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A family of transcriptional activators has recently been identified in chickens; these transcriptional activators
recognize a common consensus motif (WGATAR) through a conserved C4 zinc finger DNA-binding domain.
One of the members of this multigene family, cGATA-3, is most abundantly expressed in the T-lymphocyte cell
lineage. Analysis of human and murine GATA-3 factors shows a striking degree of amino acid sequence identity
and similar patterns of tissue specificity of expression in these three organisms. The murine and human factors
are abundantly expressed in a variety of human and murine T-ceil lines and can activate transcription through
a tissue-specific GATA-binding site identified within the human T-cell receptor 8 gene enhancer. We infer that
the murine and human GATA-3 proteins play a central and highly conserved role in vertebrate T-cell-specific
transcriptional regulation.

Cellular differentiation during hematopoiesis is the result
of a series of hierarchical responses to a complex extracel-
lular, cytoplasmic, and nuclear signaling pathway finally
leading to the induction of genes unique to the erythroid,
myeloid, or lymphoid cell lineages. Terminal lineage speci-
fication appears to be mediated by the binding of nuclear
trans-acting regulatory protein factors, some of which are
uniquely expressed in distinct hematopoietic cell types, to
cis-regulatory elements of a given lineage-specific gene. One
of the best understood of these lineage-specific loci is that
encoding ,-globin, where both distal and proximal cis-
regulatory sequences have been demonstrated to bind tissue-
specific and ubiquitous trans-acting factors to elicit the
characteristic erythroid-specific expression of this gene.

Recently a great deal of interest has arisen from the
discovery that transcription factor GATA-1 (29) (previously
designated GF-1, NF-E1, Eryfl, or EF-1 [8, 22, 31, 44])
appears to be a major regulator of erythroid-specific tran-
scription. GATA-1 was originally identified as an erythroid-
specific DNA-binding protein (8, 22) and implicated in the
transcriptional activation of both globin and nonglobin (24,
30, 31) erythrocyte-specific genes. The cloning of GATA-1
cDNAs has provided further insight into the properties of
this factor (7, 43). The protein binds to a WGATAR consen-
sus sequence site through two similar C-X2-C-X17-C-X2-C
zinc fingers which differentially contribute to the specificity
for and affinity of DNA binding (21). Domains both amino
and carboxy terminal to these zinc fingers contribute to
transcriptional activation by mGATA-1 (21). Although the
factor was originally identified as erythroid specific, it has
subsequently been found to also be expressed in megakaryo-
cytes and mast cells of myeloid origin (23, 35).
GATA-1 has recently been shown to be but one member of

a multigene family in chickens (originally designated cNF-
Ela, cNF-Elb, and cNF-Elc; now termed cGATA-1,
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cGATA-2, and cGATA-3, respectively [29]), with each fam-
ily member exhibiting a unique pattern of tissue-restricted
expression (47). Members of the cGATA (chicken GATA)
family of proteins are related by virtue of their zinc fingers,
which show a high degree of identity to other members of the
family both within species and between species (42, 47, 48).
All of the factors recognize the common consensus binding
site (WGATAR) and function as transcriptional activators in
vivo (47).
Of particular interest was the observation that cGATA-3

mRNA is predominantly expressed in chicken T lympho-
cytes and embryonic brain tissue (47). Here we demonstrate
that the human and murine homologs of this factor
(hGATA-3 and mGATA-3, respectively) are abundantly
expressed in a variety of T-lymphocyte cell lines and that the
conceptually translated proteins share a striking degree of
amino acid sequence identity with cGATA-3 and with one
another. We show that the mRNA expression patterns of
these factors are also highly conserved, suggesting that the
proteins fulfill a critical function in the activation of T-lym-
phocyte-specific genes. The identification of GATA-binding
sites in the human T-cell receptor (TCR) 8 gene enhancer, as
well as the further demonstration that these sites are capable
of conferring GATA-3-dependent transcriptional induction
to reporter genes linked in cis, underscores the likelihood
that GATA-3 plays a highly conserved, functionally impor-
tant role in T-lymphocyte-specific transcriptional regulation
in vertebrates.

MATERIALS AND METHODS

Cell lines. Cell lines were purchased from the American
Type Culture Collection (T-cell lines AODH, BW5147.3,
MOLT-3, CCRF-CEM, CCRF-HSB-2, and HuT78) or were
gifts from V. Patel (murine lines MEL, BaF3, 38B9, PD31,
and MPC11), S. K. Pierce (murine lines TPc and CH27), or
S. T. Rosen (human B-lymphoma lines IM9 and U266). The
murine TCR oxt3' T-cell lines AODH and TPc and the TCR
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a3- T-cell line BW5147.3 were grown in Dulbecco's modi-
fied Eagle's medium (DMEM). The human TCR- T-cell
lines MOLT-3 and HuT78 were grown in RPMI 1640 plus
10% fetal bovine serum (FBS), and the human TCR- T-cell
line CCRF-HSB-2 was grown in Iscove's DMEM plus 10%
FBS; the TCR a+ human T-cell line CCRF-CEM was
grown in RPMI 1640 plus 20% FBS. QT6 (transformed quail
fibroblast) cells were grown in DMEM plus 5% FBS plus 2%
chicken serum.

Isolation and characterization of mGATA-3 and hGATA-3
cDNAs. cDNA libraries prepared from RNA derived from
the murine EL4 and human Jurkat TCR aot3 T-lymphocyte
cell lines (Stratagene and Clontech, respectively) were
screened (standard hybridization, but reduced washing strin-
gency: 0.5x SSC [lx SSC is 0.15 M NaCl plus 0.015 M
sodium citrate] plus blot wash buffer at 37°C [47]) with
random primer-radiolabeled cGATA-3 (p3Oc [47]) as the
hybridization probe (2). Approximately 5 x 106 PFU of each
library was screened; 68 and 93 human and murine positives,
respectively, were identified. Twenty-four of each were
plaque purified, and those with the largest cDNA inserts
were subcloned and sequenced. The DNA sequence of the
largest isolated murine (cDNA clone mc5b) and human
(cDNA clone p8h) homologs of the cGATA-3 factor was
determined by the dideoxy-chain termination method on
serially deleted subclones in pGEM7Zf(+) (Promega, Inc.)
(17, 47).
RNA blot analysis. Either 8 ,ug of total RNA isolated from

various mouse organs, tissues, or cell lines or 10 ,ug of total
RNA from either human B-lymphoma or T-lymphocyte cell
lines was denatured, electrophoresed, and blotted to nylon
filters (34). The filters were then hybridized to random
primer-labeled mGATA-3 cDNA clone mc5b or hGATA-3
clone p8h2, respectively, washed at moderate stringency (50
mM Tris-HCl [pH 7.51-1 mM EDTA-1 mM sodium phos-
phate-0.1% sodium dodecyl sulfate at 55°C three times for 1
h each time), and exposed for autoradiography. Exposure
times are given in the figure legends.

Gel mobility shift assays. Whole-cell extracts were pre-
pared as previously described (43, 47) and incubated with
radiolabeled oligonucleotides (amounts specified in figure
legends) corresponding to the GATA site sequences of either
the mouse al globin promoter (MaP [31]) or the human TCR
8 gene enhancer (BE4 [33]; see Results). The BE4 sequence is
as follows:

TCGACACTTGATAACAGAAAGTGATAACTCT
GTGAACTATTGTCTTTCACTATTGAGAAGCT

DNA binding reactions and electrophoresis were performed
as described previously (47).

Cotransfection trans-activation assays. The rabbit 1-globin
TATA box and transcription initiation site was used to direct
transcription of the human growth hormone gene (see Fig.
6A) in plasmid pOGH (Nichols Institute Diagnostics, San
Juan Capistrano, Calif. [43]). To this minimal promoter
construct, either one or three copies of an oligonucleotide
corresponding in sequence to the TCR 8 gene enhancer
footprint 4 (BE4 [33]) or three copies of an oligonucleotide
corresponding to the chicken ,-globin enhancer footprint 4
(1E-F4 [11]) were inserted directly 5' to the TATA box in the
orientation specified in Fig. 6 to produce the H1bGH,
H3&GH and C3IGH reporter plasmids, respectively (see
Fig. 6A). Activator plasmids R/mGATA-3 and R/hGATA-3
were prepared by sense insertion of the cDNA segments of
mGATA-3 clone mc5b or hGATA-3 clone p8h2, respec-
tively, into the unique HindlIl site of RSV CAT (14) after

the chloramphenicol acetyltransferase-coding sequences
were removed. The transcription of the recombinant
GATA-3 cDNAs is therefore directed by the Rous sarcoma
virus promoter and enhancer.

Immortalized quail fibroblasts (QT6 cells [25]) were used
as recipient cells in activation assays as previously described
(13, 47). The cells were transfected with 8 pLg of reporter
gene plasmid and 2 jig of (potential) activator plasmid by the
CaPO4 method, and the supematants were assayed for
secreted human growth hormone 4 days posttransfection by
radioimmunoassay (RIA) (using the Allegro hGH system
from Nichols Institute Diagnostics [47]). After the superna-
tants were collected for RIA, the cells were trypsinized,
counted, and lysed to prepare extracts for gel mobility shift
assays (43). Counts derived from the hGH RIA were nor-
malized for cell numbers, and trans-activation was calcu-
lated (47) according to the equation trans-activation = [(A +
R) - M]/(R - M), where A + R represents the counts
recovered per minute in the RIA after transfection with
activator and reporter plasmids, M represents the counts per
minute in the medium alone, and R represents the counts
recovered per minute after transfection with the reporter
plasmid alone.

Nucleotide sequence accession numbers. The nucleotide
sequence in Fig. 2 is listed in the GenBank data base under
accession number X55123; the sequence in Fig. 3 is listed in
GenBank under accession number X55122.

RESULTS

Murine and human T lymphocytes contain an abundant
GATA-binding protein. With the identification of T lympho-
cytes as the major sites of cGATA-3 expression (47), we
initially sought to determine whether human and murine T
lymphocytes express a GATA-binding protein. Extracts
were prepared from a variety of murine T-lymphocyte cell
lines and incubated with a 30-bp oligonucleotide probe
containing a consensus GATA-binding site from the mouse
al globin promoter (MaP [43]) in a gel mobility shift assay
(9, 12). The complex produced with a protein present in the
extracts has a slightly lower mobility than that formed with
the cGATA-3 protein and is specifically eliminated by unla-
beled MaP oligonucleotide in the binding reaction (Fig. 1A).
Extracts were also prepared from several human T-cell lines
and tested in mobility shift assays with the MaP probe. The
strong signal produced by complex formation indicates the
presence of an abundant GATA-binding protein in human T
lymphocytes; this complex is also specifically inhibited by an
excess of unlabeled MaP oligonucleotide in the binding
reaction (Fig. 1B). Thus, murine and human T-lymphocyte
cell lines expressing either an a,B TCR or no TCR synthesize
an abundant protein which binds with high affinity to the
GATA consensus sequence.

Cloning and characterization of murine and human
GATA-3 cDNAs. With the knowledge that a prominent
GATA-binding protein is expressed in mammalian T cells,
we then isolated the murine and human homologs of
cGATA-3. cDNA libraries prepared from murine EL4 and
human Jurkat T-lymphocyte cell lines were screened with
the full-length cGATA-3 cDNA clone p3la (2, 47). Indepen-
dent clones were isolated from each library, and mGATA-3
and hGATA-3 cDNA clones of 2,054 and 2,030 nucleotides,
respectively, were sequenced (Fig. 2 and 3, respectively)
(17). Both cDNA clones contain complete coding regions;
the open reading frame of the mGATA-3 cDNA clone mc5b
is predicted to encode a protein of 443 amino acids with a
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FIG. 1. A protein binding to the WGATAR motif is prevalent in
murine and human T-lymphocyte cell lines. (A) Whole-cell extracts
were prepared from murine T-cell lines and examined by gel
mobility shift assay for binding to 1 ng of radiolabeled MaP
oligonucleotide (43, 47). The T-lymphocyte cell lines used for
extract preparation were AODH (lanes 2 and 6), BW5147.3 (lanes 3
and 7), and TPc (lanes 4 and 8). For comparison, cGATA-3 as

expressed in chicken embryo fibroblast cells from a recombinant
retrovirus (6a) is shown (lanes 1 and 5). Lanes 1 to 4 contained 1.5
,Lig of nonspecific poly(dI-dC)/poly(dA-dT) competitor, while lanes 5

to 8 contained the same plus 150 ng of unlabeled MaP oligonucleo-
tide. B and F refer to the positions of bound and free MaP
oligonucleotide, respectively. (B) Extracts were prepared from
various human T-cell lines (43) and examined for specific DNA
binding to the radiolabeled MotP oligonucleotide by gel mobility shift
assay. The cell lines used were MOLT-3 (lanes 1 and 5), CCRF-
CEM (lanes 2 and 6), CCRF-HSB-2 (lanes 3 and 7), and HuT78
(lanes 4 and 8). Lanes 1 to 4 contained 1.5 ,ug of nonspecific
competitor DNA, while lanes 5 to 8 contained the same plus 150 ng
of unlabeled MaP oligonucleotide. Once again, B and F indicate the
positions of bound and free radiolabeled oligonucleotide, respec-
tively.

molecular mass of 47,964 Da (pl, 9.89), and the hGATA-3
clone p8h contains a single long open reading frame encoding
a 444-amino-acid protein with a predicted molecular mass of
47,973 Da (pl, 9.84). Both of these are similar in size and
isoelectric point to the 48,194-Da molecular mass and pl of
9.89 predicted for the cGATA-3 protein (47).

Vertebrate GATA-3 proteins are highly conserved. A com-
parison of the deduced amino acid sequences of the chicken,
human, and murine proteins (Fig. 4) illustrates the striking
identity between the GATA-3 factors of these species.
cGATA-3 and hGATA-3 have >92% overall identity; the
amino-terminal residues (1 to 215) share 85% identity, while
the carboxy-terminal amino acids (216 to 444) share 97%
identity. Similarly, cGATA-3 and mGATA-3 show 92%
overall sequence identity. In contrast to this high degree of
conservation, the erythroid/megakaryocytic/mast (23, 35)
cell-specific family member GATA-1 is far less well con-
served between these same species, having only 41% overall
identity between chickens and humans (42). The GATA-3
proteins also share far greater identity across species bound-
aries than they do with the GATA-1 or GATA-2 protein
within the same species (data not shown).

Tissue distribution of the murine and human GATA-3
transcripts. Expression of murine and human GATA-3 was
examined by RNA blot analysis. As shown in Fig. SA,
mGATA-3 is expressed as an approximately 4-kb mRNA

1 GCTAAACTATCCCGCAAAGATTTTTCTTCCTCCCTAAACCCTCCTTTTTGCTCTCCTTTTCTATACCC
70 TTAACTGCAAACAAACCATTAAACGACCCCTCTCCTGGGCCTCCGACGGCAGGAGTCCGCGGACCTCCC

139 AGGCCGACAGCCCTCCCTCTACCCGCGAGGTTCCGGGCCGGGCGAGAGGGCGCGAGCACAGCCGAGGAC
208 ATG GAG GTG ACT GCG GAC CAG CCG CGC TGG GTG AGC CAC CAT CAC CCC GCG

N K V T A D Q P R V V S H H H P A
259 GTC CTC AAC GGT CAG CAC CCA GAC ACG CAC CAC CCG GGC CTC GGC CAT TCG

V L N G Q H P D T H H P G L G H S
310 TAC ATG GAA GCT CAG TAT CCG CTG ACG GAA GAG GTG GAC GTA CTT TTT AAC

Y N E A Q Y P L T E E V D V L F N
361 ATC GAT GGT CAA GGC AAC CAC GTC CCG TCC TAC TAC GGA AAC TCC GTC AGG

I D G Q G N H V P S Y Y G N S V R
412 GCT ACG GTG CAG AGG TAT CCT CCG ACC CAC CAC GGG AGC CAG GTA TGC CGC

A T V Q R Y P P T H H G S Q V C R
463 CCG CCT CTG CTG CAC GGA TCT CTG CCC TGG CTG GAT GGC GGC AAA GCC CTG

P P L L H G S L P V L D G G K A L
514 AGC AGC CAC CAC ACC GCC TCG CCC TGG AAC CTC AGC CCC TTC TCC AAG ACG

S S H H T A S P V N L S P F S K T
565 TCC ATC CAC CAC GGC TCT CCG GGG CCT CTG TCC GTT TAC CCT CCG GCT TCA

S I H H G S P G P L S V Y P P A S
616 TCC TCT TCT CTG GCG GCC GGC CAC TCC AGT CCT CAT CTC TTC ACC TTC CCG

S S S L A A G H S S P H L F T F P
667 CCC ACC CCG CCG AAA GAC GTC TCC CCA GAC CCG TCG CTG TCC ACC CCG GGA

P T P P K D V S P D P S L S T P G
718 TCC GCC GGG TCG GCC AGG CAA GAT GAG AAA GAG TGC CTC AAG TAT CAG GTG

S A G S A R Q D E K E C L K Y Q V
769 CAG CTG CCA GAT AGC ATG AAG CTG GAG ACG TCT CAC TCT CGA GGC AGC ATG

Q L P D S M K L E T S H S R G S H
820 ACC ACC CTG GOT GGG GCC TCA TCC TCA GCC CAC CAC CCC ATT ACC ACC TAT

T T L G G A S S S A H H P I T T Y
871 CCG CCC TAT GTG CCC GAG TAC AGC TCT GGA CTC TTC CCA CCC AGC AGC CTG

P P Y V P E Y S S G L F P P S S L
922 CTG GGA GGA TCC CCT ACC GGG TTC GGA TGT AAG TCG AGG CCC AAG GCA CGA

L G G S P T G F G C K S R P K A R
973 TCG AGO AGA CAA GOG AGO GAG 8

S S V K G R KE %K' ~~
1024

1075

1177 jI

1228 lOGG00CTG TAG TAC AAG CTT OAT AT ATT AAC AGA CC0 OTG AGT ATG AG
# G L Y Y K L H N I N R P L T H K

1279 AM GAA GGC ATC CAG ACC CGA AAC CGG AAG ATG TCT AGC AAA TCG AM MG
K E 0 I Q T R N R K H S S K S K K

1330 TGC AAA MG GTG CAT GAC GCG CTG GAG GAC TTC CCC MG AGC AGC TCC TTC
C K K V H D A L E D F P K S S S F

1381 MC CCG GCC GCT CTC TCC AGA CAC ATG TCA TCC CTG AGC CAC ATC TCT CCC
N P A A L S R H H S S L S H I S P

1432 TTC AGC CAC TCC AGC CAC ATG CTG ACC ACA CCG ACG CCC ATG CAT CC0 CCC
F S H S S H H L T T P T P H H P P

1483 TCC GGC CTC TCC TTC GGA CCT CAC CAC CCT TCC AGC ATG CTC ACC GCC ATG
S G L S F 0 P H H P S S H V T A H

1534 GGT TAG AGAGGCAGAGCCCTGCTCCACATGCGTGAGGAGTCTCCAAGTGTGCGMGAGTTCCTCCGA
G *

1601 CCCCTTCTACTTGCGTTTTTCGCAGGAGCAGTATCATGAAGCCCGAAAGCGACAGATCTGTGTTTTTGA
1670 AGGCAGAAAGCAAAATGTTTGCTTCTTTTTTCAAAGGAGCTCGAGGTGGTGTCTGCATTCCMCCACTG
1739 MTCCGGATCCCATTTGTGAATMGGCCATTCAGACTCATATTCCCTATTTMCAGGGTCTCTAGTGCTG
1808 TGAAAAAAATATTGCTGAACATTGCATATAACTTATATTGTAAGAAATACTGTACATTTGAGGAAGACT
1877 TTATTGTACCTGGATAGCOTTAAGAAAGGCATGAAGGACGCCAAGAGTTTAAGGAATATAGGGGNNTT
1946 AAAGTATGGAGATACAGAAGAAACCACTAAGTCTGATGTCCAAATGGGCACACTGTCAGTTrTGTTTCC
2015 CTTCAGTTGTTTGATGCATTTAAAAAAAAAAAAAAGAAAG

FIG. 2. Sequence of the mGATA-3 cDNA. The confirmed nu-
cleotide sequence of cDNA clone mc5b is shown. Numbers on the
left indicate nucleotides beginning at the 5' end of the insert. The
shaded area corresponds to the zinc finger domain and the se-
quences encoding it.

and accumulates to the greatest abundance in T lympho-
cytes, as is the case with cGATA-3 (47). A large number of
other tissues and cell types, including the murine B-cell lines
38B9 and PD31 and the myeloma MPC11 cell line, do not
express detectable mGATA-3. mGATA-3 mRNA is found in
murine placenta and fetal brain at an approximately three-
fold lower abundance than in T cells, whereas it is undetect-
able in RNA isolated from adult brain. Thus, the GATA-3
expression profiles in murine and chicken cells are similar in
that the sites of the most abundant expression are the
embryonic brain and T lymphocytes (47).
A more restricted examination was undertaken to investi-

gate the activity and tissue specificity of the human GATA-3
mRNA. A 3.6-kb mRNA is detected in human T, but not B,
lymphocytes by RNA blot analysis (Fig. SB). hGATA-3 is
also expressed in at least one human neuroblastoma cell line,
SKNSH (data not shown). Thus, on the basis of examination
of a limited number of human cell types, we conclude that
the expression characteristics of chicken, human, and mu-
rine GATA-3 mRNAs appear to be highly conserved.
hGATA-3 and mGATA-3 trans-activate expression from a
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1 CCCCCCTCCAAGATAATI AAAAAACCTTCTCCTTTGCTCACCTTTGCTTCCCAGCCTTCCCATCCC
70 CCCACCGAAAGCAAATCATTCAACGACCCCCGACCCTCCGACGGCAGGAGCCCCCCGACCTCCCAGGCG

139 GACCGCCCTCCCTCCCCGGCGCGGGGTTCCGGGCCCGGCGAGAGGGCGCGAGCACAGCCGAGGCC ATG

207 GAG GTG ACG GCG GAC CAG CCG CGC TGG GTG AGC CAC CAC CAC CCC GCC GTG
V T A D Q P R V V S H P A V

258 CTC AAC GGG CAG CAC CCG GAC ACG CAC CAC CCG GGC CTC AGC CAC TCC TAC
L N G Q P D T P C L S S Y

309 ATG GAC GCG GCG CAG TAC CCG CTG CCG GAG GAG GTG GAT GTG CTT TrT AAC
D A A Q Y P L P E V D V L F N

360 ATC GAC GGT CAA GGC AAC CAC GTC CCG CCC TAC TAC GGA AAC TCG GTC AGG
I D G Q G N V P P Y Y G N S V R

411 GCC ACG GTG CAG AGG TAC CCT CCG ACC CAC CAC GGG AGC CAG GTG TGC CGC
A T V Q Y P P T HO S Q V C R

462 CCG Car CTC CTT CAT GGA TCC CTA CCC TGG CTG GAC GGC GGC AAA GCC CTG
P P L L G S L P V L D G G K A L

513 GGC AGC CAC CAC ACC GCC TCC CCC TGG AAT CTC AGC CCC TTC TCC AAG ACG
C S T A S P N L S P F S K T

564 TCC ATC CAC CAC GGC TCC CCG GGG CCC CTC TCC GTC TAC CCC CCG GCC TCG
S I G S P G P L S V T P P A S

615 TCC TCC TCC TTG TCG GGG GGC CAC GCC AGC CCG CAC CTC TTC ACC TTC CCG
S S S L S G G A S P H L F T F P

666 CCC ACC CCG CCG AAG GAC GTC TCC CCG GAC CCA TCG CTG TCC ACC CCA GGC
P T P P K D V S P D P S L S T P C

717 TCG GCC GGC TCG GCC CGG CAG GAC GAG AAA GAG TGC CTC AAG TAC CAG GTG
S A C S A R Q D E K E C L K Y Q V

768 CCC CTG CCC GAC AGC ATG AAG CTG GAG TCG TCC CAC TCC CGT GGC AGC ATG
P L P D S K L E S S H S R G S

819 ACC cCC CTG GGT GGA CCC TCC TCG TCG ACC CAC CAC CCC ATC ACC ACC TAC
T A L G G A S S S T H H P I T T Y

870 CCG CCC TAC GTG CCC GAG TAC AGC TCC GGA CTC TTC CCC CCC AGC AGC CTG
P P Y V P Y S S C L F P P S S L

921 CTG GGC CCC TCC CCC ACC CCC TTC GGA TGC AAG TCC AGG CCC AAG GCC CGG
L C G S P T C F C C K S R P K A R

972 TCC AGC ACA GAA GGC AGG GAG
S S T R G R R f s

1023

1074

1125 _d

1176

1227 GGG CTC TAC TAC AAG CTT CAC AAT AT AC AGA CCC CTG ACT ATG AAG
G L Y Y K L iIRN I NiR P L T N1

1278 AAG GAA GGC ATC CAG ACC AGA AAC CGA AAA ATG TCT AGC AAA TCG AAA AAG
K E C I Q TR R K S S K S K K

1329 TGC MA MA GTG CAT GAC TCA CTG GAG GAC TTC CCC MG MC AGC TCG TTT
C K V D S L D F P K N S S F

1380 AAC CCG GCC GCC CTC TCC AGA CAC ATG TCC TCC CTG AGC CAC ATC TCG CCC
N P A A L S R H S S L S H I S P

1431 TTC AGC CAC TCC AGC CAC ATG CTG ACC ACG CCC ACG CCG ATG CAC CCG CCA
F S S S 2 L T T P T P H P P

1482 TCC AGC CTG TCC TTT GGA CCA CAC CAC CCC TCC AGC ATG GTC ACC GCC ATG
S S L S F G P H H P S S V T A

1533 GGT TAG AGCCCTGCTCGATGCTCACAGGGCCCCCAGCGAGAGTCCCTGCAaTCCCTTTCGACTTGCA
G *

1600 TTTTTGCAGGAGCAGTATATCAAGCCTAAACGCGATGATATAT TrtGAAGGCAGAAGCAAAAT
1669 TATGTTTGCCACTTGCAAAGGAGCTCACTGTGGTGTCTGTGTTCCAACCATGAATCTGGACCCCATC
1738 TarGAATAAGCCATTCTGACTCATATCCarArTAACAGGGarTCrAaTCTTGAAAAAAAAATGC
1807 TGAACATTGTT MATAAATTGCATCTGGGTAGCTA
1876 AGGCATGAAGGATGCCAAAACTAT
1945 TCTGATATTCAAATGGACAAACTGCCAGATTTGTTTCCTTTCACTGGCCACAGTTGTTTGATGCATTAA
2014 AAGAAAATAAAAAAAAG

cGATA-3
hGATA- 3
oGATA- 3

cGATA- 3
hGATA- 3
=GATA- 3

cGATA-3
hGATA-3
GATA- 3

cGATA- 3
hGATA- 3
oGATA- 3

cGATA- 3

hGATA- 3

.GATA- 3

cGATA-3
hGATA- 3
.GATA- 3

cGATA- 3

hGATA- 3

GATA- 3

60
60
59

120
120
119

180
180
179

240
240
239

- - L-
_si_ _ s s_r Sn S = |- - z a ' - = t - z - - fi ' B 5 Mo31 ! I - .w w ! E S w.
^-^| | ES nG E-s WIfl N! R !==R @ S: R w<C- .m_ M TA_ _ l_S_ _L _ -_ _J - - rlQ - - - - ^Z_ ZA4O WA . . ANNS
_S__ |--|--

SSU -AyD::,

__S______-

St..u1=;?-3 z _E= E -A 5 7,A, A, ASX5,Z,X7=t_ ,.::, ;,. ,.,, . :.r, ,. . .: . . ):
YEqsY_lp_
___R__ t....: ..
____!

Em-El-fl
IEE:EinUNE-

3

mGATA-3

300
300
299

420

420

419

444
444
443

FIG. 4. Amino acid sequence comparison of the chicken, hu-
man, and murine GATA-3 factors. The predicted amino acid se-

quences of cGATA-3, hGATA-3, and mGATA-3 were aligned, and
identities with the conceptually translated cGATA-3 protein (47) are

shaded. Numbers on the right correspond to the position of the last
amino acid on each line.

proteins (mGATA-3 or hGATA-3) could stimulate expres-
sion of the human growth hormone gene in trans.
The H38GH and H1BGH reporter gene constructs contain

either three or one of the 8E4 sites of the human TCR 8 gene
enhancer, respectively; each BE4 oligonucleotide contains

A
, 2 3 4 5 6 7 8 9 '0

B
t 2 3 4 5 6

FIG. 3. Sequence of the hGATA-3 cDNA. The confirmed nucle-
otide sequence of cDNA clone p8h is shown. Numbers on the left
indicate nucleotides beginning at the 5' end of the cDNA insert. The
shaded area corresponds to the zinc finger domain and the se-
quences encoding it.

tissue-specific human TCR 8 gene enhancer GATA-binding
site. Given the degree of amino acid sequence identity
between the chicken, human, and murine GATA-3 proteins,
we anticipated that they should each be capable of stimulat-
ing transcription from consensus GATA-binding sites. Re-
dondo et al. have described detailed genetic and biochemical
experiments examining the human TCR 8 gene enhancer
(33). Within that cis-regulatory domain, one footprint (BE4)
lies over two consensus GATA-binding sites. We therefore
sought to assess the ability of the GATA-3 proteins to
stimulate transcription of a reporter gene containing BE4 to
ask whether this site is capable of being regulated by the
hGATA-3 protein in vivo.
For cotransfection trans-activation assays, the human and

murine GATA-3 cDNAs were placed under the transcrip-
tional control of the Rous sarcoma virus long terminal
repeat. Reporter plasmids with GATA-binding sites up-
stream of the rabbit ,-globin TATA box were cotransfected
with presumptive activator plasmids into quail fibroblast
(QT6) cells. We then determined whether the encoded

ISg *. --

.7

w of a

FIG. 5. Expression of mGATA-3 and hGATA-3 mRNAs. (A)
RNA isolated from mouse organs, tissues, and cell lines was probed
with random primer-labeled mGATA-3 cDNA clone mc5b. The
RNA samples shown were isolated from the following tissues or

cells: uterus (lane 1); ovary (lane 2); testes (lane 3); placenta (lane 4);
liver (lane 5); heart (lane 6); fetal brain (lane 7); maternal brain (lane
8); ES cells (lane 9); 10-day-old embryoid bodies (lane 10); unin-
duced MEL cells (lane 11); MEL cells induced with dimethyl
sulfoxide for 4 days (lane 12); BaF3 (pre-B/pre-T lymphocytes; lane

13); the B-cell lines CH27 (lane 14), 38B9 (lane 15), PD31 (lane 16),
and MPC11 (lane 17); normal murine B lymphocytes (lane 18); and
the T-cell lines AODH (lane 19), BW5147.3 (lane 20), and TPc (lane
21). The position of hybridization of the upper band to the murine
p-tubulin internal control is indicated by the arrow. The exposure
time was 48 h. (B) Blot analysis was performed with RNA isolated
from either human B-lymphoma (IM9 [lane 1] and U266 [lane 2]) or

T-lymphocyte (CCRF-CEM [lane 3], CCRF-HSB-2 [lane 4], HuT78
[lane 5], and MOLT-3 [lane 6]) cell lines. The position of hybridiza-
tion of radiolabeled cDNA clone p8h is indicated at the right.
Hybridization to the upper band of the human ,-tubulin RNA

(probed with the murine p-tubulin cDNA clone) internal marker is

indicated by the arrow in the lower panel; the size of hGATA-3 was

also determined by comparison with an RNA ladder (Bethesda
Research Laboratories). The exposure time was 46 h.
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two GATA-binding sites in the same orientation (as encoun-
tered in the human TCR 8 enhancer [33]). The C3PGH
reporter construct has three copies of the chicken P-globin
enhancer footprint 4 region (which also contains two GATA-
binding sites in inverted orientation [6, 11, 47]). The levels of
growth hormone secreted by the transfected cells into the
tissue culture medium were determined by RIA.
Both mGATA-3 and hGATA-3 are capable of stimulating

transcription of the growth hormone reporter gene linked in
cis to GATA-binding sites from each of the different reporter
constructs (Fig. 6A). Although six GATA-binding sites (as
found in H38GH and C3,GH) activate transcription to a
greater extent than two sites (in H18GH), the number of sites
alone cannot be the sole determinant of activity, since the
degree of stimulation was significantly greater with the
C3,GH reporter. The ability of the mammalian GATA-3
factors to trans-activate the various reporter genes was
comparable to that of the chicken GATA-3 protein tested in
parallel experiments (data not shown and reference 47).

In order to demonstrate that both hGATA-3 and
mGATA-3 proteins were expressed at comparable levels in
transfected cells, extracts were made and incubated with a
radiolabeled BE4 oligonucleotide; the resulting DNA-protein
complexes were then assayed in gel mobility shift experi-
ments. Specific complexes were formed with proteins
present in extracts of cells transfected with the hGATA-3
and mGATA-3 cDNAs, but not with extracts from control
transfectants (Fig. 6B). These complexes were inhibited by
an excess of unlabeled 8E4 oligonucleotide, thereby demon-
strating that hGATA-3 and mGATA-3 can specifically bind
to the GATA sites present in the human TCR 8 gene
enhancer.

DISCUSSION

GATA-3 is a vertebrate T-cell transcription factor. GATA-
3 DNA-binding proteins are abundantly expressed in
chicken, mouse, and human T-lymphocyte cell lines (Fig. 1
and data not shown). The GATA-3 protein sequences de-
duced from conceptual translation of the cDNA clones (Fig.
2 and 3) (47) from these three vertebrate species show a
remarkable degree of amino acid sequence identity, indicat-
ing that the structure of this protein, even outside the zinc
finger DNA-binding domain, has been strongly conserved
through evolution (Fig. 4). With the most abundant levels of
expression found in T lymphocytes and the developing brain
(Fig. 5), the tissue distribution of GATA-3 mRNA expres-
sion has also been conserved between species, implying that
it fulfills a critical function in those cells in which it is
expressed.
The trans-activation data presented here (Fig. 6) further

demonstrate that hGATA-3 and mGATA-3 can recognize
and stimulate transcription from a pair of consensus WGAT
AR binding sites found in the human T-cell receptor 8 gene
enhancer. These binding sites lie within a previously identi-
fied human T-lymphocyte-specific footprint (TCR footprint
BE4 [33]), consistent with a central role for this factor in
transcriptional regulation of the TCR 8 gene. The WGATAR
consensus has also been identified within murine and human
TCR a and P gene enhancer footprints (15, 18, 41, 46),
although it is not possible to determine the tissue specificity
of the interactions of the presumptive GATA proteins with
these regulatory sequences from the data presented in these
reports. The observation that the factor is abundantly ex-
pressed in human and murine TCR ao' T lymphocytes (for
example, in cell lines CCRF-CEM, AODH, and Jurkat) and

A
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FIG. 6. trans-activation by the mGATA-3 and hGATA-3 factors.
(A) mGATA-3 and hGATA-3 factors activate transcription from the
chicken P-globin enhancer or the human TCR 8 gene enhancer
GATA-binding sites. mGATA-3 and hGATA-3 cDNAs placed under
the transcriptional control of the Rous sarcoma virus promoter and
enhancer (see Materials and Methods) were cotransfected with
reporter plasmid C3PGH, H3&GH, or H1iGH (see text) into QT6
cells. trans-activation was calculated on the basis of human growth
hormone secretion (as assayed by RIA) into the cell culture medium
upon activation of the reporter gene plasmid (see Materials and
Methods). Numbers given for trans activation are the results ob-
tained after averaging at least two independent transfections. (B)
mGATA-3 and hGATA-3 are expressed at similar levels in trans-
fected cells. Extracts were prepared from the same transfected cells
used for the RIA described for panel A and then examined for
GATA-3 expression by gel mobility shift assays (see Materials and
Methods) using 0.5 ng of the SE4 oligonucleotide as a probe (lane 1).
The extracts used were prepared either from cells transfected with
mGATA-3 (lanes 2 to 4 and 9 to 11) or hGATA-3 (lanes 5 to 7 and 12
to 14) expression plasmids plus reporter genes or from cells trans-
fected with reporter plasmids and RSV CAT (lanes 8 and 15). The
reporter genes were H38GH (lanes 2, 5, 8, and 15), C3PGH (lanes 3
and 6), and H1iGH (lanes 4 and 7). Lanes 2 to 8 contained 0.5 jig of
nonspecific competitor DNA in the binding reaction, while lanes 9 to
15 contained the same plus 50 ng of unlabeled BE4 oligonucleotide.
B and F indicate the positions of bound and free radiolabeled
oligonucleotide, respectively.

TCR- T lymphocytes (e.g., CCRF-HSB-2, HuT78, and
MOLT-3) strongly implies that the TCR 8 gene enhancer site
identified here is but one element within T cells which serves
as a target for regulation by this transcription factor.

Vertebrate GATA-3 factor expression in the nervous sys-
tem. In addition to their expression in T cells, mGATA-3 and
cGATA-3 mRNAs are also expressed in embryonic (fetal)
brain, while hGATA-3 mRNA is strongly expressed in the
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human neuroblastoma cell line SKNSH (data not shown).
While we have no indication at present as to how this factor
may be utilized in the nervous system, there is precedence
for tissue-specific transcription factor expression in the
brain. Transcription factor Oct-2, originally thought to be
exclusively expressed in B lymphocytes, has since been
shown to be expressed in the brain as well (16). There are
also other examples of temporally distinct developmental
patterns of expression similar to that which we find for
GATA-3. The Drosophila homeodomain gene fushi tarazu
(5) plays a role in early pattern formation and in later
development is expressed in the nervous system; further-
more, Pit-1, originally identified as a pituitary gland-specific
regulatory factor, is expressed in the embryonic brain but
not in the adult brain, much like mGATA-3 (16).
GATA gene family regulation during development. The

identification of multiple members of a transcription factor
family is not a unique observation. A number of other
transcription factor gene families (including Oct [3, 28, 36,
39, 40], CCAAT [4, 19, 20, 26, 27, 38], and AP-1 [32, 37]) in
which individual members of the family display distinct
tissue and temporal expression profiles have also been
identified. The cloning of hGATA-3 and mGATA-3 adds two
to the growing list of transcription factors containing a
C-X2-C-X17-C-X2-C zinc finger motif. This DNA-binding
domain has been evolutionarily conserved from fungi (1, 10)
to humans (42, 48) and is utilized repeatedly within individ-
ual organisms as the conserved element defining the GATA
transcription factor family. GATA protein families have now
been identified in Xenopus laevis (47a), chickens (47), mice,
and humans (references 42, 45, and 48 and this report).
These vertebrate factors all bind to the WGATAR sequence
by using this highly conserved, duplicated C4 zinc finger
structure (21, 47). As in chickens, the various human pro-
teins that bind to the GATA consensus sequence are ex-
pressed in distinct cell types and are therefore inferred to
direct tissue-specific transcription in those lineages.
mGATA-1 and hGATA-1 have been shown to be expressed
specifically in the erythroid, megakaryocytic, and mast cell
lineages (23, 35). A distinct hGATA protein found in endo-
thelial cells may, on the basis of its pattern of expression, be
the human homolog of cGATA-2 (45, 47). hGATA-3 and
mGATA-3 (identified here), like cGATA-3 (47), are most
abundantly expressed in T lymphocytes.
We conclude from this study that the vertebrate GATA-3

transcription factors, having virtually the same DNA se-
quence recognition properties, primary amino acid se-
quence, and mRNA developmental expression profiles, act
to stimulate specific sets of genes in T lymphocytes and the
developing brain in chickens, mice, and humans. The differ-
ential expression of specific members of the vertebrate
GATA gene families may, by cooperative activity with other
cell-specific and/or ubiquitous factors, act to direct the
tissue-specific transcription of different genes in a number of
distinct and developmentally unrelated cell lineages. Func-
tional analysis of the activities of each member of the GATA
gene family of activator proteins within an appropriate in
vitro or in vivo transcriptional regulatory environment
should determine whether or not this expectation is correct.
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