. These results
identify Eto2 and Mtgr1 as authentic interaction partners of Tal1 and suggest they act as heteromeric
corepressors of this bHLH transcription factor during erythroid differentiation.
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Introduction
The basic helix-loop-helix (bHLH) transcription factor TAL1 (or SCL) is required for
hematopoietic and vascular development and is mixexpressed in up to 60% of children with
T-cell acute lymphoblastic leukemia (T-ALL) [1–3]. Gene targeting and overexpression
studies have shown that Tal1 also has important functions in erythroid and megakaryocytic
differentiation [4–8].

As for other tissue-restricted bHLH proteins, TAL1 interacts with a specific DNA sequence
element, the E box, as a heterodimer with one of a more widely expressed family of E proteins,
including E2-2, HEB/HTF4, and the E12 and E47 products of the E2A gene [7,9]. We
established previously that a ternary complex containing Tal1, E47, Gata-1, LIM-only protein
LMO2, and LIM-binding protein Ldb1 occupies and transactivates the Protein 4.2 (P4.2)
promoter in erythroid progenitors [10], and this or a similar complex also regulates the
GATA-1, α-globlin, and glycophorin A (GPA) genes in cells of this lineage [11–13].

TAL1 functions as a transcriptional activator or repressor, depending on its interaction with
specific coactivators and corepressors. TAL1’s transcriptional potency is increased, for
example, by p300/CBP [14] and p300/CBP-associated factor [15] and decreased by the
corepressor mSin3A [16], SWI/SNF protein Brg1 [17], and histone deacetylases HDAC1
[16] and HDAC2 [17]. Given the number of proteins already known to interact with TAL1 and
the importance of this transcription factor in normal and leukemic hematopoiesis, we set out
to comprehensively identify Tal1-interacting proteins in the murine erythroleukemia (MEL)
cell line used in our previous studies. A tandem epitope-tagged protein was expressed in these
cells and the composition of affinity-purified Tal1-containing complexes was determined by
mass spectrometry analysis. Two proteins related to the Eight-Twenty-One (ETO) corepressor,
Eto2/Mtg16 and Mtgr1, were found and evidence was obtained for their acting as heteromeric
corepressors of TAL1.

Materials and methods
Cell lines and reagents

All cells were cultured in Dulbecco’s modified Eagle medium with 10% fetal bovine serum
and 0.1 mM non-essential amino acids.

Plasmid constructs and antibodies
pZome1-C-Tal1TAP was prepared by subcloning a full-length Tal1 cDNA minus its stop
codon into vector pZome1-C (from European Saccharomyces Cerevisiae Archive for
Functional Analysis). Tal1-TAP coding sequences were transferred to MSCV-IRES-GFP
[18] to create MSCV-IRES-Tal1TAP-GFP and pEF-IRES-puro [10] to generate pEF-IRES-
Tal1TAP-puro, respectively. A full-length mouse Tal1 cDNA absent its stop codon was
subcloned into pTracer-EF/Bsd to create pTracer/Tal1V5 and then into pEF-IRES-puro to
construct pEF-IRES-Tal1V5. Gal4-Tal1 fusion constructs were described previously [10,14]
and the Gal4-Eto2, pCMV5-Eto2, and pCMV5-Mtgr1 plasmids obtained from Joseph Amann
(Vanderbilt University). Eto2 coding sequence was transferred from pCMV5-Eto2 to pEF-
IRES-puro to create pEF-IRES-Eto2.
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Antibodies to V5 and Gal4 were from Invitrogen and Upstate Biotechnology, respectively.
Tal1 antibody was prepared as described [19] and purified Mtgr1 and Eto2 antibodies were
obtained from Joseph Amann.

Transient transfection analysis and luciferase reporter assays
COS-7 cells were tranfected using Lipofectamine 2000 with pcDNA3.1-Tal1 (2 μg) and
pCMV5-Eto2 (1 μg), pCMV5-Mtgr1 (1 μg), and/or pCMV5-Mtgr1 (1 μg) in the indicated
combinations. DNA mass was adjusted to 4 μg with pCMV4 as needed. Cell extracts were
prepared 48 hr after transfection. NIH 3T3 cells were transfected with pGal4-tk-Luc (100 ng),
Renilla luciferase transfection control (3 ng), and pGal4-Tal1 (50 ng), together with pCMV5-
Eto2 (10 ng), pCMV5-Mtgr1 (10 ng), or both using Polyfect. Finally, MEL cells were
transduced with pGL2-P4.2p1700-luc (80 ng), Renilla luciferase vector, and increasing
amounts of pEF-IRES-Eto2 (0, 0.125, 0.25, 0.5, and 1 μg) using DMRIE-C. Cells were
incubated with 1.5% DMSO for 24 hr before and 48 hr after transfection. Luciferase activity
was measured 48 hr following transfection with the Dual-Luciferase Reporter Assay System
and reporter activities normalized to Renilla luciferase activity. Each transfection was carried
out in triplicate and repeated three or more times.

Preparation of stably transduced cells
pEF-IRES-Tal1TAP-puro was introduced into MEL cells with DMRIE-C [15] and cells
selected in puromycin (2 μg/ml) starting 48 hr after transfection. The concentration of
puromycin was increased to 10 μg/ml five days later and maintained.

Affinity purification of TAP-tagged Tal1 protein
MEL cells (400 ml) stably expressing Tal1-TAP protein were washed in PBS and transferred
to hypotonic buffer (10 mM HEPES, pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.5 M DTT, and
0.2 mM PMSF). A 21-gauge syringe was used to disrupt cells, the resulting lysates centrifuged
at 3300 × g for 15 min at 4°C, and the cell pellet dissolved in 6 mM Na2HPO4, 4 mM
NaH2PO4, 1% NP-40, 150 mM NaCl, 2 mM EDTA, 50 mM NaF, 4 μg/μl leupeptin, 0.1 mM
Na3VO4, 1 mM PMSF, 1 mM DTT, 50 μg/ml aprotinin, and 25% glycerol. Sepharose 6 Fast
Flow, tobacco etch virus protease, and calmodulin-Sepharose were used in affinity purification
according to a published method [20].

Immunoprecipitation and Western blot analysis
Cell lysates were prepared and incubated for 30 min at 4°C with Protein G beads pretreated
with preimmune immunoglobulin and then the indicated antibodies for 2 hr at 4°C. Immune
complexes were recovered with Protein G beads and washed with 10 mM Tris-HCl, pH 8.0,
150 mM NaCl, and 0.1% NP-40. Western blot analysis was performed as previously described
[15] using the antibodies listed above.

Mass spectrometry analysis
Tal1-associated proteins eluted from the calmodulin-Sepharose resin were digested with
trypsin and analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) in a
Thermo Finnigan LTQ mass spectrometer in the Vanderbilt University Mass Spectrometry
Shared Resource. Protein identities were determined using SEQUEST [21,22].

In vitro binding assays
35S-labeled E47, Mtgr1, and Eto2 proteins were synthesized using coupled in vitro
transcription-translation in reticulocyte lysates and unlabeled E47 and Eto2 proteins
synthesized similarly. Glutathione-S-transferase (GST) and GST-Tal1 fusion proteins were
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expressed in E. coli and purified on glutathione-Sepharose 4B. Equivalent amounts of GST
fusion proteins were incubated with radiolabeled proteins in 200 μl of lysis buffer, to which
0.1% NP-40 and 10% glycerol were added. Bound proteins were washed three times with buffer
and analyzed by SDS-PAGE.

Results and Discussion
To comprehensively characterize its interaction partners, we stably expressed a tandem
epitope-tagged mouse Tal1 fusion protein in MEL cells and determined the identities of all
associated proteins by multidimensional mass spectrometry. A number of proteins that
associate with TAL1 in erythroid cells were found, including multiple E proteins, the zinc
finger transcription factor GATA-1, LIM-only protein LMO2, and LIM domain-binding
protein Ldb1. In addition to already described proteins [17,23], polypeptides from Mtgr1 and
Eto2 were also recovered. 13 peptides were obtained from Mtgr1, representing 27% of its
protein coding sequence (Supplemental Fig.), while 9 peptides were identified from Eto2,
encompassing 17% of its coding region (Supplemental Fig.). The isolation of multiple peptides
from these proteins was highly suggestive of their incorporation into TAL1-containing
complexes.

The ETO/MTG family has three members–ETO (or MTG8 or CBFA2T1), ETO2 (or MTG16
or CBFA2T3) and MTGR1 (or CBFA2T2)–that display ~85% sequence similarity [24] and up
to 95% identity in four conserved subdomains [25,26]. To confirm the specificity of our
antibodies, we introduced expression vectors for Eto, Eto2, and Mtgr1 into COS-7 cells and
carried out Western blot analysis on transductants. Importantly, they identified only their
cognate proteins (Fig. 1A). Next, coimmunoprecipitation analysis of Tal1 interaction with Eto2
and Mtgr1 was carried out. V5 epitope-tagged Tal1 and wild-type Eto2 or Mtgr1 were
expressed in COS-7 cells and V5 immune precipitates subjected to Western blot analysis (Fig.
1B). Eto2 and Mtgr1 could both be precipitated by the Tal1 antibody but not by rabbit IgG.
Next, extracts of MEL cells expressing V5-tagged Tal1 protein, confirmed by Western blot
analysis with antibodies to V5 or Tal1, were incubated with antibody to the V5 tag and these
immune precipitates subjected to Western blot analysis with antibodies to Eto, Eto2, or Mtgr1.
Similar to COS cell transductants, Eto2 and Mtgr1, but not Eto, precipitated with V5-Tal1
protein (not shown). Finally, to substantiate Tal1 interaction with Eto2 and Mtgr1 at
endogenous levels, coimmunoprecipitation analysis was carried out using non-transfected
MEL cells. Again, Eto2 and Mtgr1 were specifically precipitated with Tal1 (Fig. 1C),
establishing Tal1 interacts with both ETO-related corepressors in erythroid progenitors.

To explore the physiological ramifications of these findings, we investigated whether the
abundance of Eto2 and Mtgr1 changed with differentiation in two experimental models, an
established line of erythroleukemia cells and in explanted splenic proerythroblasts from mice
infected with the anemia-inducing strain of Friend erythroleukemia virus (FVA cells). In MEL
cells treated with dimethylsulfoxide and FVA cells cultured with erythropoietin, Eto2
expression decreased within 48 and 24 hr, respectively, in advance of a change in Tal1
abundance, with Mtgr1 declining with slightly slower kinetics in both systems (Fig. 2A and
2B). Eto protein was not detectable in MEL cells and was therefore not studied further (not
shown). Likewise, Tal1 interaction with Eto2 and Mtgr1 decreased with differentiation,
roughly paralleling the decline in Eto2 protein abundance (Fig. 2A and 2B). Taken together,
these data indicate that Eto2 and Mtgr1 can associate with Tal1 in erythroid cells, that these
interactions are influenced by the extent of differentiation, and that Eto2 levels may be limiting
for interaction of both ETO-related proteins with Tal1.

Published studies have shown Eto2 and Mtgr1 interact when overexpressed [27,28]. To
investigate whether Tal1 interacts with a heteromeric complex of the two, COS-7 cells were
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transfected with expression vectors for Tal1, Eto2, and/or Mtgr1 and cellular extracts subjected
to immunoprecipitation-immunoblot analysis. Although Eto2 and Mtgr1 were precipitated by
antibody to Tal1 in cells transfected with these cDNAs individually, significantly greater
amounts of Eto2 and Mtgr1 were precipitated in cells transduced with both proteins (Fig. 3A,
top). Precipitation of Mtgr1 with Tal1, in particular, depended on Eto2 coexpression. Since
expression studies ruled out an effect of one ETO protein on the concentration of the other,
these results suggest that Tal1 interacts with hetero-oligomers of Eto2 and Mtgr1. To further
validate this conclusion, GST pull-down assays were carried out with in vitro translated
proteins. First, we confirmed the strong interaction reported between E47 and Tal1 [29,30]
using radiolabeled E47 and bacterially expressed GST-Tal1 (Fig. 3B, lane 3). Second,
measurable, although weak, interaction was observed between radiolabeled Eto2 and GST-
Tal1 (Fig. 3B, Lane 4), with Eto2 and GST-Tal1 interaction enhanced by the presence of E47
(Fig. 3B, lane 5). Similarly, while interaction between radiolabeled Mtgr1 and GST-Tal1 was
detectable (Fig. 3C), it was significantly increased by addition of Eto2 (Fig. 3C, lane 3).
Together, these results are suggestive of a heterodimer of Tal1 and an E protein interacting
with an Eto2-Mtgr1 heterodimer.

To characterize the region(s) of Tal1 involved in binding the ETO-related proteins, COS-7
cells were transiently transfected with vectors for Gal4-Tal1 fusion proteins and Eto2 or Mtgr1,
and cellular extracts were subjected to coimmunoprecipitation analysis. When expressed
individually, neither Eto2 nor Mtgr1 precipitated to any extent with Gal4-Tal1 (Fig. 4A, lanes
3, 4). In contrast, Gal4-Tal1, but not Gal4, precipitated significant amounts of Eto2 and Mtgr1
when both were transfected. Mapping analysis showed that Tal1 fusions containing, or even
limited to, the bHLH domain (Gal4-Tal1 construct 6, lane 6, Figure 4A) interacted with Eto2
and Mtgr1, whereas fusions with the N-terminal 144 or C-terminal 88 amino acids did not.
Thus, the bHLH domain of Tal1 is necessary and sufficient for Tal1 interaction with Eto2 and
Mtgr1.

To resolve the region(s) of the two ETO-related proteins responsible for their interaction with
Tal1, we expressed a series of Eto2-Gal4 fusion proteins with full-length Tal1 in COS-7 cells,
in the presence and absence of Mtgr1 (Fig. 4B). Coimmunoprecipitation analysis with an
antibody to Gal4 showed that the TAF110 domain of Eto2 was required for Tal1 interaction,
although the nervy-like domain (ND) also appeared to contribute (Fig. 4B). In contrast, the
HHR domain mediating oligomerization of ETO family members [28] did not. This indicates
that the TAF110 domain is involved in Eto2-Tal1 interaction, while a separate region likely
mediates dimerization of Eto2 and Mtgr1.

To investigate the effects of Eto2 and Mtgr1 on TAL1-directed transcription, transient
transfection analysis was carried out with a Gal4 reporter construct. While Gal4-Tal1 is capable
of stimulating luciferase activity from this construct, albeit weakly [14], it repressed luciferase
activity 8.9- and 4.1-fold, respectively, when cotransfected with Eto2 or Mtgr1, with somewhat
greater than additive repression (17.6-fold) seen with expression of both ETO-related proteins
(Fig. 4C). Thus, while Eto2 and Mtgr1 can separately interact with Tal1, greater repression is
achieved when they are recruited together. To characterize Eto2’s effect on transcription in a
more physiologic context, we transfected MEL cells with the Eto2 expression vector and a
promoter-luciferase reporter for a well-characterized TAL1 target gene, P4.2 [10]. Luciferase
assays in these Mtgr1- and Eto2-expressing cells showed that excess Eto2 inhibited P4.2
promoter activity in a dose-related manner (Fig. 4D).

Finally, chromatin immunoprecipitation (ChIP) analysis was used to investigate whether Eto2
was recruited to the promoters of TAL1 target genes in erythroid cells and whether its
occupancy of these sites changed with differentiation. Chromatin from formaldehyde-treated
MEL cells was fragmented by sonication and precipitated with the Eto2 antibody. PCR analysis
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was then carried out with primers flanking the Tal1 binding sites in the P4.2 [10] and GPA
[13] promoters. DNA taken prior to immunoprecipitation was used as a positive control
(input), and a region of the glyceraldehyde-3-phosphate dehydrogenase gene in input and
immunoprecipitated DNA served as positive and negative control, respectively. Chromatin
fragments from the P4.2 and GPA promoters were precipitated in undifferentiated but not
DMSO-differentiated cells (Fig. 4E), consistent with the coimmunoprecipitation results. These
findings demonstrate that Eto2 is recruited to TAL1 target genes in erythroid progenitors and
that its occupancy of those genes correlates inversely with their transcription during terminal
differentiation.

In summary, multi-dimensional mass spectrometry identified every member of Tal1-
containing DNA-binding complexes described in erythroid cells [10], including multiple E
proteins, GATA-1, LMO2, and Ldb1, and proteins known to interact with GATA-1 (FOG1),
LMO2 (ELF2A2), and Ldb1 (SSBP2 and SSBP3). A number of previously unrecognized
components were also discovered, including Brg1 [17] and ETO2 and MTGR1 (this work).
Using similar approaches, three groups have recently reported that ETO2 and/or MTGR1
interact with TAL1 in erythroid cells to augment TAL1-directed gene repression [29,31,32].
Our studies extend their work by demonstrating that a hetero-oligomer of ETO2 and MTGR1
constitutes the active corepressor species.

Erythroid progenitors were reduced and erythropoiesis impaired in Eto2 knockout mice [33],
whereas no hematopoietic abnormalities were detectable in Mtgr1−/− animals [34]. Even if
Eto2 abundance is limiting for Mtgr1 interaction with Tal1, the finding that they act as
heteromeric corepressors of this transcription factor in erythroid cells predicts that deletion of
Eto2 and Mtgr1 would have greater phenotypic consequences than of Eto2 alone. Studies to
investigate this issue are underway.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Tal1 interacts with Mtgr1 and Eto2 in cells. (A) Specificity of polyclonal antibodies (Mtgr1,
left; Eto2, right) against extracts of COS-7 cells transfected with control plasmid or expression
vectors for Mtgr1, Eto, or Eto2. (B) Coimmunoprecipitation analysis with extracts of COS-7
cells transiently transfected with pEF-IRES-Tal1V5 and pCMV5-Mtgr1 (left) or pCMV5-Eto2
(right). Lysates were immunoprecipitated (IP) with normal mouse IgG or murine anti-V5
antibody and these immune precipitates subjected to immunblotting (WB) with antibodies
specific for Mtgr1 (left) or Eto2 (right). (C) Coimmunoprecipitation analysis with extracts of
MEL cells. Lysates were subjected to IP with normal rabbit IgG or affinity-purified antibody
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to Tal1 and the resulting immune precipitates subjected to WB with antibodies specific for
Mtgr1 (left) or Eto2 (right).
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Fig. 2.
Tal1 interaction with Mtgr1 and Eto2 in erythroid cells declines with cellular differentiation.
Total cellular lysates were prepared from DMSO-induced MEL cell (A) and Epo-cultured FVA
cells (B) at the indicated times, and immune precipitates obtained with rabbit anti-Tal1 antibody
were subjected to WB with antibodies specific to Mtgr1 or Eto2 as indicated. Direct WB
analysis was also carried out on the same samples using antibodies to Tal1, Mtgr1, Eto2, or
β-actin.
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Fig. 3.
Eto2 and Mtgr1 enhance each other’s interaction with Tal1. (A) For coimmunoprecipitation
analysis, COS-7 cells were transfected with the indicated expression constructs, lysates
prepared, and cellular proteins immunoprecipitated with Tal1 antibody. Immune precipitates
were then subjected to Western blot analysis with anti-Mtgr1 antibody (top panel) or anti-Eto2
antibody (second panel). Total cellular lysates were also directly immunoblotted with
antibodies to Tal1 (third panel), Eto2 (fourth panel), and Mtgr1 (fifth panel). Arrows denote
the proteins of interest. (B and C) For GST pull-down assays, radiolabeled Eto2 (Eto2*),
radiolabeled E47 (E47*), radiolabeled Mtgr1 (Mtgr1*), and unlabeled E47 and Eto2, all
prepared by in vitro transcription-translation. Reticulocyte lysates (lysate) were mixed in the
indicated combinations and incubated with glutathione-Sepharose charged with GST-Tal1 or
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GST. Eluates from washed beads were fractionated by SDS-polyacrylamide gel electrophoresis
and analyzed by autoradiography.
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Fig. 4.
Structural and functional characteristics of Eto2 and Mtgr1 interaction with Tal1. (A) Results
of coimmunoprecipitation analysis of interaction between Gal4-Tal1 fusion proteins and Eto2
and Mtgr1 in transfected COS-7 cells. Construct FL contains the full-length Tal1 coding
sequence (1–329), while Gal4-Tal1 constructs 4, 6, 7, 5, and 9 contain amino acids 1–144,
142–329, 185–329, 242–329 and 185–240, respectively, of Tal1 coding sequence. Gal4-Tal1
construct 6 (lane 6) includes the entire bHLH domain. (B) Results of reciprocal
coimmunoprecipitation analysis of Gal4-Eto2 fusion protein interaction with Tal1 in
transfected COS-7 cells. Construct FL contains full-length Eto2 coding sequence (1–620),
while Gal4-Eto2 constructs TAF110, HHR, ND, and ZnF contain amino acids 46–242, 371–
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402, 461–510, and 533–572 respectively, of Eto2 protein coding sequence. (C) Effect of
different combinations of Eto2 and Mtgr1 expression vectors Gal4-Tal1-directed repression
of a luciferase reporter gene linked to multiple copies of the Gal4 binding site. After 48 h,
cellular lysates were prepared and luciferase activities were determined. Plotted is the mean
repression ± SD of luciferase activity from three independent experiments. (D) Effect of the
indicated amounts of an Eto2 expression vector on expression of a luciferase reporter gene
linked to the proximal promoter of the mouse P4.2 gene. The two plasmids were transiently
transfected in MEL cells. Plotted is the mean repression ± SD of luciferase enzymatic activity.
(E) ChIP analysis of Eto2 occupancy of the indicated TAL1 target genes in differentiating MEL
cells. Cells were incubated with (induced) or without (uninduced) 1.5% DMSO for 3 days and
nuclear proteins cross-linked to DNA by addition of formaldehyde to culture. Chromatin
fragments generated by sonication were immunoprecipitated with anti-Eto2 antibody or normal
rabbit IgG and used in PCR analysis with primers flanking the characterized TAL1 binding
sites.
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