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CLAUDINE SCHIFF* *Centre d’Immunologie de Marseille-Luminy, CNRS-INSERM-Univ.Med., Campus de Luminy,
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SUMMARY

During mouse B-cell development, Pax5 is an essential transcription factor that acts as an

activator of B-cell-specific genes and as a repressor of alternative lineage fates. The repressive

function is mediated by the recruitment of members of the Groucho co-repressor family.

Using an RNA display approach, we have isolated a transcript, called QD, specifically

expressed in human pro-B and pre-B cells, which is derived from the human Groucho TLE4

gene. The QD transcript contains the first four TLE4 exons and an intronic sequence 3k of
exon 4, demonstrating that QD is a splice variant of TLE4. The putative resulting protein

of 94 amino acids corresponds to approximately half of an N-terminal tetramerization

domain. We also show specific expression of TLE4 transcripts in human B cells and of TLE4

proteins in B-cell nuclei. Moreover, we demonstrate that recombinant QD protein binds to

the TLE4 Q domain and is able to abolish the TLE4/Pax5 interaction. Thus, QD could act as

a negative regulator of TLE4 function, in early B-cell differentiation.

INTRODUCTION

B lymphocytes mature from haematopoietic stem cells

through a series of developmental stages (pro-B, pre-B,

immature B and mature B), characterized by certain cell-

surface markers and sequential DNA rearrangements of

immunoglobulin gene segments.1 Gene-inactivation experi-

ments and studies of natural mutants have shown that B

cells must pass several checkpoints in order to progress

through these stages.2–4 The first checkpoint concerns B-cell

commitment and is completely independent of immuno-

globulin rearrangements but dependent on transcription

factors expressed at the pro-B-cell stage.5 At the subsequent

checkpoints, developing B cells are selected for the presence

of functional immunoglobulin chains. Pre-B cells that syn-

thesize an immunoglobulin m-chain able to associate with

the surrogate light chain (SLC), and form a functional

pre-B-cell receptor (pre-BCR), will pass the second

checkpoint. Then, newly formed immature B cells expres-

sing a functional BCR are subjected to drastic selection

against self-reactivity before leaving the bone marrow.6

At the onset of B-cell development, E2A7,8 and EBF9

transcription factors up-regulate the B-cell-specific pro-

gramme,4 which entails activation of Pax5. Pax5 codes for

the transcription factor BSAP, which is essential for brain

patterning and B lymphopoiesis (reviewed by Nutt et al.,

ref. 10). Pax5-deficient pro-B cells are not restricted in

their lineage fate and can differentiate into various myeloid

and lymphoid cell types in vitro as well as in vivo.11,12 Pax5

seems to exert a dual role, as an activator of B-specific

gene expression and as a repressor of alternative lineage

fates. Recently, it has been shown that Pax5 may exert its

repression function by recruiting members of the Groucho

co-repressor family.13

The prototype of this conserved family is the Drosophila

Groucho protein, which is expressed throughout develop-

ment and plays important roles in various processes, such

as sex determination, segmentation and neurogenesis.14

Groucho proteins are general co-repressors for a vast

number of transcription factors (Hairy, Dorsal, Tcf, NF-kB,

etc.).15 The Groucho protein has mammalian homologues:

the Grg family in mice and the TLE (transducin-like

enhancer of split) family in humans.15 While only one gene
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has been identified in Drosophila, four members have

been described in both mouse and human (reviewed by

Chen & Courey, ref. 16). The Groucho proteins form

high-order complexes,17 bind to histone H3,18 interact with

histone deacetylases19,20 and thus exert their function as part

of multiprotein–DNA complexes that locally establish a

repressive chromatin structure.

In the course of isolating cDNAs specifically expressed

in human early B-cell progenitors we identified a splice

variant of the Groucho TLE4 gene. We show that the

corresponding recombinant protein binds to TLE4 and is

able to impede the TLE4/Pax5 interaction. Therefore, this

spliced TLE4 protein could act as a negative regulator of

TLE4 function in early B-cell differentiation.

MATERIALS AND METHODS

Cell lines, tissue culture and RNA isolation

The mx pro-B (BV173, JEA2, Reh), m+ pre-B (Nalm6,

LAZ), m+ k/l+ mature B (Daudi, Namalwa, JY), T (Hsb2,

Jurkat) and monocyte (HL60, THP1, U937) cell lines

were used. Total RNA was extracted using TRIzol Reagent

(Invitrogen SARL, Cergy-Pontoise, France) and subjected

to DNAseI-RNAse-free treatment.

Differential display–polymerase chain reaction

Differential display–polymerase chain reaction (DD–PCR)

was performed on DNA-free total RNA from BV173,

JEA2, Daudi and Hsb2 cell lines using the Kit Display

system (Display system; Tandil SA, France). In brief, nine

different cDNAs were produced using two base-anchored

oligo-dT primers (13mer) and, for each, reverse transcrip-

tion (RT)–PCR was performed using the same antisense

primers combined with 24 arbitrary sense (10mer) primers,

in the presence of [a-33P]dATP. RT–PCR combination

products were separated on 6% denaturing polyacrylamide

gels, and cDNAs in the 200–600 bp range were selected

based on the reproducibility of banding across two separate

experiments. Bands corresponding to cDNAs specifically

expressed in two pro-B (BV173, JEA2) and absent in the B

(Daudi) and the T (Hsb2) cell lines were excised from the

gels, eluted and precipitated. Reamplifications were per-

formed using the same primers and PCR conditions. PCR

products were purified by using the Qiaquick PCR

purification kit (Qiagen SA, Courtaboeuf, France) and

cloned using the TA-cloning kit (Invitrogen SARL,

Cergy-Pontoise, France). Nucleotide sequences were

determined and homology with known sequences in

nucleotide databases was checked using BLAST-N and

BLAST-X programs.

RNA expression

Northern and master blots. For Northern blotting, 15 mg
of total RNA were electrophoresed under denaturing con-

ditions and transferred to Hybond N nylon membrane

(Amersham Biosciences Europe, Orsay, France). Prehybri-

dization, hybridization and washings were performed using

conditions previously published.21 The human RNA

master blot A (7770-1) containing different human tissues

was obtained from Ozyme (Sáint Quentin, France).

Actin, TLE4 and QD probes were generated by

RT–PCR, from Nalm6, the EST 1288038 and the EST

140044, respectively, using the following primers: actin, sense

5k-TACCACTGGCATCGTGATGGACT-3k, antisense

5k-TCCTTCTGCATCCTGTCGGCAAT-3k; TLE4, sense

5k-GTCAAGAGGCTGAATGCTATCT-3k, antisense 5k-
CTCCTAGAGCACTGGAGAGG-3k; and QD, sense

5k-AATGACAGTAATACTGGGACAC-3k, antisense

5k-CTAATTGCTAGATTTCAAGACCC-3k.
Probes were radiolabelled with [a-32P]dCTP using

a random hexamer oligonucleotide.22

Semiquantitative PCR. DNA-free total RNA (2 mg)
from B, T and myeloid cell lines was reverse transcribed

using the reverse transcriptase Superscript II (Gibco-BRL,

Cergy-Pontoise, France), 1 mg of random hexamer (dN6),

1 mM dNTPs and the supplied buffer. For semiquantitative

RT–PCR, analysis of mRNA expression was carried out

during the exponential phase of the amplification, deter-

mined by titration of cycle numbers and by quantities of

total RNA. RT–PCR was carried out with 400 ng (TLE4

and QD) or 2 ng (actin) of cDNAs in the presence of

[a-33P]dATP for 30 cycles (actin, TLE4) or 34 cycles (QD) of

30 seconds at 94u, 1 min at 66u (actin) or 58u (TLE4, QD)

and 1 min at 72u with a final 10-min extension at 72u, using
Taq DNA polymerase (Gibco-BRL). For actin measure-

ments, the same primers as for probe amplification were

used. For TLE4, sense 5k-CAGCGGCATTATGTCATG-

3k, antisense 5k-CATGTCCATGTGATAAATGCTG-3k
and for QD, sense 5k-CAGCGGCATTATGTCATG-3k,
antisense 5k-CTTTTGTAGCTCCACAGATTTC-3k pri-

mers were used. RT–PCR products were analysed on 2%

agarose gels. Dried gels were exposed with a Fuji screen and

analysed by Phosphoimager apparatus (Amersham Bio-

sciences, Sunnyvale, CA). Quantification was performed

using MACBAS software.

Immunostaining and microscopy

Cells were suspended in culture medium at 104–105 cells/ml

and aliquots (0.5 ml) were centrifuged (5 g for 5 min) onto

polylysine-coated slides in a cytospin 3 (Shandon, Cergy-

Pontoise, France). Nuclei preparations were fixed at room

temperature for 10 min in 4% (wt/vol) paraformaldehyde/

phosphate-buffered saline (PBS), pH 7.2. After washing in

PBS, permeabilization was performed with 0.1% Triton-

X-100 in PBS for 40 min at room temperature, followed

by 15 min in blocking buffer (PBS, 0.05% Triton-X-100,

5% goat serum, 5% fetal calf serum).

Preparations were subjected to indirect immunofluores-

cence using a rabbit polyclonal antibody (1 : 200 dilution)

against a mouse Grg4 recombinant protein (Santa Cruz

Biotechnology Inc., Heidelberg, Germany) in PBS, 0.05%

Triton-X-100, for 2 hr at room temperature. After washings

in PBS, the primary antibody was detected using a

1 : 300-diluted Cyanine 3-conjugated affinity-purified goat

anti-rabbit immunoglobulin G (IgG) (Tebu, Le Persay en

Yvelines, France), in the same buffer, for 1 hr at room
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temperature. Preparations were fixed with 4% (wt/vol)

paraformaldehyde in PBS for 5 min and counterstained

with DAPI (100 ng/ml) diluted in Vectashield (Vector

Laboratories, Burlingame, CA). Controls without the

primary antibody were performed for each cell

line. Preparations were observed using an Axioplan-2 Zeiss

fluorescent microscope and the images captured with

a CCD camera (Sensys 1400; Photometrics, Tuscon, AZ).

Information was collected and merged using IPLabs

Spectrum software (Vysis, Voisins Le Bretonneux, France).

Expression, purification and labelling of

recombinant proteins

DNA constructs. The human His-QD coding sequence

was amplified by PCR using the EST 140044 cDNA and the

sense 5k-ATGGATCCAGTACCCGCAGACCAGACA-3k
and antisense 5k-ATAAGCTTTAGTGTCCCAGTATTA-

CTGTC-3k primers. The purified PCR product was digested

with BamHI and HindIII and ligated into the pQE32 vector

(Qiagen). For the GST-TLE4 Q (amino acids 2–132) and

GST-TLE4-DW (amino acids 2–432) fusion proteins, the

human TLE4 cDNA (EST 1288038) was amplified using

the sense 5k-ATGAATTCTACCCGCAGACCAGACAC-3k
and antisense 5k-ATGCGGCCGCATGTCCATGTGAT-

AAATGCTG-3k or 5k-ATGCGGCCGCCAGGTTTGGA-

GGTATTGCTG-3k primers, respectively. Purified PCR

products were digested with EcoRI and NotI, and ligated

into pGEX-4T-1 vector (Amersham Biosciences Europe,

Orsay, France).

For TA cloning into pGEMT-Easy vector (Promega

SARL, Charbonnières, France), the QD coding sequence

was amplified with the sense 5k-ATGTACCCGCAGAC-

CAGAC-3k and the antisense 5k-ATGCGGCCGCTA-

GTGTCCCAGTATTACTGTC-3k primers, and the

TLE4-DW sequence with the sense 5k-ATGTACCCGCA-

GACCAGAC-3k and the antisense 5k-CAGGTTTGGA-

GGTATTGCTG-3k primers. The human Pax5 coding

sequence was amplified using LAZ cDNA and the sense

5k-ATAGATCTATGGATTTAGAGAAAAATTATCC-3k
and the antisense 5k-ATTCTAGACTAGTGACGGTCA-

TAGGCAGT-3k primers.

Production and purification of GST and His fusion

proteins. The pGEX-TLE4 Q and pGEX-TLE4-DW
plasmids were transfected into DH5a and BL21-RP

bacterial strains (Stratagene, Amsterdam, Netherlands),

respectively. Transformed bacteria were grown at 37u to

reach an optical density at 600 nm (OD600) of 0.6 in 2xYT

medium containing the appropriate antibiotics, induced

with 1 mM IPTG, and allowed to continue growing for

an additional 2 hr. Pelleted cells were resuspended in buffer

B1 [Tris–HCl 50 mM, pH 8, KCl 100 mM, EDTA 1 mM,

glycerol 5%, dihiothreitol (DTT) 1 mM, phenylmethyl-

sulphonyl fluoride (PMSF) 1 mM], lysed by two runs at

1700 Bars using a French Press (Constant Systems Ltd,

Warwick, UK) and bacterial extracts were ultracentrifuged

at 350 000 g for 20 min at 4u. Supernatants were dialysed

against buffer B2 (HEPES 10 mM, pH 7.0, KCl 10 mM,

NaCl 150 mM, MgCl2 1 mM, ZnSO4 1 mM, DTT 1 mM,

PMSF 1 mM), clarified by centrifugation, and GST fusion

proteins were purified on glutathione-agarose beads,

according to the manufacturer’s instructions (Pharmacia

Biotech). GST-TLE4-DW proteins of 70 000 molecular

weight (MW) were further purified by electrophoresis on

a 10% sodium dodecyl sulphate (SDS)–polyacrylamide

preparative gel under reducing conditions.

M15-transformed bacteria containing the pQE32-His-

QD plasmid were grown in 2xYT medium, containing the

appropriate antibiotics, to reach an OD600 of 1, induced

with 0.5 mM IPTG and allowed to grow for an

additional 6 hr. Pelleted cells were resuspended in buffer

B3 (K2HPO4/HCl 50 mM, pH 7.5, PMSF 1 mM), lysed

using a French Press, as described above, and His-QD

proteins were purified on Talon Superflow Metal Affinity

Resin (Clontech) according to the manufacturer’s

instructions.

In vitro transcription/translation of pGEMT cloned

sequences. The TLE4-DW, QD and hPax5 proteins were

synthesized and in vitro labelled using rabbit reticulocyte

lysate and 35S-methionine, using the TNT Quick Coupled

Transcription/Translation Systems, according to the

manufacturer’s instructions (Promega).

GST pull-down assay

Purified GST–fusion proteins (4 mg), immobilized on

glutathione-sepharose beads (5 ml), were incubated for 2 hr

at room temperature with in vitro-synthesized 35S-labelled

protein (2 ml of the transcription/translation assay) in 400 ml
of buffer B4 (buffer B2 supplemented with 1% bovine

serum albumin). Beads were washed in sucrose gradient

buffers, as previously described.23 Labelled proteins were

revealed by autoradiography after separation on a 17.5%

SDS–polyacrylamide gel.

For the Pax5 inhibition experiment, 1 mg of purified

GST-TLE4-DW protein was incubated with increasing

amounts of His-QD (0.5, 1 and 3 mg) for 2 hr at room

temperature in 400 ml (final volume) of B4 buffer.

Glutathione-agarose beads were added for 1 hr, washed

twice with buffer B4 and incubated with 35S-labelled hPax5

(4 ml of the transcription/translation assay) for 2 hr at

room temperature. Labelled proteins, separated on a 17.5%

SDS-polyacrylamide gel, were analysed by Phosphoimager

apparatus (Molecular Dynamics). Quantification was

performed using MACBAS software.

Protein structure analysis

The QD sequence was analysed for predicted coiled-coil

regions using the Network Protein Sequence analysis

program through the Pôle Bio-Informatique Lyonnais

at pbil.ibcp.fr (see ref. 24).

RESULTS

Identification of human QD and TLE4 cDNAs

Isolation of cDNAs expressed during early B-cell differ-

entiation was undertaken using a differential display
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screening25 between two pro-B-cell lines (BV173, JEA2),

one B-cell line (Daudi) and one T-cell line (Hsb2). After

screening through 216 combinations of primers, represent-

ing 90% of the genes expressed in a cell,26 a total of 162

‘pro-B’ cDNAs was identified. Each cDNA was cloned

and sequenced and a second expression screening was

performed by semiquantitative RT–PCR using a panel of 13

different cell lines, including pro-B, pre-B, B, monocyte

and T cells (see below in Fig. 3). We confirmed an early

B-cell expression profile for only 18 cDNAs, with 11 and

seven cDNAs that presented a pro-B-, and a pro-B plus a

pre-B-restricted phenotype, respectively.

Within the latter category, a 250-bp cDNA was isolated

and found to be completely identical (Fig. 1a, sequence

shown in bold) to the 3k end sequence of the EST 140044.

The complete sequence of this EST was determined and

revealed a 92-bp 5k untranslated sequence, an open reading

frame of 282 bp followed by a 578-bp 3k sequence (Fig. 1a).
Sequence comparison revealed that amino acid residues

1–77 are homologous to Groucho family members, espe-

cially the rat TLE4, the mouse Grg4 and the Xenopus laevis

Grg-4 (data not shown). Search for human homologues

was undertaken by comparing the 5k sequence of the Image

clone 140044 with human EST sequences. This allowed

characterization of the complete human TLE4 cDNA,

the sequence of which was reported as KIAA1261 clone

by Nagase et al.27 TLE4 cDNA encompasses 2754 bp and

the protein presents an overall conserved ‘Groucho’

structure composed of five domains (Fig. 1b). The structure

includes an N-terminal glutamine-rich Q region, a glycine–

proline-rich GP domain, a central region with a CcN

(nuclear localization) motif, a serine–proline SP domain

and a C-terminus region composed of six WD-40 motif

repeats.

CTCCTCTTCGGGGTCATTAAAGCCAATGAGCCGCGCGCCTCTGCCGAGCGCAGCCAACTAAATCGGCTTGGATGATTCGCGACCTGAGCAAG
 1                                   10                                      20
 M   Y   P   Q   T   R   H   P   A   P   H   Q   P   A   Q   P   F   K   F   T   I   S   E
ATG TAC CCG CAG ACC AGA CAC CCG GCA CCG CAT CAG CCT GCT CAA CCC TTT AAA TTT ACA ATT TCC GAA
                         30                                      40
 S   C   D   R   I   K   E   E   F   Q   F   L   Q   A   Q   Y   H   S   L   K   L   E   C
TCC TGT GAT CGG ATT AAG GAA GAG TTT CAG TTT TTA CAG GCT CAA TAC CAC AGT CTG AAG CTG GAA TGT
             50                                      60
 E   K   L   A   S   E   K   T   E   M   Q   R   H   Y   V   M   Y   Y   E   M   S   Y   G
GAG AAA CTC GCC AGT GAG AAG ACA GAG ATG CAG CGG CAT TAT GTC ATG TAT TAT GAA ATG TCC TAT GGG
 70                                      80                                      90
 L   N   I   E   M   H   K   Q   V   S   Y   F   F   I   T   I   L   N   D   S   N   T   G
TTG AAT ATA GAA ATG CAC AAG CAG GTA AGT TAT TTC TTT ATA ACC ATT TTA AAT GAC AGT AAT ACT GGG
     94
 T   L  stop
ACA CTA TGA AAAGAAAATTGTATGTTTTGCAGTTTTATTCTGCAAGCCGTTGTGGCTACCTGTATTTAAAAGTCTGGGTAGTGAAGAAA
ATGCTGTTTTTTCATGTGTGGCTCCCCATCTTTCTTTCATATTATCCTAATTTTTATAATTTAAAAATGTTATTTTAAAAAGTCTGAATCAT
ATTAAACTCTGTCACTTTCAAAAGCAGGATGCTAAATTTTAAAATCCTCTTGTTATTCTTCTGAAAGAGTTGCTTTATGTATTTGGGCATTG
CAAACTTGTCTTGTGAAAGAGCTTTTCTTGGAAAATATTAAACAGTAAAATTAAATTGTGTGGCGCCTTCGTTGGCTTGATGTGAAAGAATG
GATAGAGGGTGAGCTGGGAGGATGAAAATGAAATCTGTGGAGCTACAAAAGAAATTGATGTAAAATCCTTGTACTGGTCCCCTGAGGCTACT
TAGTTGGGTCTTACCAAGAACTATAACCGTTACTTCCAAAATTTGTACAGAGTAAATGAGCCTGATAGGAGGATGTGATAAGGTTCAACATT
GGGTCTTGAAATCTAGCAATTAGTTCAGTAGCAAAAAAAAAAAAAAATGATTAGTCAGAAAGCACTGAGAGATACGACTCAAACAGTCTTCT
TTTTGTGCAGGAGACTGAATAAA

TLE4 probe

T L E 4  
 polyA

(2754 bp)

Q D

1 78 94

   
QD probe

1 130 198 267 466

WD40CcN SPGPQ

763

 polyA

(1036 bp)

(a)

(b)

Figure 1. Characterization of the QD transcript. (a) Sequence of the QD transcript obtained from the Image clone 140044. The

cDNA (250 bp) first isolated by the RNA display technique is in bold. The potential polyadenylation site and splicing AG

donor site at the end of exon 4 (see Figure 2) are underlined. (b) Schematic representation of TLE4- and QD-spliced

mRNA and proteins. The oligonucleotides (small boxes) and the probes used for testing RNA expression of TLE4 and QD

transcripts are shown for each mRNA. The different domains of TLE4 and QD proteins are indicated together with the

corresponding amino acid positions. Q, glutamine-rich domain; GP, glycine–proline-rich domain; CcN, central region with

a nuclear localization motif; SP, serine–proline domain; WD40, WD repeat domain. The C-terminal amino acid sequence

(78–94) of the QD protein that differs from the TLE4 protein is indicated in black.
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Altogether these data indicate that the early B-specific

140044 cDNA is identical to the 5k sequence of the human

TLE4 cDNA, up to residue 77. By contrast, residues 78–94

are not found in the TLE4 cDNA (Fig. 1b).

The human QD transcript is encoded by the TLE4 gene

The partial identity between QD and TLE4 cDNAs

prompted us to look for a common origin between the

two transcripts.

A partial genomic sequence of the human TLE4 gene on

chromosome 9, determined by the Sanger Centre chromo-

some 9 Mapping Group (accession numbers: AL 353813

and AL 445252), revealed that the N-terminal part of

the TLE4Q domain is encoded by exons 1–4 (Fig. 2).

Sequence comparison between the QD cDNA and the

TLE4 gene showed that the 3k end of the QD transcript is

encoded by part of the intronic nucleotide sequence located

3k of exon 4 (Fig. 2, black boxes). This intronic sequence

starts at the splicing AG donor site at the end of exon 4

(underlined in Fig. 1a) and encodes amino acids 78–94

(Fig. 1a, Fig. 2). Finally, a genuine polyadenylation site was

identified 650 bp after the stop codon (Fig. 1a, Fig. 2).

B-cell-restricted human QD and TLE4 RNAs

Comparative expression of QD and TLE4 cDNAs was first

studied by semiquantitative RT–PCR. A series of lymphoid

cell lines, including pro-B, pre-B, mature B, monocyte and

T-cell lines were analysed, using a common 5k oligonucleo-
tide in the Q domain and 3k specific oligonucleotides either
in the 3k untranslated region of the QD cDNA or in the

TLE4 GP domain (see Fig. 1b). Although the Reh pre-B-cell

line was not positive for QD expression, results confirm the

pro-B- and pre-B-specific expression of the QD transcript

(Fig. 3a). These data also indicate that all B-cell lines express

TLE4 transcripts (Fig. 3b).

RNA expression was also analysed in lymphoid cell lines

by Northern blot, using either a 600-bp QD or a 350-bp

TLE4-specific probe (see Fig. 1b). Two main transcripts at

4.4 kb and 3.4 kb were observed using the TLE4 probe

(Fig. 3c), but no QD transcripts were detectable. Quanti-

fication using the actin probe confirmed the restricted B-cell

expression of the TLE4 transcripts. Various human tissues

were also analysed using the two probes. The QD probe

faintly labelled RNAs present on the dot-blots and, using

the TLE4 probe, faint expression was found in approxi-

mately all tissues, except the pituitary gland and testis,

which strongly express TLE4 (data not shown).

B-cell-restricted humanTLE4 protein

Immunostaining with the rabbit anti-TLE4 antibody

revealed a dense punctate pattern to the nuclei of pro-B,

pre-B and mature B cells, whereas no labelling was observed

in control experiments performed without incubation with

the primary antibody (Fig. 4). Moreover, no nuclear signal

was detectable on nuclei preparations from myeloblast

and lymphocyte T-cell lines, confirming the B-restricted

expression of the TLE4 protein in haematopoietic cells

(Fig. 4).

QD protein interacts with TLE4 and inhibits

TLE4/Pax5 interaction

As previous studies suggested that the N-terminal Q domain

of Groucho proteins is involved in the oligomerization of

the molecule,17 we investigated the capacity of QD protein

to interact with the native TLE4 Q domain using an in vitro

protein–protein interaction assay.

TLE4-DW and QD proteins (Fig. 5a) were synthesized

and labelled with 35S-methionine by in vitro transcription/

translation, and incubated with either GST-TLE4 Q

fusion protein or GST alone (as a control), immobilized

on glutathione-agarose beads. 35S-bound proteins were

revealed by autoradiography after gel electrophoresis.

Under such conditions, TLE4-DW and QD proteins were

detected at 50 000 and 11 000 MW, respectively (Fig. 5b,

lanes 1 and 3), demonstrating that both proteins could

interact with the native Q domain. This result suggests that

the QD protein could modify the oligomerization status of

the TLE4 protein. As it has recently been reported that the

mouse Pax5 can interact with Grg413 (the TLE4 mouse

equivalent), we performed experiments to test the potential

role of the QD protein on such an interaction. We first

checked that GST-TLE4-DW on glutathione-agarose beads

could bind to 35S-hPax5 protein (Fig. 5c, lane 2). Then, by

increasing the amount of recombinant His-tag QD protein

1 2 3 4 5
kb0.85 1.09 1.2 36.5

poly A

1 2 3 4
aa 1 8 41 62 77

poly A

94

51 2 3 4
aa 771 8 41 62 99

TLE4 gene

QD cDNA

TLE4 cDNA

Figure 2. TLE4 genomic organization and generation of the QD and TLE4 transcripts. Top: exon/intron organization of the

TLE4 gene. Data are from the Sanger Centre chromosome 9 MappingGroup (accession numbers: AL 353813 and AL 445252).

The size of the introns is indicated. Bottom: generation of QD and TLE4 transcripts from the TLE4 gene.
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that could interact with GST-TLE4-DW before adding the
35S-hPax5 protein, we demonstrated that QD was able to

inhibit the TLE4–hPax5 interaction (Fig. 5c, lanes 3–5).

This inhibition is dose dependent and 50% inhibition (IC50)

is obtained with a QD/TLE4 molar ratio of 3.0 (Fig. 5c,

lower panel). These results indicate that the binding between

QD and TLE4 proteins alters TLE4–Pax5 interactions.

Altogether, our data indicate that QD was able to

interfere with the normal function of the TLE4 protein and

thus may be considered a dominant negative form of TLE4.

DISCUSSION

The mRNA differential display technique was applied

to haematopoietic cell lines to identify genes differentially

expressed in early B cells compared to B, monocyte and

T cells. We isolated and characterized the QD cDNA that

encodes part of the N-terminal Q domain of the TLE4

Groucho protein. This cDNA corresponds to the normal

splice of the first four TLE4 exons followed by part of

the intronic sequence 3k of exon 4 that is converted

to a new exon, with a polyadenylation site 650 bp down-

stream (Fig. 2). Interestingly, the QD and TLE4 genomic

organization resembles that of the immunoglobulin

m-secreted and immunoglobulin m-membrane forms of the

immunoglobulin H-chain.28 It has been reported previously

that the switch from membrane-bound to secreted immuno-

globulin m form, which occurs during the differentiation

of B lymphocytes, involves regulated processing of the

heavy chain pre-mRNA.29 In particular, overexpression of

one subunit of Cst-64 is sufficient to switch immunoglobulin

H-chain expression from the membrane to the secreted

form.30 This transcriptional regulation might be specific to
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Figure 3. B-cell-restricted RNA expression of QD and TLE4

transcripts. (a) and (b) Semiquantitative reverse transcription–

polymerase chain reaction (RT–PCR) expression of QD (a) and

TLE4 (b) transcripts after actin calibration. RT–PCR was perfor-

med using a 5k oligonucleotide in the Q domain common to

the TLE4 and QD transcript, and a 3k oligonucleotide in the

3k-untranslated region of the QD cDNA or in the TLE4 GP domain

(see Fig. 1b), leading to PCR products of 515 bp and 238 bp,

respectively. The following cell lines were tested: pro-B, lanes 1

(BV173), 2 (JEA2) and 3 (Reh); pre-B, lanes 4 (LAZ) and 5

(Nalm6); B, lanes 6 (Daudi), 7 (Namalwa) and 8 (JY); monocytes,

lanes 9 (HL60), 10 (THP1) and 11 (U937); T, lanes 12 (Hsb2) and 13

(Jurkat). Average values of the relative quantity of PCR transcripts

for three separate experiments are shown. (c) A Northern blot from

the cell lines indicated above was hybridized with the TLE4

(see Fig. 1b) and the actin probes, successively.

Pro-B Pre-B B 

Myeloblast T mAb control

Figure 4. B-cell nuclei-restricted TLE4 protein expression.

Representative distribution of the TLE4 protein in a nucleus of

pro-B (JEA2), pre-B (Nalm6), B (Namalwa), myeloblast (HL60),

and T (HsB2) cells, obtained by immunostaining with the anti-

TLE4 antibody. ‘mAb control’ represents a B-lymphocyte nucleus

from a preparation incubated without the primary anti-TLE4

antibody.
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B-cell development and may involve a similar molecular

mechanism.

Although TLE4 mRNA has been detected in a variety

of tissues31,32 its expression is restricted to B cells in the

haematopoietic lineage (Fig. 3b,c). This was confirmed at

the protein level by using an antibody directed against TLE4

(Fig. 4), which moreover revealed an exclusive nucleus

staining, in agreement with the nuclear co-repressive func-

tion of Groucho protein members. The number of labelled

sites indicates that TLE4 may be involved in the repression

of numerous loci. The expression of the QD transcript,

although lower than that of TLE4, is also restricted to

B cells within the haematopoietic lineage (Fig. 3a). The

expression of QD and TLE4 in the same B-restricted cells

points to a possible regulatory role of QD on TLE4

function. Other short forms of Groucho family proteins,

encoded by specific genes, have been described that could

modulate the activity of the long forms.16 For example, the

Xenopus Grg5 protein could act as an anti-repressor of

endogenous long Groucho proteins.33

It has been demonstrated that Pax5 functions as a

positive regulator of B-specific genes; however, B-cell

commitment also depends on the repression of lineage-

inappropriate genes.11 By identifying Grg4 as a Pax5

partner, Eberhard et al.13 have elucidated a molecular

mechanism by which Pax5 can be converted from a trans-

criptional activator to a repressor of gene transcription, in

mice. Grg4 possesses two interacting domains with Pax5,

the Q and the SP domains, which act in cooperation

for the binding to Pax5 protein.13 Similarly, our results

show that QD protein binds with TLE4-DW protein

(Fig. 5b) but does not interact directly with Pax5 (data not

shown). By contrast, preincubation of TLE4 with QD

proteins is sufficient to abolish the interaction between

the TLE4 and the Pax5 proteins. Thus, QD could act as a

negative regulator of the repressive activity of Pax5

mediated by TLE4.

As QD expression is restricted to pro-B and pre-B cells

we can speculate that it may regulate genes specifically

expressed at these stages. Such early B-specific genes would
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Figure 5. Analysis of QD, TLE4 and Pax5 protein interactions.

(a) Schematic diagram of TLE4, QD and Pax5 fusion proteins. The

different domains of each protein are indicated (PD, paired domain;

OP, octapeptide; HD, partial homeodomain; TA, transactivation

region; ID, inhibitory domain; also see Fig. 1 legend). (b) The QD

recombinant protein interacts with the Q domain of TLE4. GST

pull-down assays were used to analyse the interactions between

in vitro-translated 35S-labelled TLE4-DW (lanes 1 and 2) and
35S-labelled QD proteins (lanes 3 and 4) and GST or GST-TLE4Q

proteins bound to glutathione-sepharose. (c) The QD recombi-

nant protein inhibits the TLE4/Pax5 interactions. Upper panel:

GST pull-down assays were performed with 35S-labelled hPax5

protein and GST (lane 1), GST-TLE4-DW (lanes 2–5) bound to

glutathione-sepharose. The GST-TLE4-DW proteins were incu-

bated with an increasing amount of His-QD proteins (0.5, 1 and

3 mg, lanes 3, 4 and 5, respectively). Lower panel: for three

independent experiments the percentage of inhibition was calcu-

lated for each QD/TLE4 molar ratio.
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be negatively regulated by Pax5/TLE4 in late B-cell stages,

in the absence of QD. For the non-B-specific genes, because

Pax534 and TLE4 (this paper) have the same B-cell-

restricted expression pattern, we can speculate that Pax5

associated with its TLE4 co-repressor may exert a long-

range transcriptional repression. The fact that TLE4 is

associated with a large number of nuclear targets in B cells

is consistent with this hypothesis.

Chen et al.17 have shown that tetramerization of Gro

proteins is a prerequisite for efficient repression and is

mediated by two putative amphipathic a-helices present in
the conserved N-terminal Q domain (Fig. 6). It also has

been postulated that Gro protein oligomerization along the

template DNA, facilitated by interactions with histones,35

could be necessary for repression and for long-range trans-

criptional silencing.17 Moreover, Chen et al. demonstrated

that point mutations in the leucine zipper-like motifs,

Leu to Pro replacement at amino acid 38 (Fig. 6), block the

tetramerization and also partially Gro-mediated repression.

However, in this case mutant Gro proteins can still form

dimers. By analogy, the putative QD protein containing

the first N-leucine zipper motif would be able to block the

tetramerization of the TLE4 protein and thus its repressive

activity (Fig. 6). Further genetic studies will be necessary to

confirm this hypothesis.
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