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The zinc finger transcription factors GATA1 and GATA2 participate in mast cell development. Although the expression of these
factors is regulated in a cell lineage-specific and differentiation stage-specific manner, their regulation during mast cell develop-
ment has not been clarified. Here, we show that the GATA2 mRNA level was significantly increased while GATA1 was main-
tained at low levels during the differentiation of mast cells derived from mouse bone marrow (BMMCs). Unlike in erythroid
cells, forced expression or small interfering RNA (siRNA)-mediated knockdown of GATA1 rarely affected GATA2 expression,
and vice versa, in mast cells, indicating the absence of cross-regulation between Gata1 and Gata2 genes. Chromatin immunopre-
cipitation assays revealed that both GATA factors bound to most of the conserved GATA sites of Gata1 and Gata2 loci in
BMMCs. However, the GATA1 hematopoietic enhancer (G1HE) of the Gata1 gene, which is essential for GATA1 expression in
erythroid and megakaryocytic lineages, was bound only weakly by both GATA factors in BMMCs. Furthermore, transgenic-
mouse reporter assays revealed that the G1HE is not essential for reporter expression in BMMCs and peritoneal mast cells. Col-
lectively, these results demonstrate that the expression of GATA factors in mast cells is regulated in a manner quite distinct from
that in erythroid cells.

The zinc finger transcription factors GATA1 and GATA2 are
essential for normal hematopoietic development. GATA1 is

expressed in erythroid cells, megakaryocytes, eosinophils, mast
cells, and dendritic cells of the hematopoietic system (5, 12, 21, 35,
47, 56). Gene ablation studies revealed that GATA1 is essential for
erythroid cell differentiation, not only in embryonic, but also in
postnatal hematopoiesis (7, 13, 43). GATA2 expression in hema-
topoietic cells overlaps mostly, but not completely, with GATA1
expression. GATA2 is expressed in hematopoietic stem cells and
multilineage progenitors, where it plays key roles in their mainte-
nance and proliferation (26, 27, 29, 45, 46).

Previous studies have shown the importance of GATA factor-
dependent autoregulatory and cross-regulatory loops in directing
the proper spatiotemporal expression of the Gata1 and Gata2
genes. Several GATA motifs within the active cis-regulatory re-
gions of the Gata1 and Gata2 loci are highly conserved among
multiple species (6, 9, 10, 22, 49). Our group and others previously
identified a distal regulatory element located 3.9 kb upstream of
the hematopoietic-cell-specific first exon (IE) of the mouse Gata1
gene. This element is indispensable for Gata1 gene expression in
erythroid cells and megakaryocytes and was designated the Gata1
gene hematopoietic enhancer (G1HE) (also referred to as HS1 or
mHS-3.5) (24, 31, 33, 50). In addition, a double GATA site
(dblGATA), located 680 bp upstream of the IE, and a cluster of
multiple GATA motifs in the first intron are required for full pro-
moter activity in erythroid cells (30, 48). Sequence surveys dem-
onstrated that the conserved GATA sites are also distributed
within the Gata2 locus (22). One of them is a cluster of five GATA
motifs positioned around 2.8 kb 5= to the distal hematopoietic-
cell-specific first exon (IS). Transgenic-mouse reporter assays
demonstrated that these particular GATA sites are necessary for
GATA2 expression in the early hematopoietic cells residing in the
dorsal aortas of embryos 9.5 days postcoitum (19).

In erythroid cells, Gata1 and Gata2 expression levels are strictly

controlled in a differentiation stage-specific manner. Upon com-
mitment to an erythroid lineage, GATA2 expression declines,
whereas GATA1 expression starts to increase and peaks at the late
erythroid progenitor and proerythroblast stages. Chromatin im-
munoprecipitation (ChIP) assays using a GATA1-null proeryth-
roblast-like cell line expressing tamoxifen-inducible GATA1
(G1E-ER-GATA1) demonstrated that GATA1 displaces GATA2
at several conserved GATA sites in the Gata2 locus and thereafter
represses GATA2 transcription (9, 22). This process is referred to
as the “GATA switch” model (2). GATA1 and GATA2 are in-
volved in the development of mast cells (25, 46). A particular
difference from the erythroid lineage is that GATA2 expression is
not restricted to immature progenitors but is abundantly ex-
pressed in the mature mast cells residing in the skin connective
tissues (14, 23). Moreover, GATA2 mRNA is clearly detected in
mast cells derived from mouse bone marrow (BMMCs) and in
most mast cell lines, as well (14, 23). In contrast, GATA1 mRNA
expression appeared to be inactivated in the several types of mast
cell lines (14). Furthermore, immunohistochemical analyses
failed to detect GATA1 protein expression in the mast cells within
skin connective tissues (23). Thus, the expression profiles of
GATA1 and GATA2 during mast cell differentiation are quite dif-
ferent from those in erythroid cells. The molecular basis of Gata1
and Gata2 gene transcription during mast cell development, how-
ever, is largely unknown.
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To gain more insight into GATA factor-dependent Gata1 and
Gata2 gene regulation in mast cells, we examined the expression of
GATA1 and GATA2 during BMMC differentiation. GATA2
mRNA levels were significantly increased during BMMC differen-
tiation, whereas GATA1 mRNA remained at a lower level
throughout this process. Unlike in erythroid cells, the small inter-
fering RNA (siRNA)-mediated knockdown or genetic disruption
of GATA1 expression barely affected GATA2 mRNA levels in cul-
tured mast cell lines or BMMCs. We further examined the regu-
latory potential of the conserved GATA sites within the Gata1 and
Gata2 loci by ChIP assays. We found that the histone marker in
the G1HE region was negatively regulated and that neither GATA
factor bound to G1HE in the mast cell lineage. Consistently, trans-
genic-mouse reporter assays clearly proved the G1HE to be dis-
pensable for mast cell-specific Gata1 gene expression in vivo.
Overall, our findings demonstrate that regulation of the Gata1
and Gata2 genes during erythroid and mast cell development is
distinct in the two cell types.

MATERIALS AND METHODS
Mice. Conditional Gata1 knockout mice (Gata1flox/y) were generated as
previously described (13). The knock-in mice expressing a 4-hydroxyta-
moxifen (4-OHT)-inducible Cre recombinase gene under the control of
the Rosa26 promoter (Rosa26CreERT2) were kindly provided by Anton
Berns, The Netherlands Cancer Institute. Since the Gata1 gene is X linked,
the Gata1 knockout phenotype was examined in hemizygous male mice
(Gata1flox/y) expressing CreERT2. The mice were bred to a BDF1 back-
ground and maintained in an animal facility of Takasaki University of
Health and Welfare in accordance with institutional guidelines.

Cells. Bone marrow cells were harvested from 6- to 12-week-old wild-
type or Gata1flox/y male mice and cultured with RPMI 1640 medium sup-
plemented with 10 ng/ml recombinant murine interleukin 3 (IL-3) (Pep-
rotech). After 2 weeks of culturing, 10 ng/ml recombinant murine stem
cell factor (SCF) (Peprotech) was added. After 4 to 6 weeks of culturing,
almost all (�95%) cells displayed a mast cell phenotype, as assessed by the
expression of c-Kit and FcεRI� and alcian blue/safranin O staining. RBL-
2H3 cells (a rat basophilic leukemia cell line) and murine erythroleukemia
(MEL) cells were cultured with Eagle minimal essential medium (MEM)
and RPMI 1640 medium, respectively. P815 cells (a mouse mast cell line)
and J774.1 cells (a mouse macrophage cell line) were maintained in Dul-
becco’s modified Eagle medium (DMEM) containing 1.0 g/liter glucose.
All culture media were purchased from Nacalai Tesque and supplemented
with 10% heat-inactivated fetal bovine serum (FBS) and 1� penicillin-
streptomycin solution (Gibco).

Plasmids and siRNAs. The expression plasmids for GATA1, GATA2,
and FOG-1 were generated as previously described (37, 38). The small
interfering RNA (siRNA) duplexes for rat and mouse GATA1 and GATA2
were purchased from Thermo Scientific (rat) and Invitrogen (rat and
mouse). Control siRNA (SIC-001) was purchased from Sigma.

Transfection. RBL-2H3 cells (2.0 � 106) or BMMCs (2.5 � 106) were
transfected with 2.5 �g of expression plasmid or 200 pmol of siRNA by
electroporation using an Amaxa Nucleofector (Lonza). Programs X-001
and Y-001 were used for RBL-2H3 cells and BMMCs, respectively. Cells
were harvested 24 to 48 h posttransfection and then subjected to the anal-
yses.

Western blotting. Nuclear extracts were prepared as previously de-
scribed (31), and protein concentrations were quantified using a bicin-
choninic acid (BCA) assay (Pierce). Nuclear proteins were resolved by
10% SDS-polyacrylamide gel electrophoresis, and Western blot analyses
were performed as formerly explained (17) using anti-GATA1 (N6), anti-
GATA2 (H-116), anti-FOG-1 (A-20), and anti-lamin B (M-20) antibod-
ies. All antibodies were purchased from Santa Cruz.

Quantitative real-time PCR. Total RNA was extracted from cells with
a FastPure RNA kit (catalog no. 9190; TaKaRa) or by NucleoSpin RNA II

(catalog no. 740955; TaKaRa). Reverse transcription was carried out using
1 �g of total RNA as the template and Superscript III First-Strand Syn-
thesis Supermix (Invitrogen), as outlined by the manufacturer. Quantita-
tive real-time PCR (qRT-PCR) was performed using Go Taq qPCR Master
Mix (catalog no. A6001; Promega) and an Mx3000P real-time PCR system
(Stratagene) as previously described (17). Primer sequences are shown in
Table 1. For each primer set, a single PCR product was confirmed by 2%
agarose gel electrophoresis and melting-curve analysis. Data were nor-
malized to 18S rRNA levels and are shown as averages and standard devi-
ations (SD). For some experiments, values were normalized to GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) levels. The relative abun-
dance of GATA1 and GATA2 transcripts in BMMCs was calculated as
previously described (44). In brief, the PCR efficiency (E) of each primer
set was determined by PCR with a serially diluted known template. The
sizes of the PCR fragments were 70 and 51 bp for GATA1 and GATA2,
respectively. The value of the threshold cycle (CT) for GATA1 or GATA2
was determined by qRT-PCR in each sample. Then, the abundance of
GATA1 transcripts relative to those of GATA2 was calculated by the
following equation: GATA1/GATA2 � 51 � (1 � EGATA2)CT(GATA2)/
70 � (1 � EGATA1)CT(GATA1).

Recombination analysis. Cre-mediated recombination of the Gata1
gene was determined by PCR. To amplify the floxed (nondeleted) allele-
derived DNA fragment, the forward primer sequence (5=-CGCCGAGCT
CTGTCTAGTAA-3=; between the IE and the 5= loxP site) and the reverse
primer sequence (5=-TTCCTCTTTCTCCTCCTCCG-3=; downstream
and adjacent to the 5= loxP site) were used. To amplify the recombined
DNA fragment, the forward primer and the reverse green fluorescent
protein (GFP) primer (5=-GGTGCTCAGGTAGTGGTT-3=) were used.

ChIP. A ChIP assay was performed using BMMCs and MEL cells, as
reported previously (17). The antibodies used for ChIP were as follows:
anti-GATA-1 (N6; Santa Cruz), anti-GATA2 (H-116; Santa Cruz), anti-
SCL (C-21; Santa Cruz), anti-acetyl-histone H3 (Active Motif; 39139),
anti-trimethyl-histone H3(Lys4) (Active Motif; 39159), anti-histone H3
(Active Motif; 39763), and anti-acetyl-histone H4 (Upstate; 06-866). For
the GATA1 ChIP assay, anti-rat IgG rabbit antibody (Jackson Immu-
noResearch) was used as a secondary antibody to precipitate the immune
complex (17). Other ChIP assays were performed without the use of a
secondary antibody. The DNA purified from ChIP samples was analyzed
in triplicate using an Mx3000P real-time PCR system (Stratagene) with 3

TABLE 1 Primer sequences for gene expression analysis

Gene
product Species Primer Sequence

GATA1 Mouse, rat 5= CAG AAC CGG CCT CTC ATC C
3= TAG TGC ATT GGG TGC CTG C

GATA2 Mouse, rat 5= GCA GAG AAG CAA GGC TCG C
3= CAG TTG ACA CAC TCC CGG C

MC-CPA Mouse 5= GCT ACA CAT TCA AAC TGC CTC CT
3= GAG AGA GCA TCC GTG GCA A

MCP5 Mouse 5= CCT GGG TTC CAG CAC CAA
3= GGC GGG AGT GTG GTA TGC

c-Kit Mouse 5= AGC AAT GGC CTC ACG AGT TCT A
3= CCA GGA AAA GTT TGG CAG GAT

MPO Mouse 5= CGG TTC TCC TTC TTC ACT GG
3= CTG CCA TTG TCT TGG AAG CG

SCL/TAL1 Mouse 5= ATA GCC TTA GCC AGC CGC TC
3= GCC GCA CTA CTT TGG TGT GA

MITF Mouse 5= GCT GGA GAT GCA GGC TAG AG
3= TGA TGA TCC GAT TCA CCA GA

PU.1 Mouse 5= AAG TTT CAT GGA AGC CTG CCA TTG
3= AAC TGG TAC AGG CGA ATC TTT TTC

AAT CAC C
FOG-1 Mouse, rat 5= CTG ATG GTG GAT GAG AG

3= GGC GTC ATC CTT CCT GTA GA
18S rRNA Mouse, rat 5= ACA TCC AAG GAA GGC AGC AG

3= TCG TCA CTA CCT CCC CGG
GAPDH Mouse, rat 5= CTT CAC CAC CAT GGA GAA GGC

3= GGC ATG GAC TGT GGT CAT GAG
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�l of DNA solution and Go Taq qPCR Master Mix (catalog no. A6001;
Promega). The primer sequences are shown in Table 2.

Fluorescence-activated cell-sorting analysis. Bone marrow cells were
stained with allophycocyanin (APC)-conjugated rat anti-mouse CD117
(c-Kit; BD Pharmingen; clone 2B8) and phycoerythrin (PE)-conjugated
mouse anti-mouse FcεRI� (eBioscience; clone MAR-1). Flow cytometric
analysis was performed using a FACSCantoII flow cytometer (BD Biosci-
ences).

Statistical analysis. A comparison was made between two groups us-
ing the Student t test. Data are presented as means � SD. For all analyses,
statistical significance was defined as a P value of �0.05.

RESULTS
Distinct mRNA expression profiles of GATA1 and GATA2 dur-
ing BMMC differentiation. To examine the roles of GATA1 and
GATA2 in mast cell development, we employed an in vitro culture
system for mouse BMMCs. These primary cells were cultured for
the first 14 days in the presence of recombinant murine IL-3 (10
ng/ml) and then switched to supplementation with IL-3 and re-
combinant murine SCF (10 ng/ml) thereafter. The average yield of
c-Kit/FcεRI� double-positive cells increased with time and
reached approximately 94% on day 28, as shown by flow cytom-
etry (Fig. 1A). qRT-PCR analyses revealed that the mRNA levels of
mouse mast cell carboxypeptidase (mMC-CPA), mouse mast cell

TABLE 2 Primer sequences for ChIP analysis

Gene Locus Primer Sequence

Gata1 kb 	25 5= AAA AGA AAC CAG TGG GCT GA
3= ACA GGA AGA AGG AGC AAG CA

Gata1 G1HE 5= TCA GGG AAG GAT CCA AGG AA
3= CCG GGT TGA AGC GTC TTC T

Gata1 dblGATA 5= CCA AGA CAG CCT GTT ACT GC
3= TGG GGT ACT AGG CCA GGA CT

Gata1 kb �3.5 5= ACA GTC AGC CCT GAA AGG AA
3= GGG ACA AGG GTC TGT TTT CA

Gata1 Exon 6 5= GGT CCA GGA AAA GGC ATA AG
3= TAC TGC CCA CCT CTA TCA GG

Gata2 kb 	27.7 5= TGC CAT GCC GGA TAT ATT TTG
3= ACT AGC ACG TGT GGC ACA GTG

Gata2 kb 	3.9 5= GAG ATG AGC TAA TCC CGC TGT A
3= AAG GCT GTA TTT TTC CAG GCC

Gata2 kb 	2.8 5= GCA TGG CCC TGG TAA TAG C
3= CAG CCG CAC CTT CCC TAA

Gata2 kb �9.5 5= ACA TCT GCA GCC GGT AGA TAA G
3= CAT TAT TTG CAG AGT GGA GGG TAT TA

FIG 1 In vitro differentiation of bone marrow-derived mast cells. (A) Flow cytometric analysis of BMMCs. Side scatter/forward scatter (SSC/FSC) dot plots and
c-Kit/FcεRI� expression are shown for the indicated culture days. The numbers represent the average percentages and SD of the c-Kit/FcεRI� double-positive
cells within the gates. The data are representative of 5 independent experiments. (B) The mRNA levels of mMC-CPA, mMCP5, c-Kit, and MPO in BMMCs on
the specified culture days were measured by qRT-PCR. The data were obtained from 3 independent experiments.
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protease 5 (mMCP-5), and c-Kit were significantly upregulated
with time (Fig. 1B). In contrast, myeloperoxidase (MPO) mRNA,
a marker for neutrophils and monocytes, was almost extinguished
by day 21 (Fig. 1B). These results indicate that most, if not all, of
the cells give rise to mast cells by 28 days of culturing. We next
examined the mRNA levels of the hematopoietic transcription
factors GATA1, GATA2, SCL/Tal1, MITF, and PU.1 in the differ-
entiating BMMCs by qRT-PCR (Fig. 2). These factors have been
shown to play critical roles in mast cell development (25, 28, 36,
46, 52). To compare the expression levels of these transcription
factors between mast cells and erythroid cells, their mRNA levels
were simultaneously examined in an erythroid cell line (MEL) and
in mouse fetal liver at day 12.5 of gestation (E12.5FL), which con-
tain abundant erythroblasts. We also examined the expression
levels of these factors in mast cell lines (RBL-2H3 and P815) and in
the murine macrophage-like cell line J774.1. Of note, the expres-
sion levels of GATA2, SCL, MITF, and PU.1 increased with time,
whereas the GATA1 mRNA expression level was hardly changed
during the culture period by day 35 (Fig. 2). Moreover, the
GATA1 mRNA levels in BMMCs at all time points were lower than
those in erythroid cells (E12.5 FL and MEL). A previous study
reported that friend of GATA1 (FOG-1) is a negative regulator of
mast cell development (3). Consistent with this observation, we
found much lower levels of FOG-1 expression in BMMCs than in
erythroid cells. Together, these results indicate that the expression
levels of GATA2, SCL/Tal1, MITF, and PU.1 increased according
to the differentiation, whereas Gata1 gene expression is likely to be
regulated independently of mast cell maturation. As reported pre-
viously (56), GATA2, but not GATA1, was expressed in the mu-
rine mast cell line P815, whereas both GATA factors were ex-

pressed at high levels in rat basophilic leukemia cells, RBL-2H3.
Neither GATA1 nor GATA2 mRNA expression was detected in
J774.1 cells.

Cross-regulatory gene expression of Gata1 and Gata2 was
not observed in RBL-2H3 mast cells. GATA2 upregulates Gata1
gene transcription in early erythroid progenitors (31, 34). In con-
trast, we found that GATA1 mRNA expression remained at a
lower level throughout the culturing period of BMMCs, despite
the significant increase in GATA2 mRNA. To further clarify if any
cross-regulation of Gata1 and Gata2 gene expression takes place
in mast cells, we transduced RBL-2H3 cells with GATA1 and/or
GATA2 siRNAs (Fig. 3A and B). We examined three siRNAs with
different sequences for each gene to minimize the possibility of
off-target artifacts. Although small variations in silencing effi-
ciency were observed, all of them significantly reduced the levels of
their target mRNAs, as shown by qRT-PCR (Fig. 3A). If Gata1 and
Gata2 cross-regulated each other in mast cells, as observed in ery-
throid cells, GATA2 expression would be increased upon GATA1
repression, whereas GATA1 expression would be downregulated
by GATA2 repression. In RBL-2H3 cells, however, a reduction in
GATA1 expression exerted no effect on GATA2 mRNA, and
moreover, the GATA2 knockdown elicited no changes in GATA1
expression (Fig. 3A). These results were consistent with those ob-
tained by Western blot analysis of protein levels (Fig. 3B). We then
introduced an expression plasmid encoding GATA1 or GATA2
cDNA into RBL-2H3 cells. The GATA1 expression plasmid signif-
icantly increased both the mRNA and protein levels of GATA1
(Fig. 3C and D). The forcible expression of GATA2 reached
around a 2.2-fold increase in the mRNA level with the modest
GATA2 protein accumulation, presumably because the high level

FIG 2 Expression of hematopoietic transcription factors during BMMC differentiation. The mRNA levels of GATA1, GATA2, SCL/Tal1, MITF, PU.1, and
FOG-1 in BMMCs on the indicated culture days (D) were measured by qRT-PCR. The mRNA levels of these factors were simultaneously examined in primary
hematopoietic cells derived from E12.5 fetal liver (E12.5FL) and other hematopoietic cell lines. The data were obtained from 3 independent experiments. **, P �
0.01 compared with the data from day 14.
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of endogenous GATA2 expression might eliminate additional
GATA2 expression in RBL-2H3 cells (Fig. 3C and D). If the cross-
regulation of Gata1 and Gata2 gene expression could occur in
mast cells, GATA2 expression would be downregulated by GATA1
overexpression, whereas GATA1 expression would be increased

by forced expression of GATA2. However, this was not the case in
mast cells at both mRNA and protein levels (Fig. 3C and D). Re-
cent studies showed that the association of FOG-1 is required for
GATA1-mediated GATA2 repression in erythroid cells (16, 34).
To test if this applies to mast cells, FOG-1 cDNA was ectopically

FIG 3 Lack of cross-regulatory gene transcription of Gata1 and Gata2 in RBL-2H3 cells. (A) RBL-2H3 cells were transfected with one of three different siRNAs
(1, 2, and 3) targeting GATA1 or GATA2 or with control siRNA (ctr), and the mRNA levels of GATA1 and GATA2 were examined by qRT-PCR. The value from
the control siRNA-transfected cells was set to 1. *, P � 0.05, and **, P � 0.01 compared with the control. (B) The protein levels of GATA1, GATA2 (arrowhead),
and lamin B (loading control) in RBL-2H3 cells transfected with GATA1 and/or GATA2 siRNA were examined by Western blot analysis. The representative
results from 3 independent experiments are shown. For both GATA1 and GATA2, siRNA 1 (see panel A) was used. ntf, no transfection control. (C) mRNA levels
of GATA1, GATA2, and FOG-1 in RBL-2H3 cells were determined by qRT-PCR. Cells were transfected with a control vector expressing GFP (vtr), GATA1,
GATA2, or FOG-1 or cotransfected with GATA1 and FOG-1 (G1/F). The value from cells transfected with the control GFP expression plasmid was set to 1. (D)
Cells transfected as described for panel C were subjected to Western blot analysis using anti-GATA1, anti-GATA2, anti-FOG-1, and anti-lamin B (loading
control) antibodies. The representative results from 5 independent experiments are shown. The asterisk indicates a nonspecific band, and the arrowhead
identifies GATA2. (E) The mRNA levels of PLC-
1 in RBL-2H3 cells were determined by qRT-PCR. Cells were transfected with siRNA and/or with an expression
plasmid, as indicated. The value from cells transfected only with control siRNA was set to 1. For both GATA1 and GATA2, siRNA 1 (see panel A) was used. For
the comparisons indicated, *, P � 0.05, and **, P � 0.01. (F) mRNA levels of GATA1 and GATA2 in MEL cells transfected with GATA1 or GATA2 siRNA were
examined by qRT-PCR. The value from the control siRNA-transfected cells was set to 1. *, P � 0.05, and **, P � 0.01 compared with the control. (G) mRNA levels
of GATA1, GATA2, and FOG-1 in MEL cells were determined by qRT-PCR. The cells were transfected with a vector expressing GFP (control), GATA1, GATA2,
or FOG-1 or cotransfected with GATA1 and FOG-1 (G1/F). For all qRT-PCR analyses, data were obtained from at least 3 independent experiments. G1, GATA1;
G2, GATA2; F, FOG-1; vtr, control vector expressing GFP.
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expressed in RBL-2H3 cells. Neither the ectopic expression of
FOG-1 alone nor the coexpression of FOG-1 with GATA1 re-
pressed the expression of GATA2 (Fig. 3C and D). In order to
confirm that experimental perturbation of GATA factor had func-
tional consequences, we examined the mRNA levels of phospho-
lipase C-
1 (PLC-
1), which is known to be regulated by the
GATA factors in RBL-2H3 cells (17). Indeed, PLC-
1 mRNA lev-
els were significantly reduced by siRNA knockdown of GATA1 or
GATA2. Furthermore, this repression was restored by reintroduc-
ing GATA1 or GATA2 cDNA into the siRNA-treated cells (Fig.
3E). Therefore, even under these correct experimental conditions,
expression of Gata1 and Gata2 genes was not interdependent in
RBL-2H3 cells. Moreover, the lack of GATA1-mediated Gata2
repression in these cells could not be attributed to a low level of
FOG-1 expression. Last, we performed a similar set of experi-
ments in MEL cells to compare the results with our findings in
RBL-2H3 cells (Fig. 3F and G). Because the cross-regulation of
Gata1 and Gata2 is controlled in a differentiation stage-specific
manner, the results observed in this erythroleukemia cell line did
not necessarily reproduce the cross-regulation of Gata1 and Gata2
during normal erythroid cell differentiation. For instance, GATA2
overexpression failed to further upregulate endogenous GATA1
expression (Fig. 3G), suggesting that the GATA2-mediated
GATA1 activation that occurs in early erythroid progenitors in
vivo (31, 34) does not take place in MEL cells. Compared to RBL-
2H3 cells, exogenous expression of GATA1 resulted in a smaller
increase in GATA1 mRNA levels in MEL cells, where endogenous
GATA1 is abundantly expressed (Fig. 3G). Nonetheless, we did
observe that GATA2 expression was significantly increased by
GATA1 repression, reproducing the GATA1-mediated GATA2
repression observed during normal erythroid cell development
(Fig. 3F).

BMMCs did not exhibit cross-regulatory gene transcription
between Gata1 and Gata2. We next examined whether our find-
ings in RBL-2H3 cells apply to BMMCs. To delve into this issue,
we utilized compound mutant mice bearing a floxed Gata1 allele
and a 4-OHT-inducible Cre transgene (Gata1flox/y::RosaCreERT2

[13]). Bone marrow cells of the mutant mice were subjected to in
vitro mast cell differentiation (here referred to as flox/cre
BMMCs); then, the 4-OHT treatment was started on cell culture
day 30 to diminish Gata1 gene expression. BMMCs isolated from
Gata1flox/y mice lacking the Cre transgene were treated with
4-OHT simultaneously and used as controls (here referred to as
flox BMMCs). Flow cytometry analysis demonstrated that nearly
all flox and flox/cre BMMCs were positive for FcεRI� and c-Kit by
30 days of incubation (data not shown). Following 4-OHT treat-
ment, the recombination efficiency of the floxed Gata1 allele was
determined by PCR. The recombined Gata1-derived DNA frag-
ment was exclusively amplified from the genomic DNA of the
flox/cre BMMCs after 5 and 10 days of 4-OHT treatment
(Fig. 4A). On day 10 of 4-OHT treatment, only a small amount of
the nonrecombined allele-derived PCR product was amplified
(Fig. 4A). Consistent with these data, qRT-PCR analyses showed
that the GATA1 mRNA level in the flox/cre BMMCs was signifi-
cantly reduced after 10 days of 4-OHT treatment (Fig. 4B).
GATA1 protein was not detectable in these cells by Western blot
analysis (data not shown). Importantly, the marked reduction in
Gata1 gene expression observed in the flox/cre BMMCs did not
affect the GATA2 mRNA level (Fig. 4B). These results made a stark
contrast with our previous findings that GATA2 mRNA was in-

creased up to 50-fold more than the control levels in the proeryth-
roblasts and the early stages of erythroblasts from the flox/cre
bone marrow cells (13). We next examined whether the overex-
pression of GATA1 and/or FOG-1 represses the quantities of en-
dogenous GATA2 mRNA in wild-type BMMCs (Fig. 4C). Unlike
in RBL-2H3 cells (Fig. 3C and D), the forced expression of both
GATA1 and FOG-1 resulted in a statistically significant reduction
in GATA2 mRNA to 60%. However, the repression of Gata2 by
GATA1/FOG-1 in BMMCs was not as pronounced as in erythroid
cells, where GATA2 mRNA rapidly decreased during erythroid
cell differentiation and fell to an almost undetectable level by the
differentiated-erythroblast stage (13).

GATA1 and GATA2 play redundant roles in activating mast
cell-specific genes in BMMCs. We have shown that the mRNA
level of GATA2, but not GATA1, was increased during BMMC
differentiation and that expression of the Gata1 and Gata2 genes
was regulated independently in these cells. In addition, we calcu-
lated that the abundance of GATA1 mRNA transcripts relative to
that of GATA2 transcripts was 0.14 � 0.03 in BMMCs (n � 3; see
Materials and Methods for details). These findings raised the pos-
sibility that the representative GATA factor target genes expressed
in mast cells, such as the mMC-CPA (56) and c-Kit (20) genes, are
regulated predominantly by GATA2, and not by GATA1. To test
this hypothesis, we examined the consequences of siRNA against
GATA1 and/or GATA2 for those genes in BMMCs (Fig. 5A). Con-
trary to our hypothesis, the treatment with siRNA against GATA2
(and without siRNA against GATA1) barely reduced the mRNA
levels of c-Kit and mMC-CPA. Similarly, the GATA1 siRNA treat-
ment elicited no major effects on the expression of those genes.
However, simultaneous introduction of GATA1 and GATA2 siR-
NAs reduced these mRNA levels to less than half of those observed
in the control siRNA-transfected cells (Fig. 5A). We then exam-
ined whether the mRNA levels of c-Kit and mMC-CPA were af-
fected by the overexpression of GATA1 and/or FOG-1 (Fig. 5B).
Despite the observation that coexpression of GATA1 and FOG-1
resulted in a moderate but significant reduction of GATA2 mRNA
levels in the BMMCs (Fig. 4C), mRNA levels of c-Kit and mMC-
CPA were not affected upon the forced expression of GATA1
and/or FOG-1 in these cells. Collectively, these results suggest that
GATA1 and GATA2 are redundant in their abilities to activate
transcription of these genes in BMMCs.

GATA factor binding to the conserved GATA sites within the
Gata1 and Gata2 loci in BMMCs. Since the our experiments re-
vealed no solid evidence of any cross-regulation of Gata1 and
Gata2 gene expression in mast cells, we subsequently examined
GATA factor binding to the conserved GATA sites within the
Gata1 and Gata2 loci in BMMCs. Quantitative ChIP assays were
performed across the Gata1 and Gata2 loci on days 14, 22, and 38
following BMMC differentiation (Fig. 6). GATA factor binding in
MEL cells was simultaneously examined as an erythroid control.
Interestingly, GATA1 occupancy was detected at the kb 	3.9,
	2.8, and �9.5 regions of the Gata2 locus in BMMCs, despite the
failure of GATA1 to regulate Gata2 gene expression (Fig. 6B).
Notably, this set of regions of the Gata2 locus was also occupied by
GATA2 itself (Fig. 6B). Given that the GATA2 mRNA level was
increased during BMMC differentiation (Fig. 2), a positive auto-
regulatory loop by GATA2 might play an important role in Gata2
gene regulation in BMMCs. When similar analyses were per-
formed across the Gata1 locus, significant GATA1 binding was
detected at the dblGATA and kb �3.5 regions of the Gata1 locus
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(Fig. 6C). The distal kb 	25 region of the Gata1 gene has been
described as a species-specific cis-acting element of the mouse
Gata1 gene in erythroid cells (49). However, we did not observe
any significant GATA1 binding to this region in BMMCs. To our
surprise, neither GATA1 nor GATA2 binding was appreciably in-
creased at the G1HE region of the Gata1 locus throughout the
BMMC culture period (Fig. 6C). In contrast, GATA1 was highly
enriched at the G1HE of the Gata1 locus in MEL cells (Fig. 6C).
SCL associates with GATA factors and acts in a cooperative man-
ner in erythroid and endothelial cells (40, 51, 54). ChIP assays with
an antibody to SCL showed significant binding of this factor at the
kb �9.5 region of the Gata2 gene in BMMCs and MEL cells (Fig.
6B). It is noteworthy that this region contains a critical GATA-E
box composite motif that is required for Gata2 gene expression in
vascular endothelial cells (18, 53). Another well-known GATA-E
box motif resides within the G1HE region of the Gata1 gene. Con-
sistent with previous reports (49, 50), we observed that the G1HE
region was clearly bound by SCL in MEL cells (Fig. 6C). In con-
trast, the BMMCs barely showed SCL occupancy of this site (Fig.
6C). Given that this region is devoid of GATA factor binding in
BMMCs, SCL recruitment to the G1HE region might be depen-
dent on GATA factors. In summary, these data indicate that the
binding profile of GATA1, GATA2, and SCL to the Gata1 and

Gata2 chromatin regions in BMMCs is quite different from that in
MEL cells. In particular, GATA1, GATA2, and SCL only weakly
bound to the G1HE region in BMMCs, whereas the G1HE was
robustly occupied by GATA1 and SCL in MEL cells. Considering
that the G1HE region is essential for Gata1 gene expression in
erythroid cells, these data further support the possibility that
Gata1 expression in mast cells is controlled by a novel molecular
mechanism, which is distinct from that in erythroid lineages.

Histone modification at the Gata1 locus is different between
erythroid and mast cell lineages. Chromatin modification by epi-
genetic mechanisms is essential for establishing and maintaining
cellular identity in adult organisms. It is well known that acetyla-
tion of histone H3 (AcH3) and histone H4 (AcH4) is commonly
distributed around enhancers and locus control regions (11). In
addition, trimethylation of histone H3 lysine 4 (H3K4me3) is as-
sociated with the transcription start sites of active loci (1, 15).
Since the G1HE region was not occupied by either GATA factor,
we hypothesized that the region might be epigenetically inacti-
vated in BMMCs. To clarify this issue, we performed ChIP assays
across the Gata1 locus with an antibody specific for either AcH3 or
H3K4me3 in day 30 to 40 BMMCs (Fig. 7A). As expected, we
found a much lower level of AcH3 in the G1HE region in BMMCs
than in MEL cells. In contrast, a high level of AcH3 accumulation

FIG 4 Lack of cross-regulatory gene transcription of Gata1 and Gata2 in BMMCs. (A) PCR analysis of recombination in genomic DNA isolated from the
BMMCs of Gata1flox/y (flox) and Gata1flox/y::RosaCreERT2 (flox/cre) mice. Day 30 to 40 BMMCs were treated with 4-OHT. Genomic DNA was isolated at 0, 5,
and 10 days following the onset of 4-OHT treatment and used for the PCR analysis. PCR amplicons of the G1HE region are shown as controls. (B) mRNA levels
of GATA1 and GATA2 in the BMMCs of flox and flox/cre mice were examined by qRT-PCR. Day 30 to 40 BMMCs were treated with 4-OHT. Total RNA was
isolated 0, 5, and 10 days after treatment and used in the analysis. (C) mRNA levels of GATA1, GATA2, and FOG-1 in BMMCs transfected with a vector
expressing either GATA1, FOG-1, or both were determined by qRT-PCR. The data were obtained from 4 independent assays. The value from cells transfected
with vector alone (vtr) was set to 1.0.
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was observed at the dblGATA and kb �3.5 sites in both BMMCs
and MEL cells (Fig. 7A, top). H3K4me3 was also detected at the
dblGATA and kb �3.5 sites, but not in the G1HE region, in
BMMCs (Fig. 7A, bottom). In MEL cells, H3K4me3 was predom-
inantly discernible at the dblGATA and kb �3.5 sites, while AcH3
was distributed broadly across the Gata1 genomic region, includ-
ing the G1HE, as previously reported (Fig. 7) (49). We next per-
formed ChIP assays to assess histone acetylation in the G1HE and
dblGATA regions on days 14, 22, and 28 of BMMC differentiation
(Fig. 7B). Both AcH3 and AcH4 levels in the G1HE region re-
mained at a lower level in BMMCs than in MEL cells. In contrast,
these levels were increased in the dblGATA region during BMMC
differentiation (Fig. 7B). Collectively, these results suggest that
histone acetylation at the Gata1 locus is differentially regulated
between erythroid and mast cell lineages.

The G1HE region is dispensable for endogenous Gata1 ex-
pression in mast cells. Given the absence of active histone modi-
fications in the G1HE region, we surmised that the G1HE is dis-
pensable for Gata1 gene regulation in BMMCs. To explore this
hypothesis in vivo, we took advantage of transgenic-mouse lines

expressing GFP under the control of a bacterial artificial chromo-
some (BAC) clone harboring 196 kb of the mouse Gata1 gene
(G1B-GFP). The GFP reporter expression of this transgenic-
mouse line faithfully recapitulates endogenous Gata1 gene expres-
sion, with the GFP intensity dependent on the transgene copy
number (42). In this study, we additionally used two transgenic
mouse lines bearing mutations in the G1B-GFP backbone. The
G1B-GFP G1HEmut (G1HEmut-GFP) mouse line harbors a
mutation in the GATA box in the G1HE region (TTATCT to
TGGCTT) (42). The G1B-GFP delta-dblGATA (�dblGATA-
GFP) mouse line harbors a reporter with a deleted dblGATA site
in the G1B-GFP backbone (Fig. 8A) (T. Moriguchi, J. Takai, M.
Suzuki, K. Ohneda, and M. Yamamoto, unpublished data). BM-
MCs were isolated from each of these transgenic-mouse lines, and
the frequencies of GFP-positive cells in the c-Kit�/FcεRI�� mast
cell fractions were examined (Fig. 8B). As anticipated, almost all
c-Kit/FcεRI�-double-positive mast cells were positive for GFP
fluorescence in the G1B-GFP mice (Fig. 8B). In contrast, the fre-
quency of GFP-positive cells was markedly reduced in the
�dblGATA-GFP mast cell fraction (Fig. 8B). This indicates that
the double GATA region is necessary for GFP reporter expression
in BMMCs. Consistent with the ChIP data, the GATA box muta-
tion in the G1HE region showed little influence on GFP expres-
sion in mast cells and actually resulted in more than 79.2% � 3.5%
of cells positive for GFP in the G1HEmut-GFP BMMCs. This ob-
servation conflicts strikingly with the GFP expression seen in ery-
throid lineage cells from the same reporter mice (42). The fre-
quency of the GFP-positive fraction was reduced to 25% of
control in the early erythroid progenitor fraction, termed “BREP”
(burst-forming units erythroid cell-related erythroid progenitor)
(42), in the G1HEmut-GFP mice. It appears, therefore, that the
GATA site of the G1HE is dispensable for Gata1 expression in
BMMCs. Next, we examined the GFP expression in peritoneal
mast cells (PMC) from the three GFP reporter lines. Flow cyto-
metric analysis revealed that, in all transgenic lines, approximately
3% of the peritoneal cells were mast cells as defined by the expres-
sion of c-Kit and FcεRI� (Fig. 8C). As observed in BMMCs, al-
most all control G1B-GFP (wild type) peritoneal mast cells were
GFP positive (99.4% � 0.7%) (Fig. 8D). The frequency of GFP-
positive cells was lower in �dblGATA-GFP peritoneal mast cells
(80.5% � 10.1%) (Fig. 8D), although not by as much as in
BMMCs. GFP expression in G1HEmut-GFP peritoneal mast cells
was comparable to that in controls (96.4% � 5.3%) (Fig. 8D).
Hence, the dblGATA region appears to play an important role in
Gata1 expression in both BMMCs and peritoneal mast cells. How-
ever, the remaining GFP expression in the �dblGATA-GFP peri-
toneal mast cells implies that other cis-acting regions might be able
to partly compensate for the loss of this region, particularly in
peritoneal mast cells.

The GdC minigene is sufficient to drive Gata1 expression in
mast cells. We moved on from focusing on the cis-acting regions
containing the conserved GATA sites to exploring another possi-
bility, that an undefined, novel cis-acting region mediates Gata1
gene expression in mast cells. To this end, we utilized two more
different types of reporter mouse lines harboring a modified G1B-
GFP transgene (Fig. 9A). One transgene carried a large deletion
spanning the three critical cis-acting regions, i.e., G1HE,
dblGATA, and CACCC, and the mice were designated �GdC-
GFP reporter mice. The CACCC domain is a 300-bp region that
resides in the 5=-flanking region of the IE promoter. The two

FIG 5 GATA1 and GATA2 play redundant roles in activating mast cell-spe-
cific genes in BMMCs. (A) mRNA levels of GATA1, GATA2, c-Kit, and mMC-
CPA in BMMCs at days 30 to 40 of culturing were measured by qRT-PCR. The
cells were transfected with GATA1 (G1) and/or GATA2 (G2) siRNA or control
siRNA (ctr). *, P � 0.05, and **, P � 0.01 compared with the control. (B)
mRNA levels of c-Kit and mMC-CPA were measured by qRT-PCR in BMMCs
transfected with a control vector expressing GFP (vtr), GATA1, or FOG-1 or
cotransfected with GATA1 and FOG-1 (G1/F). In both panels, data were ob-
tained from 3 independent experiments. The value from cells transfected with
control siRNA (A) or control vector (B) was set to 1.
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CACCC boxes within this domain were shown to be essential for
Gata1 expression in erythroid cells (30, 48). We previously con-
structed a 659-bp DNA fragment referred to as the “GdC mini-
gene” by cis linking the three essential elements, G1HE, dblGATA,
and CACCC, and demonstrated that the GdC minigene was suf-
ficient to drive cell-type-specific reporter expression during prim-
itive erythropoiesis (32). To further delineate the functional suf-

ficiency of the GdC minigene fragment in the context of the G1B-
GFP reporter, the GdC minigene fragment was inserted into the
deletion site of the �GdC-GFP transgene to generate G1B-GFP
GdC minigene (MG-GFP) reporter mice (J. Takai, T. Moriguchi, M.
Suzuki, L. Yu, K. Ohneda, and M. Yamamoto, unpublished data).
GFP reporter expression was examined in BMMCs and peritoneal
mast cells prepared from the three transgenic lines (Fig. 9B and

FIG 6 Neither GATA1 nor GATA2 binding was enriched in the G1HE chromatin region in BMMCs. (A) Configurations of the Gata1 and Gata2 loci. White ovals
and black boxes depict the GATA sites and exons, respectively. (B and C) Binding of GATA1, GATA2, and SCL to the Gata2 locus (B) and the Gata1 locus (C)
was examined by ChIP assays. Chromatin fragments were prepared from BMMCs on the specified culture days (days 14, 22, and 28 of culturing) and from MEL
cells. ChIP assays were carried out using anti-GATA1, anti-GATA2, and anti-SCL antibodies. Control experiments were performed using rat IgG in place of
anti-GATA1 antibody and rabbit IgG instead of anti-GATA2 or SCL antibody. The values of PCR amplicons using immunoprecipitated chromatin relative to
those of input are shown. The results were obtained from 4 independent assays. The kb 	27.7 (	27.7) and exon 6 (ex6) regions were amplified as negative
controls for Gata2 (B) and Gata1 (C), respectively.
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D). The frequencies of c-Kit�/FcεRI�� cells in peritoneal cells
were comparable among all transgenic lines (Fig. 9C). We found
that almost all BMMCs from the �GdC-GFP reporter mice lacked
GFP expression (Fig. 9B). Similarly, no GFP-positive cells were
detected in c-Kit�/FcεRI�� peritoneal mast cells from the �GdC-
GFP mice (Fig. 9D). It is worth noting that the first intronic kb
�3.5 region, which was occupied by both GATA factors (Fig. 6C)

and was hyperacetylated (Fig. 7A), remained intact in the �GdC-
GFP transgene. Thus, the kb �3.5 region per se is inadequate for
promoting Gata1 gene expression in mast cells. Interestingly, in-
sertion of the GdC minigene into the �GdC-GFP backbone suc-
cessfully reinstated GFP expression in BMMCs (Fig. 9B). Like-
wise, GFP expression from the MG-GFP reporter was observed in
the peritoneal cell population, specifically, in the c-Kit�/FcεRI��

FIG 7 Chromatin modification profiles of the Gata1 locus in BMMCs. (A) A ChIP assay was performed across the Gata1 locus using normal rabbit IgG,
anti-AcH3 antibody, or anti-trimethylated lysine 4 of histone H3 (K4me3) antibody in BMMCs at days 30 to 40 of culturing. Immunoprecipitated DNA was
quantified by real-time PCR in duplicate using primers specific for the regions containing GATA sites of the Gata1 locus. The exon 6 (ex6) coding region was
amplified as a negative control. Values were normalized to a control ChIP using anti-histone H3 antibody and are shown as averages and SD of data obtained from
4 independent experiments. (B) Chromatin fragments were prepared from BMMCs on the specified culture days (days 14, 22, and 28 of culturing) and from MEL
cells. ChIP assays were carried out in the G1HE and dblGATA regions using normal rabbit IgG (IgG), anti-AcH3 antibody, anti-AcH4 antibody, and anti-histone
H3 antibody. Immunoprecipitated DNA was quantified by real-time PCR in duplicate using primers specific for the G1HE and dblGATA. Values were
normalized to a control ChIP using anti-histone H3 antibody. *, P � 0.05, and **, P � 0.01 compared with the data from day 14.
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fraction (Fig. 9D). Consistent results were observed in indepen-
dent transgenic lines, namely, two �GdC-GFP lines (lines 32 and
995) and three MG-GFP lines (lines 19, 20, and 33) (data not
shown). Collectively, these findings indicate that the GdC mini-
gene contains cis-acting regions that are sufficient for cell-type-
specific Gata1 gene expression in mast cells.

DISCUSSION

This study provides evidence that GATA factor expression is dif-
ferentially regulated between the erythroid and mast cell lineages
in two major respects. First, whereas GATA1 and GATA2 regulate
each other’s expression during erythroid cell differentiation, our
data show no indication of such cross-regulation in BMMCs and
RBL-2H3 cells. Second, our results show that the G1HE, a critical
cis-acting region for Gata1 gene expression in erythroid cells, is
epigenetically inactivated and inaccessible for transcription fac-
tors in BMMCs. Although the precise roles of GATA1 and GATA2
during mast cell development remain elusive, our data indicate

that GATA1 and GATA2 are functionally redundant in their abil-
ities to activate at least two mast cell-specific genes, c-Kit and
mMC-CPA genes. This is in sharp contrast to the case of erythroid
cells, in which GATA1 and GATA2 play unique roles. Taken to-
gether, these findings definitely further our understanding of the
lineage-specific functions of the GATA factors during mast cell
development.

A previous study showed that targeted disruption of the Gata2
gene resulted in the absence of mast cell precursors in in vitro-
cultured embryonic stem cells, suggesting that GATA2 is required
for the cell fate decision to develop into mast cells (46). In addi-
tion, we and other groups have shown that GATA1 functions in
the later stage of mast cell maturation (14, 23, 25). These reports
led us to anticipate that the expression profiles of GATA1 and
GATA2 during mast cell development might mirror those in ery-
throid cells. However, contrary to our expectations, we found that
GATA2 expression continued to increase, whereas GATA1 ex-
pression remained at a low level during BMMC culturing. Fur-

FIG 8 The G1HE region is dispensable for Gata1 expression in BMMCs. (A) Structures of the G1B-GFP transgenes, namely, G1B-GFP, G1HEmut-GFP,
and �dblGATA-GFP. The black boxes depict Gata1 gene exons. IE denotes the erythroid cell-specific first exon. GFP cDNA and the conserved GATA sites
G1HE and dblGATA are represented by gray boxes and ovals, respectively. (B and D) GFP expression in cultured BMMCs (B) and PMC (D) prepared from
G1B-GFP transgenic mice (G1B, G1HEmut, and �dblGATA) and nontransgenic control mice (non Tg). The bar graphs show the percentages of cells that
were GFP positive within the c-Kit/FcεRI�-double-positive fraction. The results are shown as averages and SD of data obtained from 3 independent
experiments. (C) Flow cytometric analysis of peritoneal mast cells isolated from GFP reporter mice stained for c-Kit and FcεRI� expression. The numbers
represent the average percentages and SD of c-Kit/FcεRI�-double-positive cells within the indicated gates. The data were obtained from 3 mice for each
transgenic line.
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thermore, we demonstrated that the forced expression or siRNA-
mediated knockdown of GATA1 did not affect GATA2 expression
in RBL-2H3 cells and BMMCs. Similarly, GATA1 expression was
not affected by the GATA2 overexpression or repression in RBL-
2H3 cells. Of particular note is the absence of GATA1-mediated
Gata2 repression, which has been well documented in G1E-ER-
GATA1 erythroblasts (9, 22, 34). Although GATA1 failed to re-
press Gata2 gene expression, our ChIP analyses showed that
GATA1 bound to the “GATA switch” sites of the Gata2 locus in
BMMCs (Fig. 6B). Since these regions were also occupied by
GATA2 itself, even the forced expression of GATA1 might be in-

sufficient to overcome the GATA2-mediated positive autoregula-
tory loop. Alternatively, GATA1 might fail to repress Gata2 gene
transcription because of the absence of FOG-1, a key cofactor for
GATA switching. Recent studies have revealed that FOG-1 plays
critical roles in eliminating mast cell differentiation. Overexpres-
sion of FOG-1 in multipotential myeloid progenitors inhibits
mast cell differentiation. Furthermore, the exogenous introduc-
tion of FOG-1 even redirects committed mast cells to other hema-
topoietic lineages (3, 41). Importantly, Cantor et al. reported that
the retroviral expression of FOG-1 resulted in a reduced GATA2
transcript level at the granulocyte-monocyte progenitor (GMP)

FIG 9 The GdC Gata1 minigene is sufficient to recover GFP expression in G1B-GFP �GdC transgenic mice. (A) Structures of the G1B-GFP transgenes, namely,
G1B-GFP, �GdC-GFP, and MG-GFP. (B and D) Percentages of cells that were GFP positive within the c-Kit/FcεRI�-double-positive fraction in BMMCs (B) and
PMC (D) prepared from G1B-GFP transgenic mice (G1B, �GdC, and MG) and nontransgenic control mice (non Tg). (C) Flow cytometric analysis of peritoneal
mast cells isolated from GFP reporter mice stained for c-Kit and FcεRI� expression. The numbers represent the average percentages and SD of c-Kit/FcεRI�-
double-positive cells within the indicated gates. The data were obtained from 3 mice for each transgenic line.
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stage, as observed in erythroblasts (3). We observed that the si-
multaneous overexpression of both GATA1 and FOG-1 partially
repressed Gata2 expression to 60% preferentially in day 30 to 40
BMMCs. This observation implies that a time window might exist
for the FOG-1–GATA1 complex to repress GATA2 during mast
cell development. Further analyses at each time point of BMMCs
should be of particular importance in unveiling the molecular
mechanism for the differentiation stage-specific function of
FOG-1.

The present study demonstrates that the G1HE is dispensable
for Gata1 gene expression in mast cells by three different ap-
proaches. First, in BMMCs, neither GATA1 nor GATA2 bound to
the G1HE chromatin region. Second, in BMMCs, no active his-
tone marks were detected in the G1HE region. Lastly, in the
BMMCs and peritoneal mast cells of G1B-GFP transgenic mice, a
mutation in the G1HE region had little influence on reporter ex-
pression. These findings contrast sharply with previous studies
showing that the G1HE is required for Gata1 gene expression in
erythroid cells and megakaryocytes. For instance, we and other
groups showed that a mutation in the GATA site within the G1HE
region almost completely eradicated reporter expression in the
yolk sac and fetal liver of developing embryos (31, 50). Closer
examination using G1B-GFP reporter mice revealed that the
G1HE is essential for Gata1 gene expression in the BREP, which is
close to the bipotential megakaryocyte-erythroid progenitors
(MEP) (42). Targeted deletion of the Gata1 upstream region con-
taining the G1HE abrogated Gata1 expression in the MEP and
megakaryocytes, as well as erythroid cells, in mice (8, 39). Consid-
ering the redundancy of G1HE in mast cell differentiation, the
G1HE might be activated predominantly at the MEP stage and
function as megakaryocyte-erythroid lineage-specific enhancer.
Interestingly, MEPs from Gata1low bone marrow were highly pro-
liferative and aberrantly inclined to differentiate into the mast cell
lineage (8, 25). These observations indicate that activation of the
G1HE in MEP is critically required for normal erythromegakaryo-
cytic differentiation, while the absence of G1HE leads to alteration
in lineage specification.

Our data demonstrated that the proximal double GATA site is
bound by both GATA factors and is required for G1B-GFP re-
porter expression in BMMCs and peritoneal mast cells. In contrast
to the G1HE, which is activated specifically in megakaryocytes and
erythroid cells, the proximal double GATA site seems to act as a
general cis-regulatory region capable of functioning in different
hematopoietic lineages. Targeted deletion of the double GATA
site in mice resulted in the selective loss of the eosinophil lineage,
which was a less dramatic phenotype than had been originally
presumed (55). Interestingly, bone marrow cells from the eosino-
phil-ablated �dblGATA mice are still capable of differentiating
into eosinophils when subjected to cytokine stimulation in vitro
(4). The GATA1 mRNA level of the cultured �dblGATA eosino-
phils remained comparable to that of wild-type cells by virtue of
the activated alternative first exon, called IEB, located in the first
intron (4). Meanwhile, it was reported that mast cells developed
normally from �dblGATA bone marrow when the cells were cul-
tured in the presence of IL-3 and SCF (55). Given the essential
requirement for the double GATA site in mast cells demonstrated
here, it would be intriguing to examine the GATA1 expression
level and to clarify the potential usage of the alternative first exon
in mast cells of the �dblGATA mice. In addition to the double
GATA site, our ChIP analyses showed that the kb �3.5 region was

bound by both GATA factors in BMMCs. The kb �3.5 region
contains multiple GATA-GACT repeats and was shown to be es-
sential for definitive erythropoiesis in fetal liver (32). However, we
found that GFP expression was completely abrogated in BMMCs
from G1B-GFP �GdC reporter mice, even though the kb �3.5 site
was retained in this reporter construct. It seems, then, that the
kb �3.5 site by itself is insufficient to direct reporter expression in
mast cells. Importantly, the reporter expression was restored by
inserting the GdC minigene into the �GdC-G1B-GFP transgene
backbone. Collectively, these results underscore that positive au-
toregulation through the double GATA site is a core mechanism
for Gata1 expression in mast cells.
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