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Transcriptional regulation in lymphocytes 
Understanding the mechanisms that regulate the de- 
velopment of complex mammalian organisms is one of 
the most fascinating problems in biology. The coordi- 
nated transcriptional regulation of specific sets of genes 
defines the framework upon which cell determination 
and differentiation are established. Thus, an understand- 
ing of tissue-specific gene transcription will significantly 
advance our knowledge of mammalian development. 
Lymphoid differentiation, the process by which com- 
mitted progenitor cells give rise to both the T- and B-cell 
lineages, has long been used as a paradigm for studies of 
both tissue-specific and developmentally regulated gene 
expression. The following two papers review different 
aspects of transcriptional control during T- and B-cell 
development, focusing on two of the best-understood 
systems, namely the ~ TCR gene and the immunoglobu- 
lin genes. Both conclude that lymphocyte-specific gene 
expression is controlled by complex regulatory circuits 
involving interactions among multiple families of ubiqui- 
tous and lineage-specific transcription factors. 

Transcriptional regulation during T-cell 
development: the TCR gene as a 

molecular model 
Jeffrey M. Leiden 

The regulation of gene expression during lymphocyte differentiation is a 
complex process involving interactions between multiple positive and negative 
transcriptional regulatory elements. In this article, transcriptional regulation of 
the archetypal T-cell-specific gene, c~ TCR, is discussed. Major recent develop- 
ments, including the identification of novel families of transcription factors that 

regulate multiple T-cell genes during thymocyte ontogeny 
and T-cell activation, are described. 

The differentiation of mature B and T cells from com- 
mitted lymphoid progenitors is an excellent model sys- 
tem for understanding transcriptional regulation during 
mammalian development 1,2. Studies of murine and 
human lymphopoiesis have allowed the identification of 
sets of tissue-specific genes that are transcriptionally 
regulated at distinct developmental time points -3,4. In 
addition, tumor cell lines, representing specific stages of 
B- and T-cell development, have been characterized and 
grown in vitro. Some of these cell lines can be stimulated 
to differentiate in vitro by the appropriate extracellular 
signals 4. 

The a TCR gene has been studied as a paradigm of 
lineage-specific and developmentally regulated gene ex- 
pression in T cells, c~ TCR gene rearrangement and 

expression are restricted to u[3 TCR T cells s-7. Moreover, 
the expression of this gene is developmentally regulated 
in thymocytes: c~ TCR gene expression is first detected on 
fetal day 17 in mouse thymocytes, several days after 8, [3 
and y TCR gene expressionS,L Finally, the expression of 
the c~ TCR gene is specifically upregulated during the 
transition from immature CD3 clull cortical thymocytes to 
the more mature CD3 bright cells found in the thymic 
medulla and the peripheral lymphoid system. This review 
summarizes the current state of knowledge concerning 
the molecular mechanisms that regulate the transcription 
of the u TCR gene, with particular emphasis on several 
recently cloned lymphoid-specific transcription factors 
that modulate c~ TCR gene expression. In addition, the 
structure of the c~ TCR enhancer is compared with those 
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of other recently identified T-cell-specific transcriptional 
regulatory elements. This comparison suggests that the 
same transcription factors that control c~ TCR gene 
expression regulate the expression of multiple T-cell 
genes during both development and activation. 

Identification and characterization of the e, TCR 
transcriptional enhancer 

As first demonstrated bv Davis and co-workers >, the c~ 
and 6 TCR genes are tightly linked in humans and mice; 
the 8 TCR gene lies embedded within the o~ TCR locus 
between V,~ and ,I,,, such that rearrangements of the c~ 
TCR gene result m the deletion of the entire 8 TCR locus 
(Fig. 1). Despite this tight linkage, the rearrangement and 
cxprcssion of these two genes is lineage specific, that is 
the c~ TCR gene is expressed almost exclusively in oq3 
TCR cells, whereas 8 TCR gene rearrangement and 
cxpression is limited to cells of the y8 lineage II. Thus, the 
(~ "FCR gene represents an excellent model system for 
studies of lineage-specific gene expression in T cells. 
Initial studies of several TCR V,, promoters demon- 
strated that these promoters lack significant transcrip- 
tional activity in T cells ~2. This suggested the existence of 
mtragenic transcriptional regulatory sequences that con- 
trol the expression of the u TCR gene. Potent T-cell- 
specific transcriptional enhancers were subsequently 
identified 3' to both the mouse and human (~ TCR genes 
(Fig. 1 and Refs 12,13). These enhancers, which display 
greater than 90% sequence identity, are both located 3-  
4.5 kilobascs (kb) 3' of the single C,, gene segment. 
Because thc.S'-most./,~ gene segment is located as much as 
75 kb 5' to (~,~ ~4 these enhancers must be able to act over 
hmg distances. Further studies of the human o~ TCR 
enhancer localized its activity to a 275 bp fragment that 
was preferentially active m cq3 TCR T cells, and which 
was required for high-level transcription from a TCR V,~ 
promoter. This enhancer also stimulated high-level 
T-cell-specific transcription from heterologous pro- 
rooters such as the minimal SV40 or c-los promoters I=. 

I)NascI footprint analyses of the human c~ TCR en- 
hancer allowed the identification of four functionally 
significant nuclear protein-binding sites, called Tc~ 1-Fc~4 
(Fig. 2 and Ref. 12). Given the pattern of DNaseI 
footprmting, it was suggested that To~2 might be com- 
posed of two distinct nuclear protein-binding sites. A 
similar analysis of the mouse enhancer identified nuclear 
protein-binding sites corresponding to To~l (NFa2) and 
Tc~2 (NFc,3 and NFc~4) I ~. The Tc~3 and Tc~4 sites were 
not detected in the analysis of the mouse enhancer 
because the fragment used for footprinting did not ex- 
tend 3' of 'H~2. Extensive mutational and deletional 
analyses of the human c~ TCR enhancer demonstrated 
that, at least in the Jurkat T-cell line, the minimal c~ TCR 
enhancer is contained within a 116 bp fragment contain- 
ing only the Tc~ 1 and Tc~2 nuclear protein-binding sites le. 
A fragment containing the To~3 and To~4 elements alone 
displayed low-level enhancer activity (6-10-fold com- 
parcd with 50-100-fold for the To~l- and T~2- 
containing fragment). Both Tc~ 1 and To~2 were required 
for the activity of the minimal ~ TCR enhancer because 
mutation and/or deletion of either site abolished tran- 
scriptional regulatory activity l~. In addition, the spacing 
between T/, 1 and Tc~2 was critical for enhancer function; 

TEA 
6rec Ja C ~ 0~Enh 

V~/V~ ID,/~ IV, J~ C~ I 
cc6TCR | | :  | | | |  u,u.nlm" mull BE: :: : : : : : : : : ml 

• 4.5 kb 3' of C~ 
• 275 bp 
• More than 90% conserved between mouse and human  
• Required for high level {x TCR expression 
• T-cell-specific 
• Four nuclear protein-binding sites (T~xl-Tct4) 
• PMA-inducible 

Fig. 1. A schematic representation o[ the human T-cell receptor ~8 locus. Ibe 
.~eneral organi,ation of the locus and the location o[8,... TEA and ~F I,, are/r~nn 
Hockett et al./4 Variable iV), diversity (D), loinin~,, (J) and constant (C) gem' 
segments are shown as boxes. The T-cell receptor c~ enhancer (eH~sth) is shown as 
a cross-hatched box. The precise number and organization of V,,, V, and J,~ gene 
segments are unknown, kb: kilobase pairs; bp: base pairs; PMA: ph~rbol 

mvristate acetate. 

reducing the normal 20 bp spacing to 15 bp eliminated 
enhancer activity, as did increasing the spacing to more 
than 85 bp. In contrast, the phasing of thc T~ 1 and "Fc,2 
elements on the DNA helix did not appear to be critical; 
increasing the spacing from 20 to 25 bp had a relatively 
small effect on enhancer activity. Finally, the Tu3 and 
T~4 elements, while themselves not possessing high-level 
enhancer activity, could compensate for mutations m 
T~I or To,2 that abolished enhancer activity I'. Thus, 
T~3 and T(~4 represent redundant elements, at least as 
assayed in Jurkat T cells. It should be emphasized, how- 
ever, that these results did not rule out the possibility that 
Tu3 and/or T~4 play an important role in modulating c~ 
TCR enhancer function at some earlier stage in ]'-cell 
development, or in response to specific extracellular sig- 
nals. Taken together, these functional analyses revealed 
that the ~ TCR enhancer is composed of multiple, par- 
tiallv redundant, nuclear protein-binding sites. Inter- 
actions between proteins binding to these different sites 
appear to be important for enhancer function. 

Transcription factors that regulate the activity of the 0~ 
TCR enhancer 

An examination of the sequences of the nuclear 
protein-binding sites of the mouse and human ~ TCR 
enhancers revealed several previously described tran- 
scriptional regulatory elements (Fig. 2). For example, 
T(~I contains an evolutionarily-conserved cAMP re- 
sponse element (TGACGTCA) 1-'. Similarly, Tc~3 con- 
tains overlapping AP=2 (CCCCAGGC)-like j<w and KE2 
(E box) (AGGCCACGTGCCGA)-like Ix motifs. In con- 
trast, T(~2 and T(~4 do not contain previously identified 
nuclear protein-binding sites. Electrophoretic mobility 
shift assays (EMSAs), using synthetic oligonucleotides 
corresponding to Tcd-Tc~4, demonstrated that Tc~l 
binds a set of four to six ubiquitously expressed cAMP 
response element binding (CREB) proteins 1s,1~. Binding 
of each of these proteins was inhibited by mutations 
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CRE 
CTCCCATTTCCt~GACGTCA~I'G GTTA 

o 

BstX'i "" 
I I 

GATA AP-2 
G~AGATAGpATCGpCCCAGGC~ACGTGCCGAG Tc~3 
', lcE2 . . . . . . . . .  

i iDral "'ITs3 ] APlal 

CCCCAACCGCAGGTGC 

GC~CCCTTTGAAGpTCTCCCGCAGAAGCCAICATCCTCTG ] 
TCF-1/LEF-1 Ets 

Fig. 2. A schematic illustration of the 275 bp BstXl/Apal human c~ TCR enhancd 2. The location of the Dral restriction endonuclease site, and the 
locations and sequences of the four nuclear protein-binding sites within the enhancer (T(x l-Tu4) are shown 12. Sequences corresponding to the cAMP 

response element (CR E), and the GA TA, TCF- 1/I.EF- 1, Ets and A P-2-binding sites are boxed. The potential K E2-bindmg 
site in T(x.3 is underlined. 

within the core of the CRE and no T0d-binding proteins 
were detected that recognized non-CRE sequences (Ref. 
19 and I-C. Ho and J.M. Leiden, unpublished). Similar 
EMSAs demonstrated that T(x2 binds at least four nu- 
clear protein complexes. One of these is T cell specific 
while a second is present in all T-cell, and some B-cell, 
nuclear extracts. Te~3 binds three nuclear protein com- 
plexes, one of which is T cell specific. Finally, T0~4 binds 
three ubiquitously expressed nuclear protein complexes. 
Interestingly, none of these experiments identified {xiB 
TCR lineage-specific nuclear protein complexes. 

More recent studies have focused on the cloning of 
transcription factors that bind to the (~ TCR enhancer. 
These factors are described individually below and their 
properties are summarized in Table 1. 

CREB proteins bind to Te~I 
Southwestern screening of a/ ,gt l  1 cDNA expression 

library from human Jurkat T cells with a radiolabelled 

Tc~l oligonucleotide probe allowed the identification of 
three clones that encode T(~l-binding proteins (B.A. 
Karpinski et al., submitted). DNA sequence analysis of 
these clones demonstrated that they correspond to three 
previously identified cDNAs of the CREB or ATF fam- 
ilies of transcription factors. The first clone corresponded 
to CREB, a 43 kDa transcription factor that has been 
shown to bind to CRE sites in several viral and cellular 
enhancers, and to confer cAMP-dependent transcrip- 
tional activation on these enhancers 2°,21. The second 
clone corresponded to a cDNA called CRE-BP1 (Ref. 
22), mXBP 23 or ATF-2 (Ref. 24); this protein also binds 
with high affinity to CRE sites in several adenovirus 
promoters, as well as to the X box of mouse MHC class II 
promoters 2-s. Recent studies have demonstrated that 
binding of this protein to CRE sites in several adenovirus 
promoters confers responsiveness to the viral E1A pro- 
tein -'6. The final clone identified was a full-length hom- 
olog of a partial-length cDNA, previously called ATF-4 

Table 1. Transcription factors that regulate the c~ TCR enhancer 

Transcription Binding Molecular DNA-binding Recognition Lineage Refs 
factor site mass domain sequence specificity 

CREB T(xl 43 kDa Basic domain/ TCACGTCA Ubiquitous 20,21 leucine zipper 
CRE-BPI/ATF-2/ Basic domain/ 

T~I 55 kDa TCACGTCA Ubiquitous 22-24 mXBP leucine zipper 
Basic domain/ 

ATF-4 Tcd 38 kDa leucine zipper TCACGTCA Ubiquitous 24 

TCF-1 T(x2 30 kDa HMG box C C GAA T cells 31,32 TCTT T TTT 

TCF-I~/LEF-1 T0~2 53-57kDa HMG box C C GAA T cells/ 
TCTTT TTT Pre-B cells 29,30 

Basic domain/ A 
Ets-1 T(x2 54-60 kDa GA AGTG T cells/B cells 33 

o~ helix c c G G A  TC C 

A A T cells/kidney/ 
GATA-3 Tc~3 47kDa 2 Cx zinc fingers TGATA G brain 50-52 
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(Ref. 24). The function of ATF-4 remains unknown; 
however, unpublished studies from our laboratory have 
demonstrated that overexpression of ATF-4 in monkey 
CV-I cells specifically downregulates cAMP-dependent 
transcription from the proenkephalin promoter/ 
enhancer. Thus, at least in certain cell types, ATF-4 may 
represent a repressor of CRE-dependent transcription. 
The identities of the additional one to three CREB pro- 
teins that bind to Tc~l, and the function of each of the 
CREB proteins in regulating T-cell transcription are un- 
known. As described in more detail below, a large num- 
ber of T-cell enhancers and promoters contain CRE sites 
that are important for their transcriptional activity. 
Moreover, all T cells contain multiple CRE-binding pro- 
teins, although no T-cell-specific CREB protein has so far 
been identified. 

It is worth mentioning that the name CREB may be a 
misnomer. Although members of the CREB/ATF family 
of transcription factors are important in regulating tran- 
scription in response to alterations in intracellular cAMP 
levels, they also play important roles in modulating basal 
levels of transcription, and have recently been shown to 
upregulate transcription in response to alterations in 
intracellular calcium levels in neural cells 2r. Thus, their 
precise role in regulating transcription in T cells awaits 
studies using trans-dominant inhibitors and embryonic 
stem (ES) cell gene knock-out experiments, both m vitro 
and in vwo. 

TCF/LEf" proteins brad to Ta2 
Several recent reports have described the purification 

and cloning of two related transcription factors that bind 
to a pyrimidine-rich sequence (PyCTTTG/TT/AT/A) 
from the 5' end of Ta2 (as well as to a related motif in the 
CD3e enhancer) -'s +:. These two factors, called TCF-1 
(Ref. 3 l) and TCF-I& + (or LEF-1 (Ref. 30)), are approxi- 
mately 30kDa and 53-57kDa proteins containing 
closely related 80-90 amino acid DNA-binding domains 
that display significant homology to a region present in 
the high mobility group (HMG) family of DNA-binding 
proteins. Whereas LEF-I appears to be the mouse hom- 
olog of TCF-la, TCF-I is apparently encoded by a 
distinct gene. Studies of the expression patterns of these 
genes have demonstrated that LEF- 1 is expressed during 
all stages of T-cell development, in both the a13 TCR and 
y8 TCR lineages, and in mouse pre-B cells ,~°. TCF-1 was 
reported to be expressed exclusively in T cells ~t but a 
comprehensive examination of TCF-1 expression at dif- 
ferent stages of B-cell development has not yet been 
reported, and it is possible that it is also expressed 
transiently in early B cells. Overexpression of both TCF- 1 
and TCF-Ia/LEF-I in B cells, HeLa cells or COS cells 
leads to low level (3-20-fold) trans-activation of reporter 
constructs containing TCF-l-binding sites from the a 
TCR or Cl)3e enhancers -'') ~1. However, trans-activation 
bv LEF-1 and TCF- la appears to require the presence of 
additional nuclear protein-binding sites because overex- 
pression of these factors cannot trans-activate a reporter 
construct containing only multimerized TCF/LEF-I- 
binding sites upstream of a minimal promoter -'~'~°. 

Multiple forms of both the TCF-1 and TCF- Ia/LEF- 1 
proteins appear to be generated by alternative splicing. 
These include variants of TCF- 1, containing or lacking a 

proline-rich domain amino-terminal to the HMG box, as 
well as multiple forms of the protein with distinct 
carboxv-terminal regions, including one which is rich in 
serine and threonine residues ~1,;2. Similarly, two splice 
variants of TCF- l a have been described, which contain 
or lack a serine-threonine-rich domain, immediately 
amino-terminal to the HMG box >. The DNA-binding 
activities and trans-activation potentials of these alterna- 
tively spliced variants have not been studied in detail but 
it seems likely that the activities of these transcription 
factors may be regulated at both post-transcriptional and 
post-transl+ational levels. 

Ets proteins bind to Tc~2 
Using a hgtl I expression screening approach, Ho et 

al. ~ demonstrated that the protein product of the Ets-1 
proto-oncogene binds specifically to a purine-rich se- 
quence (GAGGATGTG) located at the 3' end of Ta2. 
Along with several simultaneous reports ~+-;s, this was 
the first demonstration that the Ets proto-oncogenes 
encode sequence-specific DNA-binding proteins. Binding 
of Ets- l to the (, TCR enhancer was especially intriguing 
because Ets- l is known to be expressed preferentially in 
thymocytes and T cells (as well as B cells)% and because 
its expression is developmentally regulated during thy- 
mic ontogeny, with a time course that is almost identical 
to that of the a TCR gene: both are first expressed on 
days 17 and 18 in the fetal mouse thymus 4''. Thus, Ets- 1 is 
a candidate trigger factor for c~ TCR gene expression. The 
importance of the Ets- 1-binding site for a TCR enhancer 
function was demonstrated by experiments showing that 
mutations in the core Ets-l-binding site in Ta2 abolished 
the activity of the minimal c, TCR enhancer in Jurkat 
cells ;~. Thus far, however, overexpression of Ets-I in B 
cells and in nonlymphoid cells has not resulted in the 
trans-activation of the a TCR enhancer (I-C. Ho and 
J.M. Leiden, unpublished). This suggests that other 
T-cell-specific factors may be required for trans- 
activation of the a TCR enhancer by Ets- 1 (for example, 
TCF/LEF factors or GATA-3) or that other Ets family 
members may regulate the activity of the a TCR enhancer 
in T cells. (Evidence from several sources suggests that 
Ets proteins usually require additional transcription fac- 
tors to communicate with the basal transcription ma- 
chinery ~+.) Alternatively, the transcriptional activity of 
Ets-I may, require post-translational modification, and 
Ets-1 is known to exist in both phosphorvlated and 
nonphosphorylated forms in T cells 41. 

Each of the Ets family members contains a conserved 
basic domain and an adjacent region with predicted 
a-helical structure 4e. Using deletion and mutation analy- 
ses, we have demonstrated that both of these conserved 
regions are necessary and sufficient for DNA binding 
(C-Y. Wang et al., submitted). Only two Ets family 
members, Ets-1 and Ets-2, were previously known to be 
expressed in T cells >. However, by using low stringency 
hybridization with a cDNA fragment encompassing the 
DNA-binding domain of Ets-1, we have recently isolated 
two additional and novel Ets family members from a 
]urkat T-cell eDNA library. One of these clones, called 
Elf-l, contains a DNA-binding domain that is almost 
identical to that of the Drosophila transcription factor, 
E74 (Ref. 36) (hence the name E74-like/actor-l) (C.B. 
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Thompson et al., submitted). Interestingly, this factor 
binds to several T-cell transcriptional regulatory regions, 
including the IL-2 enhancer and the CD3R site of the 
HIV-2 enhancer 42, but not to the Ets-binding sites within 
the c~ TCR or 13 TCR enhancers. The other novel factor, 
which we have called Ets-4, contains a DNA-binding 
domain that is more similar to those of Ets-1 and Ets-2, 
and binds to both the a and [3 TCR enhancers4-L These 
results demonstrate that multiple Ets family members are 
expressed in T cells, and that these family members 
display distinct DNA-binding specificities that allow 
them to interact independently with, and regulate, mul- 
tiple T-cell genes. Mutational analyses of several differ- 
ent Ets-binding sites have demonstrated that nucleotides at 
the 3' end of the Ets-binding sites are responsible for the 
differential binding activities of some of the different Ets 
family members. As is the case for the CREB and TCF/ 
LEF proteins, a complete understanding of the functions 
of each of the Ets family members awaits gene knock-out 
and trans-dominant inhibitor experiments, in both cell 
lines and mice. 

GATA proteins that bind to Ta3 
GATA-1 (previously called Eryf-1 and GF-1) is a zinc 

finger protein that is expressed exclusively in erythroid 
cells, megakaryocytes, mast cells and their common 
progenitors 44~7. This factor is a transcriptional activator 
that binds to a sequence, A/TGATAA/G, which is present 
in the transcriptional regulatory regions of a number of 
erythroid-specific genes including the a, 13 and 8 globin 
genes 48. Recent experiments, in which GATA-1 gene 
expression has been abolished by homologous recombi- 
nation in embryonic stem cells, have demonstrated that 
GATA-1 is required for the development of the erythroid 
lineage in mice4L Thus, GATA-1 belongs to the small 
family of lineage-specific determination genes. 

An examination of the Tc~3 motif of the ~ TCR en- 
hancer revealed the presence of a consensus binding site 
(AGATAG) for GATA-1. Since GATA-1 is not expressed 
in T cells, this finding raised the possibility that there is a 
distinct T-cell GATA protein that binds to this site. To 
address this question, a Jurkat T-cell cDNA library was 
screened by low stringency hybridization with a cDNA 
probe from the zinc finger region of GATA-1. These 
experiments resulted in the isolation of a novel cDNA 
called hGATA-3 (Ref. 50). The chicken (cGATA-3) and 
mouse (mGATA-3) homologs of hGATA-3 were iso- 
lated using a similar approach sl,~2, hGATA-3 is a 48 kDa 
polypeptide that contains two zinc fingers that are more 
than 90% identical to those of GATA-1 (Ref. 50). In 
contrast, the remainder of the protein is less than 12% 
identical to GATA-1. Studies of the expression pattern of 
hGATA-3 showed that, within hematopoietic cells, its 
expression is restricted to the (x13 and ~/~ T-cell lineages s°. 
Interestingly, a slightly larger GATA-3 mRNA is ex- 
pressed in kidney and in some mesangial cell lines. The 
relationship between the kidney and T-cell GATA-3 
mRNAs has not been established. Low level GATA-3 
expression was also detected in whole brain. Over- 
expression of hGATA-3 (as well as cGATA-3 or 
mGATA-3) in nonlymphoid cells resulted in trans- 
activation of reporter constructs containing multi- 
merized GATA sites from Tcl3 (Ref. 50) or from a related 

sequence from the 8 TCR enhancer (~E4) s2 upstream of a 
minimal promoter. Thus, unlike the TCE-I(x/LEF-1 and 
the Ets proteins, hGATA-3 can trans-activate transcrip- 
tion from its cognate binding site in the absence of 
additional nuclear protein-binding sites. 

An examination of mGATA-3 expression during thy- 
mocyte development has demonstrated expression of this 
gene in the earliest thymocytes tested (fetal day 14 in the 
mouse) (B.K. Oakley and J.M. Leiden, unpublished). 
Thus, like TCF-1 and TCF-IcdLEF-I, GATA-3 is a 
lineage-restricted transcription factor that is expressed 
very early in T-cell development, hGATA-3 was also 
shown to be expressed at low levels in CEM cells, an 
immature T-cell line that does not express c~ TCR 
mRNA. However, after stimulation with PMA both 
hGATA-3 and a TCR mRNA levels increased dramati- 
cally s(). (Similar findings have been reported for TCF-l(x 
in this systemZ~).) These findings, when considered with 
the previously described results concerning the role of 
GATA-I in erythroid differentiation 4~, suggested that 
GATA-3 is a good candidate for a T-cell-determining 
gene. This possibility is currently being tested by using 
homologous recombination to eliminate GATA-3 ex- 
pression in embryonic stem cells and mice. 

Shared nuclear protein-binding sites in multiple T-cell 
enhancers and promoters 

The studies of the c~ TCR enhancer described above 
were predicated on the hypothesis that transcription 
factors that regulate c~ TCR gene expression might also 
regulate the expression of additional T-cell genes. This 
should be particularly true for factors that play import- 
ant roles in regulating lymphoid and T-cell development. 
To address this question, the sequences of the known 
nuclear protein-binding sites from the c~ TCR enhancer 
have been compared with those of several other T-cell- 
specific transcriptional regulatory regions, including the 
human [31~ and ~,s~ TCR enhancers, the CD2 enhancer ~4, 
and the CD3e ss and ~s~ enhancers. As shown in Fig. 3 and 
Table 2, each of these enhancers contains different com- 
binations of binding sites for CREB, TCF-1/LEF-I, Ets, 
GATA and E box proteins. In some cases, these sites have 
been shown to bind the relevant proteins. Thus, the c~ 
TCR gene is an excellent paradigm of T-cell-specific 
transcriptional regulation, and it appears likely that each 
of these families of transcription factors plays an import- 
ant role in regulating multiple T-cell genes during de- 
velopment. In addition, as shown in Table 2, potential 
Ets-binding sites can also be found in the transcriptional 
regulatory regions of multiple lymphokine genes, 
suggesting that Ets family members may also play an 
important role in regulating gene expression during the 
process of T-cell activation; for example, at least one 
functional Ets-binding site is required for IL-2 enhancer 
function. 

Many of the genes shown in Fig. 3 are expressed at 
different times in development, in some cases in different 
cell lineages, and, in others, only after cell activation. 
How, then, are these genes differentially regulated in 
response to distinct developmental and activational sig- 
nals, if they contain common sets of nuclear protein- 
binding sites? While the answer to this question is com- 
plex and not yet fully understood, there are several 
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(Toe1) (To~2) (To~2) (T:~2) (Toe3) (Toe3) 
CRE* TCF- 1' To~2B* Ets* GATA* E box 

Ets TCF-1 CRE 
CD2 Enh --CTAC~TTTTCCTCT~ATCTG--174bp--~ACTTTGGG~--20bp~ 

CRE* TCF-1 Toc2B Ets 
CD36 Enh - - ~  247bp ~ C C A C T G A G C ~ T ~ C - -  

Ets Ets E box TCF-1 
CD3~ Enh --'~'GA.AGGAGG) 70bp ~ SSbp (;CGGCAGCTC-GC) 19bp (~CGCT't'TG~"~ 

J] TCR Enh 

(TJ]2) (TJ]2) (TI]3) (Tl85) 
GATA* CRE* E box Ets* TCF-1 * 

~ G A ~  " 15bp ~ 25bp "~ACAGGATG'~ 173bp "~CTTCAGAGGGG~ 

(6E1) (6E3) (BE4) (6E4) (6E4) (6E5) 
GATA E box GATA* GATA* E box Ets 

--~GATA~--- 132bp ~ 21bp TGAT TGAT AAGT GGAAAC 46bp 6 TCR Enh 

(6E7) 
TCF-1 

Fig. 3. A comparison o/potential nuclear protein-binding sites in six F-cell tr, mscripti,nal enhancers, l'otential nuclu,n pr,tum-bmdine sites are boxed. 
I'revmusly descrihed names of these hindinv sites within each enhancer are shown in p,nvntl,eses. Binding sites that/.,,,'e heen demonstrated to interact 

with the relevant protein are dennted with .m asterisk. 

models that allow a significant redundancv in the cis- 
acting regulatory sequences in different genes, while 
retaining the potential for differential expression. 

First, different combinations of common, or overlap- 
ping, sets of nuclear protein-binding sites may allow 
flexible patterns of expression with a minimum number 
of different transcription factors. Such combinatorial 
divcrsitv is clearly, an important mechanism underlying 
the generation of antigen receptor diversity. This type of 
model is supported by the finding that interactions be- 
tween transcription factors are required for the activity of 
many ot the T-cell-specific cnhancers. 

Second, different members of a single family of tran- 
scription factors may display different DNA-binding 
specificities (which may be further modified by post- 
transcriptional or post-translational modifications) or 
may, bind preferentially to a given enhancer in combi- 
nation with an adjacent nuclear protein. Such differences 
in DNA-binding specificities have already been dem(m- 
strated for the Ets family mcmbers and may explain how 
this single family of transcription factors regulates the 
expression of different genes in resting and activated T 
cells. 

Third, it is possible that negative regulatory elements 
or silencers play an important role in restricting the 
lineage specificity of certain T-cell genes. This type of 
model is supported bv the inability to detect lineage- 
specific transcriptional activator proteins; all of the pre- 
viously described o~ TCR enhancer binding proteins are 
expressed m both o~[3 TCR and y8 TCR T cells. Such 
transcriptional silencers may be distinct negative regulat- 
ory elements within these genes. This type of transcrip- 
tional silencer has been reported to downregulate the 
expression of the c~ TCR gene in non-c~[3 T cells s- and the 

y TCR ~s gene in non-y8 T cellsS~L Alternatively, the same 
multipartite transcriptional regulatory element may 
function as both a silencer and an enhancer, depending 
upon the particular set of nuclear proteins expressed by a 
given cell type. Such bifunctional transcriptional regulat- 
ory elements have bcen described in yeast ̀~+. Moreover, a 
reccnt studv has suggested that the To,2 motif from the 
human c, TCR enhancer can act as both a positive and 
negative transcriptional regulatory element, depending 
upon the precise DNA context in which it is located"". 

Future directions 
During the last few years, a great deal has been learned 

about the molecular mechanisms that regulate c, TCR 
gene expression during thvmocvte development. These 
data are sunmlari×ed schematicalh m Fig. 4. The import- 
ant cis-acting transcriptional activator sequcnces have 
been identified and characterized, and a set of novel 
transcription factors, some of which arc T cell specific, 
have been cloned. Several of these factors, including the 
CREB, TCF/t, EF, Ets and GATA proteins, also appear to 
play important roles in regulating the expression of 
multiplc genes during T-cell development and activation. 
Because they arc T cell specific and expressed very early 
during thymocyte ontogeny, the TCF/LEF and (,ATA-~:~ 
proteins arc particularly good candidates for T-cell- 
determining genes. 

Although these studies have addressed a number of 
important questions concerning T-ceil development, they 
have raised at least as many questions as they have 
answered. First, several of the transcription factors that 
bind to the c, TCR enhancer have not vet been identified. 
In particular, there is evidence for a third factor that 
binds to To,2 (Tc~2B, Fig. 4) (I-C. Ho and J.M. Leiden, 
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Table 2. Shared nuclear protein-binding sites in multiple transcriptional enhancers 

Transcriptional Binding Transcriptional Binding 
enhancer site enhancer site 

Ets-binding sites TCF-l-binding sites 
Tested 

ix TCR Enh (T(,2) 
MSV LTR 
Polyoma Enh (PEA3) 
MHC class 1I Pr 
HTLV-I LTR 
IL-2 Enh 

CAGAGGATGTG 
GAGCGGAAGCG 
AGCAGGAAGTG 
AAGAGGAACTT 
GGGAGGAAATG 
AGGAGGAAAAA 
AAGAGGAAAAA 

IgK3 'Enh TTCAGGAACTG 
HIV-2LTR GACAGGAACAG 
E74 AACCGGAAGTA 

ATCAGGAATTA 
AGTAGGAACAA 

TCR~Enh AACAGGATGTG (T~3) 

(NF-AT-1) 
(IL-2B) 

(CD3R) 

Tested 
(x TCR 
HIV- 1 * 
lck 
lck 
lck 
lck 
CD3y 
CD3y 
CD38 
CD3e 
Ig H Enh 
lg K 3' Enh 
[3 TCR 

GGCACCCTTTGAA 
AGCAGTCTTTGTA 
GGCCTCCTGTGAA 
AAAAGCCTGTTTG 
GAAACTCTCTGAA 
GGATGTCTCATGT 
TGCCTTCTCTCAA 
AGATGCCTTTTGT 
GAAACACTTTCAA 
AGAGCGCTTTGTT 
GGTCCTCTTTTAA 
AAGACCCTTTGAG 
CCTCCCCTCTGAA 

Consensus AGGAGGAAATG Consensus Cc_CTTAA 
GACC TGAA T I T  GTT 

C 

Untested Untested 
GM-CSF Pr CAGAGGAAATG 

ADA 
IL-4 Pr ix TCR 
IL-3 Pr 8 TCR 
CD2 Enh CD3e 
CD38 Enh Thy- 1 
CD3e Enh CD2 

TCR Enh CD38 
(~E5) 
(~E1) 

HIV-1 LTR 
HIV-2 LTR 

CACAGGAACAT 
TCCAGGAGAAA 

CAGGAGAAA 
CAGAGGAAAAA 
TTGAGGATGAG 
TGAAGGAGGGA 
GAAAGGATTAG 
GCAAGGAAACC 
ACAAGGAGATA 
CAAAGGAGAGA 
CAGAGGAAGAG 
AAGAGGAATAC 
GGCAGGAAGTA 
CAGAGGAATTT 

GATA-binding sites CREs 

Tested 
ix TCR Enh TAGATAGC (Tix3) 
]3 TCR Enh GAGATAAA (T]32) 
Ig K 3' Enh AAGATAGC 
8 TCR Enh TTGATAAC (8E4) 

TTGATAAC (8E4) 

Consensus A G 
TGATAA 

AGTCTCCTTTGTT 
GTCCCCCTTTGAA 
AAAGCCCTTTGAA 
AGCACACTCTGCT 
GAGGTTCTGTTAC 
CTAACACTTTGGG 
AGCACCCTTACCC 

TCR Enh 
13 TCR Enh 
V~ TCR Pr 
CD38 Enh 
CD? Enh 

Consensus 

TGACGTCA 
TCACATCA 
TGATGTCA 
TGACATCA 
TGAGGTCA 

TGACGTCA 

E boxes 
ix TCR Enh 
/3 TCR Enh 
Ig K 3' Enh 
CD3~ Enh 

Consensus 

AGGCCACGTGCCGA 
CAGCCACCTGCCCT 
GGCACATCTGTTGC 
GCGGCAGCTGGCGG 

CANNTG 

(Tc~2) 

(Tp5) 

(Tcd) 
(T[32) 

(Tix3) 
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Fig. 4..Schematic illustration of the human T-cell receptor ct enhancer and its cognate nuclear binding proteins. These proteins are discussed in detail in 
the text. The identity of the T(12 B protein is unknown as are the identities of the T(~4-binding proteins. 

unpublished) and almost nothing is known about the 
identity of the Tu4-binding proteins. Moreover, it is not 
yet known which E-box-binding proteins are expressed 
in T cells. Given the importance of this family of tran- 
scription factors (the bHLH proteins such as E12/E47 
and MyoD) in other developmental systems 61, this re- 
mains an important issue. Because each of the factors that 
has been shown to bind to the ot TCR enhancer belongs to 
a family of nuclear proteins, it remains unclear which of 
the family members is involved in regulating which gene 
at a given point in T-cell development. In addition, the 
available evidence suggests that many of these factors 
may themselves be regulated at the post-transcriptional 
and post-translational levels, and currently, relatively 
little about these processes is understood. The role of the 
enhancers and of silencers in determining lineage-specific 
gene expression is also not clear. Finally, almost nothing 
is known about what regulates the regulators, that is the 
mechanisms that regulate the expression of Ets-1, 
GATA-3, TCF-I or TCF-I(x/LEF-1 during thymocyte 
differentiation. 

Over the next few years, gene knock-out experiments, 
using homologous recombination along with the ex- 
pression of trans-dominant inhibitors in vitro and in 
vivo, should help to shed light on the function of the 
individual transcription factors. Biochemical studies 
should help to elucidate the post-transcriptional and 
post-translational regulation of these factors. Finally, 
studies of the transcriptional regulation of these tran- 
scription factors themselves may move us one step closer 
to identifying the true master switch gene(s) for the T-cell 
lineage. Given the current level of interest in these prob- 
lems and the reagents now available, further insights into 

the molecular mechanisms underlying T-cell determi- 
nation and differentiation can be expected in the near 
future. 

Jeffrey M. Leiden is at the Howard Hughes Medical Institute 
and the Dept o f  Internal Medicine, University of  Michigan 
Medical Center, Ann Arbor, MI 48109, USA. 
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