MOLECULAR AND CELLULAR BIOLOGY, Jan. 2000, p. 713-723
0270-7306/00/$04.00+0

Vol. 20, No. 2

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

A GATA Box in the GATA-1 Gene Hematopoietic Enhancer Is
a Critical Element in the Network of GATA Factors and Sites
That Regulate This Gene
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A region located at kbp —3.9 to —2.6 5’ to the first hematopoietic exon of the GATA-1 gene is necessary to
recapitulate gene expression in both the primitive and definitive erythroid lineages. In transfection analyses,
this region activated reporter gene expression from an artificial promoter in a position- and orientation-
independent manner, indicating that the region functions as the GATA-1 gene hematopoietic enhancer
(G1HE). However, when analyzed in transgenic embryos in vivo, GIHE activity was orientation dependent and
also required the presence of the endogenous GATA-1 gene hematopoietic promoter. To define the boundaries
of G1HE, a series of deletion constructs were prepared and tested in transfection and transgenic mice analyses.
We show that GIHE contains a 149-bp core region which is critical for GATA-1 gene expression in both
primitive and definitive erythroid cells but that expression in megakaryocytes requires the core plus additional
sequences from G1HE. This core region contains one GATA, one GAT, and two E boxes. Mutational analyses
revealed that only the GATA box is critical for gene-regulatory activity. Importantly, GIHE was active in
SCL™/~ embryos. These results thus demonstrate the presence of a critical network of GATA factors and GATA
binding sites that controls the expression of this gene.

GATA-1 gene expression is essential for hematopoietic cell
differentiation (reviewed in reference 33). The transcription
factor GATA-1 is expressed in erythroid cells, megakaryocytes,
eosinophils, and mast cells (9, 20, 36), as well as in Sertoli cells
in the testis (6, 35). Two promoters, or first exons, exist in the
GATA-1 gene (6). The distal (IT) promoter specifies the ex-
pression of the GATA-1 gene in Sertoli cells, whereas the
proximal (IE) promoter, located between the IT exon and the
common coding exons, directs GATA-1 gene expression in the
hematopoietic lineages (6). Gene ablation experiments of
GATA-1 demonstrate that GATA-1 is required for the differ-
entiation of erythroid cells and also for platelet formation in
the final stage of megakaryopoiesis (18, 23-26). GATA-1 is
also important for the formation of connective tissue type mast
cells (4).

We previously identified critical regulatory regions for ex-
pression of the GATA-1 gene in erythroid-lineage cells with a
B-galactosidase (lacZ) reporter gene in a transgenic-mouse
analysis (17). Transgenic mouse lines bearing a DNA fragment
beginning at kbp —3.9 5’ to the IE exon and extending through
the second exon, when fused to a lacZ gene (IE3.9intLacZ),
recapitulated GATA-1 gene expression in both primitive and
definitive erythroid cells. LacZ activity was abolished in trans-
genic mouse lines bearing a smaller fragment extending from
kbp —2.6 (5" to IE) through the second exon (IE2.6intLacZ),
indicating that the 1.3-kbp region acts as an upstream activat-
ing element (UE) (17). UE contains a region corresponding to
a DNase I-hypersensitive site 1 (21). In transgenic mice with a
3.9-kbp fragment, including UE but lacking the first intron
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(IE3.9LacZ), the LacZ reporter was expressed only in primi-
tive erythroid cells, not in definitive erythroid cells. As before,
deletion of UE from the construct (IE2.6LacZ) ablated this
primitive cell-specific LacZ expression. These results suggest
the existence of at least two regulatory regions in the GATA-1
gene, i.e., UE and the first intron element (17). In a rescue
experiment with our GATA-1 gene knockdown mouse (26), we
have demonstrated that the DNA fragment extending from
UE through the second exon is sufficient to recapitulate the
physiological level of GATA-1 gene expression (S. Takahashi
and M. Yamamoto, unpublished data). Thus the UE fragment
is one of the regions required for complete GATA-I gene
regulatory activity.

Upstream activating sequences such as UE frequently con-
tain enhancers that can activate transcription from core pro-
moters in a position- and orientation-independent manner and
can activate transcription from heterologous promoters (1, 2).
These characteristics of enhancers have been established in
vitro, in transfection analyses with tissue culture cells (for ex-
ample, see reference 12). We speculated, however, that novel
characteristics of enhancers would be revealed when these
elements were tested in vivo in transgenic-mouse assays, lead-
ing to the development of new concepts in gene regulation.
Indeed, in this study we compared the activity of UE in trans-
genic mice and in a transfection assay with K562 cells. UE was
found to satisfy the classic criteria of an enhancer in the trans-
fection assay and consequently was renamed the GATA-1 gene
hematopoietic enhancer (G1HE). However, when G1HE was
integrated into the mouse genome, its activity was more re-
stricted. We also performed a detailed dissection of GIHE to
delineate a core region, using both the reporter transfection
and transgenic-mouse assays, and assessed the importance of
each cis-acting element in the core region for stage- and lin-
eage-specific expression of GATA-1. The results of these anal-
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yses demonstrate that a network of GATA factors regulates
the expression of the GATA-1 gene during hematopoietic cell
differentiation, through the GATA box in G1HE, and that
G1HE consists of two elements which determine erythroid or
megakaryocyte lineage specificity.

MATERIALS AND METHODS

Construction of plasmids and generation of transgenic mice. Various reporter
genes were constructed by using restriction enzyme sites in the GATA-I gene
regulatory regions. The lacZ gene in pSVB (Clontech) was used as a reporter
gene for the transgenic-mouse analysis. An EcoRI site in the first intron was
deleted (delE) from pIE3.9intLacZ (17). A series of GIHE deletion constructs
and all the point mutant constructs were made with the delE construct. To make
pHE-SV40-LacZ and pHE-TK-LacZ, a genomic BarnHI (kbp —3.9)-EcoRI (kbp
—2.6) restriction fragment (GIHE) was inserted into pSVB and pTKp (Clon-
tech), respectively. The firefly luciferase (LUC) gene was used as a reporter gene
for the transfection analysis. To make pHE-SV40 and inverted HE-SV40, the
BamHI-EcoRI fragment was inserted into the pGL3 promoter vector in both
orientations (Promega). Transgenic mice were generated by standard methods
5).

Transfection analysis. LUC reporter plasmids were transfected into K562 cells
(5 X 10° cells/sample) by the DEAE-dextran procedure as described previously
(7), and the cells were grown for 24 h. In each experiment, plasmid (10 pg) was
transfected in triplicate. Preparation of cell lysates and measurement of LUC
activity were carried out with a LUC assay kit (TOYO INK) as specified by the
supplier. LUC activity was normalized by the transfection efficiency, determined
by using control sea pansy luciferase activity. Cotransfection of pEF-SP (13) did
not interfere with the activity of our reporter constructs.

Analysis of transgenic mouse embryos and yolk sacs. For whole-mount 5-bro-
mo-4-chloro-3-indolyl-B-p-galactoside (X-Gal) staining, embryos at embryonic
day 8.5 (E8.5) or E9.5 were fixed at room temperature for 30 min in 1%
formaldehyde—0.2% glutaraldehyde—0.02% Nonidet P-40 in phosphate-buffered
saline (PBS, pH 7.3). After being washed with PBS, the embryos were incubated
overnight at 37°C in PBS containing 2 mM MgCl,, 5 mM K;Fe(CN),, 5 mM
K, Fe(CN)s and 1 mg of X-Gal per ml. For section staining, embryos at E15.0
were fixed and incubated overnight at 4°C in PBS-20% sucrose. Samples were
embedded in Tissue-Tek OCT compound (Sakura Finetechnical, Tokyo, Japan)
and rapidly frozen. Cryosections were stained at 37°C for 8 h with X-Gal.
Genomic DNA was purified from the yolk sacs and embryos, and integration of
transgenes was verified by PCR with a set of primers (primers 2 and 3) described
previously (17). Another set of primers, beta-gall and beta-gal2, corresponding
to the sequences in the lacZ gene, were also used; their sequences are 5'-ACC
GACTACACAAATCAGCG-3" and 5'-CAACCACCGCACGATAGAGA-3',
respectively.

Preparation of nuclear extract. Mouse erythroleukemia (MEL) cells were
used for detection of DNA binding proteins. Also, GATA-1, GATA-2, or
GATA-3 proteins were individually overexpressed in 293T cells. To prepare
nuclear extract, MEL cells were washed twice and collected by centrifugation to
measure the packed-cell volume (PCV). The cells were then washed twice in 5
PCV of buffer A (10 mM HEPES [pH 8.0], 1.5 mM MgCl,, 10 mM KCl, 0.5 mM
dithiothreitol, protease inhibitors), resuspended in buffer A (3 PCV), and incu-
bated on ice for 15 min. They were then homogenized. Nuclei were collected by
centrifugation, and the packed-nucleus volume (PNV) was measured. The nuclei
were resuspended in 2 PNV of buffer C (20 mM HEPES [pH 8.0], 1.5 mM
MgCl,, 420 mM KCI, 0.2 mM EDTA, 25% [vol/vol] glycerol, 0.5 mM DTT,
protease inhibitors). The suspension was mixed gently for 30 min at 4°C and
centrifuged, and aliquots of the supernatant were frozen immediately in liquid
nitrogen and stored.

EGMSA. Electrophoretic gel mobility shift assay (EGMSA) was performed as
described previously (32, 34). MEL and 293T cell nuclear extracts were incu-
bated at room temperature with a *P-labeled consensus E-box-GATA oligonu-
cleotide (9-bp spacing) (32), GGE, GGmE, or GGEm probe (see Fig. 7A).
Competitor oligonucleotides or specific antibodies raised against GATA-1 (N6)
or E2A (SC-349X Santa Cruz) were added to the reaction mixture 15 min after
the start of incubation. After an additional 15-min incubation, DNA-protein
complexes were separated from the free probe by nondenaturing polyacrylamide
gel electrophoresis (4% polyacrylamide) and analyzed by autoradiography.

Analysis of SCL homozygous mutant mice. Transgenic mice bearing
pIE3.9intGFP were newly prepared. SCL knockout mutant mice (22) were ob-
tained from Jackson Laboratory. The heterozygous SCL mutant mice were
mated with GFP transgenic mice. The SCL™/*::GFP* mice were then inter-
crossed to generate mice with the SCL™/~:GFP™ genotype. Because the SCL
homozygous mutant mice die by E10.5, embryos were analyzed at E9.5. For
genotype screening, the neomycin resistance gene and wild-type allele were
analyzed by PCR. The SCL mutant allele was amplified with a set of primers for
the neo gene (27). The PCR conditions were denaturation for 30 s at 94°C,
annealing for 30 s at 55°C, and extension for 30 s at 72°C (30 cycles). Amplifi-
cation of wild-type allele was performed with primers TALS1 (5'-CACCAGAC
AAGAAACTAAGC-3") and TALASI (5'-ATAGGAAGGCAAGTCTCAGT-
3"). The PCR conditions were denaturation for 30 s at 94°C, annealing for 30 s
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at 56°C, and extension for 1 min at 72°C (35 cycles). The GFP gene was amplified
with primers GFPS (5'-AGCAAGGGCGAGGAGCTGTTCACC-3') and
GFPAS (5'-TGCCGTCGTCCTTGAAGAAGATG-3"). The PCR conditions
were the same as for neo gene amplification (30 cycles).

RESULTS

G1HE functions in an orientation-dependent manner in an
F, assay. To examine whether UE of the GATA-1 gene (17)
actually fulfills the criteria for an enhancer, we fused the 1.3-
kbp UE fragment to the simian virus 40 (SV40) promoter and
LUC gene. This reporter construct was transfected into K562
cells. The addition of the UE fragment stimulated expression
from this reporter 16-fold (data not shown). When UE was
tested in the opposite orientation from that of the normal
gene, it activated LUC reporter gene expression eightfold.
Thus, UE can enhance reporter gene transcription from a
heterologous promoter regardless of orientation and distance,
satisfying the classical criteria for an enhancer; it is subse-
quently referred to as GIHE (see above).

To examine whether G1HE also functions as an enhancer in
vivo after integration into chromatin, we used a transgenic
“blue” mouse system with the lacZ reporter gene. We previ-
ously detected G1HE activity by comparing transgenic mouse
lines carrying the IE3.9intLacZ construct with lines containing
IE2.6intLacZ, which lacks GIHE (17). Whereas erythroid cell-
specific expression of the reporter was reproduced in the
former mice, there was no significant blue staining in E8.5 yolk
sac cells or E12.5 fetal liver cells of the latter transgenic mouse
embryos. Since making a large number of transgenic mouse
lines was technically not feasible, we examined transgenic
founder mice (F, or G, for generation 0) to analyze lacZ
reporter gene expression during primitive-stage hematopoiesis
in the yolk sac. The yolk sacs of mouse embryos at E8.5 or E9.5
were stained directly with X-Gal. A typical whole-mount stain-
ing pattern of IE3.9intLacZ at E8.5 is shown in Fig. 1 (17).
Intense blue staining was seen in the transgenic-mouse yolk
sacs (Fig. 1A and data not shown), whereas normal yolk sacs
and embryos contained essentially no positively stained cells
under these assay conditions (Fig. 1B). Only embryos with
more than 10 blue-stained blood islands in the yolk sac were
scored positive.

In the IE3.9intLacZ transgenic F,, embryos, six of nine yolk
sacs were positive (Fig. 2A). Position effects due to the inte-
gration site are commonly observed in transgenic-mouse anal-
yses and are probably responsible for the three negative cases.
This result is in agreement with our previous transgenic-mouse
analysis (see above). When G1HE was moved 2 kbp 5’ of the
original position, two of nine yolk sacs still stained positively
(Fig. 2A). Similarly, six out of six yolk sacs were positive when
GI1HE was moved 500 bp closer to the reporter gene. While
the magnitude of the stimulation varies, GIHE can obviously
activate transcription from multiple locations. The position
independence of G1HE clearly indicated that this element
itself is sufficient for enhancer activity.

We then tested a construct in which G1HE was inverted. In
contrast to results obtained with the parent IE3.9intLacZ, no
positively stained yolk sacs were observed with this construct in
a total of eight samples (Fig. 2A). This indicates that GIHE
works in vivo in an orientation-dependent manner. In addition,
the GI1HE fragment (normal orientation) failed to activate
transcription from the SV40 or thymidine kinase promoters,
since no positively stained yolk sacs were observed. Since
GI1HE is able to activate SV40 promoter in K562 cells, the
transgenic-mouse assay detects a fundamentally different gene
regulatory activity from that detected by the transient-trans-
fection assay. The mice carrying the thymidine kinase pro-
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FIG. 1. Whole-mount LacZ staining of an E8.5 yolk sac of a IE3.9intLacZ transgenic mouse. (A) Typical positively stained yolk sac blood islands, in which the blue
area indicates LacZ activity. Primitive erythroid cell-specific expression of LacZ activity is observed. (B) A transgene-negative littermate.

moter construct showed ectopic blue staining at high frequency
(13 of 16 [81.3%]). However, the staining patterns differed
among embryos, and the blood islands remained completely
unstained. For instance, one F, embryo showed rhombomere
staining but no yolk sac blood cell staining (Fig. 2B) (see
Discussion). We conclude that these signals were all ectopic.
Thus, G1HE is not sufficient to confer tissue specificity on the
GATA-1 gene in vivo, but additional regulatory sequences are
necessary. The orientation dependence and promoter selectiv-
ity of GIHE were observed only in transgenic mice, not in
transient-transfection analyses.

A core sequence exists near the 5’ end of GIHE. The
1,174-bp nucleotide sequence of G1HE is shown in Fig. 3, and
potential transcription factor binding sites are underlined. We
have numbered the first nucleotide of the BamHI site +1, and
this is the 5’ end of the fragment. This sequence has been
deposited in DDBJ/GenBank Database under accession no.
AB000965 and agrees in general with the partial sequence
reported by Ronchi et al. (21). The differences between the two
sequences probably reflect variation of mouse strains.

To identify a core region, we prepared various truncated
forms of GIHE. We first inserted these into IE2.6intLUC and
analyzed the mutants by transfection into K562 cells. When
137 bp was deleted from the 5’ end of GIHE (BamHI site), the
LUC activity was notably reduced to the level of the
IE2.6intLUC construct, indicating that this 137-bp sequence
contains part of the core (Fig. 4). Because a 91-bp deletion
mutant showed markedly more LUC activity than the 137-bp
deletion mutant did, at least one important cis-acting element
appeared to be located between nucleotides (nt) 92 and 137.
Similar results were observed when the same series of dele-
tions was tested in a vector with an SV40 promoter-driven
reporter gene (data not shown).

We then tested the GIHE deletion mutants in a transgenic-
mouse assay. The yolk sac expression of LacZ in E8.5 or E9.5
transgenic F, embryos was examined and scored as above.
Approximately 65% of embryos harboring the reporter plas-
mid with complete GIHE (Fig. 2) or with nt 29 through 1174
(Fig. 5SA) (6 of 9 and 7 of 11, respectively), showed positively
stained yolk sacs. Similarly, 33% of embryos with nt 40 to 1174
and 92 to 1174 constructs (2 of 7 and 3 of 8, respectively) were
positive (Fig. SA). In contrast, no positively stained yolk sacs

were observed in embryos with nt 138 to 1174 or shorter
constructs. These results coincide very well with those of the
transfection assay and confirm the importance of the region
between nt 92 and 137. In addition, the decrease in the fre-
quency of positive embryos from 65% to 33% suggests that the
region between nt 29 and 92 may also contain some important
regulatory elements (see below).

Meanwhile, we made three reporter constructs that truncate
G1HE from the 3’ end. The smallest construct contained only
the 5" 149 bp of G1HE adjacent to the IE2.6intLacZ reporter
gene (Fig. 5B). This construct consequently lacked most of the
GI1HE sequence. When tested in the transgenic-mouse F,, as-
say, the 149-bp fragment alone could activate transcription of
the lacZ reporter gene in yolk sac hematopoietic cells. Thus,
the 149-bp region contains the core enhancer sequence of
G1HE, which is sufficient to direct specific GATA-1 gene ex-
pression in primitive erythroid cells.

We also carried out similar F, experiments for E14.5 or
E15.5 embryos to determine the activity of G1HE in definitive
erythroid cells and in megakaryocytes. As expected, the core
149-bp region stimulated expression of the lacZ reporter gene
in definitive erythroid cells (Fig. 5B). Surprisingly, however,
the 149-bp region failed to induce LacZ activity in megakaryo-
cytes (Fig. 5C). In contrast, a longer region of GIHE (1 to 235
bp) enhanced LacZ expression both in definitive erythroid cells
and in megakaryocytes (Fig. 5D). These results suggest that in
addition to the 149-bp core region, GIHE contains another
regulatory region that specifies GATA-1 gene expression in the
megakaryocyte lineage.

The consensus GATA box is essential for GIHE activity. In
the region between nt 92 and 137, there is a GATnnnnTTATCT
(the underline indicates GATA) sequence (Fig. 3). An E box
(E box 2) resides 10 bp 3’ to this GATA box. This sequence
arrangement is close to the binding site for a model transcrip-
tion complex, which includes the GATA-1, SCL, Lmo2, E2A,
and Ldbl proteins (32). If a similar protein complex was
formed on the GATA and E boxes of G1HE, it might play an
important role in GATA-1 gene expression. To test the func-
tional importance of the GATA-box-E-box combination in
vivo, we prepared several lacZ transgene constructs that con-
tain mutations in each motif and tested their expression during
both primitive and definitive hematopoiesis. While mutations
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in the atypical GAT and in E box 2 did not affect the enhancer
activity at all, no positively stained erythroid cells and
megakaryocytes were observed in the yolk sacs or fetal livers of
the embryos containing mutations in the consensus GATA box
(Fig. 6). These results clearly demonstrate that only the GATA
box, and not E box 2, is essential for GIHE activity in both
primitive and definitive hematopoiesis.

We also noticed another E box (E box 1; CAAATG) be-
tween nt 29 and 39 of G1HE. Deletion of this region reduced
transcriptional activity in the transgenic-mouse analysis (see
above). We therefore mutated the E-box 1 sequence and ex-
amined this transgene construct similarly. No decrease in the
frequency of the LacZ-positive embryos was observed (Fig. 6),

( 0*=13, ectopic)

FIG. 2. Functional analysis of GIHE activity by a transgenic mouse assay.
(A) The mouse GATA-1 locus is shown at the top; exons are depicted as solid
boxes, and G1HE is shown as HE. Abbreviations of the restriction enzyme sites:
B, BamHI; E, EcoRI. Arrows indicate whether G1HE is cloned in the sense or
antisense orientation relative to the promoter. A reporter lacZ gene was fused to
exon II of the GATA-1 gene. In the IE3.9intLacZ, IES.9intLacZ, IE3.4intLacZ,
and inverted HE constructs, an EcoRI site in intron I was deleted (delE). The
number of embryos staining positive for LacZ [LacZ(+)] and the total number
of transgenic embryos [Tg(+)] are shown. (B) Ectopic LacZ expression in an
embryo with a HE-TK-lacZ transgene. In this embryo, LacZ activity was ob-
served in the rhombomere and heart.

indicating that E box 1 is also dispensable for reporter gene
expression in this in vivo analysis.

GATA factors bind to the GATA box. To identify the mole-
cule(s) binding to the consensus GATA box in GIHE,
EGMSA was performed. To this end, we prepared three
probes from the G1HE core region that contain various com-
binations of the GATA boxes and the E box (Fig. 7A). These
are GGE (wild-type sequence), GGmE (mutation in the sec-
ond GATA sequence), and GGEm (mutation in E-box-2). We
first tested three hematopoietic GATA factors for binding to
the wild-type GGE probe. GATA-1, GATA-2, and GATA-3
proteins were expressed individually in 293T cells, and nuclear
extracts were prepared from these cells. All three hematopoi-
etic GATA factors were found to bind the GGE probe (Fig.
7B). Supershift experiments with antibodies confirmed the
identity of each GATA factor. These analyses thus demon-
strated that GATA-1, GATA-2, or GATA-3 could occupy the
GATA box in the core of GIHE.

We also prepared a probe with the consensus GATA-box—
E-box motif (consensus GE), which was shown to mediate the
formation of a high-molecular-weight complex (Fig. 7A) (32).
In good agreement with the previous analysis (32), a GATA-1
band was observed with the consensus GE probe and nuclear
extract from MEL cells (Fig. 7C, lanes 2 and 5). Considering
the results shown in Fig. 7B, this band is most likely to repre-
sent monomeric GATA-1 binding to the consensus GE probe.
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CACCC SP1

CTTAGAGGCA CCCTTCATTT CCTTTACTGA GCCCTTTGTC ACCTCCAGGA ATGAAGAAAT
ets

GGGATATGAG TCCAGCACCA CACCATTTTA TTGCACATGC CTCTAGCCTT CCCCTCCCAA
AMLI

TGAGACTCCC CCATACCTCA CCCGCAGATG CACAATTTCT GCCGCTAAGA GTACTACACA
GCGATGAGAA GTATTGTTTG AGAAGCATAC CATTTATGAT GTGCCCAGCA GGCACTGTGC

AGATTAGTTA CATTTGGTGT AGGGTAAGGA CGGTCTATGA TTATAACCAT TTTCCAAGCG
ACCAACTGAA ACACAGTGGA TGACTTGCTT GTGCAAGACT GTCAATCACT GTGAATTGAA
GGGAGTCGCT GAGGCCCTGG AGAGTCTCCT TTCTGTGGCC CGACTCCAGT CTGGCAGGGG
AGAGTGGCAA CAGATCACAA AGACTTGACT AGAATATAAT AAAACCATGC CTGAAAAAAA
AGTACTTAGG GTAGTGCCTG CGTCCTGCCG ATGAATATTG CTGCTCGTGG TGGGCTATTG
GTATGTTCCT GCAGCTTCCT AAAAGCTCTG GCTGAATCAG GAGCTGGGAT GTAGTGAGGT
TGGCAGAGCA CATGCATAGT GTACATATGC AAGGCCCTGA GTTACATTCC TAGCATGGGG
CAAGGGTGAG AATTGGAGGT GGTTATTCTG AGTTAGAAGG AAGAAGAATT AGCGTTAAGG
CTGTGGATAT AGCTTGCCAG TGAAGCTCTT GCCCAGTATT CAAGATGCAT CAGGTTCCAT
CCCTAGCACG ACAAAAATAA TAGTAGTCTT AGACTTGAAC TCAGTGTTAG CTAACCACTG
CTATTAGTAT CAGGATCAGC ATTAAAGCTC CTATCGGCTT AGAGTTAATA TTAGCATTGT
TATTGGTGTG CACACATAGG TGCACAGGGA ATTC

FIG. 3. Structure of the G1HE region. The sequence is numbered from the BamHI site at kbp —3.9, which is the 5’ end of GIHE. Binding sites for transcription
factors are underlined. Note that E box 1, GAT, GATA, and E box 2 are mutated in the later analysis.

Upon overexposure of the gel, we also detected a high-molec-
ular-weight complex (Fig. 7C, lane 2), of much reduced inten-
sity relative to the GATA-1 band. Both the GATA-1 and
high-molecular-weight bands were abolished in the presence of

an excess of cold consensus GE competitor (Fig. 7C, lane 3),
indicating specific binding. Inclusion of anti-GATA-1 antibody
in the reaction mixture resulted in a large reduction of the
high-molecular-weight complex, as well as in the appearance of
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FIG. 4. Deletion analysis of G1HE in a transfection assay with K562 cells. LUC activity of pIE2.6intLUC was set to 1, and the relative LUC activities of other

constructs are shown.
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FIG. 5. Deletion analysis of GIHE activity in a transgenic-mouse assay. (A and B) A series of 5’ deletion constructs (A) and a series of 3" deletion constructs (B)
were prepared and analyzed. F, embryos were analyzed at ES.5 (or E9.5) or E14.5 (or E15.5) for LacZ activity in primitive erythroid cells and definitive erythroid
cells/megakaryocytes, respectively. The numbers are the number of embryos staining positive for LacZ/the total number of transgenic embryos. (C and D) E14.5 livers
of transgenic-mouse embryos bearing 3’ deletion constructs were stained with X-Gal. Embryonic livers with the 149-bp core region (C) and the 235-bp fragment (D)
of GIHE, respectively, are shown. Arrowheads indicate megakaryocytes. Magnification, X140.

a supershift of the GATA-1 band (Fig. 7C, lane 4). Similarly,
addition of anti-E2A antibody destroyed the high-molecular-
weight complex with the consensus GE probe (Fig. 7C, lane 5),
indicating that this complex contains both GATA-1 and E2A.

With the GGE probe, we also detected a high-molecular-
weight band (Fig. 7D, lane 2), which was competed with a
100-fold excess of cold GGE (lane 3). The high-molecular-
weight complex was disrupted specifically with an anti-
GATA-1 antibody (lane 4) but not with anti-E2A antibody
(lane 5). Importantly, whereas the amount of high-molecular-
weight complex was markedly decreased with the GGmE
probe (a GATA site mutant probe [lane 6]), the complex was
formed normally with the GGEm probe (an E box 2 mutant
probe [lane 7]). These results suggest that the high-molecular-

weight complex with the GGE probe is distinct from that
formed on the consensus GE probe, in that E2A may not be a
major constituent of the GGE complex. The observation that
the E box 2 in G1HE is not important for the high-molecular-
weight complex formation in gel shift analyses is consistent
with the results of transgenic-mouse analyses (see above).
G1HE is active in SCL-null primitive erythroid cells. The
results thus far suggest that the consensus GATA box at nt 133
is essential for the G1HE activity whereas the E box 2 at nt 147
is not. This conclusion is somewhat unexpected, since SCL, one
of the E-box binding transcription factors, is indispensable for
hematopoiesis. GATA-1 expression could not be detected in
SCL-deficient embryos (19). However, SCL may regulate
GATA-1 gene expression through interactions with GATA fac-
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erythroid  erythroid karyocyte
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FIG. 6. A GATA site in the core of GIHE is essential for the GATA-1 gene expression in primitive erythroid cells, definitive erythroid cells, and megakaryocytes.
There are two E boxes, an atypical GAT, and a consensus GATA box in the core of GIHE. Mutations in each cis-acting element were tested in the transgenic-mouse
system. FO indicates the transient transgenic assay, and “line” indicates the F, or F, assay.

tors or with other transcription factors, rather than by direct
binding to the GATA-1 gene promoter/enhancer. In this sce-
nario, SCL does not necessarily bind the GIHE E box directly
but can still regulate GATA-1 gene expression. This possibility
was tested by mating heterozygous SCL knockout mice (22)
with IE3.9intGFP transgenic mice. The latter transgenic mice
express green fluorescence protein (GFP) reporter gene in
yolk sac hematopoietic cells under GIHE regulation.

Yolk sac hematopoietic cells in the SCL™'~::GFP* E9.5
embryos show clear green fluorescence (Fig. 8B; panel A
shows the yolk sac and embryo proper), indicating that GIHE
is active in primitive erythroid cells. The yolk sacs of wild-type
littermates with the SCL™/*::GFP~ genotype did not contain
any green fluorescence-positive cells (Fig. 8C and D). The
SCL™/~::GFP* embryos were very small and were not well
developed (Fig. 8E). However, although the number was sig-
nificantly decreased, some green fluorescence-positive cells
were clearly visible in the yolk sac (Fig. 8F). This result was
quite reproducible. We found green fluorescence-positive cells
in five SCL ™/~ ::GFP™ yolk sacs from three independent litters.
This result indicates that GIHE can support the initiation of
transcription from the GATA-1 promoter without SCL, so that
SCL is not the essential constituent of GATA-1 gene transcrip-
tion initiation.

DISCUSSION

The GATA-1 gene hematopoietic enhancer, GIHE, is a
powerful activator of transcription in a transgenic-mouse assay
in vivo (17). In this study, we have demonstrated that GIHE
acts as a classic enhancer element in a reporter transfection
assay. Results of a deletion analysis with both the transfection
and transgenic-mouse systems indicate that the core 149-bp
region within G1HE contains a strong GATA-1 gene regula-
tory activity for the erythroid lineage. A consensus GATA box,
an atypical GAT box, and two E boxes reside within the core
region. Mutational analyses of these cis-acting elements have
revealed that while the consensus GATA box is critical for the
activity of G1HE in both primitive and definitive hematopoi-
esis, the other elements are not. Hematopoietic GATA factors

GATA-1, GATA-2, and GATA-3 were all demonstrated to
bind to the consensus GATA box of G1HE. This result is quite
intriguing, since duplicated GATA boxes have been found in
the IT promoter (16) and the upstream region of the IE pro-
moter (3, 15, 29). These GATA boxes are required for reporter
gene expression in transfection analyses. Taken together, these
results demonstrate that a network of GATA factors and bind-
ing sites regulate GATA-1 gene expression in hematopoietic
cells and suggest that GATA-1 and/or other GATA factors
work as key regulators in this network through direct interac-
tion with the cis-acting GATA boxes in multiple regulatory
regions. This network seems to be the molecular basis for the
erythroid cell-specific expression of the GATA-1 gene.

We also found that while the core 149-bp region of GIHE
was sufficient to drive lacZ reporter gene expression in ery-
throid cells, the region was inadequate to generate reporter
gene expression in megakaryocytes of E15 fetal liver. To attain
megakaryocytic expression of the reporter gene, a slightly
longer region of GIHE (i.e., bp 1 to 235) was required. Since
disruption of the GATA box at nt 133 in the GIHE reporter
resulted in loss of megakaryocytic expression of the reporter
gene, the core region was also required for the enhancer ac-
tivity of G1HE in the fetal liver megakaryocytes. These results
thus indicate that GIHE consists of multiple cis-acting ele-
ments and that these elements have distinct functions in ery-
throid and megakaryocytic lineage-specific gene expression.

GI1HE can activate transcription in a position-independent
manner from a cognate promoter in both the transfection and
transgenic-mouse assays. Unlike in the transfection assay, how-
ever, the presence of the IE promoter was necessary for the
reporter genes to recapitulate the endogenous GATA-1 gene
expression profile in the transgenic-mouse assay. Whereas
G1HE activated the SV40 promoter in the transfection anal-
ysis, it could not do so in the transgenic mice. These discrep-
ancies in G1HE function between the transfection and trans-
genic-mouse assays may be due to the transgene configuration.
In the reporter transfection assay, the reporter gene exists
transiently in the nucleus as an episome outside the host ge-
nome. In contrast, the reporter gene is integrated into the
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FIG. 7. GATA factors can bind to the core GATA sequence of GIHE. (A) Sequences of the consensus GE probe (9-bp spacing) (32) and GGE probe of GIHE.

The G1HE sequence is shown in bold type. The GAT, GATA, and E-box sequences are boxed. The GGmE probe indicates the GATA motif mutant of GGE probe,
whereas the GGEm probe indicates the E-box mutant of the GGE probe. Underlines show mutated sequences. (B) GATA-1, GATA-2, and GATA-3 can bind to the
GGE probe. Nuclear extracts from 293T cells transfected with GATA-1 (lanes 3 to 5), GATA-2 (lanes 6 to 8), or GATA-3 (lanes 9 to 11) expression plasmids were
examined. Lanes 3, 6, and 9 show shifted bands with 0.2 pl of each extract, while lanes 4, 7, and 10 show bands with 1.0 .l of each extract. The bands in the latter
condition were supershifted with specific monoclonal antibodies against each GATA factor (lane 5, anti-GATA-1; lane 8, anti-GATA-2; lane 11, anti-GATA-3). Lane
1 contains probe alone. Lanes 2 and 12 show binding of 293T cell and MEL cell nuclear extract, respectively, to the GGE probe. Of the hematopoietic GATA factors,
MEL cells express predominantly GATA-1, so that lane 12 serves as a marker lane for GATA-1. (C) EGMSA with MEL cell nuclear extract. The labeled consensus
GE probe was incubated alone (lane 1) or with MEL cell nuclear extract (lanes 2 to 5) for 15 min. Then cold consensus GE oligonucleotide (lane 3), anti-GATA-1
antibody (lane 4), or anti-E2A antibody (lane 5) was added to the reaction mixture. An asterisk in lane 4 marks a band that was supershifted by the anti-GATA-1
antibody. (D) Lanes 1 to 5 show EGMSA with the GGE probe. Labeled GGE probe was incubated alone (lane 1) or with MEL cell nuclear extract (lanes 2 to 5) for
15 min. Then a 100-fold excess of cold GGE probe (lane 3), anti-GATA-1 antibody (lane 4), or anti-E2A antibody (lane 5) was added to the reaction mixture. Note
that the high-molecular-weight complex was not affected by the addition of anti-E2A antibody. GGmE probe (lane 6) or GGEm probe (lane 7) was used in the reaction

instead of GGE probe. An asterisk in lane 4 shows a band that was supershifted by the anti-GATA-1 antibody.

transgenic mouse genome, where chromatin structure and the
influences of regulatory sequences surrounding the integration
site can affect reporter gene expression. Thus, the transgenic-
mouse assay is a more stringent test for correct gene-regulatory
activity than is the DNA transfection assay.

While inversion of G1HE relative to the IE promoter had
only a quantitative effect on reporter gene transcription in the
transfection assay, proper orientation of GIHE is absolutely
required for its activity in the transgenic mice. We do not know
the basis for the strict orientation dependence of the GIHE
activity in vivo. One plausible explanation is that the three-
dimensional structure of the protein complex interacting with
the core enhancer (and/or promoter) region may be crucial for
transcriptional activation in a chromatin configuration. In fact,
a high-molecular-weight complex containing GATA-1 was de-
tected in nuclear extracts of MEL cells with the GGE probe of
G1HE. An alternative explanation is to assume that transcrip-
tion initiation at the GATA-1 locus is regulated by a tracking
mechanism and that the inverted GIHE may disturb the syn-

thesis of long RNA transcripts initiated from far upstream.
These issues remain to be resolved.

A transcription factor complex containing GATA-1, SCL,
and E2A assembled by Lmo2 and Lbd1 was proposed to as-
sociate with DNA through an E box and then to be stabilized
by interaction with a GATA box in an in vitro reconstitution
analysis (32). Importantly, in GIHE, E box 2 resides 10 bp 3’
to the consensus GATA box, similar to the arrangement of the
DNA binding site used in the reconstitution assay. Because this
model has never been tested in vivo, we examined the activity
of each cis element in G1HE in detail. While mutation of E box
2 did not affect the enhancer activity at all, mutations in the
consensus GATA box severely affected reporter gene expres-
sion in yolk sacs, definitive erythrocytes, and megakaryocytes,
demonstrating that the GATA box is essential for the activity
of G1HE but E box 2 is not. In addition, a high-molecular-
weight complex was detected with the GGE probe and the
GGEm (E-box-mutated) probe in MEL cell nuclear extracts,
while its level was markedly decreased when the GGmE
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FIG. 8. GIHE can activate transcription in SCL-null primitive erythroid-cell progenitors. (A and B) Appearance of SCL heterozygous and IE3.9intGFP transgene-
positive (SCL™/~::GFP*) E9.5 embryo (A) and yolk sac (B). Green fluorescence-positive cells were seen in the yolk sac. (C and D) A wild-type littermate without the
GFP transgene (SCL™/*::GFP™) did not show any GFP-positive cells. (E and F) An SCL™/~::GFP™" embryo (E) is severely anemic and has developmental defects, but

a small number of GFP-positive cells are clearly visible in the yolk sac (F).

(GATA box-mutated) probe was used. Our results also suggest
that the high-molecular-weight complex generated with the
GGE probe may be distinct from the complex formed with the
consensus GE probe, in that E2A is not involved in the GGE-
based high-molecular-weight complex. Thus, GATA-1 or other
hematopoietic GATA factors bind to the GATA box in GIHE
and serve as an anchoring factor, as well as contributing to the
formation of the high-molecular-weight protein complex which
regulates GATA-1 gene expression.

An attractive model proposes that GATA-2 binds the
GATA motif in the early stage of differentiation whereas
GATA-1 replaces GATA-2 in the late stage. Three lines of
evidence support this notion. First, we previously demon-
strated that G1HE is active in the GATA-1 knockdown envi-
ronment (26), suggesting that some other GATA factors can
substitute at the GATA box. Second, our recent experiment
shows that the GATA-1 knockdown mice can be rescued by
GATA-2, and the GATA box in G1HE is indeed occupied by
GATA-2 in the mouse cells (Takahashi and Yamamoto, un-
published). This indicates that other GATA factors can actu-
ally substitute for GATA-1 in vivo. Third, GATA-1, GATA-2,

and GATA-3 can bind to the GATA boxes in the GIHE core
(C. D. Trainor, unpublished observation; see above); these
sequences actually form a GATA-pal configuration similar to
other double GATA sites, to which both GATA-1 and
GATA-2 can bind (28). It has also been shown that the ex-
pression of GATA-2 precedes that of GATA-1 in the hema-
topoietic lineage (8, 11, 14, 30).

SCL-null mice were reported to die by E10.5 due to severe
anemia (19). mRNAs for GATA-1 and EKLF were not de-
tected in E9.5 yolk sacs and embryos, suggesting that SCL is
necessary for GATA-1 gene expression. These findings thus
appear inconsistent with the results of our E-box mutation. To
resolve this discrepancy, we carried out an additional experi-
ment, in which SCL ™/~ mice were crossed with IE3.9intGFP
transgenic mice. The latter mice express GFP reporter in yolk
sac hematopoietic cells under the regulatory influence of
GI1HE. The results unequivocally demonstrated that GFP re-
porter is expressed in yolk sac cells in the absence of SCL, thus
excluding the possibility that SCL is essential for initiation of
G1HE activity. This data is in good agreement with the recent
rescue experiment of SCL ™/~ embryos by using a transgene
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that expresses SCL under the influence of regulatory se-
quences from the GATA-1 gene (31). In the latter mouse
embryos, the GATA-1 gene regulatory region drove the expres-
sion of SCL cDNA in the absence of endogenous SCL protein,
proving that SCL is not required for transcription from the
GATA-1 enhancer/promoter.

The reason for the marked decrease in the number of GFP-
positive cells in the yolk sacs of SCL~'~::GFP™ embryos is not
clear. One plausible explanation is that SCL is essential for the
growth and/or differentiation of early primitive myeloerythroid
progenitors, so that without SCL, the hematopoietic compart-
ment cannot expand in the yolk sac. If this is the case, the
GFP-positive cells may correspond to the yolk sac progenitors
of hematopoiesis. However, it is technically not feasible to
analyze the properties of the GFP-positive cells in SCL™/"::
GFP™" embryos, and this point remains to be addressed.

Recently, the zebrafish GATA-1 gene-regulatory region was
examined in a transgenic-fish assay, and distal double GATA
sites were found to promote and maintain GATA-1 transcrip-
tion (10). In the zebrafish GATA-1 gene, a proximal CACCC
box is also critical for the initiation of GATA-1 gene expression
in hematopoietic cells. However, since the zebrafish GATA-1
gene sequence has diverged substantially from those of the
mouse and human GATA-1 genes, the cis-acting regulatory
elements are difficult to compare. For instance, we previously
identified a regulatory region in the first intron that specifies
GATA-1 gene expression in definitive erythroid cells (17), but
this intronic regulatory element does not appear to be con-
served in the zebrafish GATA-1 gene.

Our preliminary data suggests that the erythroid-cell speci-
ficity of the GATA-1 gene also depends on the contribution of
a regulatory element in the upstream promoter region (S.
Nishimura, S. Takahashi, and M. Yamamoto, unpublished ob-
servation). Identification of cis-acting elements that organize
the lineage specificity of GATA-1 gene expression and eluci-
dation of the intricate relationships among the factors inter-
acting with these elements are apparently the focus of our
future research.
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