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Abstract

The role of Groucho/transducin-like Enhancer of split (Gro/TLE) family members as corepressors
of transcription is well documented. TLX1 is a homeodomain transcription factor involved in
splenogenesis and neuron formation, and its aberrant expression gives rise to T-cell acute
lymphoblastic leukemia. We demonstrate by glutathione-S-transferase pull-down assays, in vivo
biotinylation tagging and confocal laser microscopy that TLX1 interacts with TLE1 via an Eh1-like
motif. Paradoxically, we found that this motif is essential for optimal transcriptional activation of
two TLX1 target genes, Aldhlal and Fhil. Using a well characterized target of the Hairy/Enhancer
of split 1 (HES1)- TLE1 repressor complex, the ASCL1 gene, we show that TLX1 counteraction of
ASCL1 repression by HES1 in SK-N-BE(2) neuroblastoma cells is associated with dismissal of TLE1
from the ASCL1 promoter and requires the Eh1-like motif for maximal effect. Collectively, these
results indicate that TLX1-mediated target gene activation can occur in part via derepression
strategies involving Gro/TLE corepressors.
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TLX1 (T-cell leukemia homeobox 1, previously known as HOX11 or TCL3) is an evolutionarily
conserved member of the dispersed NKL (NK-Like or NK-Linked) subclass of homeobox
genes which is essential for splenogenesis and required for the development of certain neurons
[1;2]. Although TLX1 is not expressed in the hematopoietic system, its inappropriate activation
is a recurrent event in human T cell acute lymphoblastic leukemia (TALL) [3]. While several
lines of evidence indicate that TLX1 functions as a transcription factor, the mechanism by
which deregulated TLX1 expression induces neoplastic conversion remains to be fully
elucidated [4-8]. Moreover, it remains unclear how TLX1 activates transcription of any of the
downstream target genes identified to date [4-11].
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The Groucho/transducin-like Enhancer of split (Gro/TLE) proteins are regulated by multiple
signaling cascades and serve as corepressors for many developmental transcription factors
including various homeodomain proteins [12-17]. The transcription factors that interact with
Gro/TLE corepressors contain short peptide sequences related to either WRPW or to FSIDNIL,
the latter referred to as the Engrailed homology 1 (Eh1) motif, a repression domain first
identified in the Drosophila Engrailed homeodomain protein [12]. The peptide sequences
interacting with Gro/TLE exhibit differential in vitro binding affinity [17], suggesting that
context-dependent competition for Gro/TLE between different transcription factors may
dictate transcriptional outcome, which might have oncogenic consequences [12].

We report here that TLX1 interacts with TLE1 in vitro and in vivo through an Eh1-like motif.
This motif is required for optimal induction of expression of two previously described TLX1
target genes, aldehyde dehydrogenase 1al (Aldhlal) and four and a half LIM domains 1
(FhI1) [9-11]. Additional studies using a well characterized TLE1-dependent transcriptional
repressor model in which the achaete-scute complex-like 1 (ASCL1) gene is negatively
regulated by the transcription factor Hairy/Enhancer of split 1 (HES1) indicate that TLX1-
mediated target gene activation can occur at least in part via derepression strategies involving
repression of intermediary transcriptional repressors and/or competitive sequestration of Gro/
TLE corepressors [13-15].

Materials and methods

Expression Constructs

FLAG-tagged TLX1 wild-type and mutant (TLX1 AN50, TLX1 AN119, TLX1 AHD, TLX1
AH3and TLX1 AC70) coding regions as well as the glutathione S-transferase (GST)-fusion
constructs have been described [4;7]. The TLX1 F19E mutant was generated using the
QuikChange Il XL Site-Directed Mutagenesis Kit (Stratagene). Coding sequences for the 23-
amino acid biotinylation peptide tag and a fusion protein consisting of GFP and the bacterial
BirA biotin ligase (GFP-BirA) were obtained from the pTRIP/BPcter/IRES/EGFPBIrA
plasmid (provided by John Strouboulis, Erasmus Medical Center, Rotterdam, The Netherlands)
[18]. A construct containing the TLX3 coding region (I.M.A.G.E. ID: 4906239) was purchased
from the ATCC. FLAG-tagged TLE1 was obtained from pCMV2-FLAGTLE1 (provided by
Padma-Sheela Jayaraman, University of Bristol, Bristol, UK) [14]. The intracellular domain
of NOTCH1 (ICN1; codons 1770-2555) was obtained from Mig ICN1 (provided by Warren
Pear, University of Pennsylvania School of Medicine, Philadelphia, PA) [19]. Mammalian
expression constructs were created by cloning PCR-amplified coding regions into a
pCL20cSLFR-MSCV-GFP-based lentiviral vector backbone (provided by Arthur Nienhuis,
St. Jude Children’s Research Hospital, Memphis, TN), which was modified to coexpress a
downstream yellow fluorescent protein (YFP) gene or a red fluorescent protein gene via an
encephalomyocarditis virus internal ribosome entry site [20]. Vesicular stomatitis virus (VSV)-
G pseudotyped lentiviral vector particles were produced by transient transfection of 293T cells
with vector and packaging (pCAG-SIVgprre and pCAG4-RTR-SIV) plasmids (provided by
Arthur Nienhuis) plus the VSV-G envelope plasmid pMD.G as described previously [21]. All
constructs were confirmed by DNA sequencing. NIH3T3, SupT1 and SK-N-BE(2) cells were
transduced with lentiviral vector conditioned medium supplemented with 8 ng/ml of polybrene,
cultured for 10 days and then sorted for fluorescent protein expression on a FACSAria
instrument (BD Biosciences) as described previously [20;21].

Streptavidin affinity pulldowns

To prepare nuclear extracts, cells (3 x 10%) were washed once in PBS and once in hypotonic
buffer (10 mM HEPES pH 7.9, 1.5 mM MgCl5, 10 mM KCI, 1 mM PMSF, 0.5 mM DTT),
incubated in hypotonic buffer with protease and phosphatase inhibitor cocktails (Cat. nos.
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11836153001 and 04906837001, respectively; Roche) on ice for 15 min and centrifuged at
10,000 x g at 4°C for 10 min. Pelleted nuclei were extracted with NE buffer (20 mM HEPES
pH 7.9, 25% glycerol, 0.25 M NaCl, 0.1% NP-40, 5 mM EDTA, 1 mM PMSF, 0.5 mM DTT
with protease and phosphatase inhibitor cocktails). The hypotonic and NE fractions were
subjected to streptavidin affinity precipitation as described [18]. After in-gel tryptic digestion
(Cat. no. PP0100, Sigma-Aldrich), mass spectrometry analysis was performed usinga MALDI-
TOF instrument in reflectron mode equipped with Kompact software (Kratos Axima CFR/
Plus, Shimadzu Biotech). Protein database searches were performed using Mascot software
(www.matrixscience.com).

Chromatin immunoprecipitation

ChlIP analysis of the ASCL1 promoter was performed following the Chromatin
Immunoprecipitation Assay Protocol (Affymetrix) except that the phosphatase inhibitor
cocktail was included in addition to the protease inhibitor cocktail (see above). Formaldehyde
crosslinked SK-N-BE(2) cells were sonicated five times for 15 s each with 1-5 min resting
intervals using a Branson Sonifier 250 set at constant duty and microtip output control limited
to 6. For each immunoprecipitation, 6 ug of antibody was used per 2 x 10° cells. Primers were
designed using OligoPerfect Designer software (Invitrogen). The region from —294 to —214
was detected with the 5-TGTTTATTCAGCCGGGAGTC-3' and 5'-
CTTGCAAACTCTCCATTCAGC-3' primer set; the region from —384 to —214 was detected
with a different forward primer, 5-CAATTCCTAGAGCCATTTGTCC-3'. The PCR reaction
was performed with 4% of immunoprecipitated chromatin and 2.5 units of Tag DNA
polymerase (Roche) per reaction.

Antibodies and qRT-PCR reagents

The following antibodies were used: anti-TLE1 (M-101), anti-PP1 (E-9), anti-TLX1 (C-18)
and anti-GST (Z-5) for GST pulldowns [6;7]: rabbit anti-TLX1 (C-18) followed by Alexa Fluor
488-conjugated donkey anti-rabbit IgG (Invitrogen) and goat anti-TLE1 (N-18) followed by
Alexa Fluor 647-conjugated donkey anti-goat 1gG (Invitrogen) forimmunofluorescent staining
[6;7]: and goat anti-HES1 (H-20), rabbit anti-Gro/TLE (H-321) and rabbit anti-TLX1 (C-18)
for ChlP. All primary antibodies were from Santa Cruz. The following TagMan primers and
probe sets were used for real time gRT-PCR (Applied Biosystems) [6;7]: ASCL1,
Hs00269932_m1; HES1, Hs00172878_m1; human GAPDH, 4352934E; Aldhlal,
MmO00657317_m1; Fhi1, Mm00515772_m1; and mouse GAPDH, 4352339E.

Results and discussion
TLX1 binds TLE1 via an Eh1-like motif

Prior work by others identified Aldhlal as a TLX1-inducible gene in NIH3T3 fibroblasts [9;
10]. Optimal activation of Aldhlal by ectopic expression of TLX1 was found to be dependent
on an 8 amino acid sequence (FGIDQILN) encompassing amino acids 19 to 26 (Fig. 1A).
Paradoxically, upon close inspection of this sequence, we noticed similarity to a consensus
Eh1 motif, FXIXXIL (where X can be any amino acid) [17]. We first investigated whether
TLX1 interacted with TLE1 by performing in vitro pulldown experiments with GST-TLX1
fusion proteins. As seen in Fig. 1B, full-length GST-TLX1 but not a GST-TLX1 mutant
containing a 119-amino acid NH,-terminal deletion (TLX1 AN119) was capable of
coprecipitating exogenous TLE1 from 293T cell extracts although, as expected, both TLX1
forms interacted with endogenous protein serine-threonine phosphatase 1 (PP1) [6]. TLE1
could also be pulled down with a GST fusion protein containing the full-length coding region
of the TLX3 gene, a closely related paralog of TLX1. The only conserved sequence homology
between TLX1 and TLX3 in their 119-amino acid NH,-terminal regions encompasses the
putative Ehl motif. It was previously shown that an invariant Phe in the Eh1 motif is required
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for efficient recruitment of Gro/TLE by other homeodomain transcription factors; accordingly,
mutation of this amino acid to Glu significantly reduced the interaction [14]. To examine
whether the FGIDQILN sequence in TLX1 was likewise responsible for the interaction with
Gro/TLE, we mutated Phe 19 to Glu (TLX1 F19E). This amino acid change was found to
largely abolish in vitro TLX1 binding to TLE1 whereas the TLX1-PP1 interaction was
unaffected. These data demonstrated that TLX1 is capable of interacting with Gro/TLE proteins
via an Eh1-like motif.

TLX1 colocalizes and physically interacts with TLE1 in vivo

To examine whether TLX1 interacted with Gro/TLE proteins in vivo, we investigated their
intracellular distribution by immunofluorescent staining. We reported previously that TLX1
is localized selectively within the nucleus with strong staining observed at the nuclear periphery
[7]. When 293T cells were cotransfected with TLX1 and TLE1 expression vectors, significant
nuclear colocalization was observed, especially at the nuclear periphery (Fig. 2A).
Unexpectedly, when a DNA binding-defective mutant of TLX1 missing helix 3 of the
homeodomain (TLX1 AH3) was contransfected with the TLE1 expression vector, variably-
sized ring-like structures were formed where colocalization of the two proteins could be
detected (Fig. 2A). Notably, deletion of the NH, terminus of the TLX1 DNA binding-defective
mutant (TLX1 AN163AH3) disrupted the formation of the ring-like structures. We conclude
that TLX1 interacts with TLEX in vivo and the interaction occurs predominantly within the
nucleus. While binding of TLX1 to DNA is not required for its interaction with TLEZ, an intact
homeodomain prevents formation of the artificial ring-like structures, possibly by tethering
TLELX to chromatin or the nuclear matrix (see below) [15].

To independently verify the results of the cell culture colocalization assay and demonstrate
physical interaction of TLX1 with endogenous Gro/TLE proteins, we used an approach based
on purification of transcription factor complexes after in vivo biotinylation tagging [18]. SupT1
cells, which are negative for TLX1 expression but which are arrested at the same stage of T-
cell differentiation as TLX1* T-ALL cells, were transduced with lentiviral vectors expressing
tagged wild-type (TLX1-BP) and homeodomain-deleted (TLX1 AHD-BP) TLX1 genes and
sorted for YFP expression. However, these cells did not tolerate high levels of wild-type TLX1
protein [9]. Because we demonstrated that the homeodomain is not involved in Gro/TLE
binding, we focused on TLX1 AHD-BP-expressing SupT1 cells and transduced them with a
second lentiviral vector encoding a GFP-BirA fusion protein (Fig. 2B) [18]. SupT1 cells
expressing GFP-BirA alone served as control for background binding of endogenous
biotinylated proteins to the streptavidin beads. Interestingly, besides a band corresponding to
TLX1 AHD-BP, only one other prominent band was identified in SupT1 TLX1 AHD-BP/GFP-
BirA double transductants, which was not present in extracts of SupT1 cells expressing only
GFP-BirA (Fig. 2C). The band corresponding to this protein (~100 kDa) was subjected to
MALDI-TOF mass spectrometry analysis. Six out of ten peptides submitted matched human
TLEZ1 trypsin fragments. Western blotting with an anti-TLE1 antibody confirmed pulldown of
endogenous TLE1 specifically from SupT1 cells coexpressing TLX1 AHD-BP and GFP-BirA
(Fig. 2D).

Mechanism of Eh1-dependent activation of target gene expression by TLX1 involves Gro/

TLE

NIH3T3 cells were stably transduced with lentiviral vectors coding for wild-type or mutant
TLX1 proteins. Significant induction of Aldhlal expression was detected by qRT-PCR
analysis of RNA from NIH3T3 cells expressing wild-type TLX1 compared to NIH3T3 cells
transduced with the empty lentiviral vector backbone (Fig. 3A). Deletion of the NH,-terminal
50 amino acids of TLX1 (TLX1 AN5O) resulted in an ~2.8-fold reduction in Aldhlal
expression (Fig. 3A). By comparison, the TLX1 F19E mutant induced Aldhlal at ~1.6-fold
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lower levels than wild-type TLX1 (Fig. 3A). These results indicated that TLX1 activates
Aldhlal via a mechanism that involves the Eh1-like motif which functions as a Gro/TLE-
binding site.

A second gene, Fhi1, was identified along with Aldhlal as being TLX1-inducible in NIH3T3
cells[10]. Inarecent study, Fhl1 activation was also found to be dependent on the NH»-terminal
50 amino acids of TLX1 [11]. Unlike Aldhlal, which is induced by a wide range of TLX1
concentrations, Fhl1 was only activated by a high level of TLX1, leading the investigators to
propose that TLX1 regulates Aldhlal and Fhl1 by distinct mechanisms [11]. As described
above for Aldhlal, we found that the TLX1 F19E mutant was compromised in its ability to
fully activate Fhil1 expression (~1.6-fold lower levels than wild-type TLX1) (Fig. 3A). The
combined results thus demonstrated that TLX1 activates both Fhi1 and Aldhlal in NIH3T3
cells with similar domain specificity through a mechanism(s) that involves the FGIDQILN
Gro/TLE-binding sequence.

Although TLX1 up-regulates Aldhlal expression in NIH3T3 cells, it represses Aldhlal
expression in the developing spleen [10]. Since NIH3T3 cells express very low levels of Gro/
TLE, we next asked whether overexpression of TLEL in NIH3T3 cells would convert TLX1-
mediated transcriptional activation of Aldhlal into repression. To our surprise, coexpression
of exogenous TLE1 augmented the transcriptional up-regulation of Aldhlal by wild-type
TLX1, and the Eh1-like motif was important for this effect (Fig. 3B). This experiment provided
further evidence that optimal activation of Aldhlal by TLX1 in NIH3T3 cells requires
functional interaction with Gro/TLE. Studies of homeodomain proteins expressed during
neuronal fate specification—in particular, some evolutionarily-related members of the NKL
subclass—have revealed transcriptional activation of downstream target genes by derepression
strategies involving Gro/TLE-dependent repression of intermediary transcriptional repressors
[13]. Increased induction of Aldhlal expression by TLX1 in the presence of TLE1
overexpression could likewise suggest the existence of an intermediary transcriptional
repressor of Aldhlal that is more effectively repressed by TLX1+Gro/TLE complexes in the
presence of excess TLE1 [14].

Another possible derepression strategy is one in which TLX1 competes with transcriptional
repressor complexes associated with the Aldhlal and Fhll promoters for available Gro/TLE
[15]. In an attempt to further explore the generality of the above observations, we took
advantage of a well established Gro/TLE-dependent transcriptional repressor model involving
the proneural gene ASCL1 [16]. Previously it was shown that ASCL1 levels are down-regulated
in the SK-N-BE(2) neuroblastoma cell line in response to retinoic acid treatment via transient
activation of HES1 [22]. Consistent with previous work [22], SK-N-BE(2) cells (in our case,
expressing a YFP reporter gene) showed increased HES1 expression and markedly reduced
ASCL1 expression following treatment with retinoic acid for 72 hours (Fig. 4A; and data not
shown). Transient expression of a constitutively active form of NOTCH1 encoding the
intracellular domain of the human NOTCH1 receptor (ICN1) induced elevated HES1
expression levels as previously described [22], and we demonstrated that these also coincided
with decreased ASCL1 expression (Fig. 4A). Further, ectopic expression of TLE1 in SK-N-BE
(2) cells resulted in a marked decrease in ASCL1 expression, while exerting minimal effects
on HES1 levels (Fig. 4A). In addition, we confirmed the involvement of TLE1 in ASCL1 down-
regulation by performing ChIP assays on SK-N-BE(2) cells treated with retinoic acid for 72
hours, finding that both HES1 and TLE1 were bound to the N box in the ASCL1 promoter (see
Fig. 4D). Taken together, these results corroborated and extended the earlier studies implicating
Gro/TLE in HES1-mediated repression of the ASCL1 gene in this experimental system [22].

We next transduced SK-N-BE(2) cells with a series of lentiviral vectors coding for wild-type
TLX1 or the mutant TLX1 proteins described above (Fig. 1A) and subjected the cells to retinoic
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acid induced differentiation. Importantly, TLX1 levels were maintained during this process
and no differences in endogenous HES1 or TLE1 levels or in HESL in vitro DNA binding
activity were observed compared to control cells expressing the YFP reporter vector (data not
shown). The results, summarized in Fig. 4B, demonstrated that enforced expression of TLX1
was capable of counteracting ASCL1 down-regulation by ~2-fold after 24 hours of treatment
and ~4-fold after 72 hours of treatment. As predicted, concomitant with maintenance of
ASCL1 expression, ChIP analysis of TLX1-expressing SK-N-BE(2) cells treated with retinoic
acid for 72 hours revealed reduced presence of TLE1 on the N box of the ASCL1 promoter
(Fig. 4C,D). Moreover, the ability of TLX1 to interfere with HES1TLE1-mediated repression
of ASCL1 exhibited exactly the same domain specificity as observed for TLX1-mediated
activation of Aldhlal and Fhil expression in NIH3T3 cells: i.e., an intact homeodomain was
required and deletion of the NH,-terminal 50 or 119 amino acids of TLX1 (TLX1 AN50 and
TLX1 AN119 mutants, respectively) largely prevented the TLX1-mediated block of ASCL1
down-regulation, with the TLX1 F19E Eh1-like motif mutant being likewise compromised in
its ability to carry out this function. Within the context of this competition model, the
requirement of the TLX1 homeodomain for transcriptional activation might be explained by
sequestration of TLX1eTLE1 complexes elsewhere in the genome [23], which would be in line
with previous observations that a fraction of TLX1 localizes at heterochromatic regions [7;
24] possibly through binding to satellite DNA [23;24].
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TLX1 interacts with TLE1 in vitro via an Eh1-like motif. (A) TLX1 mutants. Abbreviations:
AN, NH,-terminal deletion; AC, COOH-terminal deletion; AHD, homeodomain deletion;
AH3, deletion of the third helix of the homeodomain. (B) GST-TLX1 pulldowns in 293T cells
transiently transfected with a TLE1 expression vector (293T/TLE1). Due to the absence of an
epitope recognized by the anti-TLX1 antibody, GST-TLX1AC70 and GST-TLX3 fusion
proteins were detected by an anti-GST antibody (»).
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Fig. 2.

TLX1 interacts with TLE1 in vivo. (A) 293T cells transiently expressing TLX1 and TLE1
(indicated to the left of the panels) were labeled with anti-TLX1 (green) and anti-TLE1 (red)
antibodies, and immunofluorescent staining was analyzed by confocal laser scanning
microscopy. Overlapping regions of protein distribution appear yellow. Ring-like structures
are indicated by white arrows. (B) Schematic representation of the self-inactivating lentiviral
vectors used to produce biotinylated TLX1. Abbreviations: CMV, cytomegalovirus immediate
early enhancer-promoter; R, direct repeat; U5, unique 5’ region of long terminal repeat; MSCV,
murine stem cell virus promoter; TLX1AHD-BP, TLX1 homeodomain deletion mutant with
COOH-terminal biotinylation peptide tag; IRES, internal ribosome entry site; YFP, yellow
fluorescent protein; GFP-BirA, green fluorescent protein-BirA biotin ligase fusion protein;
AU3, deleted unique 3’ region of long terminal repeat; polyA, polyadenylation signal. (C) SDS-
PAGE gel stained with Colloidal blue after streptavidin pulldown of extracts from SupT1 cells
expressing the TLX1AHD-BP protein (TLX1) or the GFP-BirA protein alone. Arrows point
to the positions of TLX1 and TLE1 (identified by mass spectrometry). (D) Western blot
analysis of the same material described in (C).
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Fig. 3.

TLE1-mediated induction of Aldhlal and Fhil expression by TLX1 in NIH3T3 cells. (A) The
effect of various TLX1 mutations on the ability to induce expression relative to a reporter gene
only control (YFP) is shown. The Eh1-like motif is required for optimal transcriptional
activation of Aldhlal and Fhll expression in NIH3T3 cells. (B) Coexpression of exogenous
TLE1 augmented the transcriptional up-regulation of Aldhlal by TLX1, and the Eh1-like motif
was required for maximal effect.
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Fig. 4.

HES1eTLE1-dependent repression of ASCL1 in retinoic acid-induced SK-N-BE(2)
neuroblastoma cells is counteracted by enforced expression of TLX1 and requires the Eh1-like
motif for maximal effect. (A) ASCL1 and HES1 mRNA levels after the indicated treatments
relative to untreated YFP-expressing SK-N-BE(2) cells. Abbreviations: RA, 1 uM retinoic
acid; ICN1, intracellular NOTCHL1 lentiviral expression vector. TLE1, TLE1 lentiviral
expression vector. (B) ASCL1 mRNA levels in the presence of the indicated TLX1 lentiviral
expression vectors during treatment with 1 uM retinoic acid for 24 or 72 hours. Data are
presented as relative expression levels to a reporter gene only control (YFP). (C) Dismissal of
TLEZX from the N box of the ASCL1 promoter (—294 to —214) by TLX1 during treatment with
1 uM retinoic acid for 72 hours as determined by ChIP assay. (D) ChIP analysis of the same
material as in (C) using a different primer combination covering the —384 to —214 region of
the ASCL1 promoter. ASCL1 promoter-specific bands are indicated (»). NS, nonspecific PCR
amplification product. Note that we did not detect TLX1 occupancy of the N-box region of the
ASCL1 promoter (above background levels) in the anti-TLX1 ChIP experiments although the
anti-TLX1 antibody efficiently immunoprecipitates TLX1 under the conditions used. Also,
HES1 occupancy of the ASCL1 promoter in TLX1-expressing cells was below the limit of
detection with the anti-HES1 antibody used.
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