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Lymphoid-specific cDNA clones were isolated that encode a nuclear protein with homology to the 
chromosomal nonhistone protein HMG-1 and to putative regulators of cell specialization, including the 
mammalian testis-determining factor SRY and fungal mating-type proteins. The gene represented by the 
isolated cDNA clones, termed LEF-I {lymphoid enhancer-binding _factor 1), is developmentally regulated and 

expressed in pre-B and T lymphocytes but not in later-stage B cells or nonlymphoid tissues. Both endogenous 
and recombinant LEF-1 were shown to bind to a functionally important site in the T-cell antigen receptor 
(TCR) a enhancer. Maximal TCRa enhancer activity was found to parallel the cell type-specific expression 
pattern of LEF-1. Moreover, forced expression of recombinant LEF-1 in late stage B cells increases TCRot 
enhancer function. Taken together, these data suggest that LEF-1 is a regulatory participant in lymphocyte 
gene expression and differentiation. 
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Lymphocyte differentiation converts progenitor cells 
into highly specialized cells of either the B- or the T-cell 
lineage. Both cell lineages involve multiple stages of dif- 
ferentiation that have been characterized and defined by 
changes in the expression patterns of their antigen re- 
ceptor genes. Early-stage B lymphocytes, termed pre-B 
cells, express and rearrange their immunoglobulin 
heavy-chain (IgH) gene. Further differentiation, involv- 
ing rearrangement of the light-chain locus, yields B cells 
that express membrane-bound immunoglobulin on their 
surface. Upon exposure to antigen, B cells ultimately 
mature into antibody-secreting plasma cells (for review, 
see Blackwell and Alt 1988; Cooper and Burrows 1989}. 
Likewise, differentiating T cells undergo stage-specific 
changes in the expression of genes encoding the T-cell 
antigen receptor (TCRI and accessory molecules. Early- 

stage T cells undergo sequential rearrangement of their 
TCRI3- and TCRa-chain genes and express both CD4 and 
CD8 surface molecules. These cells differentiate into 
mature T cells expressing both TCR chains, and either 
the CD4 or the CD8 coreceptor molecule {for review, see 
Davis and Bjorkman 1988; Blackman et al. 1990}. 

To gain insight into some of the mechanisms under- 

lying terminal differentiation, several studies were 
aimed at identifying the cis- and trans-acting regulatory 
components of genes specific for the differentiated phe- 

notypes. Expression of immunoglobulin genes in B cells 
and TCR genes in T cells was shown previously to de- 
pend on transcriptional enhancers located 5' or 3' of 
their respective constant regions {Gillies et al. 1983; 

Banerji et al. 1983; Grosschedl and Baltimore 1985; 
Krimpenfort et al. 1988; McDougall et al. 1988; Ho and 
Leiden 1989; Winoto and Baltimore 1989). These en- 
hancers function specifically in lymphocytes. The IgH 
enhancer is active in all B cells and in a subset of T cells 
(Gerster et al. 1986}. In contrast, the TCRl3-chain en- 
hancer is functional in T cells and in early-stage B cells 
{Krimpenfort et al. 1988; Takeda et al. 1990}. Both the 
immunoglobulin and TCR enhancers were subsequently 
used to identify and purify nuclear factors that bind to 
specific nucleotide sequences within the enhancers. 
Some of these factor-binding sites were used to isolate 
complementary DNAs (cDNAs) of genes encoding en- 
hancer-binding proteins (Murre et al. 1989; Henthom et 
al. 1990; Ho et al. 1990; Roman et al. 1990}. Surprisingly, 
most of the nuclear factors and genes identified by these 
approaches are ubiquitously expressed. To date, one 
gene, termed Oct-2, was isolated and shown to encode a 
lymphocyte-specific protein that binds to the OCTA site 
in both the IgH enhancer and promoter [Muller et al. 
1988; Scheidereit et al. 1988; Staudt et al. 1988}. The 
OCTA site, however, can also be recognized by other 
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related proteins such as Oct-l, which is expressed in vir- 
tually all cell types (Singh et al. 1986; Scholer et al. 
1989). 

On the basis of the notion that the binding of ubiqui- 
tous factors may obscure the identification of cell type- 
specific factors binding the same site, we employed an 
alternative strategy for the cloning of genes encoding pu- 
tative lymphocyte-specific regulatory factors. We first 
generated a set of lymphocyte-specific cDNA clones. 
Binding of the encoded polypeptides to DNA was then 
used as a criterion to identify cDNA clones that encode 
putative regulatory proteins. Lymphocyte specificity is 
thus ensured prior to screening for the ability to bind 
DNA. 

Here, we report the molecular cloning of cDNAs of a 
developmentally regulated murine gene that is expressed 
specifically in pre-B and T lymphocytes. This gene, 
termed LEF-1 (for lymphoid enhancer-binding _factor 1), 
encodes a nuclear protein that binds to a functionally 
important site in the TCRa enhancer and confers maxi- 
mal activity. LEF-1 is a new member of a family of reg- 
ulatory proteins that share homology with the high mo- 
bility group protein 1 (HMG-1). We propose LEF-1 as a 
putative regulatory participant in lymphocyte differenti- 
ation. 

Results 

Cloning of cDNAs encoding LEF-1 

To identify candidate transcriptional regulators of the 
lymphocyte lineage, we isolated several lymphoid-spe- 
cific cDNA clones from the murine pre-B-cell line 70Z/3 
by differential screening of recombinant bacteriophages 
with radiolabeled first-strand cDNA probes from either 
70Z/3 or murine erythroleukemia (MEL) poly(A) ÷ RNA 
(see Materials and methods). To examine polypeptides 
encoded by these cDNA clones for their ability to bind to 
DNA-cellulose, the inserts from eight different recom- 
binant bacteriophages were subcloned into vectors con- 
taining an ATG in each of the three reading frames, tran- 
scribed with T7 RNA polymerase, and the transcripts 
were translated in a reticulocyte lysate in the presence of 
[3SS]methionine. One lymphoid-specific cDNA clone, 
termed GL1, yielded a protein that bound to DNA-cel- 
lulose, remained bound at 150 mM KC1, and could be 
eluted at 250 mM KC1 (data not shown). The nucleotide 
sequence of the GL1 cDNA was determined and found to 
contain an open reading frame fused to an upstream 
ATG in the vector. A longer cDNA clone, termed GN8, 
was isolated, which extended an additional i kb at the 5' 
end of the GL1 open reading frame (Fig. la). Analysis of 
the nucleotide sequence of the GN8 cDNA revealed a 
single open reading frame of 397 amino acids, beginning 
with an ATG at nucleotide 990 and terminating with a 
stop codon at nucleotide 2181 (Fig. lb). The open reading 
frame is preceded by a long untranslated region with 
three stop codons in the same frame, suggesting that 
GN8 contains the entire coding sequence. Gonceptual 
translation of the open reading frame predicts a protein 

with a molecular mass of 44 kD. On the basis of its 
lymphoid-specific expression pattern and specific bind- 
ing to transcriptional enhancer sequences (see below), 
we term the GN8-encoded protein LEF-1. 

LEF-1 is an HMG box protein 

The predicted amino acid sequence of LEF-1 has struc- 
tural features suggestive of a transcriptional regulator. 
Amino acid sequence comparison of LEF-1 with se- 

quences in the Protein Identification Resource/NBRF re- 
vealed a region of homology to the nonhistone chromo- 
somal protein HMG1 [Wen et al. 1989) and the mating 
type protein Mat Mc of Schizosaccharomyces pombe 

(Kelly et al. 1988). This region of LEF-1, comprising - 8 5  
amino acids and designated the HMG box (Fig. la, b), was 
also found to share amino acid sequence homology with 

the human upstream binding factor (hUBF), a nucleolar 
protein that binds and transcriptionally activates the 
rRNA gene promoter (Jantzen et al. 1990). hUBF contains 
four HMG boxes, one of which appears to be sufficient 

for DNA binding (Jantzen et al. 1990). More recently, 
additional members of this new family of proteins have 
been identified. A gene from the sex-determining region 
of the human and mouse Y chromosome, termed SRY, 
encodes a testis-specific HMG box protein that has been 
proposed to play a crucial role in testis development (Gu- 
bbay et al. 1990; Sinclair et al. 1990). Likewise, the ge- 
netically defined regulatory gene mt al, which is in- 
volved in mating type specification of Neurospora 

crassa, encodes an HMG box protein (Staben and Yanof- 
sky 1990). 

Alignment of the HMG boxes of LEF-1 and other 
members of the family (Fig. 2) revealed 25% identity and 
47% similarity with the Mc mating-type protein of S. 
pornbe (Kelly et al. 1988) and 25% identity and 41% 
similarity with routine SRY (Gubbay et al. 1990; for the 

percentage of amino acid identity and similarity with 
other HMG boxes and for allowed conservative amino 
acid substitutions, see the legend to Fig. 2). With the 
exception of one amino acid gaps in Mat Mc and mt al, 

no spacing changes were necessary for the optimal align- 
ment  of the HMG boxes. The HMG box of LEF-1 appears 
to be more closely related to those of the fungal mating- 
type proteins and SRY than to that of hUBF and HMG-1. 
The homology of LEF-1 with the various members of the 
HMG box proteins is concentrated in three regions 
within the HMG box: a block of eight neutral and hy- 
drophobic amino acids flanked by charged residues from 
position 10 to 26, a region containing conserved hydro- 
phobic and basic residues between positions 41 and 78, 
and a basic region at the carboxyl terminus that is most 
noticeable in LEF-1 (Fig. 2). We also note that the HMG 
box of LEF-1 differs from those of the other members of 
the family in the region from position 33 to 40, where 
amino acid conservation is exclusive of LEF-1 (Fig. 2). 

The predicted amino acid sequence of LEF-1 also in- 
cludes a segment of 197 amino acids containing 37 pro- 
line residues and a 39-amino-acid region containing 14 
aspartic and glutamic acid residues (Fig. 1 a). Proline-rich 
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I CGGAGGAGCCGAGGGGCCACCGGCAGCTCTTTGCTTTGACCGAGGGGAGGCGGGGAGAGAGGCGAGCCAGGCAGAAACTCGAGCCGGGAACAAAGAGGGATCGGGCTCGAGTGTGTGTG 

120 TGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTAAGTGTGTGTATCGGCCCGAGCTGCGGGCTGGAACATTTGGGCCCGAAGCTCCTGCTGTGACTCCCCAAGACTCCGCCGTGCCAGC 

239 CACCGCCGATTCCCAGCGCTCATCATCACAAACTTTATTCTTGGCAAACTTCTCTTTTTCTCCCCTCCCCCTCCAGCAGATTAAATGCTCCTCCAGAAGGAAAACCGAAGCGAAAGGGA 

358 AGGAAAGAAGCTCTAACGCGGACGTCTGCAGCCCGGTGGCTCTTTATTGTTTACTCTGAAGGAAGTGGACTTTTCGGTATTTTCTGATTCTTCTCGTACCTCCGCTGGGGCAAAGGGAG 

477 CCTCTTGGCCAGCTCTCCTCTTCTCAAAAACAAAACAAAACAAAACCCC~TCACCGAAATCAGCATCCGAGGAATCCGTGGAGAGGTTTTGCACGGTGACGCACCACGGGACCCTCG 

596 TTTGCACTTTGGCAAGTCGTGTCCCCTCCGGAACCGGTGTCCTCGA•AGCACAGACCCCAGCAACGAGTGCGGCGTGGGGTGGCCACCCAGCCCTGGCAGCCTAGCCTAGTGCACGCGGA 

715 GCGCGTAGACGCTCTCAGAGGCGCCGGCGTGCCGCCCTCGCAGTCTGGTGCCCTTCGCCCCAGGCCGGGGCGCCGGCGTCCTTCTAAGTGGGAAAGCGCGGCAATCGCAGAGGCT•CTG 

834 CAGCTGCTCCAGCCGTGGGCCCCTCGCTTGCCCACCCGGCTTCCATTCACAGTCCTCCCGCACTCAGTCTTCCAACTCCCCCACCTCACATCGACCCTCCCTTCTTGCTGTCTCGGAGT 

953 GCTCCCGCAGCGGAGCGGAGATTACACAGCCGCCGGG 

1 i0 20 

Met Pro Gln Leu Ser Gly Gly Gly Gly Gly Gly Asp Pro Glu Leu Cys Ala Thr Asp Glu 

ATG CCC CAA CTT TCC GGA GGA GGC GGC GGG GGG GAC CCG GAA CTC TGC GCC ACC GAT GAG 

30 40 50 

Met Ile Pro Phe Lys Asp Glu Gly Asp Pro Gln Lys Glu Lys Ile Phe Ala Glu Ile Set His Pro Glu Glu Glu Gly Asp Leu Ala Asp 

1050 ATG ATC CCC TTC AAG GAC GAA GGC GAT CCC CAG AAG GAG AAG ATC TTC GCC GAG ATC AGT CAT CCC GAA GAG GAG GGC GAC TTA GCC GAC 

60 70 80 

Ile Lys Ser Set Leu Val Asn Glu Ser Glu Ile Ile Pro Ala Set Asn Gly His Glu Val Val Arg Gln Ala Pro Ser Ser Gln Glu Pro 

1140 ATC AAG TCA TCT TTG GTT AAC GAG TCC GAA ATC ATC CCA GCC AGC AAC GGG CAT GAG GTG GTC AGA CAA GCC CCG TCC TCT CAG GAG CCC 

90 i00 ii0 

Tyr His Asp Lys Ala Arg Glu His Pro Asp Glu Gly Lys His Pro Asp Gly Gly Leu Tyr Asn Lys Gly Pro Ser Tyr Ser Ser Tyr Set 

1230 TAC CAC GAC AAG GCC AGA GAA CAC CCT GAT GAA GGA AAG CAT CCA GAC GGA GGC CTG TAC AAC AAG GGA CCC TCC TAC TCC AGT TAC TCT 

120 130 140 

Gly Tyr Ile Met Met Pro Ash Met Asn Ser Asp Pro Tyr Met Ser Asn Gly Set Leu Ser Pro Pro Ile Pro Arg Thr Set Asn Lys Val 

1320 GGC TAC ATA ATG ATG CCC AAT ATG AAC AGC GAC CCG TAC ATG TCA AAT GGG TCC CTT TCT CCA CCC ATC CCG AGG ACA TCA AAT AAA GTG 

150 160 170 

Pro Val Val Gln Pro Set His Ala Val His Pro Leu Thr Pro Leu Ile Thr Tyr Set Asp Glu His Phe Set Pro Gly Set His Pro Set 

1410 CCC GTG GTG CAG CCC TCT CAC GCG GTC CAC CCG CTC ACC CCC CTC ATC ACC TAC AGC GAC GAG CAC TTT TCT CCG GGA TCC CAC CCG TCA 

180 190 200 

His Ile Pro Ser Asp Val Asn Ser Lys Gln Gly Met Ser Arg His Pro Pro Ala Pro Glu Ile Pro Thr Phe Tyr Pro Leu Set Pro Gly 

1500 CAC ATC CCG TCA GAT GTC AAC TCC AAG CAA GGC ATG TCC AGA CAC CCT CCA GCT CCT GAA ATC CCC ACC TTC TAC CCC CTG TCT CCG GGC 

210 220 230 

Gly Val Gly Gln Ile Thr Pro Pro Ile Gly Trp Gln Gly Gln Pro Val Tyr Pro Ile Thr Gly Gly Phe Arg Gln Pro Tyr Pro Set Ser 

1590 GGC GTT GGA CAG ATC ACC CCA CCC ATT GGC TGG CAA GGT CAG CCT GTT TAT CCC ATC ACG GGT GGA TTC AGG CAA CCC TAC CCA TCC TCA 

240 250 260 

Leu Ser Gly Asp Thr Set Met Set Arg Phe Set His His Met Ile Pro Gly Pro Pro Gly Pro His Thr Thr Gly Ile Pro His Pro Ala 

1680 CTG TCA GGC GAC ACT TCC ATG TCC AGG TTT TCC CAT CAT ATG ATT CCT GGT CCC CCT GGC CCC CAC ACA ACT GGC ATC CCT CAT CCA GCT 

270 280 I 290 

Ile Val Thr Pro Gln Val Lys Gln Glu His Pro His Thr Asp Ser Asp Leu Met His Val Lys Pro Gln His Glu GlnlArg Lys Glu Gln 

177, ATT GTA ACA CCT CAG GTC AAA CAG GAG CAC CCC CAC ACG GAC AGT GAC CTA ATG CAC GTG AAG CCT CAA CAC GAA CAGIAGA AAG GAG CAG 
] 

1 8 6 0  

1950 

2040 

Glu Pro Lys Arg Pro His Ile Lys Lys 

GAG CCC AAA AGA CCT CAT ATT AAG AAG 

Leu Lys Glu Ser Ala Ala Ile Asn Gln 

CTA AAG GAG AGT GCA GCT ATC AAC CAG 

Arg Lys Glu Arq Gln Leu His Met Gln 

CGG AAA GAG AGA CAG CTA CAC ATG CAG 

Leu Gln Glu Set Thr Ser Gly Thr Gly 

2130 CTA CAG GAG TCG ACT TCA GGT ACA GGT 

300 310 
Pro Leu Asn Ala Phe Met Leu Tyr Met Lys Glu 

CCT CTG AAT GCT TTC ATG TTA TAT ATG AAA GAA 

330 340 

Ile Leu Gly Arg Arg Trp His Ala Leu Set Arg 

ATC CTG GGC AGA AGA TGG CAC GCC CTC TCC CGG 

360 370 

Leu Tyr Pro Gly Trp Ser Ala Arg Asp Asn Tyr 

CTT TAT CCA GGC TGG TCA GCG CGA GAC AAT TAT 

390 397 

Pro Arg Met Thr Ala Ala Tyr Ile OP 

CCC 

320 

Met Arg Ala Asn Val Val Ala Glu Cys Thr 

ATG AGA GCG AAT GTC GTA GCT GAG TGC ACG 

Glu Glu Gln Ala Lys Tyr Tyr Glu Leu 

GAA GAG CAG GCC AAA TAC TAT GAA CTA 

I 

Gly Lys Lys Lys Lys Arg LyslArg Glu 

GGC AAG AAG AAG AAG AGG AAGIAGA GAG 
I 

350 

Ala 

GCA 

380 

Lys 

AAG 

AGA ATG ACA GCT GCC TAC ATC TGA AACATGGTGGTAAGAGAAGCTCCTTCCCAACGTGCAAAGCCAAGGCAG 

2232 CGACCCCAGGCCCTCTTCTGGAGATGGAAGCTTGTTGAAACCCCAGACTGTCTCCACAGCTTGCCCGGCTGACCCCAAGGAACACTGACAGCAACCTTACCCTGAGGTCACTGCTAGCGC 

2352 TGACC•GAAGACACAGTCACTGCCACCTCTTCCTTCTGTCGTCTACTGCAAGCGCCGACTTCCAAAAAGAAAGCCGAAAACGGTTGTTTCGG 

Figure 1. (See facing page for legend.) 
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Figure 2. Amino acid sequence alignment of the HMG boxes of LEF-1 and other members of the family. The first line shows the HMG 
box of murine LEF-1. The amino acid positions of the HMG box in each protein are indicated in parentheses. The numbers above the 
amino acid sequence of LEF-1 indicate the relative positions within the HMG box. The HMG boxes of the mating-type proteins Mat 
Mc of S. pombe (Kelly et al. 1988) and m t a l  of IV. crassa (Staben and Yanofsky 1990) show 25% and 22% amino acid sequence identity 
with the HMG box of LEF-1, respectively, and 47% and 41% sequence similarity. For optimal sequence alignment, one-amino-acid 
gaps were allowed in Mat Mc between positions 98 and 99, and in mt al between positions 111 and 112. The sequence identity and 
similarity of the HMG box of LEF-1 with that of the murine SRY (Gubbay et al. 1990) are 25% and 41%; with that of human hUBF 
(Jantzen et al. 1990) are 18% and 35%; and with that of human HMG-1 (Wen et al. 1989) are 21% and 32%. Amino acids identical 
among the various HMG boxes are boxed, and conserved amino acids are indicated in bold type. Conserved amino acid substitution 
groups are (K,R,H), (L,I,V), (W,Y,F), (E,D), and (L,M,I). 

and acidic regions have been implicated previously in 

the activation functions of RNA polymerase II transcrip- 

tion factors {for review, see Mitchel l  and Tjian 19891. 

Developmental expression pattern 

To examine  the expression pattern of LEF-1, polyIA + } 

RNA from various mouse tissues was analyzed for the 

presence of transcripts hybridizing to a probe derived 

from the coding region of GN8 cDNA. RNA blot analy- 

sis revealed mult iple-sized transcripts specifically in 

lymphoid tissues {lymph nodes, spleen, and thymus} and 

in testis {Fig. 3al. Two major transcripts of 2.7 and 4.2 kb 

were detected in thymus  and at lower abundance in 

lymph  nodes and spleen. Hybridizat ion of the RNA blot 

wi th  a D N A  probe derived from the 5' end of the GN8 

cDNA revealed only the 4.2-kb major transcript, suggest- 

ing that  the GN8 clone represents a partial cDNA of this 

transcript {data not shown}. The 2.7-kb transcript ap- 

pears to be generated by alternate promoter usage or al- 

ternate RNA processing, or may  be derived from a very 

closely related gene. In addition, a series of low abundant  

transcripts ranging from 3.0 to 3.4 kb were detected in 

testis. Prel iminary characterization of a clone isolated 

from a testis cDNA library using a GN8 cDNA probe 

indicates that these testis-specific transcripts are derived 

from the DNA strand opposite to that  encoding the LEF- 

1 transcripts (Rong-guo Qiu and R. Grosschedl, unpubl.I. 

Therefore, the LEF-1 gene appears to be expressed in a 

lymphoid-specific manner.  

To gain further insight  into the expression of LEF-1 

wi th in  the lymphoid  B- and T-cell lineages, RNA from 

mur ine  and h u m a n  cell l ines representing various stages 

of differentiation was examined for the presence of LEF-1 

transcripts {Fig. 3b). Two major LEF-1 transcripts of 4.2 

and 2.7 kb and a minor  LEF-1 transcript of 3.7 kb were 

detected in all pre-B-cell lines, whether  derived from fe- 

tal liver {lanes 4-6) or from adult bone marrow {lanes 

7-11 I. Maturat ion of the pre-B-cell l ines PD31 and 70Z/3 

wi th  bacterial l ipopolysaccharide (LPS; Nelson et al. 

1984}, resulted in a three- to sirdold decrease in the num-  

ber of LEF-1 transcripts {cf. lane 8 wi th  9 and lane 10 

wi th  111. Cell l ines representing later stages of B-cell 

differentiation (mature B cells and plasmacytomas) did 

not contain any LEF-1 transcripts {lanes 12-171. How- 

ever, LEF-1 transcripts were detected in all T-cell l ines 

analyzed {lanes 18-221, irrespective of their  differentia- 
t ion stage. Finally, LEF-1 transcripts were not detected in 

any of the non lymphoid  cell l ines examined {lanes 1-31, 

which  include representatives of the myeloid  {WEHI 3} 

and erythroid {MEL) hematopoet ic  lineages. Taken to- 

Figure 1. Nucleotide sequence of the murine LEF-1 cDNA and predicted amino acid sequence of the encoded protein. (a) Schematic 
diagram of LEF-1 cDNA clones and the longest open reading frame. The two lines represent the cDNA clones GL1 and GN8. The open 
reading frame is shown above. (HMG boxl The stippled box representing the region of homology with HMG-1. The hatched box depicts 
an acidic region {36% aspartic and glutamic acid); the zigzagged box represents a proline-rich region {19% prolinel. (bl Nucleotide 
sequence of the cDNA clone GN8 and predicted amino acid sequence of the encoded protein. The HMG homology is indicated by the 
box. 
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Figure 3. Expression of LEF-1 in mouse tissues and in mouse and human cell lines. (a) RNA blot analysis of LEF-1 transcripts in adult 

mouse tissues. Poly(A} + RNA (0.5 txg) from various tissues was size-fractionated by gel electrophoresis, transferred to a nylon 

membrane, and hybridized with a nick-translated DNA probe derived from the GN8 cDNA (nucleotides 1158-1517). The sizes of the 

major LEF-1 transcripts detected in thymus and at lower abundance in spleen and lymph nodes are -2 .7  and 4.2 kb, as determined 

by comparison with an 18S and 28S rRNA size marker. The transcripts detected in testis range in size from 3.0 to 3.4 kb. To control 

for RNA levels, a duplicate RNA blot was hybridized with a nick-translated hamster actin gene probe {bottom}. (bJ RNA blot analy- 

sis of LEF-1 transcripts in various cell lines. Poly(A} + RNA (0.5 p~g) from various tissue culture cell lines was analyzed for the presence 

of LEF-1 transcripts as in a. RAJI and A2.01 are human lymphoid B- and T-cell lines, respectively. All other cell lines are derived from 

mouse. They include fetal liver-derived pre-B cells (HAFTL, 40E1, and 38B9), adult bone marrow-derived pre-B cells (PD36, PD31, and 

70Z/3), B cells {M12, WEHI231, and BCLI), plasmacytomas (SP2 and J558L), and T cells, including three CD4-/  

CD8- cell lines {BW5147, EL4, and A2.01J, a CD4+/CD8 + cell line (820), and a CD4-/CD8 + cell line {1200M). Nonlymphoid cell 

lines include fibroblasts {NIH-3T3), erythroleukemia cells (MEL], and myeloid cells [WEHI 3J. The sizes of the LEF-1 transcripts [4.2, 

3.7, and 2.7) were estimated by comparison with an 18S and 28S RNA size standard. 
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gether, these observations suggest that LEF-1 is ex- 

pressed specifically in pre-B and T lymphocytes  and is 

conserved between mouse and man. 

Detection and nuclear localization of endogenous 
LEF-1 

To detect the endogenous LEF-1 protein in lymphoid 

cells, we raised rabbit polyclonal antibodies to a poly- 

peptide derived from the GL1 cDNA by bacterial over- 

expression (see Materials and methods). This  anti-LEF-1 

serum was used to probe immunoblo t s  of whole-cell  ex- 
tracts from various lymphoid  and nonlymphoid  cells 

(Fig. 4a, lanes 4--11). A major protein wi th  an apparent 

molecular  mass of 54 kD was detected in pre-B and T 

cells (lanes 5-8). Minor  polypeptides of smaller  apparent 

molecular  mass were detected in T cells (lanes 5 and 6), 

but not in B-lineage cells or in nonlymphoid  cells (lanes 

4, 7-11 ). This  suggests that the faster-migrating polypep- 

tides represent alternate forms of LEF-1, degradation 

products, or other T-cell-specific proteins that can cross- 

react wi th  the anti-LEF-1 serum. For comparison, the 

anti-LEF-1 serum was reacted wi th  polypeptides that 

were translated in vitro from GL1- and GN8-derived 

transcripts (Fig. 4a, lanes 1-3). The GN8-derived poly- 

peptide comigrated wi th  the 54-kD protein detected in 

pre-B and T cells, supporting the conclusion that the 

GN8 cDNA contains the entire open reading frame of 
LEF-1. 

The subcellular  location of LEF-1 was examined by 

indirect immunof luorescence  microscopy of 70Z/3 pre-B 

cells reacted wi th  anti-LEF-1 serum (Fig. 4c). Although 

dist inguishing lymphoid  cell nuclei  and cytoplasm is 

complicated by their small  cytoplasmic volume, nuclear  

staining could be inferred by examining  cells at high 

magnificat ion (Fig. 4b) and by comparing the immuno-  

fluorescence staining of LEF-1 (Fig. 4c )wi th  DAPI stain- 

ing of D N A  (Fig. 4d). LEF-1 staining was nuclear  in non- 

dividing cells, but it was distributed throughout the cy- 

toplasm in dividing cells (Fig. 4b-d, cell pair in anaphase 

at lower right corner and cell in metaphase  above it), 

consistent wi th  their lack of a nuclear  envelope. The 

level of background staining of the cells was determined 

wi th  p re immune  serum (Fig. 4e). These data indicate 

that LEF-1 is a nuclear  protein. 

Sequence-specific DNA binding 

To determine whether  LEF-1 binds D N A  in a sequence- 

specific manner  and to identify putative target se- 

quences, we examined various lymphocyte-specif ic  en- 

hancers for LEF-1 binding. Our search was facili tated by 

two observations. First, act ivi ty of the TCR~ enhancer  is 

observed in T and pre-B cells (Krimpenfort et al. 1988; 

", 2 + " '~3 : .  4 ~:::5 6 7 8 9 10 ~ :1~1 

Figure 4. Protein identification and subcellular localization of LEF-1. (a) Immunoblot analysis of LEF-1 protein. In vitro-translated 
recombinant LEF-1 polypeptides (lanes 2 and 3) and whole-cell protein extracts from various cell lines (lanes 4-11) were size- 
fractionated by SDS-PAGE, transferred onto a nylon membrane, and reacted with precleared anti-LEF-1 serum {see Materials and 
methodsl at a dilution of 1 : 3000. Recombinant LEF-1 polypeptides were translated in a reticulocyte lysate from GL 1- or GN8-derived 
transcripts (see Materials and methods). The sizes of molecular mass markers are indicated in kD. (b-e) Immunocytochemical staining 
of endogenous LEF-1. Bright-field (b), rhodamine immunofluorescence (c), and 4,6-diamidino-2-phenylindole (DAPI) fluorescence (d) 
microscopy of the same field of fixed 70Z/3 pre-B cells reacted with precleared anti-LEF-1 serum at a dilution of 1 : 130 and double- 
stained with rhodamine-conjugated goat anti-rabbit antibodies and the DNA intercalating agent DAPI. (e) Immunofluorescence 
microscopy of fixed 70Z/3 cells incubated with preimmune serum at a 1 : 130 dilution. 
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Takeda et al. 1990), thus paralleling the expression pat- 
tern of LEF-1. Second, a DNA fragment comprising part 
of an enhancer associated with the murine CD4 gene can 
interact with a pre-B- and T-cell-specific nuclear factor 
in vitro (S. Sawada and D.R. Littman, pers. comm.). Elec- 
trophoretic mobility-shift and methylation interference 
assays performed with in vitro-translated LEF-1 protein 
indicated that LEF-1 can bind a specific sequence in this 
CD4 enhancer fragment (A. Amsterdam, S. Sawada, D.R. 
Littman, and R.Grosschedl, unpubl.). Nucleotide se- 
quences closely related to this LEF-l-binding site were 
also found to be present in the human and mouse TCRa 
and TCRJ3 enhancers (Krimpenfort et al. 1988; McDou- 
gall et al. 1988a; Ho and Leiden 1989; Winoto and Bal- 
timore 1989; Gottschalk and Leiden 1990; Takeda et al. 
1990). Since the human TCRa enhancer has been well- 
characterized and delineated to a 116-bp DNA fragment, 
we selected this enhancer for studies of the binding spec- 
ificity and the putative regulatory role of LEF-1. 

For the studies aimed at examining DNA binding of 
LEF-1, a recombinant vaccinia virus was generated that 
allows for overexpression of LEF-1 in infected cells (see 
Materials and methods). Therefore, infection of HeLa 
cells, which lack endogenous LEF-1, with this recombi- 
nant vaccinia LEF-1 virus or a control vaccinia hemag- 
glutinin (HA) virus enabled us to prepare nuclear ex- 
tracts that differed only in the presence or absence of 
LEF-1. Immunoblot analysis of nuclear extracts of HeLa 
cells infected with the vaccinia LEF-1 virus indicated a 
level of LEF-1 five times higher than that detected in the 

T-cell line 1200M (data not shown). 
Sequence-specific binding of recombinant LEF-1 to a 

minimal 98-bp TCR~ enhancer fragment (TCR~98; Fig. 
5a) was examined by DNase I footprinting with either 
HeLa/vaccinia LEF-1 or HeLa/vaccinia HA nuclear ex- 
tracts (Fig 5b, lanes 3 and 4). A DNase I-protected region 
between nucleotides 62 and 76 was generated only with 
HeLa/vaccinia LEF-1 nuclear extract (lane 3), indicating 
sequence-specific binding of recombinant LEF-1 to the 
TCRot enhancer. Nucleotides flanking the LEF-1-binding 
site displayed an enhanced sensitivity to DNase I cleav- 
age. Additional protection over a region from nucleotide 
21 to 46 was observed with both HeLa cell nuclear ex- 
tracts (lanes 3 and 4). This footprint coincides with the 
~1 footprint that has been observed previously in T-cell 
nuclear extracts and covers a region containing a con- 
sensus cAMP-responsive element (CRE; Jones et al. 
1988). The LEF-l-generated footprint coincides with a 
footprint generated by the recently identified and puri- 
fied T-cell factor TCF-Is  (Waterman and Jones 1990) and 
overlaps with a larger footprint that has been observed 
previously in T-cell nuclear extracts and has been 
termed ~2 (see Fig. 5a; Ho and Leiden 1989). 

To gain further insight into LEF-1 binding, the meth- 
ylation interference pattern of recombinant LEF-1 on a 
partially methylated 25-bp TCR~ DNA fragment was de- 

termined using HeLa/vaccinia LEF-1 nuclear extract (Fig. 
5a, TCR~25). Binding of LEF-1 is inhibited by methyl- 
ation of Gzo and partially inhibited by methylation of 
G69 (Fig. 5c). No methylated G nucleotides on the other 

strand interfered with LEF-1 binding (data not shown). 
On the basis of the methylation interference data, 
TCRa98 and TCRc~25 oligonucleotides containing a tri- 
ple point mutation in the LEF-l-binding site were gen- 

erated for subsequent studies (Fig. 5a). 
Sequence specificity of the LEF-1/TCRot25 protein- 

DNA interaction was demonstrated by competition of 
binding with wild-type and mutated TCRa25 oligonu- 
cleotides (Fig. 6a). The LEF-1/TCR~t25 complex was de- 

tected in an electrophoretic mobility-shift assay using 
HeLa/vaccinia LEF-1 nuclear extract (lane 2) but not 

with HeLa/vaccinia HA (lane 1). The LEF-1/TCRa25 
complex was sensitive to competition with the wild- 
type oligonucleotide but was resistant to competition 
with the mutant  oligonucleotide (lanes 3-10), demon- 
strating sequence-specific binding of recombinant LEF-1. 

Incubation of the TCRc~25 fragment with nuclear ex- 
tract from the T-cell line 1200M resulted in the forma- 
tion of a complex that comigrated with a complex con- 
taining in vitro-translated LEF-1 (Fig. 6b, lanes 2 and 3). 
The apparent affinity of the 1200M nuclear protein for 
the LEF-l-binding site is similar to that of recombinant 
LEF-1, as determined by competition of binding with 
wild-type and mutant  TCRa25 oligonucleotides (lanes 
4-11). To confirm that the complex obtained with 
1200M nuclear extract contains LEF-1 or a closely re- 
lated protein, we incubated the nuclear extract with 
anti-LEF-1 serum prior to the addition of the labeled 
TCRa25 oligonucleotide (Fig. 6c). Increasing amounts of 
serum inhibited the formation of the protein/TCR~25 
complex Ilanes 4 and 5). No inhibition was observed 
with preimmune serum (lanes 2 and 3). To control for 
the specificity of the anti-LEF-1 serum, we examined the 
effect of anti-LEF-1 serum on the binding of Oct-1 to its 
OCTA recognition sequence. No interference with bind- 
ing was observed (lanes 9 and 10). Taken together, these 
data indicate that both recombinant and endogenous 
LEF-1 bind specifically to a site in the TCR~ enhancer. 

Functional importance of LEF-1 

The dependence of cell type-specific TCR~ enhancer 
function on the LEF-l-bindin~ site was examined by in- 

serting two copies of the wild-type or a mutated TCRoL98 
enhancer fragment {see Fig. 5a) 5' of a tkCAT reporter 
gene construct containing a 109-bp promoter fragment of 
the herpes simplex virus (HSVJ thymidine kinase (tk) 
gene linked to the chloramphenicol acetyltransferase 
(CAT} gene (see Materials and methods}. The tkCAT 
construct contained a triple poly(A+l site upstream of 
the inserted enhancer fragments to reduce translatable 
readthrough from vector sequences (Maxwell et al. 
1989}. Wild-type and mutant  TCR~98/tkCAT constructs 
were transfected together with a Rous sarcoma virus 
{RSV)-luciferase gene construct as a transfection control 
into various cell lines [Fig. 7). These experiments indi- 
cated that mutation of the LEF-l-binding site decreased 
enhancer function by a factor of 5 and 10 in the T-cell 

lines EL4 and BW5147, respectively, and by a factor of 4 
in PD36 pre-B cells. In contrast, the mutations did not 
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Figure 5. Sequence-specific binding of recombinant  LEF-1 to the TCRa en- 

hancer. [a) Structure of wild-type and mutan t  TCRot enhancer fragments. Nu- 

cleotide sequence of a 98-bp DNA fragment comprising the eq and a2 region of 

the human  TCRa enhancer (Ho and Leiden 1989). Brackets designated with a~, 

~, and LEF-1 indicate nucleotide sequences that are protected from DNase I 

digestion by nuclear factors in T-cell extracts (Ho et al. 1989} or by recombinant  

LEF-1 in nuclear extracts from vaccinia LEF-1 virus-infected HeLa cells, respec- 

tively. The underlined sequences indicate a CRE consensus sequence {Jones et 

al. 1988) and a binding site for recombinant  Ets-1 (Ho et al. 1990). SalI and XhoI 
l inker sequences at the boundaries of the TCRa DNA fragments and mutated 

nucleotides in the LED 1-binding site are represented by lowercase letters. The 

numbering is according to Ho and Leiden (1989). {b) DNase I footprint analysis 

of the TCRa98 DNA fragment. Wild-type TCRct98 fragment was 3'-end-labeled 

on the noncoding {bottom) strand and incubated in the presence of 2 i~g of 

poly[dII-C)] and 1 t~g of salmon sperm DNA with  no protein [lane 2), 75 txg of 
nuclear extract from either vaccinia LEF-1 virus-infected HeLa cells {lane 3J or 

from vaccinia HA virus-infected HeLa cells (lane 4J. Lane 1 contains a Maxam-  

Gilbert G nucleotide sequence reaction of the same DNA fragment. The posi- 

tion of some G nucleotides, numbered as in a, is shown next to the G ladder. 

The DNase I-protected regions are indicated by brackets. Nucleotides exhibit- 

ing enhanced sensitivity to DNase I cleavage are shown by an arrowhead. (c) 

Methylation interference analysis of the TCRa25 oligonucleotide. The 

TCRct25 oligonucleotide comprising the LEF-l-binding site was 5'-end- 

labeled on the noncoding (bottomj strand, partially methylated wi th  dimeth- 

ylsulfate {DMS), and incubated with nuclear extract from vaccinia LEF-1 virus- 

infected HeLa cells. Bound and free oligonucleotides were separated by dec-  

trophoretic mobility-shift assay {see Fig. 6}. The interference patterns for the 

bound (B) and free IF) oligonucleotides are shown in lanes 2, 1, and 3, respec- 

tively. G nucleotides that interfere strongly {O} or weakly (OJ wi th  LEF-1 bind- 

ing are indicated. Part of the TCRa25 nucleotide sequence of the noncoding 

strand is shown. The lower abundance of the G nucleotide at position 80 in lane 

2 was shown by additional experiments to be due to a preferential loss of lower 

moleculer mass nucleic acids during ethanol precipitation (data not  shown). 

affect the low level of CAT expression obtained in M12 
B cells, J558 plasmacytomas, and NIH-3T3 fibroblasts. 
Thus, the maximal TCRa98 enhancer activity depends 
on the LEF-l-binding site and is observed only in cells 
that contain LEF-1. The mutation of the LEF-l-binding 
site in the context of a single copy of the TCRa98 en- 
hancer decreases enhancer function in BW5147 cells by a 
factor of eight as well, although the overall level of en- 
hancer activity is fivefold lower than that of the dupli- 
cated enhancer {data not shown}. Interestingly, and in 
agreement with data concerning the activity of a multi- 
merized TCF-lot-binding site {Waterman and Jones 
1990}, neither a single nor muhimerized TCRa25 oligo- 

nucleotide could augment basal transcription from a 

minimal los promoter {Berkowitz et al. 1989), indicating 
that the function of the LEF-l-binding site is dependent 
on the sequence context {data not shown). 

The regulatory role of LEF-1 for TCRet enhancer func- 

tion was examined by cotransfection of M12 B cells, 
lacking endogenous LEF-1, with the TCRet98/tkCAT re- 
porter gene together with a cytomegalovirus (CMV}/LEF- 
1 effector plasmid (see Materials and methods}. Forced 
expression of LEF-1 in B cells increased the activity of 
the wild-type TCRa98 enhancer by a factor of 3.5 rela- 
tive to the activity of the mutant  TCRot98 enhancer car- 
rying a nonfunctional LEF-l-binding site {Fig. 7b). Nei- 

G E N E S  & D E V E L O P M E N T  887  

 Cold Spring Harbor Laboratory Press on August 24, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


T r a v i s  et  al.  

1 2 3 4 5 6 7 8 9 10 

Figure & D N A  binding of recombinant and endogenous LEF- 

1. {a) Sequence specif icity of recombinant LEF-I. 3'-End- 

labeled and blunt-ended wild-type TCR~25 oligonucleotide 
was incubated with 1 ~g of nuclear extract of vaccinia LEF-1 
virus-infected HeLa cells in the presence of 750 ng of salmon 
sperm DNA. The protein-DNA complexes were separated by 
electrophoresis through a native 6% polyacrylamide gel and 

visualized by autoradiography. For competition with protein 

binding, increasing amounts of unlabeled wild-type {lanes 3-6} 
or mutant {lanes 7-10} TCRot25 oligonucleotides were in- 
cluded in the protein/DNA-binding reaction. As control, the 
labeled TCRa25 oligonucleotide was incubated with 1 ~g of 

nuclear extract of vaccinia HA virus-infected HeLa cells (lane 
1). The position of the unbound, free DNA probe {F) is indi- 

cated. {b) Interaction of a nuclear factor from T cells with the 
LEF-l-binding site. 3'-End-labeled and blunt-ended wild-type 
TCR~25 oligonucleotide was incubated with 5 ~g of nuclear 

extract from 1200M T cells in the presence of 1 ~g of dI/dC 

and 500 ng of salmon sperm DNA and analyzed in a electro- 
phoretic mobility-shift assay as described above. Sequence 
specificity of protein binding was assayed by including in- 

creasing amounts of wild-type (lanes ~-7) or mutant (lanes 

8-11} TCRa25 oligonucleotides in the protein/DNA-binding 
reaction. For comparison, the labeled TCRa25 oligonucleotide 

was incubated with recombinant LEF-1, translated in vitro in 
a wheat germ extract {lane 2). (c) The 1200M nuclear factor 
interacting with the TCRa25 oligonucleotide is immunolog- 
ically related to LEF-1. Five microliters of nuclear extract of 
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1200M T cells was incubated with no serum {lane 1 }, 0.1 and 0.5 p.1 of undiluted anti-LEF-1 serum (lanes 4 and 5), or preimmune serum 
{lanes 2 and 3) prior to addition of the 3'-end-labeled and blunt-ended wild-type TCRa25 oligonucleotide. The protein-DNA complexes 

and unbound, free DNA probe (F) were separated in an electrophoretic mobility-shift assay. One microgram of nuclear extract of 
1200M T cells was incubated with no serum (lane 6}, preimmune serum (lanes 7 and 8}, or undiluted anti-LEF-1 serum (lanes 9 and 
10), prior to addition of a 5'-end-labeled wild-type OCTA oligonucleotide. 

ther  the  ac t iv i ty  of the  wi ld- type  nor  tha t  of the m u t a n t  

T C R a 9 8  e n h a n c e r  was  affected by the  cot ransfec ted  con- 

trol  effector p l a smid  C M V / i n v  LEF- 1 con ta in ing  the LEF- 

1 c D N A  inser t  in  an  inverse  or ien ta t ion .  In contrast ,  

t ransfec t ion  of the CMV/LEF-1 effector p l a smid  in to  

NIH-3T3  f ibroblast ic  cells did no t  increase  the  ac t iv i ty  

of a cot ransfec ted  T C R a 9 8 / t k C A T  reporter  gene {data 

not  shown).  Possibly,  nega t ive  regu la t ion  in  non lym-  
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Figure 7. LEF-1 participates in regulating TCRa enhancer activity. (a) Dependence of the TCRa98 enhancer on the LEF-l-binding site 
parallels the expression pattern of LEF-1. ptkCAT and the derivative pTCRa98/tkCAT plasmids, carrying a duplicated wild-type (awt} 
or mutant (smut} TCRa98 enhancer fragment (see Fig. 5a) at position - 109 of the HSV tk promoter, were transfected into various cell 
lines, pRSV-luciferase was included in all transfection experiments as an internal standard. A representative CAT assay, separating 
the acetyl-chloramphenicol (Ac-Cm) reaction products and chloramphenicol {Cm) by thin-layer chromatography, is shown, and the 
average relative CAT levels, which were determined by multiple transfections and normalized to the luciferase level, are indicated. 
The variability between independent experiments was <20%. (b) Expression o[ recombinant LEF-1 augments TCR~ enhancer function 
in a LEF- 1-binding site-dependent manner. M 12 B-lineage cells, lacking endogenous LEF- 1, were cotransfected with the ptkCAT or 
pTCRa98/tkCAT reporter plasmids together with a CMV/LEF-1 effector plasmid containing the GL1 cDNA linked to the CMV 
enhancer and promoter. The ratio of reporter-effector plasmid was 1 : 10. The control effector plasmid CMV/inv LEF-1 contains the 
GL1 cDNA linked to the CMV enhancer-promoter in an inverse orientation. CAT activity was assayed and normalized to the activity 
of a cotransfected RSV-luciferase gene. 

phoid cells prevents LEF-1 from augmenting TCRa98 

enhancer function. Alternatively,  the function of LEF-1 

may  be dependent on a lymphoid-specific modification 

or cooperation wi th  other lymphoid-specific factors. 

Whatever mechanisms  restrict LEF-1 function t o  lym- 

phoid cells, our experiments indicate that  LEF-1 partic- 

ipates in the regulation of cell type-specific function of 

the TCRa  enhancer.  

Discussion 

In this s tudy we identified a mur ine  regulatory gene that  

is expressed specifically in pre-B and T lymphocytes.  

This gene, termed LEF-1, encodes a sequence-specific 

DNA-binding protein that  recognizes a functionally im- 

portant  site in the TCRa  enhancer.  A regulatory role of 

LEF-1 in TCRa-enhancer  function is based on three ar- 

guments.  First, transfection of a LEF-1 cDNA expression 

vector into a mature  B-cell line increases the expression 

of a cotransfected reporter gene, containing a TCRa  en- 

hancer, in a LEF-l-binding si te-dependent manner .  Sec- 

ond, the LEF-1-binding site contributes to the function of 

this TCRa  enhancer.  Third, the cell type-specific pat tern 

of maximal  enhancer  act ivi ty parallels the expression of 

LEF-1. The cell type specificity of both T C R a  and TCR[~ 

enhancers, however, is less confined than the expression 

pat tern of their associated genes, suggesting that  addi- 

tional regulation is required to govern the u l t imate  de- 

velopmental  expression pat tern of these genes. Recently, 

the TCRa  gene was shown to contain silencers that  ap- 

pear to restrict gene expression to the etl3 + subset of T 

lymphocytes  (Winoto and Baltimore 1989b). 

The expression of LEF-1 in pre-B and T cells raises the 

question as to whether  LEF-1 is involved in the regula- 

t ion of other genes that  are expressed in early stage B 

cells and/or T-lineage cells. The binding site of LEF-1 in 

the h u m a n  TCRa  enhancer  coincides wi th  the binding 
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site of the recently identified and purified nuclear factor 

TCF-la (Waterman and Jones 1990). TCF-lo~ was shown 
to bind to related sequences associated with the IgH en- 

hancer and the promoters of the Ick, CD3-y, and CD3~ 

genes and human immunodeficiency virus (HIVJ (Water- 

man and Jones 1990). Therefore, we expect LEF-1 to bind 

to these sites as well. In addition to the coincidence of 

their recognition site in the TCRoL enhancer, the rela- 
tionship between LEF-1 and TCF-la is extended further 

by the similarity of their apparent molecular masses, 

which are 54 kD for LEF-1 and 53-57 kD for TCY-lot 

(Waterman and Jones 1990). Moreover, TCF-la was de- 

tected in T-cell lines but not in mature B-cell lines and 
nonlymphoid cells, which is consistent with the pre-B- 

and T-cell-specific expression pattern of LEF-1. Finally, a 

double mutation in the TCRa enhancer that abrogates 
binding of TCF-1 et was recently shown to drastically de- 

crease the function of a duplicated enhancer (Waterman 

and Jones 1990). Because different proteins can poten- 
tially recognize the same nucleotide sequence (Staudt et 

al. 1986; Scholer et al. 1989; Mitchell and Tjian 1989}, 

further analysis of TCF-lc~ will be required to determine 

its relationship to LEF-1. 
Although our data are compatible with a putative ac- 

tivator function of LEF-1, neither a single nor multimer- 

ized binding sites for LEF-1 augment basal transcription 

from a minimal los promoter. Instead, function of the 
LEF-1-binding site can only be detected in the context of 
other factor-binding sites. This observation suggests ei- 

ther that LEF-1 is dependent on other DNA-binding pro- 

teins to bind with high affinity and to exert its function 

as a transcription factor or that LEF-1 stimulates tran- 

scription indirectly by affecting the binding or activity of 
other transcription factors. A comparison of the forma- 

tion and stability of LEF-1/DNA complexes generated 

with nuclear extracts or in vitro-translated LEF-1 and 
various TCRa enhancer fragments does not indicate a 

dependence of LEF-1 binding on other factors or factor- 

binding sites (data not shown). Moreover, the nucleotide 
sequence context of the LEF-1-binding site is different in 

the TCRoL and TCRI3 enhancers. Therefore, we favor the 

view that LEF-1 may alter the DNA binding or action of 

other transcription factors at these enhancers. 
In addition to its role in the activation of gene expres- 

sion, LEF-1 may also be involved in negative regulation 

of gene expression. Recently, a multimerized TCRa en- 

hancer fragment containing the a2 footprint (see Fig. 5a), 
which includes the LEF-1-binding site and a binding site 

for Ets-1 {Ho et al. 1990), was shown to repress gene 
expression by antagonizing the function of a linked SV40 

or RSV enhancer in a T-cell-specific manner (Ho and 

Leiden 1990b). The molecular components for this re- 

pression, however, have not yet been identified, and the 
putative involvement of LEF-1 has not been examined. 

Although our experiments indicate an important role 

of LEF-1 for cell type-specific TCR(x enhancer function, 
LEF-1 is unlikely to be the only cell type-specific regu- 

latory protein involved. First, mutation of the LEF- 

1-binding site in the TCR~98 DNA fragment decreases 

enhancer function only to 10%. The mutant TCRa98 

enhancer still displays some degree of cell type specific- 

ity because residual enhancer activity can be detected in 

lymphocytes {excluding plasmacytomas). This observed 

pattern of enhancer function in lymphocytes parallels 

the expression of ets-1 (1. Hagman and R. Grosschedl, 
unpubl.), which has been shown previously to interact 

with a site 3' of the LEF-l-binding site (Ho et al 1990). 

Second, multiple dispersed point mutations in the 

TCRa2 footprint, which most likely abrogate binding of 

both LEF-1 and Ets-1, do not affect the function of a 

larger TCRa enhancer fragment comprising additional 

factor-binding sites (Ho and Leiden 1990a). Nevertheless, 

our data suggest that LEF-1 encodes a pre-B- and T-lym- 
phocyte-specific DNA-binding protein that interacts 

with a specific site in the TCRa enhancer to participate 

in the developmental regulation of enhancer function. 
The amino acid homology of LEF-1 with the nonhis- 

tone HMG-1 protein establishes LEF-1 as a new member 
of the family of HMG box proteins. In contrast to HMG- 

1, which is a nonspecific DNA-binding protein {for re- 

view, see van Holde 1989}, LEF-1 appears to bind DNA in 

a sequence-specific manner. The relationship between 
LEF-1 and HMG-1 is reminiscent of that of the prokary- 

otic proteins IHF and HU which, despite their extensive 
amino acid homology, bind DNA specifically and non- 

specifically, respectively (Yang and Nash 1989). In this 

respect, LEF-1 also differs from hUBF, another member 
of the family of HMG box proteins, whose sequence- 

specific DNA binding to the rRNA promoter was shown 
to be assisted by the interacting protein SL1 (Bell et al. 

1990}. We have no evidence that LEF-1 requires an inter- 
action with another protein to bind DNA in a sequence- 

specific manner. Possibly, the HMG box of LEF-1 

evolved into a DNA-binding domain that can recognize a 

specific nucleotide sequence independent of other pro- 

teins. Experiments examining the HMG box of LEF-1 as 
the putative DNA-binding domain indicated that 94 

amino acids comprising the HMG homology are both 

necessary and sufficient for sequence-specific recogni- 

tion of the LEF-l-binding site (A. Amsterdam and R. 
Grosschedl, in prep.). 

In conclusion, we have identified a gene that encodes 

a developmentally regulated sequence-specific DNA- 

binding protein. In addition to its regulatory role for 
TCRa enhancer function, we anticipate LEF-1 to partic- 

ipate in the regulation of other genes that specify the 

lymphocyte phenotype. To unravel the function of LEF-1 

for lymphocyte differentiation and mouse development, 

disruption of this gene in the mouse germ line (Mansour 
et al. 1988) or expression of dominant-negative mutants 

in transgenic mice (Herskowitz 1987) will ultimately be 

required. 

Materials and methods  

Isolation of cDNA clones 

A set of lymphocyte-specific cDNA clones was isolated from a 
murine 70Z/3 pre-B-cell cDNA library in hgtl 1 {Ben-Neriah et 

al. 19861. Lymphocyte-specific clones were identified by screen- 
ing duplicate bacteriophage lifts with [a-32P]dCTP-labeled first- 

890 GENES & DEVELOPMENT 

 Cold Spring Harbor Laboratory Press on August 24, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Pte-B and T lymphocyte-specific HMG box protein 

strand eDNA generated from either 70Z/3 or MEL murine 

erythroleukemia poly(A) + RNA (Bergman et al. 1983; Ben-Ne- 

riah et al. 1986). Of 200,000 plaques that hybridized with the 

radiolabeled 70Z/3 eDNA but failed to hybridize with the radi- 

olabeled MEL eDNA, 10,000 were picked as 16 pools of -600. 

These pools were rescreened by the same method using radio- 

labeled eDNA derived from the murine T-cell lines BW5147 and 

EL4, the pre-B-cell 70Z/3, and MEL. Single plaques hybridizing 

with all three labeled lymphoid cDNAs but not with the labeled 

erythroid eDNA were identified, and the recombinant bacte- 

riophages were isolated (Sambrook et al. 1989). cDNAs were 

subcloned into Bluescript (Stratagene) for sequencing of both 

strands of LEF-1 by the dideoxynucleotide method (Sambrook et 

al. 1989) using synthetic oligonucleotide primers and Sequenase 
(U.S. Biochemicals). 

RNA analysis 

Total RNA was prepared from C57BL6 mouse tissues, and total 

cytoplasmic RNA was prepared from cell lines as described 

(Bergman et al. 1983; Sambrook et al. 1989). Poly(A) + RNA was 

selected by passage over oligo(dT)-cellulose (BMB) (Sambrook et 

al. 1989). Poly(A) + RNA samples of 0.5 ~g were separated on 

1.0% agarose gels containing 2.2 M formaldehyde, transferred to 

Hybond-N nylon membranes (Amersham), UV-immobilized, 

and hybridized with a nick-translated 0.36-kb HincII DNA frag- 

ment from the GN8 eDNA (nucleotides 1158-1517 in Fig. lb). 

Hybridization was at 42°C in 5 x SSC, 20 mM NaHPO 4 at pH 

6.7, l x  Denhardt's solution, 100 mg/ml of sheared/boiled 

salmon sperm DNA, and 50% formamide. Washing was in 0.5 x 

SSC and 0.1% SDS at 65°C. 

Antibody production, immunoblot analysis, and 

immunofluorescence 

GN8 and GL1 polypeptides were synthesized in a rabbit retic- 

ulocyte lysate translation system (Promega) using RNA gener- 

ated from Bluescript clones of GN8 and GL1 cDNAs with bac- 
teriophage T7 RNA polymerase (BMB). Translation of the T7 

transcripts from the GL1 eDNA was initiated at a synthetic 

in-frame AUG upstream of the eDNA insert, which resulted in 

an addition of 8 amino acids from the polylinker to the amino 

terminus of the GL1 polypeptide. Protein samples from cell 

lines were generated by lysing whole cells in SDS--sample buffer 
(Harlow and Lane 1988). 

Rabbit antibodies were raised against the entire GL 1-encoded 

polypeptide (amino acids 25-397), which was expressed in Esch- 

erichia coli using the pET vector system {Studier et al. 1990) and 

purified by preparative SDS--gel electrophoresis and electroelu- 
tion (Harlow and Lane 1988). The serum was precleared of non- 

specific antibodies by diluting it 1 : 10 with 3% BSA in PBS and 

incubating it with a protein blot of WEHI 231 B-cell extract for 

18 hr at 4°C. SDS--gel electrophoresis and immunoblotting was 

as described (Hadow and Lane 1988), using the precleared 

antiserum at a final dilution of 1 : 3000. Detection of anti- 
LEF-1 antibodies was accomplished by incubation of the immu- 

noblot with an alkaline phosphatase-conjugated second anti- 

body (Promega). 

For bright-field, rhodamine immunofluorescence, and DAPI 

fluorescence microscopy, 70Z/3 cells were allowed to settle 

onto poly-L-lysine-coated slides , fixed in 4% paraformaldehyde 
for 20 rain, and permeabilized with 0.2% Triton X-100 for 4 

rain, and free formaldehyde groups were reduced in 50 mM 

NHaCI for 4 min (three times) and blocked in 0.5% BSA, 15% 

goat serum, and 0.05% Tween-20 for 5 rain, all in PBS at room 

temperature. Incubation with the first antibody (anti-GL1 poly- 

peptide) was for 40 rain in a humidified chamber. DAPI staining 

of nuclei was at 0.1 ~g/ml. A rhodamine-conjugated goat anti- 

rabbit antibody (Chemicon) was used for immunodetection. 

Recombinant vaccinia viruses 

GL1 eDNA encoding amino acids 25-397 of LEF-1 with an 

added in-frame ATG codon was inserted downstream of the H6 

promoter in plasmid HES4, which contains a host-range gene of 

vaccinia virus {Perkus et al. 1989). Recombinant vaccinia/LEF- 1 

virus was selected by transfection of the recombinant HES4-- 

GL1 gene construct into CV1 cells and coinfection with the 

deletion host range mutant vaccinia virus P293 (Perkus et al. 

1989). Single plaques were isolated, and recombinant viruses 

were screened by immunoblot analysis of lysates of infected 

cells. Vaccinia/HA was generated in the same manner and was 

generously donated by Drs. George Kemble and Judith White. 

Cell culture, nuclear extracts, and viral infections 

Cells were grown to a density of 5 x l0 s cells/ml. HeLa cells 

were grown in Joklik modified minimal essential medium 

(JMEM) supplemented with 10% equine serum. Lymphoid cell 

lines were grown in RPMI supplemented with 10% fetal calf 

serum and 50 ~M 2-mercaptoethanol. 

Nuclear extracts were prepared according to Dingham et al. 

(1983), with modifications described in Schreiber et al. (1989). 

Infection of HeLa cells with recombinant vaccinia virus was 

performed 48 hr prior to the preparation of the nuclear extracts. 

For virus infection, 5 x l0 s HeLa cells were pelleted and resus- 

pended in 100 ml of JMEM with 2.5% equine serum, and virus 

was added at a m.o.i, of 1 pfu/cell. 

Electrophoretic mobility-shift assays 

DNA-binding reactions (10 ~1) were carried out as described in 

the figure legends, containing 5 fmoles of end-labeled TCRa25 

DNA probe (labeled on both 3' ends by Klenow DNA polymer- 

ase fill-in reactions with [~-a2P]dCTP), poly[d{I-C)] and/or soni- 

cated salmon sperm DNA, 10 mM HEPES (pH 7.9}, 50 mM NaC1, 

1 mM DTT, and 5% glycerol. Electrophoresis was performed 

through native 6% polyacrylamide gels in 25 mM Tris, 190 mM 

glycine, and 5 mM EDTA at 4°C. 

DNase I footprint and rnethylation interference analysis 

Nuclear extracts were incubated with 2 fmoles of single end- 

labeled DNA probe (isolated from a recombinant plasmid and 

labeled on one 3' end by Klenow DNA polymerase fill-in reac- 
tion with [~-32P]dCTP), for 30 min at room temperature in the 

presence of 2 ~g of poly[d(I-C)], 1 ~g of sonicated salmon sperm 

DNA, 10 mM HEPES (pH 7.9), 50 mM KC1, 5 mM MgC12, 0.5 mM 

EDTA, 0.5 mM spermidine, and 10% glycerol. Samples were 

treated with DNase I at 50 ~g/ml for 1 rain, and the DNase I 

digestion was stopped by adjusting the reaction to 25 mM EDTA 

and 0.2% SDS. DNA samples were phenol-extracted, ethanol- 

precipitated, and separated by denaturing polyacrylamide gel 
electrophoresis. 

For methylation interference analysis, the TCRu25 oligonu- 

cleotide representing the noncoding strand was 5'-end-labeled 

with [~/-32p]ATP and polynucleotide kinase and annealed with a 

TCR~25-coding strand, and the double-stranded TCRa25 DNA 

probe was purified and partially methylated with dimethylsul- 

fate (Maxam and Gilbert 1980). DNA-binding reactions (40 ~1) 

were performed using 50 fmoles of single end-labeled TCRcx25 

probe, 24 ~g of nuclear extract, 8 ~g of poly[d(I-C}], 4 ~g of 

sonicated salmon sperm DNA, 10 mM HEPES (pH 7.9), 50 mM 
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NaC1, 1 mM DTT, and 5% glycerol. Protein-DNA complexes 

were separated through 6% native polyacrylamide gels and pro- 

cessed as described (Singh et al. 1986). 

DNA constructs, DNA transfections, and CAT assays 

The tkCAT gene construct was generated by inserting a triple 

poly(A) + site fragment from SV40 (Maxwell et al. 1989) into the 

HindIII site of pmOTCO containing a 109-bp HSV tk promoter 
fragment linked to the CAT gene (DeFranco and Yamamoto 

1986). To generate the TCRa98 DNA fragments, two 66-bp 

overlapping oligonucleotides, comprising part of the human 

TCRa enhancer (nucleotides 12-109; Ho and Leiden 1989) and 

containing a SalI or XhoI linker sequence at their 5' ends, were 

annealed, extended, and subcloned into a Bluescript vector. The 

nucleotide sequence of the cloned wild-type and mutant 

TGRa98 enhancer fragment (for nucleotide sequence, see Fig. 

5a) was confirmed by sequencing, and the TCRa98 DNA frag- 

ments were isolated, dimerized, and inserted into the SalI site of 

ptkCAT. The structure of the pRSV-luciferase gene construct is 

described in De Wet et al. (1987). For the construction of the 

CMV/LEF-1 and CMV/invLEF-1 effector plasmids, the isolated 

and blunt-ended GL1 cDNA insert (encoding amino acids 25- 

397) was inserted in the sense or antisense orientation into the 

Sinai site of pEV RF2 containing the CMV enhancer/promoter 

and the translation initiation region from the HSV tk gene (Mat- 

thias et al. 1989). 

DNA transfections into cell lines were performed as de- 

scribed in Grosschedl and Baltimore (19851, using a DEAE-dex- 

tran/chloroquine procedure with 2 lag of DNA/ml (1.8 lag of 

reporter plus 0.2 ~g of pRSV-luciferase, or 0.16 lag of reporter, 

1.6 lag of effector, plus 0.2 lag of pRSV-luciferase). After 48 hr, 
cells were harvested to determine luciferase activity as de- 

scribed {Mangalam et al. 1989). CAT assays were performed as 

described (Gorman et al. 1982), using 3 lag of protein extract 

from M12, BW5417, and EL4 cells and 60 ~xg of protein extract 

from PD36, J558, and NIH-3T3 cells and incubating it in a CAT 

cocktail for 2 hr at 37°C. The exact amount of protein extract 

used was adjusted according to the luciferase activity of each 

sample. Acetylated [~4C]chloramphenicol was separated by 

thin-layer chromatography and autoradiographed. For quantita- 

tion of the acetylated [~4C]chloramphenicol, the chromatogram 

was exposed on a PhosphorImager (Molecular Dynamics), al- 

lowing direct determination of the radioactivity in each spot. 
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N o t e  added in  proof 

Since submission of the manuscript, the cloning of cDNAs en- 

coding a human T-lymphocyte-specific HMG-box protein, 

termed TCF-1, was reported by Van de Wetering [EMBO I. 10: 

123-132 (1991)]. The central 78 amino acids of the HMG box of 

LEF-1 are 97% identical with those of TCF-1. However, the 

proteins appear to be encoded by distinct genes. In particular, 

the amino acid sequences of the proteins excluding the central 

region of the HMG box are different. Moreover, the nucleotide 

sequences of the human TCF-1 and murine LEF-1 in the actual 

region of the HMG box are divergent in the third nucleotide 

positions of most codons. Finally, the RNA blot analysis indi- 

cate a distinct pattern for TCF-1 and LEF-1 mRNAs. We also 

learned of the cloning of cDNAs encoding the human T-cell 
factor TCF-le~ by Waterman et al. [Genes & Dev. 5: 656-669], 

which appears to be the human homolog of LEF-1. The nude- 

otide sequence of murine LEF-1 has been submitted to the 

EMBL/GenBank data base libraries. 

The originally submitted nucleotide sequence of LEF-1 con- 

tained an erroneous 13-necleotide insertion at position 2143 

due to a subcloning artifact. The nucleotide sequence and the 

deduced amino acid sequence of LEF-1 shown in Figure 1 rep- 

resent the corrected version. 
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