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Interplay among GATA transcription factors is an important determi-
nant of cell fate during hematopoiesis. Although GATA-2 regulates
hematopoietic stem cell function, mechanisms controlling GATA-2
expression are undefined. Of particular interest is the repression of
GATA-2, because sustained GATA-2 expression in hematopoietic
stem and progenitor cells alters hematopoiesis. GATA-2 transcription
is derepressed in erythroid precursors lacking GATA-1, but the un-
derlying mechanisms are unknown. Using chromatin immunoprecipi-
tation analysis, we show that GATA-1 binds a highly restricted
upstream region of the �70-kb GATA-2 domain, despite >80 GATA
sites throughout the domain. GATA-2 also binds this region in the
absence of GATA-1. Genetic complementation studies in GATA-1-null
cells showed that GATA-1 rapidly displaces GATA-2, which is coupled
to transcriptional repression. GATA-1 also displaces CREB-binding
protein (CBP), despite the fact that GATA-1 binds CBP in other
contexts. Repression correlates with reduced histone acetylation
domain-wide, but not altered methylation of histone H3 at lysine 4.
The GATA factor-binding region exhibited cell-type-specific enhancer
activity in transient transfection assays. We propose that GATA-1
instigates GATA-2 repression by means of disruption of positive
autoregulation, followed by establishment of a domain-wide repres-
sive chromatin structure. Such a mechanism is predicted to be critical
for the control of hematopoiesis.

Homologous transcription factors with similar or identical
DNA-binding specificities can activate distinct target genes

and exert unique biological functions. The GATA family of zinc
finger factors (GATA-1–GATA-6) exemplifies this scenario (1–3).
GATA-1 is expressed in erythroid, megakaryocytic, and mast cells,
as well as in the testis (4). GATA-2 is expressed in hematopoietic
stem and progenitor cells, endothelial cells, and diverse tissues
including the central nervous system, placenta, fetal liver, and fetal
heart (5–8). Although GATA-2 controls early stages of hemato-
poiesis (5, 7) and pituitary (9), central nervous system, and
urogenital development (10, 11), GATA-1 regulates terminal dif-
ferentiation and function of erythroid and megakaryocytic cells
(12–16) and early stages of eosinophil differentiation (17, 18).
Ectopic GATA-2 expression in murine primitive hematopoietic
cells suppresses hematopoiesis (19–21), and expression in ES cells
increases primitive hematopoietic colony formation (22). A com-
mon theme is that enforced GATA-2 expression in progenitors
affects differentiation, and therefore GATA-2 expression must
be tightly regulated.

Despite the unique expression patterns and developmental func-
tions of GATA-1 and GATA-2, considerable interplay exists be-
tween these factors. An important aspect of the interplay involves
the transcriptional regulation of GATA-1 and GATA-2. Approxi-
mately 500 bp upstream of the erythroid-specific GATA-1 tran-
scription start sites are two GATA sites flanking a CCAAC box,
which are implicated in positive autoregulation of GATA-1 tran-
scription (23, 24). The double GATA motif is critical for the
generation of eosinophils but not for erythrocytes and megakaryo-
cytes (17). An enhancer, hypersensitive site (HS)1, resides �3.9 kb
upstream of the erythroid-specific IE GATA-1 promoter (25–27).

HS1 contains a GATA-E-box motif, which mediates assembly of
a complex containing GATA-1, TAL1, Lmo2, and Lbd1 (27, 28).
Targeted deletion of HS1 revealed a critical role for GATA-1
expression during megakaryopoiesis (29), but it is unclear
whether GATA-1 or -2 functions through HS1. Because GATA-2
is expressed in hematopoietic stem cells and progenitors (30–
32), GATA-2 might activate GATA-1 transcription before
autoregulation.

At early stages of hematopoiesis, bone morphogenetic protein 4
(BMP-4) signaling induces GATA-2 transcription (33–35). BMP-
4-dependent GATA-2 transcription occurs in Xenopus without new
protein synthesis (35), indicating a direct transcriptional mecha-
nism. BMP-4 signals to Smad transcription factors (36), but Smad
sites have not been delineated in the GATA-2 locus. Murine
GATA-2 has alternate first exons with two promoters: 1S, which is
hematopoietic-specific, and 1G, which has broader specificity (8)
(Fig. 1). Chicken GATA-2 also has alternate first exons (37). Murine
GATA-2 promoters contain GATA sites (8), but it is unknown
whether they are functional and whether GATA-2 expression is
autoregulated.

Repression of GATA-2 occurs as hematopoiesis proceeds (38).
Expression of GATA-1 (31, 39) and the lympho-myeloid-specific
factor PU.1 (40) correlates with GATA-2 repression, but a mech-
anistic link has not been established. It was hypothesized that PU.1
binding to GATA-2 disrupts positive autoregulation of GATA-2
transcription (40). Despite this intriguing hypothesis, evidence did
not exist for GATA-2 binding to the GATA-2 domain or for
autoregulation. GATA-1 activates and represses genes via interac-
tions with Friend of GATA-1 (FOG-1) (41–44). GATA-2 also
binds FOG-1, but a GATA-2 mutant defective in FOG-1 binding
rescues hematopoiesis (45).

GATA-2 regulates hematopoietic stem cell function (5, 7, 20, 22),
and therefore the control of GATA-2 expression has major im-
plications for hematopoiesis. As severalfold differences in the
concentration of PU.1 regulate the decision for progenitors to
differentiate into lymphoid or myeloid cells (46), changes in con-
centrations of cell-type-specific factors can be crucial determinants
of cell fate. To address how GATA-2 is regulated, we analyzed the
native nucleoprotein structure of the active and inactive GATA-2
domain. This analysis revealed a mechanism in which GATA-1
represses GATA-2 transcription through disruption of positive
autoregulation and via broad chromatin modification.

Materials and Methods
Cell Culture and Transfection. G1E (47) and G1E-ER-GATA-1 (39,
48) cells were maintained and transfected as described in Supporting
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Materials and Methods, which is published as supporting informa-
tion on the PNAS web site, www.pnas.org.

Quantitative Chromatin Immunoprecipitation (ChIP) Assay. Real-
time PCR quantitative ChIP analysis was conducted as described
(49–51). Chromatin fragments averaged �400 bp. Before ta-
moxifen treatment, cells were grown for at least 12 h in medium
containing 15% charcoal-stripped FBS to eliminate steroids.
Cells were grown in medium containing 15% FBS with or
without 1 �M tamoxifen (Sigma) for 48 h. In Fig. 4, cells were
grown in medium containing 7.5% FBS�7.5% charcoal-stripped

FBS with or without 1 �M tamoxifen for various times. Immu-
noprecipitated DNA was analyzed by real-time PCR (ABI Prism
7000, PE Applied Biosystems). Primers were designed by PRIMER
EXPRESS 1.0 (PE Applied Biosystems) to amplify 50- to 150-bp
amplicons and were based on GenBank accession no. AB009272
and sequences in Ensembl (www.ensembl.org�Mus�musculus�
geneview?gene�ENSMUSG00000015053). Samples from three
or more immunoprecipitations were analyzed. Product was
measured by SYBR green fluorescence in 25-�l reactions. The
amount of product was determined relative to a standard curve
of input chromatin. Dissociation curves showed that PCRs
yielded single products. Primers and antibodies are described in
Supporting Materials and Methods.

RNA Isolation and Quantitative RT-PCR. RNA was prepared from the
same cultures used for ChIP. Total RNA was purified with TRIzol
(GIBCO�BRL) and analyzed as described in Supporting Materials
and Methods.

Protein Analysis. Protein analysis was conducted as described in
Supporting Materials and Methods.

Results and Discussion
GATA-1-Dependent Repression of GATA-2 Transcription Correlates
With Highly Selective Occupancy of GATA Sites Within the GATA-2
Domain. GATA-1 expression in GATA-1-null G1E cells induces
erythroid differentiation and represses GATA-2 (42). It is unknown
whether GATA-1 regulates the hematopoietic-specific 1S promoter
and the 1G promoter, which is active in diverse cells. Real-time
RT-PCR was used to measure GATA-2 mRNA transcripts gener-
ated via the usage of 1S or 1G promoters and total GATA-2
transcripts in untreated and tamoxifen-treated G1E cells expressing
estrogen receptor hormone-binding domain fused to GATA-1
(G1E-ER-GATA-1). ER-GATA-1 expression was lower than en-
dogenous mouse erythroleukemia (MEL) cell GATA-1 (Fig. 1C).
Tamoxifen-mediated activation of ER-GATA-1 for 48 h repressed
both promoters (67%, 85%, and 79% decrease for 1S, 1G, both
promoters, respectively; Fig. 1 D and E) and abrogated GATA-2
protein expression (Fig. 1F).

Because activation of ER-GATA-1 induces erythroid differen-
tiation of G1E cells (39), GATA-1 might directly repress GATA-2,
or repression might be a consequence of differentiation. Through
usage of FOG-1, GATA-1 mediates activation and repression (42,
52, 53). Direct repression would require GATA-1 binding to the
GATA-2 domain, which contains �80 GATA consensus sites (Fig.
2A). Based on the simplicity of this site, functional sites cannot be
predicted. Analogous to our analysis of GATA-1 binding to the
murine �-globin domain (48), quantitative ChIP assays were con-
ducted with an anti-GATA-1 antibody to assess whether ER-
GATA-1 occupies sites within the GATA-2 domain (Fig. 2A).
Very-low-level ER-GATA-1 binding was detected at the 1G pro-
moter, and no binding was evident at the 1S promoter and at other
sites. Strong binding was detected 2.8 kb upstream of the 1S exon.
Primers flanking the amplicon containing the �2.8-kb region by 1.4
and 1.0 kb (5� and 3�, respectively) revealed much less binding, thus
defining an �2.4-kb restricted region bound by GATA-1. Located
centrally within the amplicon are tandem, inverted GATA sites
separated by a 14-bp spacer containing a CCAAT box; two
additional GATA sites are nearby (Fig. 2C). The double GATA-
CCAAT motif differs from mouse to man by a single base in the
CCAAT box.

To determine whether the pattern of GATA-1 occupancy is
unique to G1E cells, endogenous GATA-1 binding was analyzed in
DMSO-induced MEL cells. Induced MEL cells express GATA-1
but only very low levels of GATA-2 (data not shown). ER-GATA-1
and GATA-1 occupy the �-globin locus similarly in G1E-ER-
GATA-1 and MEL cells, respectively (48). Strong GATA-1
crosslinking was detected at the �2.8-kb region, and very low or no

Fig. 1. GATA-1-dependent repression of transcription from 1S and 1G GATA-2
promoters. (A Upper) Linkage map showing location of murine GATA-2 on
chromosome 6. (A Lower) Map showing 150 kb surrounding GATA-2 including
the 5� flanking gene Ribophorin I and the putative 3� flanking gene Q9D9Q7. (B)
PIPMAKER (76) alignment of a 77-kb region of the mouse and human GATA-2
domains. Shaded regions indicate the following: promoters, gray; untranslated
regions, orange; exons, blue; introns, yellow. HS1 denotes a DNaseI hypersensi-
tive site mapped previously (71). (C) Western blot analysis of GATA-1 and ER-
GATA-1 expression with anti-GATA-1 antibody in whole-cell lysates from DMSO-
induced MEL cells, G1E, and G1E-ER-GATA cells after a 20-h treatment with 1 �M
tamoxifen. (D) SYBR green fluorescence (relative units) was plotted versus the
initial G1E input cDNA concentration. The plot illustrates the linearity and range
ofsignalsusedtomeasuretargetcDNA.(E)Quantitativereal-timeRT-PCRanalysis
of GATA-2 mRNA expression in untreated and tamoxifen-treated (48 h) G1E-ER-
GATA cells. Primers amplified transcripts transcribed from the 1S promoter, the
1G promoter, and from both promoters (exon 3�4). �-Globin expression was
measured as a control. Relative expression levels were normalized by GAPDH
expression (mean � SEM; five independent experiments). (F) Western blot anal-
ysis of GATA-2 expression in untreated and tamoxifen-treated (24 h) G1E-ER-
GATA cells. The asterisk denotes a broadly expressed crossreactive band.
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binding was detected at the 1S promoter, the 1G promoter, and
exon 3 (Fig. 2B). Thus, the analysis identified a highly restricted
region of ER-GATA-1 and GATA-1 binding, indicating that
GATA-1 discriminates exquisitely among the many GATA sites.
Although one cannot state unequivocally which GATA site medi-
ates binding, the �2.8-kb region contains only the double GATA-
CCAAT motif, two consensus GATA sites, and one nonconsensus
site. Sequences �800 bp to either side of the �2.8-kb amplicon lack
GATA sites. Because our ChIP assay can measure major differ-
ences in protein–DNA interactions between amplicons that are
considerably less than 800 bp apart (51, 54), it is highly likely that
one or more of the five GATA sites mediate binding. Palindromic
GATA sites mediate particularly high-affinity GATA-1 binding in
vitro (55).

GATA-1-Dependent Remodeling of the Histone Modification Pattern
of the GATA-2 Domain. Given that GATA-1 binds the GATA-2
domain in vivo (Fig. 2) and represses both GATA-2 promoters that

are separated by �5 kb, GATA-1 might instigate broad chromatin
remodeling to generate repressive chromatin. FOG-1 has been
implicated in GATA-1-dependent repression (42–44). To investi-
gate how GATA-1 represses GATA-2, ChIP was used to define the
histone modification state of the active and inactive GATA-2
domains. ChIP analysis was conducted in G1E cells with or without
inactive or activated ER-GATA-1 by using antibodies against
diacetylated histone H3, multiacetylated H4, and histone H3 meth-
ylated at lysine 4 (H3-meK4). H4 acetylation can be distributed
broadly throughout domains (51, 56–58). H3 acetylation has a more
restricted distribution, being highest at promoters and at active
genes, although low-level H3 acetylation can reside throughout
domains (51, 56, 57, 59). H3-meK4 is enriched at active domains
(60, 61), but the enrichment can be highly variable (51). Although
the patterns of these modifications can be similar, establishment
and maintenance of individual modifications are uniquely regulated
(49–51, 54).

The GATA-2 domain in G1E cells was characterized by broad,
nonuniform H4 (Fig. 3A) and H3 (Fig. 3B) acetylation and H3-
meK4 (Fig. 3C) from �4.2 kb upstream of the 1S exon to the 3� end
of GATA-2. Activation of ER-GATA-1 decreased acetylation do-
main-wide. H3-meK4 was not affected by GATA-1, with the
exception of the 1G promoter and a 3� site, in which H3-meK4
increased upon ER-GATA-1 activation. The lack of a role for
GATA-1 in establishing H3-meK4 resembles the finding that
GATA-1 deficiency in G1E cells does not affect H3-meK4 at the
�major promoter (51). However, GATA-1 differentially regulates
histone acetylation at the �major promoter and GATA-2, inducing
H3 and H4 acetylation at the �major promoter (51) and reducing
acetylation at GATA-2 (Fig. 3).

How does reduced acetylation affect GATA-2 regulation? A
�3-fold decrease in acetylation can greatly enhance higher-order
chromatin folding (62), and factor access to cis-elements is in-
creased by acetylation (63, 64). The large reduction in acetylation
induced by GATA-1 might decrease accessibility of the GATA-2
promoters reducing RNA polymerase II (pol II) recruitment. ChIP
analysis was conducted to assess pol II binding to the promoters, to
exons 3 and 6, and to a site 9.1 kb downstream of GATA-2 (�9.1
kb). ER-GATA-1 activation strongly decreased pol II recruitment
to both promoters and lowered pol II levels at the exons (Fig. 7A,
which is published as supporting information on the PNAS web
site). No pol II was detected at the �9.1 kb site. Thus, GATA-1-
mediated repression involves a domain-wide reduction in acetyla-
tion and decreased pol II recruitment. We examined acetylation
and pol II binding to the constitutive Pol II large subunit (RPII215)
(Fig. 7B) and brain-specific necdin promoters (Fig. 7C). Acetylated
H3 and H4 and H3-meK4 were high at the RPII215 promoter and
were not affected by ER-GATA-1. Acetylated H3 and H4 and
H3-meK4 were very low at the necdin promoter, and ER-GATA-1
did not affect these modifications, nor did it affect pol II binding to
necdin and RPII215 promoters. Thus, GATA-1-dependent reduc-
tions in acetylation and pol II recruitment to the GATA-2 domain
are highly specific actions.

Rapid Displacement of GATA-2 by GATA-1 from the �2.8-kb Re-
gion. GATA-1 and GATA-2 bind the GATA consensus motif
(WGATAR) similarly (65, 66). Because GATA-1 binds the
�2.8-kb region of the GATA-2 domain, which contains multiple
WGATAR motifs, and GATA-2 is expressed in G1E cells, we asked
whether GATA-2 binds this region. In G1E-ER-GATA-1 cells,
GATA-2 was crosslinked to the �2.8-kb region but not to the 1S
and 1G promoters (Fig. 4A). A similar pattern of GATA-2 occu-
pancy was seen in FOG-1-null erythroid precursors (data not
shown), which express GATA-2 (67).

The binding of GATA-2 to the �2.8-kb region suggested that
GATA-1-dependent repression of GATA-2 requires displacement
of GATA-2. To test this model, a time course was conducted in
which ER-GATA-1 binding, GATA-2 binding, histone acetylation,

Fig. 2. Highly selective discrimination by GATA-1 among GATA sites of the
GATA-2 domain. (A) Quantitative ChIP analysis of G1E-ER-GATA-1 binding within
the GATA-2 domain in tamoxifen-treated G1E and untreated and tamoxifen-
treated ER-GATA cells. The graph depicts data from at least three independent
experiments (mean � SEM). The diagram below the graph shows the murine
GATA-2 domain. Vertical lines below the locus indicate the position of the
amplicons analyzed. The distribution of individual and double (two sites within
25 bp) consensus GATA-1 sites is also indicated. The consensus motif is defined on
theleft. (B)ChIPanalysisofER-GATA-1bindingtotheGATA-2domainofMELcells
treatedwith1.5%DMSOfor4days.Notethat thestrongbinding2.8kbupstream
of the 1S exon (�2.8 1S) corresponds to the peak of binding in A. (mean � SEM;
four independent experiments). (C) GATA-2 domain sequence containing the
region bound by GATA-1. The blue shaded sequences represent three amplicons
analyzed in A. The middle sequence represents the amplicon in which high-level
GATA-1 binding was detected. GATA consensus sites are indicated in bold and
italics and are underlined. Note that a double GATA site resides within the
amplicon.
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primary GATA-2 transcripts, and GATA-2 protein levels were
measured after tamoxifen treatment of G1E-ER-GATA-1 cells
(Fig. 4). ER-GATA-1 binding to the �2.8-kb region was maximal
between 30 min and 2 h of tamoxifen treatment. GATA-2 binding
to the �2.8-kb region was highest in untreated cells and decreased
maximally by 2–4 h. H3 acetylation was highest in untreated cells
and decreased maximally by 10 h. Primary GATA-2 transcripts
(total transcripts, 1S promoter-derived transcripts, and 1G promot-
er-derived transcripts) were quantitated to measure transcription
(Fig. 4B). Primary transcripts decreased maximally by 2–4 h
concomitant with GATA-2 displacement. GATA-2 protein levels
were unchanged by 30 min and decreased maximally by 4 h (Fig. 4
C and D). Thus, ER-GATA-1 binding and GATA-2 displacement
are rapid events tightly coupled to repression. The decrease in
acetylation was slower than the GATA switch, suggesting that
reduced acetylation is a late event in repression.

How Does the GATA Switch Repress GATA-2 Transcription? How can
two highly related GATA factors induce opposite transcriptional
responses? Both GATA-1 and GATA-2 interact with the histone
acetylase CBP (68) and FOG-1 (41). We used ChIP to test whether
CBP is recruited to the �2.8-kb region (Fig. 5). CBP binding to the
�2.8-kb region was detected, with little or no binding at the
promoters and the �9.1 kb site. Binding was also detected between
the �2.8-kb site and the 1S promoter (�1.8 kb). Activation of
ER-GATA-1 for 20 h induced CBP displacement from both sites.
Thus, CBP recruitment correlates with GATA-2 occupancy of the
�2.8-kb site. ER-GATA-1 displaces GATA-2 and abrogates CBP
recruitment. Because GATA-1, ER-GATA-1, and GATA-2 bind
CBP (68), the differential activities of GATA-1 and GATA-2 to
recruit CBP were unexpected.

Fig. 3. GATA-1-dependent remodeling of the histone modification pattern of
the GATA-2 domain. Quantitative ChIP analysis of H4 (A) and H3 (B) acetylation
and H3-meK4 (C) at the murine GATA-2 domain. The relative levels of acetylated
H3 and H4 and H3-meK4 were plotted as a function of the position within the
locus (mean � SEM; at least three independent experiments). SEM values did not
exceed 25% of the corresponding means. Positions of the �2.8-kb region and the
1S and 1G promoters are indicated by arrows. The diagram at the bottom depicts
the murine GATA-2 domain and the amplicons analyzed by ChIP. *, the position
of the x axis in which the scale changes.

Fig. 4. Rapid GATA-1-dependent displacement of GATA-2 from the �2.8-kb
site. G1E-ER-GATA-1 cells were incubated for 0, 0.5, 2, 4, or 10 h with 1 �M
tamoxifen. (A) Quantitative ChIP analysis was used to measure the binding of
GATA-1 and -2, as well as H3 acetylation at the �2.8-kb site and at the 1S and 1G
promoters. Samples were analyzed quantitatively relative to a standard curve
generated from input chromatin. The plots depict relative levels of binding and
acetylation (means from four independent experiments). (B) RT-PCR was used to
measure primary GATA-2 transcripts arising from use of the 1S promoter
(Exon1S�Intron1S), the 1G promoter (Exon1G�Intron2), or both promoters
(Intron2�Exon2). GAPDH mRNA was measured as a control. Relative GATA-2
primary transcript levels were normalized by the levels of GAPDH transcripts. The
plots depict the mean GATA-2�GAPDH ratios from four independent experi-
ments. (C) Time course for GATA-1-dependent reduction in GATA-2 protein
levels. Whole-cell lysates isolated from the same samples as those analyzed by
ChIP and RT-PCR were subjected to Western blot analysis. A representative
Western blot of GATA-2 and �-tubulin is shown. (D) GATA-2 and �-tubulin levels
were quantitated by means of densitometric analysis. The plot depicts GATA-2�
�-tubulin ratios at various times after tamoxifen treatment. Note that GATA-2
protein levels are not reduced upon 30 min of tamoxifen treatment, despite
GATA-1 binding, GATA-2 displacement, and reduced primary transcripts.
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ChIP analyses strongly implicated the �2.8-kb region in tran-
scriptional control, which is supported by the finding that a DNaseI
HS resides in this region. Comparison of mouse, rat, and human
sequences revealed that this region is highly conserved (Fig. 8,
which is published as supporting information on the PNAS web
site). We tested whether a 389-bp sequence located at the �2.8-kb
region can activate an SV40 promoter (�2.8�SV40 pro) in transient
transfection assays in G1E and 3T3 cells. The activity of �2.8�SV40
pro was compared with the SV40 promoter alone or with the SV40
enhancer. The �2.8-kb sequence increased promoter activity 3.4-
fold in G1E cells but had no activity in 3T3 cells (Fig. 9, which is
published as supporting information on the PNAS web site). The
SV40 enhancer strongly activated the SV40 promoter in 3T3 cells.
Thus, the �2.8-kb sequence exhibited weak cell-type-specific en-
hancer activity. HS3 from the �-globin locus control region repre-
sents another example of a tissue-specific regulatory element with
only weak enhancer activity in transients (69). Because multiple
regulatory sequences often interact to control transcription within
chromatin domains, it would not be surprising if the �2.8-kb region
cooperates with other conserved elements of the GATA-2 domain.

Establishment of the Inactive GATA-2 Domain. GATA-2 repression
correlates with transcriptional activation of lineage-restricted fac-
tors such as GATA-1 (31) and PU.1 (40, 70). However, mechanistic
links had not been established. Because ER-GATA-1 and GATA-1
occupy the �2.8-kb region, GATA-2 repression involves binding of
GATA-1 to the GATA-2 domain. These results support a mech-
anism in which GATA-1 directly represses GATA-2. Because
GATA-2 occupies the �2.8-kb region when GATA-2 is transcrip-
tionally active, repression involves displacement of GATA-2 by
GATA-1. Because the GATA switch at the �2.8-kb region was
rapid and tightly coupled to repression, it is likely that GATA-2
displacement instigates repression. The GATA switch occurred
before decreased GATA-2 protein levels, inconsistent with reduced
GATA-2 occupancy resulting from down-regulation of GATA-2
protein.

Based on the role of BMP-4 signaling in activating GATA-2
transcription early in hematopoiesis (33, 35) and work described
herein, we propose that BMP-4 induces levels of GATA-2 sufficient
to establish positive autoregulation (Fig. 6). Autoregulation might
sustain GATA-2 transcription in hematopoietic stem cells and

progenitors. Truncation of GATA-2 upstream sequences in trans-
genes, which removes the �2.8-kb region, abrogates GATA-2
expression in hematopoietic cells (71), consistent with this model.
Elevated GATA-1 levels in erythromyeloid progenitors displace
GATA-2 from the �2.8-kb region, abolishing positive autoregula-
tion. Importantly, the GATA switch does not only occur with
ER-GATA-1, because endogenous GATA-1 occupies the �2.8-kb
region in MEL cells (Fig. 2B), and ER-GATA-1 was expressed at
a lower level than endogenous MEL cell GATA-1 (Fig. 1C).
Analogous to GATA-1-dependent repression, GATA-2 repression
by PU.1 during macrophage differentiation has been postulated to
involve disruption of autoregulation (40). However, no evidence
existed for occupancy of the GATA-2 domain by GATA-1 or
GATA-2.

Our model assumes that GATA-1 and -2 confer repression and
activation, respectively, when bound to the �2.8-kb region. Ac-
cordingly, the concentrations of GATA-1 and -2 and factors that
modulate their DNA binding would be critical determinants of
GATA-2 transcription. Transgene rescue experiments showed that
GATA-1, -2, and -3 rescued embryonic lethality resulting from
mutation of GATA-1 (72). Only GATA-1 rescued anemia in adult
mice, indicating that GATA factors have qualitatively different
activities in vivo. GATA-1, but not GATA-2, activates the granule
major basic protein promoter in transient transfection assays in
Jurkat T cells (73).

How do highly related GATA factors function differentially?
Although both GATA factors interact with FOG-1 (41), no coac-
tivators have been shown to interact exclusively with GATA-1 or
GATA-2. GATA-1 and GATA-2 also interact with the histone
acetylase CBP�p300 (68, 74). GATA-2 interacts with histone
deacetylase 3 and 5 (HDAC) (75). Given the requirement of the
GATA-2 zinc fingers for HDAC binding and the high conservation
of the zinc fingers of GATA-1 and -2, it is likely that GATA-1 also
interacts with HDACs. The differential activities might reflect the
fact that GATA-1 opposes CBP recruitment, whereas GATA-2
occupancy is associated with CBP recruitment.

In summary, ChIP analysis revealed GATA-1 binding to an
unexpected �2.8-kb region of the GATA-2 domain, providing a
direct link between chromatin occupancy by GATA-1 and
GATA-2 repression. GATA-1 rapidly displaces GATA-2 and

Fig. 5. GATA-1-dependent displacement of CBP from the �2.8-kb region and
from a downstream site. G1E-ER-GATA-1 cells were treated with 1 �M tamoxifen
for 20 h. CBP binding to selected sites of the GATA-2 locus and to HS3 of the
�-globin locus control region was measured by quantitative ChIP analysis
(mean � SEM; two independent experiments).

Fig. 6. Regulation of the GATA-2 domain. The models depict the regulation of
GATA-2 transcription during hematopoiesis. BMP-4 signals activate GATA-2 at
the earliest stages of hematopoiesis (33, 35). The analysis described herein shows
that GATA-2 binds the �2.8-kb site when the locus is transcriptionally active.
BMP-4-dependent activation of GATA-2 would yield a sufficient concentration of
GATA-2 to bind the �2.8-kb site and to positively autoregulate GATA-2 expres-
sion. As GATA-1 levels increase, GATA-1 would competitively displace GATA-2,
disrupting positive autoregulation. GATA-2 displacement is accompanied by loss
of CBP from the �2.8-kb site and from a downstream �1.8-kb site. GATA-1 also
establishes a repressive chromatin structure by means of broad chromatin mod-
ification, but GATA-1-dependent hypoacetylation is delayed temporally relative
to repression. It is hypothesized that hypoacetylation locks the locus in an inac-
cessible state once repression has been instigated via the GATA switch.
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CBP from the �2.8-kb region, induces domain-wide remodeling
of histone acetylation, and represses GATA-2. We propose that
GATA-1 and GATA-2 elicit opposing functions through the
�2.8-kb region, and GATA-1 uniquely confers repression
through this region. The exquisite control of GATA-2 levels
by means of the bimodal mechanism of disrupting positive
autoregulation and establishing a broad domain of repressive

chromatin would be predicted to be critical for regulating
hematopoiesis.
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