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Stem cell factor (SCF), erythropoietin (Epo), and GATA-1 play an essential role(s) in erythroid development.
We examined how these proteins interact functionally in G1E cells, a GATA-1� erythroblast line that prolif-
erates in an SCF-dependent fashion and, upon restoration of GATA-1 function, undergoes GATA-1 prolifer-
ation arrest and Epo-dependent terminal maturation. We show that SCF-induced cell cycle progression is
mediated via activation of the Src kinase/c-Myc pathway. Restoration of GATA-1 activity induced G1 cell cycle
arrest coincident with repression of c-Kit and its downstream effectors Vav1, Rac1, and Akt. Sustained
expression of each of these individual signaling components inhibited GATA-1-induced cell cycle arrest to
various degrees but had no effects on the expression of GATA-1-regulated erythroid maturation markers.
Chromatin immunoprecipitation analysis revealed that GATA-1 occupies a defined Kit gene regulatory element
in vivo, suggesting a direct mechanism for gene repression. Hence, in addition to its well-established function
as an activator of erythroid genes, GATA-1 also participates in a distinct genetic program that inhibits cell
proliferation by repressing the expression of multiple components of the c-Kit signaling axis. Our findings
reveal a novel aspect of molecular cross talk between essential transcriptional and cytokine signaling compo-
nents of hematopoietic development.

Receptor tyrosine kinases (RTKs) trigger a multitude of
cellular events, including proliferation, survival, differentiation,
and migration. These functions are modulated in hematopoi-
etic stem and progenitor cells by the essential RTK c-Kit (8, 11,
43). The expression of c-Kit is downregulated as progenitors
mature to their respective lineages, with the exception of mast
cells, which rely on c-Kit for survival, proliferation, and func-
tion throughout their life span (20). Unrestrained c-Kit activity
contributes to several neoplastic disorders, including gastroin-
testinal stromal tumors (GIST), mastocytosis, and leukemia (5,
12, 21, 37, 46, 55). In GIST, somatic kinase-activating Kit mu-
tations result in malignant transformation. In the hematopoi-
etic system, similar activating Kit mutations occur in stem/
progenitor cells and mast cells, causing mastocytosis and acute
myelogenous leukemia, respectively (45, 54).

Mutant mice without c-Kit (dominant white spotting, or W,
mutants) demonstrate severe deficiencies in erythroid devel-
opment with reduced CFU-erythroid progenitors in the fetal
liver and embryonic death from anemia at around day 16 of
gestation (11, 57). Erythropoietin (Epo) receptor (Epo-R)-
deficient mice demonstrate a similar decrease in CFU-ery-
throid progenitors and die of anemia between days 13 and 15

of gestation, suggesting that erythroid progenitors cannot sur-
vive, proliferate, or differentiate unless both the c-Kit and
Epo-R signal transduction pathways are functional. Recent
studies suggest that Epo and Epo-R interactions contribute to
this process by preventing apoptosis through activation of the
survival factor Bcl-xL as well as Akt (3, 17, 25, 34, 49, 51, 52, 68,
74). The role of c-Kit in erythropoiesis is less well understood.
Studies suggest that this RTK stimulates the expansion of early
committed erythroid precursors, but its downregulation is re-
quired for later stages of terminal maturation (53, 83). How-
ever, the intracellular mechanisms that regulate c-Kit during
erythroid development are poorly defined.

In addition to cytokine signaling cascades, erythroid progen-
itors also require transcriptional programs for survival, differ-
entiation, and cell cycle regulation. To this end, the transcrip-
tion factor GATA-1 is essential for erythropoiesis (19, 59, 60).
Disruption of the GATA-1 gene produces maturation arrest
and apoptosis of committed erythroid precursors (19, 60, 80).
GATA-1 is also required for the development of mast cells,
eosinophils, and platelets (19, 31, 48, 59, 67, 87). In humans,
germ line GATA-1 mutations cause congenital dyserythropoi-
etic anemia, thalassemia, and thrombocytopenia (56, 88).
Somatic GATA-1 mutations are associated with acute
megakaryocytic leukemia in the context of Down’s Syndrome
(85). Hence, an understanding of how GATA-1 coordinates
erythroid cell differentiation, survival, and cell cycle progres-
sion is relevant to both normal hematopoietic development
and human disease.

The purpose of the current study was to investigate whether
GATA-1 influences c-Kit signaling during erythroid matura-
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tion. To examine this, we utilized G1E cells, an immortalized
GATA-1-null line derived from gene-targeted embryonic stem
cells (81). G1E cells proliferate continuously in culture as de-
velopmentally arrested erythroid precursors and, upon resto-
ration of GATA-1 activity, undergo cell cycle arrest and ter-
minal maturation in a fashion that largely recapitulates normal
erythropoiesis (25, 34). In this regard, stem cell factor (SCF)
and Epo are required for the growth and survival of these cells
at distinct developmental stages. Specifically, immature G1E
cells depend mainly upon SCF for proliferation. During
GATA-1-induced maturation, c-Kit is downregulated and Epo
becomes an essential survival factor (34, 61, 82). This sequence
recapitulates cytokine requirements during normal erythroid
maturation. Therefore, G1E cells provide a convenient, phys-
iologically relevant system to delineate how GATA-1 regulates
the dynamics of SCF and Epo cytokine signaling during eryth-
ropoiesis.

Previously, we used G1E cells to identify an important role
for GATA-1 in regulating core cell cycle components by re-
pressing the expression of mitogenic genes and activating an-
tiproliferative ones (61, 82). Of particular relevance to the
current study, GATA-1 appears to repress c-Myc expression by
directly binding its gene (61). Here, we demonstrate that with-
out GATA-1, immature G1E cells depend on SCF for cell
cycle progression through effects mediated via induction of
c-Myc by the Src kinase signaling pathway. GATA-1-induced
differentiation is associated with repression of c-Kit and its
downstream substrates Vav1, Rac1, and Akt. Enforced expres-
sion of each of these molecules individually inhibits GATA-1-
regulated cell cycle arrest to different extents without affecting
the induction of erythroid maturation markers. Chromatin im-
munoprecipitation (ChIP) studies reveal that GATA-1 occu-
pies a positive regulatory element in the Kit gene in vivo,
suggesting a direct mechanism of transcriptional repression.
These results highlight a distinct antiproliferative program of
GATA-1 that is related to gene repression and can be uncou-
pled from its ability to activate erythroid marker genes during
terminal maturation. In particular, GATA-1 induces cell cycle
arrest by blocking expression of multiple components of a c-Kit
signaling cascade that lead to c-Myc activation. Our results
provide insight into how c-Kit and GATA-1 interrelate during
normal hematopoiesis and how mutations in these two essen-
tial genes might cause cytopenias and leukemias.

MATERIALS AND METHODS

Cell culture. G1E-ER2 and G1E-ER4 are two independent clones derived
from the same parental G1E cells engineered to express a conditional form of
GATA-1 that is activated by estradiol or tamoxifen (GATA-1–estrogen receptor
[ER] [GATA-1 fused to the ligand-binding domain of the estrogen receptor {25,
34, 61, 82}]). In the present study, similar results were obtained using both
clones. The cells were grown in Iscove’s modified Dulbecco’s medium (InVitro-
gen, Rockville, MD) with 15% heat-inactivated fetal bovine serum (Bio-Whit-
taker, Hanover Park, IL), recombinant erythropoietin (2 U/ml; Amgen, Thou-
sand Oaks, CA), and recombinant rat SCF (50 ng/ml; Amgen, Thousand Oaks,
CA). �-Estradiol (10�7 mol/liter) was used to activate GATA-1-ER and trigger
terminal erythroid maturation. (Sigma, St. Louis, MO). Src inhibitor (PP1; Bi-
omol, Plymouth Meeting, PA), phosphatidylinositol (PI) 3-kinase inhibitor
(Wortmannin; Calbiochem, San Diego, CA), and MEK inhibitor (PD98059;
Calbiochem, San Diego, CA) were prepared in dimethyl sulfoxide.

Flow cytometry. G1E-ER2 or G1E-ER4 cells were stained with an antibody
against the cell surface erythroid maturation marker Ter119, as previously de-
scribed (34, 61).

Microarray experiments. In three independent experiments, G1E-ER4 cells
growing in log phase were induced for 0, 3, 7, 14, 21, or 30 h with 10�7 M
�-estradiol. RNA from 5 � 107 G1E-ER4 cells was extracted using Trizol
reagent (Invitrogen, Carlsbad, CA) and processed for hybridization to Affymetrix
MG-U74Av2 GeneChips (23). All additional analysis was performed as previ-
ously reported (82).

Expression of c-Kit, Akt, Rac1, and Rac2. cDNAs encoding wild-type murine
c-Kit, Akt, Rac1, and Rac2 were cloned into the bicistronic retroviral vector
MIEG3 (86) and verified by sequencing. The construction of wild-type and
mutant chimeric c-Kit–macrophage colony-stimulating factor (M-CSF) receptors
was described previously (33, 42, 70). Viral supernatants for infection of G1E-
ER4 cells were generated using the Phoenix ecotropic packaging cell line trans-
fected with retroviral vector plasmids using the Lipofectamine Plus reagent
(Invitrogen, Carlsbad, CA) (33). Supernatants were collected 48 h posttransfec-
tion and filtered through 0.45-�m membranes. Cells were infected with 2 ml of
high-titer virus supernatant in the presence of 8 �g/ml polybrene. Forty-eight
hours after infection, enhanced green fluorescent protein (EGFP)-expressing
cells were purified by fluorescence-activated cell sorting (FACS). Cells express-
ing similar levels of EGFP and chimeric c-Kit–M-CSF receptors were utilized in
the experiments described here.

Cell cycle analysis. G1E-ER2 or G1E-ER4 cells (5 � 106) expressing various
cDNAs were grown either in the presence or in the absence of indicated inhib-
itors. Cell cycle distribution was determined by staining cells with propidium
iodide (0.1 mg/ml containing 0.6% NP-40) in the presence of RNase A (2 mg/ml)
for 30 min at 4°C, followed by flow cytometric analysis to assess DNA content.

Western blot analysis. A total of 1 � 106 to 2 � 106 parental G1E-ER2 or
G1E-ER4 cells expressing various mutants of c-Kit, Akt, and Rac were cultured
for 24 and 48 h at 37°C. Thereafter, cells were harvested and lysed in cell lysis
buffer (10 mM K2HPO4, 1 mM EDTA, 5 mM EGTA, 10 mM MgCl2, 1 mM
Na2VO4, 50 mM �-glycerol phosphate, 10 �g/ml aprotinin, 10 �g/ml leupeptin,
1 �g/ml pepstatin A containing 0.5% Triton X-100 [pH 7.2]). An equal amount
of protein was fractionated on a 10% sodium dodecyl sulfate (SDS)-polyacryl-
amide gel and electrophoretically transferred to a nitrocellulose membrane.
Expression of c-Kit, Vav1, Akt, c-Myc, and CDK4 was determined by using
specific antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, and Cell Signal-
ing, Beverely, MA).

Predicting cis-regulatory modules in c-Kit by comparative genomics. Bioinfor-
matic predictions used whole-genome sequence alignments of mouse and human
generated by blastZ (62) or mouse, rat, and human generated by multiZ (7). The
regulatory potential (RP) score is a log-likelihood measure that estimates a
probability that the function under selection is a cis-acting gene regulatory
element (36). In this method, alignments are scored for how well they match
patterns that distinguish alignments in regulatory regions from those in neutral
DNA. The database of Genome Alignments and Annotations (GALA) (18) was
searched to find DNA intervals in the Kit locus whose alignments had an RP
score of at least 2.3, an empirically derived threshold based on identification of
known regulatory elements in the Hbb locus (22). GALA was also queried for all
mouse sequences in the Kit locus that match weight matrices for GATA-1
binding sites in TRANSFAC (30) and for blocks in the mouse-rat-human three-
way alignments containing conserved matches to GATA-1 weight matrices (com-
puted by tffind) (84). The DNA intervals exceeding the RP score threshold that
also contain a conserved, predicted GATA-1 binding site were identified by
intersection operations in GALA. Data from GALA were displayed as custom
tracks in the UCSC Genome Browser to provide a consolidated view.

ChIP assays. ChIP was performed as described previously (40, 41). Briefly, 1
� 108 cells were cross-linked in 0.4% formaldehyde–phosphate-buffered saline
for 10 min at room temperature. Cross-linking was stopped with 0.125 M glycine.
Chromatin was sonicated, precleared with irrelevant antibodies, and immuno-
precipitated with indicated antibodies prebound to protein G-Sepharose beads.
Beads were washed six times, and the bound proteins were eluted into 100 mM
NaHCO3–1% SDS. Cross-links were reversed at 65°C for 4 h, and protein was
digested with proteinase K (0.3 mg/ml) for 2 h at 45°C. DNA was purified by
phenol-chloroform extraction and ethanol precipitation. Real-time PCR was
performed and quantified using SYBR green dye on an ABI 7500 real-time PCR
machine. PCR product signals were referenced to a dilution series of the relevant
input and normalized to the corresponding isotype control signal for each primer
pair. Primer pairs used for PCR were as follows: for Kit 1, 5�-CCTCCAGGTG
CGCTATGC-3� (forward) and 5�-TTTTACTTTATGCCTATGGGTGCTT-3�
(reverse); for Kit 2, 5�-GACAAAGGACAGAAAAACAC-3� (forward) and 5�-
GGGAGAACGGATGGGCCAGTT-3� (reverse); for Kit 3, 5�-CACCTCCACC
ATAAGCCGAAT-3� (forward) and 5�-CTCCTAGACAATAAAGGACAACC
A-3� (reverse); for Kit 4, 5�-GATTGCTGGAGGTTGTGTGA-3� (forward) and
5�-CGCTGGAGACCACCCACTT-3� (reverse); for Kit 5, 5�-GGCTGGAAAC
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CACTGCCTTA-3� (forward) and 5�-AGCCTTGCCTGTGCTTAAAGC-3� (re-
verse); for Kit 6, 5�-CAGCACGCACCTCACAGAA-3� (forward) and 5�-TCAC
GCAGTCTCCTTAACTCTT-3� (reverse); for Kit 7, 5�-GGCAGGAATAAAA
CGGGTGTT-3� (forward) and 5�-AAGGACTTGCTTTCCCAAACTG-3�
(reverse); for Kit 8, 5�-GGGCATTCCACAGTCATGATT-3� (forward) and 5�-
GGTCTCTCCCACCTTACTC-3� (reverse).

RESULTS

G1E-ER4 and G1E-ER2 are two different clonal G1E cell
lines engineered to stably express a conditional estrogen-acti-
vated form of GATA-1 (GATA-1-ER [GATA-1 fused to the
ligand-binding domain of the estrogen receptor]). Results ob-
tained using G1E-ER4 cells are shown below, but similar re-
sults occurred when the G1E-ER2 line was used. Consistent
with our previously published results, treatment of G1E-ER4
cells with �-estradiol restored GATA-1 function, thereby in-
ducing synchronous and homogeneous G1-phase cell cycle ar-
rest and erythroid maturation in a fashion that largely recapit-
ulates normal stages of erythropoiesis (Fig. 1) (61).

G1E cells depend on SCF and Epo for growth and survival
and undergo rapid apoptosis when these cytokines are with-
drawn (25, 34, 81). Epo and SCF act at successive overlapping
stages of erythropoiesis, yet their individual roles in regulating
erythroid cell cycle progression are not known. We examined
these roles at various stages of GATA-1-induced G1E cell
maturation. Consistent with our previously reported observa-

tions, G1 arrest in these cells began as early as 12 h after
�-estradiol-induced GATA-1 activation; by 48 h, only 5% of
the cells remained in S phase (Fig. 1A, top panels). Concur-
rently, these cells acquired phenotypic and morphological
characteristics of terminal maturation including induction of
the maturation marker Ter119 and expression of �-globin (Fig.
1A and B and data not shown). We next examined the indi-
vidual contributions of SCF and Epo on cell cycle progression
of erythroblasts. To investigate these roles in the absence of
GATA-1, G1E-ER4 cells were cultured with either or both
cytokines and cell cycle analysis was performed after 48 h. As
shown in Fig. 2A (middle panel), Epo stimulation did not
appreciably enhance S-phase entry. In contrast, SCF stimula-
tion significantly increased DNA synthesis to the level ob-
served with combined stimulation by both SCF and Epo (Fig.
2A, left and right panels). Increased S-phase entry induced by
SCF was also reflected by increased expression of c-Myc, com-
pared to Epo-stimulated cells (Fig. 2B). These results suggest
that SCF, but not Epo, is the principle inducer of DNA syn-
thesis in G1E-ER4 erythroblasts and that this might occur
through induction of c-Myc.

SCF binding to its receptor c-Kit stimulates several distinct
signaling pathways, including members of Src family kinases,
PI 3-kinase and Ras mitogen-activated protein kinase (39, 44,
64, 72, 75). To determine the role of these pathways in SCF-

FIG. 1. Effect of GATA-1 on cell cycle progression and terminal differentiation in G1E-ER4 cells. A total of 5 � 106 cells were cultured in SCF
(50 ng/ml) and Epo (2 U/ml) in the absence (�) or presence (�) of GATA-1 expression for 48 h. Cells were harvested, and cell cycle analysis and
Ter119 expression were performed by propidium iodide staining followed by FACS analysis, respectively. (A) Cell cycle analysis (top panel) and
differentiation (bottom panel) in the absence or presence of �-estradiol treatment. Percentages of cells in various stages of the cell cycle are
indicated. Differentiation was analyzed by monitoring the expression of Ter119 on the cell surface by flow cytometry. Open histograms indicate
the level of background staining as determined by isotype control antibody. Closed histograms indicate the level of Ter119 expression. (B and C)
Western blot demonstrating a time-dependent induction of globin expression in the presence (B) or in the absence (C) of �-estradiol. One of
several representative experiments with similar results is shown. PE, phycoerythrin.
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induced erythroblast cell cycle progression, we cultured G1E-
ER4 cells in the presence of Epo plus SCF and analyzed the
effects of various pharmacologic inhibitors, including PP1 (Src
kinase inhibitor), wortmannin (PI 3-kinase inhibitor) and
PD98059 (mitogen-activated protein kinase inhibitor) on cell
cycle progression. Only the Src family kinase inhibitor PP1

induced significant G0/G1 accumulation in a dose-dependent
fashion (Fig. 3A). Moreover, SCF-induced c-Myc expression
was specifically blocked by PP1 (Fig. 3B). Consistent with their
lack of effect on cell cycle progression, wortmannin or
PD98059 did not significantly modulate the expression of c-
Myc (Fig. 3A and C). These findings suggest that in erythroid

FIG. 2. Effect of SCF and Epo on cell cycle progression and expression of c-Myc in the absence of GATA-1 expression. A total of 5 � 106 cells
were cultured in SCF (50 ng/ml), Epo (2 u/ml), or both (S�E) in the absence of GATA-1 expression for 48 h. (A) Cell cycle profiles in the presence
of SCF, Epo, or both cytokines. (B) Expression of c-Myc as determined by Western blot analysis. One of three representative experiments with
similar results is shown.

FIG. 3. Effect of PI 3-kinase, mitogen-activated protein kinase, and Src kinase pathway on SCF-induced cell cycle progression in G1E-ER4
cells. (A) G1E-ER4 cells were cultured in the presence of SCF (50 ng/ml) and wortmannin or PD98059 or PP1. Cell cycle analysis was performed
by propidium iodide staining followed by FACS analysis. Bars denote the percentage of cells in G0/G1 phase of cell cycle � standard deviation (SD)
of one of the two representative experiments performed in triplicates. Asterisks indicate P � 0.05 for 1 �M and 5 �M PP1 versus dimethyl sulfoxide
(DMSO). (B and C) G1E-ER4 cells were cultured in the presence of SCF (50 ng/ml) and increasing doses of PP1, wortmannin, or PD98059. An
equal amount of protein was resolved on a 10% SDS-polyacrylamide gel and subjected to Western blot analysis with an anti-c-Myc antibody.
Position of c-Myc is indicated. As a loading control, the same blot was probed with an anti-CDK2 antibody (total protein [B]).
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cells, c-Kit stimulates cell cycle progression specifically by ac-
tivating the Src kinase pathway.

To further clarify the role of Src kinase signaling in c-Kit-
induced cell cycle progression, we cloned and expressed c-Kit
mutant receptors impaired in their ability to activate the Src
and PI 3-kinase pathways. Since G1E-ER2 cells express en-
dogenous c-Kit receptors, we constructed a chimeric c-Kit re-
ceptor (CHR) to bypass endogenous c-Kit receptors and study
the effects of specific signaling mutants (Fig. 4A). The M-CSF
receptor and c-Kit belong to the same subfamily of RTKs but
possess distinct ligand binding specificities (76). G1E-ER2 cells
do not express endogenous M-CSF receptor and show no re-
sponse to M-CSF stimulation (70). This CHR is activated upon
binding M-CSF but signals in a fashion similar to that of the
endogenous c-Kit receptor (33, 70). Using this receptor as a
template, c-Kit receptors with mutant intracellular signaling
domains were generated by replacing tyrosine for phenylala-
nine at the binding sites for Src family kinases (position 567/
569) or PI 3-kinase (position 719), which abrogates the respec-
tive signaling pathways (33, 39, 42, 44, 64, 70–72, 75). We then
generated G1E-ER2 lines that stably express wild-type and
mutant CHR receptors and examined their activities by cul-
turing the cells in M-CSF, without SCF. c-Kit mutations that
abrogate Src kinase binding and activation were deficient in
promoting G1-to-S-phase cell cycle progression and also failed
to upregulate c-Myc normally (Fig. 4B and C). In contrast,
inhibiting the PI 3-kinase pathway had no effects on cell cycle
progression (Fig. 4B) or c-Myc induction (data not shown).
Collectively, these results suggest an important and specific
role for c-Kit-mediated activation of the Src family kinase in
regulation of c-Myc expression and erythroblast cell cycle pro-
gression. Consistent with previous findings in other cell types,
it is likely that Src kinase activation stimulates erythroblast
proliferation at least in part by inducing c-Myc (9, 15).

Previously, we demonstrated that downregulation of c-Myc
is required for GATA-1-induced cell cycle arrest in G1E-ER4
cells and that GATA-1 binds the Myc gene coincident with its
repression (also see Fig. 5C) (61). These findings indicated that
GATA-1 inhibits erythroblast proliferation by directly inhibit-
ing c-Myc transcription. However, given the current findings
that c-Myc expression in uninduced G1E-ER4 cells is regu-
lated largely via c-Kit-activated Src kinase (Fig. 2 and 3), we
considered the possibility that GATA-1-mediated repression
of genes involved in this signaling pathway could also contrib-
ute to inhibition of c-Myc expression during terminal erythro-
poiesis. Recently, we used oligonucleotide microarrays to de-
fine the kinetics of GATA-1-induced changes in gene
expression in G1E-ER4 cells (82). We interrogated these data
for the expression of c-Kit and its Src-related downstream
signaling effectors (Fig. 5A). Of note, mRNAs encoding c-Kit
and the intracellular kinases Vav1, Akt, and Rac1 are all rap-
idly downregulated during GATA-1-induced G1E cell matu-
ration (Fig. 5A). Flow cytometry and Western blot studies
showed that c-kit, Vav1, and Akt proteins were also downregu-
lated after GATA-1 activation (Fig. 5B and C). Total Rac
protein remained constant (Fig. 5D), probably because coin-
cident with Rac1 repression, the related protein Rac2 was
reciprocally upregulated (Fig. 5A). Previous studies in other
cell systems showed that Akt promotes the expression of c-Myc
and that the Src kinase/Vav/Rac pathway plays an essential

FIG. 4. Inhibition of cell cycle progression and expression of c-Myc
by mutating the binding sites for Src family kinases in c-Kit. (A) Sche-
matic structure of wild-type (WT) and mutant CHRs. The c-Kit CHR
includes the ligand-binding domain of the human M-CSF receptor, the
transmembrane, and the cytoplasmic tail of the c-Kit receptor. In the
mutant c-Kit CHRs, tyrosines (Y) at the indicated positions have been
changed to phenylalanine (F). (B) G1E-ER2 cells expressing wild-type
CHR, CHR mutated at position 567/569 (CHR 567/569), or CHR 719
were cultured in the presence of M-CSF (200 ng/ml). After 48 h, cells
were harvested, and cell cycle analysis was performed by propidium
iodide staining followed by FACS analysis. Bars indicate the percent-
age of cells in G0/G1, G2/M, and S phases of the cell cycle � SD of one
of two representative experiments performed in triplicates. Asterisks
indicate P � 0.05 for CHR 567/569 versus wild-type CHR or CHR 719.
(C) G1E-ER2 cells expressing the indicated receptor (wild-type CHR
or CHR 567/569) were cultured in M-CSF (200 ng/ml). Cells were
collected and lysed after 24 h, and an equal amount of protein was
subjected to Western blot analysis with an anti-c-Myc antibody. One of
three experiments with similar results is shown.
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role in regulating the expression of c-Myc in response to plate-
let-derived growth factor (PDGF) stimulation in fibroblasts (9,
15, 58, 63). c-Kit activates Akt, Vav, Rac1, and Rac2, and
deficiency of some of these molecules reduces SCF-induced
proliferation and/or survival (1, 26, 27, 33, 72, 86). Hence,
during erythroid maturation, GATA-1-mediated repression of
c-Kit and multiple downstream effectors that signal through
the Src kinase pathway may contribute to c-Myc repression and
consequent proliferation arrest. In particular, c-Kit, Vav1,
Rac1, and Akt are all repressed (directly or indirectly) by

GATA-1. Upregulation of Rac2 during the same time frame
may indicate unique c-Kit-independent roles for this Rho
GTPase in erythroid maturation.

GATA-1 could inhibit the expression of c-Kit signaling com-
ponents either directly or indirectly. We investigated this issue
by first focusing on the c-Kit receptor itself, which is rapidly
repressed following GATA-1 activation in G1E-ER4 cells (Fig.
5). Recent studies identified a segment of the Kit gene pro-
moter and first intron that drives expression of a linked green
fluorescence protein reporter in hematopoietic cells of trans-
genic mice (13). This region contains six DNase hypersensitive
(HS) sites that are implicated in control of gene expression
(Fig. 6). We examined these sites for in vivo GATA-1 occu-
pancy by ChIP (Fig. 6). An upstream region of the Kit pro-
moter without any conserved GATA sites was selected as a
negative control (ChIP amplicon 1 in Fig. 6). ChIP was per-
formed in G1E-ER4 cells before and 24 h after �-estradiol-
induced activation of GATA-1. Occupancy of the GATA-1-ER
fusion protein was measured using two different antibodies,
one directed against GATA-1 and one directed against the ER
moiety. We found prominent GATA-1 binding to the region of
DNase HS 3/4 in the first intron of the Kit gene (ChIP ampli-
cons 5 and 6 in Fig. 6). This region contains three sequence
elements that are predicted to be involved in transcriptional
regulation using bioinformatic approaches (18) (“RP 	 2.3”
track in Fig. 6) and two GATA-binding sites that are conserved
in evolution (“conserved GATA” track in Fig. 6). Hence,
GATA-1 binds a regulatory element in the c-Kit gene coinci-
dent with its downregulation, suggesting a direct mechanism
for gene repression. Of note, we found no GATA-1 binding to
the c-Kit promoter where GATA-1 was previously implicated
to act in regulating gene expression (38). However, GATA-1 is
believed to bind this region of the c-Kit gene indirectly, which
is predicted to lower the sensitivity of the ChIP assay.

If GATA-1 inhibits G1E-ER4 proliferation by binding the
Kit gene and repressing its expression, then enforced expres-
sion of c-Kit in G1E-ER4 cells should override GATA-1-in-
duced cell cycle arrest and c-Myc repression. To test this, we
engineered G1E-ER4 cells to express constitutive c-Kit using a
bicistronic retroviral vector containing EGFP to track trans-
duced cells. c-Kit–EGFP-expressing G1E-ER4 cells were
sorted to homogeneity and then treated with �-estradiol to
activate GATA-1. As seen in Fig. 7A (left panel), activation of
GATA-1 in G1E-ER4 cells transduced with empty vector led
to the loss of surface c-Kit protein with no effect on EGFP
expression after 48 h of �-estradiol treatment. In contrast,
surface c-Kit expression was sustained after GATA-1 activa-
tion in c-Kit virus-transduced cells (Fig. 7A, right panel). Con-
sistent with our hypothesis, enforced expression of c-Kit spe-
cifically inhibited GATA-1-induced withdrawal of cells from S
phase (Fig. 7B). This effect was significant throughout terminal
maturation but more pronounced at 24 h than at 48 h. Hence,
persistent c-Kit expression partially abrogates GATA-1-medi-
ated cell cycle arrest, suggesting that c-Kit repression is impor-
tant for cell cycle withdrawal during erythroid maturation. Im-
portantly, these findings contrast with our recent studies
demonstrating that enforced c-Myc expression induces a more
complete reversal of GATA-1-mediated G1E-ER4 cell cycle
arrest (61), even at later time points. We believe that in �-es-
tradiol-treated G1E-ER4 cells, the mitogenic effects of consti-

FIG. 5. Conditional activation of GATA-1 in G1E-ER4 cells re-
sults in repression of c-Kit and its downstream substrates. (A) Time-
dependent decline in the mRNA levels of c-Kit, Vav1, Rac1, and Akt
in the presence of GATA-1 activation. The y axes of the graphs indi-
cate the absolute signal value from microarrays. Hours after �-estra-
diol treatment are indicated. Similar results were found in three inde-
pendent experiments. (B) Cell surface expression of c-Kit in the
absence (�) and presence (�) of GATA-1. G1E-ER4 cells were cul-
tured for 48 h in the presence of �-estradiol and subjected to flow
cytometric analysis using an anti-c-Kit antibody. Open histograms in-
dicate isotype control staining, and closed histograms indicate c-Kit
staining. (C and D) Western blot analysis on lysates derived from
G1E-ER4 cells cultured in the absence or in the presence of GATA-1
activation for 48 h. Similar results were observed in three independent
experiments.

6752 MUNUGALAVADLA ET AL. MOL. CELL. BIOL.



tutive c-Kit expression are attenuated by GATA-1-mediated
repression of key downstream signaling molecules including
Vav1, Rac1, and Akt and c-Myc itself (Fig. 5 and 6) (1, 33, 72).

To determine the relative contribution of individual Src ki-
nase pathway signaling molecules in GATA-1-induced cell cy-
cle repression via c-Kit, we cloned the cDNAs encoding wild-
type forms of murine Akt, Rac1, and Rac2 into a bicistronic
retroviral vector and expressed them in G1E-ER4 cells. EGFP-
expressing cells were sorted to homogeneity and analyzed for
cell cycle and proliferation status after GATA-1 activation.
Figure 8A demonstrates sustained expression of Akt in G1E-
ER4 cells expressing GATA-1. Sustained expression of Akt in
G1E-ER4 cells resulted in significantly higher level of cells in
the S phase of the cell cycle compared to those expressing
either the empty vector or c-Kit (Fig. 8B).

Previous studies implicate a critical role for Rho GTPases in
regulating cell cycle progression in other cell systems as well as
in response to c-Kit (33, 72). Furthermore, deficiency of Rac1
but not Rac2 in c-Kit� hematopoietic stem/progenitor cells
results in cell cycle defects (15, 27). Since induction of
GATA-1 in G1E-ER4 cells represses Rac1 mRNA, we used
retroviral transduction to examine the consequences of sus-
tained expression of Rac GTPases on GATA-1-induced cell

cycle arrest (Fig. 9). Overexpression of either Rac1 or Rac2
significantly inhibited GATA-1-induced proliferation arrest in
G1E-ER4 cells, as measured by the fraction of S-phase cells
(Fig. 9C) and DNA replication rates (Fig. 9D). This suggests
that Rac1 and Rac2 function similarly in promoting erythroid
cell cycle progression. The reciprocal regulation of these re-
lated proteins during G1E-ER4 cell maturation (Fig. 5A and
see above) might reflect distinct functions for Rac2 that are
required during terminal maturation (see Discussion).

Surprisingly, while enforced c-Kit, Akt, Rac1, and Rac2 ex-
pression impaired GATA-1-mediated cell cycle withdrawal in
G1E-ER4 cells, other GATA-1 functions related to terminal
maturation were relatively undisturbed. Upon treatment with
�-estradiol for 24 or 48 h, c-Kit-, Akt-, Rac1-, or Rac2-over-
expressing G1E-ER4 cells induced Ter119 and �-globin ex-
pression relatively normally (Fig. 10 and data not shown).
Importantly, induction of Ter119 at early time points (24 h),
when most of the c-Kit-, Akt-, Rac1-, or Rac2-overexpressing
G1E-ER4 cells were in cycle, was similar to vector-only-ex-
pressing cells (data not shown). These results illustrate that cell
cycle arrest was uncoupled from differentiation in these cells.
Together, these findings indicate that repression of c-Kit and
its downstream substrates is required for G1E-ER4 GATA-1

FIG. 6. Quantitative ChIP analysis of GATA-1-ER binding at the Kit locus before (�) and after (�) �-estradiol treatment of G1E-ER4 cells
for 24 h. The 5� end of the Kit gene encompassing a region previously shown to recapitulate expression of the endogenous locus in transgenic mice
is diagrammed at the bottom, with exon 1 represented by a taller box. The direction of transcription is from left to right, as indicated by arrows.
DNase HS sites reported to mark functionally important regions of the locus (13) are indicated as vertical arrows. Matches to weight matrices for
GATA-1 binding sites were identified in the mouse sequence (track labeled “GATA”), and these were filtered to find sites that are conserved in
mouse, rat, and human alignments (track labeled “conserved GATA”). RP (top line) refers to an arbitrary score generated by a computer algorithm
used to predict gene regulatory regions (18); regions with scores above 2.3, which is considered to represent a stringent threshold for significance,
are shown as black vertical bars. Chromatin from G1E-ER4 cells was purified before (�) and 24 h after (�) estradiol treatment, immunopre-
cipitated with antibodies against the GATA-1 (GATA) or ER portions of the GATA-1-ER fusion protein, and analyzed for Kit gene sequences
represented by the ChIP amplicons 1 to 8, shown in green. The corresponding signals are plotted graphically at the top of the figure. Each data
point represents the average value obtained from at least two independent experiments normalized to the corresponding isotype control signal for
the ChIP amplicon PCR primer pair. The information in these tracks was obtained by queries to GALA, and the data were visualized in the UCSC
Genome Browser.
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actions related to cell cycle arrest. In contrast, functions of
GATA-1 related to acquisition of the mature erythroid phe-
notype are largely c-Kit, Rac1, Rac1, or Akt independent.

DISCUSSION

Normal blood cell differentiation is accompanied by an in-
creasingly restricted proliferative capacity that usually culmi-
nates in G1 arrest. In the erythroid lineage, c-Kit and GATA-1
play essential roles in regulating expansion and maturation of
erythroblasts, respectively. Downregulation of c-Kit signaling
is essential for normal differentiation, as SCF retards the dif-
ferentiation of erythroblasts while stimulating proliferation
(53). Moreover, gain-of-function mutations of Kit in humans
are associated with myeloproliferative diseases, including acute
myelogenous leukemia and mastocytosis. Likewise, germ line
GATA-1 mutations in humans are associated with leukemia
(28). While these findings support a role for GATA-1 in re-
straining the proliferation of hematopoietic precursors, the
associated mechanisms are poorly understood. Furthermore,
the functional link between c-Kit and GATA-1 in erythroid
cells is unclear. Here, we demonstrate that c-Kit is a major
contributor to cell cycle progression and that GATA-1 re-
presses c-Kit signaling at multiple levels during erythroid dif-
ferentiation. Enforced expression of c-Kit or its downstream
effectors reverses GATA-1-mediated effects on cell cycle arrest
but not differentiation. The current study, together with our
previous findings that GATA-1 represses c-Myc expression
directly (61), defines a regulated signaling cascade, in which

GATA-1 inhibits the expression of c-Kit, Rac1, Akt, and c-Myc
(directly or indirectly), to induce G1 arrest during terminal
maturation (Fig. 11).

Our findings are consistent with recent studies demonstrat-
ing reversal of tumorigenicity and differentiation in an eryth-
roleukemic cell line by enforced expression of GATA-1 (16).
MEL cells are malignant erythroblasts that proliferate contin-
uously and are blocked from differentiating into mature ery-
throid cells (47). Enforced expression of GATA-1 in MEL cells
induces terminal erythroid differentiation in vitro and reverses
tumorigenicity in vivo (16). Of note, terminal differentiation
and reduced proliferation in these cells were associated with
repression of c-Kit and c-Myc (16, 32).

The antiproliferative effects of GATA-1 demonstrated here
provide a biochemical and mechanistic basis for some of the
erythropoietic defects observed in GATA-1-deficient mice (60,
79). While complete loss of GATA-1 causes proerythroblast
apoptosis, hypomorphic alleles can lead to excessive prolifer-
ation (69, 77, 80). This may be because low levels of GATA-1
are sufficient to rescue apoptosis, while higher physiologic lev-
els are required for antiproliferative activities. For example,
heterozygous female mice carrying a mutation in the GATA-1
promoter that reduces expression to 5% of normal levels ac-
cumulate erythroblasts in the spleen and develop pancytopenia
and leukemia (65, 69). Likewise, another mouse mutant car-
rying a GATA-1 promoter mutation, which expresses about 10
to 20% of normal GATA-1 levels in erythroblasts, also devel-
ops erythroid hyperplasia (78). It is likely that the pathological

FIG. 7. Sustained expression of c-Kit in G1E-ER4 cells results in partial reversal of GATA-1-induced S-phase repression. (A) Cell surface
expression of c-Kit in G1E-ER4 cells transduced with c-Kit induced to express GATA-1 for 48 h. Upper left panel, GATA-1-expressing G1E-ER4
cells transduced with the empty vector; upper right panel, GATA-1-expressing G1E-ER4 cells transduced with c-Kit. The bottom panel indicates
EGFP expression in both lines. In upper panels (left and right), open histograms indicate the level of background expression as measured by isotype
control staining. Closed histograms indicate the level of c-Kit expression. In the bottom panels, closed histograms indicate the level of EGFP
expression in transduced cells compared to that of nontransduced cells (open histograms). (B) G1E-ER4 cells overexpressing c-Kit or the empty
vector were subjected to cell cycle analysis in the absence or in the presence of GATA-1 expression after 24 and 48 h. Bars denote the percentage
of cells in S phase of the cell cycle � SD of two independent experiments performed in triplicates. Asterisk indicates P � 0.05 (c-Kit versus vector).
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erythroblast proliferation observed in these animals derives, at
least in part, from insufficient GATA-1 to suppress the c-Kit–
Src–Myc signaling axis described here. In this regard, the abil-
ity of GATA-1 to inhibit this signaling pathway at multiple
levels highlights a broad-based and likely redundant mecha-
nism to enforce cell cycle control. This probably explains why
sustained expression of c-Kit or its downstream effectors Rac1,
Rac2, and Akt individually was not sufficient to completely
reverse the effects of GATA-1 activation on cell cycle arrest,
especially at later time points, when multiple signaling compo-
nents are repressed. Likewise, enforced expression of c-Kit,
Akt, or Rac alone did not override GATA-1-induced repres-
sion of c-Myc (data not shown). Hence, these repressive effects
of GATA-1 interact cooperatively and exhibit smaller influ-
ences when analyzed individually. In vivo, it is likely that this
cell cycle control mechanism is dynamically regulated and sub-
ject to temporal, environmental, and developmental influ-
ences. For example GATA-1 is gradually induced during nor-
mal erythropoiesis, and it is possible that different levels are
required for repression of various individual components of
the c-Kit signaling pathway and c-Myc. It is also possible that
there are additional mechanisms of GATA-1-mediated cell
cycle arrest that are independent of c-Kit and c-Myc repression
(61). To this end, we have evidence to suggest that sustained
expression of c-Kit or Akt in GATA-1-expressing erythroblasts

promotes expression of CDK2 and blocks induction of p27 by
GATA-1 (data not shown).

Our data indicating repression of Rac1 and reciprocal in-
duction of Rac2 by GATA-1 are intriguing and require further
investigation. Although the functions of Rac GTPase proteins
in regulating actin assembly and motility in fibroblasts are well
documented (29), their role in blood cell development is only
recently being elucidated. Rac2 is expressed specifically in he-
matopoietic cells, whereas Rac1 is ubiquitous (50, 66). Defi-
ciency of Rac1 and Rac2 in hematopoietic cells results in both
overlapping and unique defects (27). For example, deficiency
of Rac1 but not Rac2 alters cell cycle progression in c-Kit�

hematopoietic progenitors (27). Deficiencies of either Rac iso-
form equally affect adhesion and migration of c-Kit� cells (27).
In contrast, deficiency of Rac2 but not Rac1 in neutrophils
results in defective migration and superoxide production (27).
These results suggest that Rac1 and Rac2 have both overlap-
ping and distinct functions in hematopoietic cells. Mature
erythrocytes lacking both of these proteins are unstable and
exhibit shape abnormalities indicative of cytoskeletal defects
(33a). Our current results indicate that Rac GTPase signaling
might also participate in erythroblast cell cycle progression. In
this regard, repression of Rac1 during terminal maturation
may inhibit c-Kit-mediated proliferative signals. In contrast,
upregulation of Rac2 during terminal maturation may reflect

FIG. 8. Sustained expression of Akt in G1E-ER4 cells results in partial reversal of GATA-1-induced S-phase repression. (A) Akt expression
in G1E-ER4 cells transduced with either the empty vector or a cDNA encoding wild-type hemagglutinin (HA)-tagged Akt. WB, Western blot.
(B) G1E-ER4 cells overexpressing Akt or the empty vector were subjected to cell cycle analysis in the absence or in the presence of GATA-1
expression after 24 and 48 h. Bars denote the percentage of cells in S phase of the cell cycle � SD of two independent experiments performed
in triplicates. The asterisks indicate P � 0.05 (Akt versus vector).
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ongoing requirements related to specialized erythroid func-
tions, such as cytoskeletal organization. Previous studies
showed GATA-4 to function as a transcriptional effector of
Rho GTPases in cardiomyocytes and regulate sarcomere as-
sembly (14). On this basis, it is possible that Rac2 modulates
the activity of erythroid GATA. It is also possible that Rac2
modulates signaling via the Epo or insulin-like growth factor 1
receptors, which are active during later stages of maturation
(2).

The binding of GATA-1 to a defined regulatory region in the
Kit gene coincident with downregulation of its mRNA strongly
indicates a direct mechanism for inhibiting transcription and
further highlights a generally important role for GATA-1 in
gene repression. Other recently appreciated direct targets for
GATA-1 repression include GATA-2 (24) and c-Myc (61).
GATA-2 participates in the maintenance of hematopoietic
stem cells through unknown mechanisms, while c-Myc and
c-Kit are protooncogenes that drive cell proliferation. Hence,
GATA-1 appears to be involved in two distinct but interrelated
transcriptional programs in erythropoiesis. First, it drives ter-
minal maturation by positively regulating many erythroid-spe-
cific genes involved in mature red blood cell function. Simul-
taneously, it represses the transcription of genes associated
with cell division and maintenance of the immature state.
Whether GATA-1 represses Vav, Akt, or Rac1 directly during
erythroid maturation remains an open question.

Previous studies in fibroblasts suggest an important role for
the Ras/Raf/Mek/Erk pathway in regulating cell proliferation
by inducing c-Myc (35, 63). This does not appear to be the case
for G1E-ER4 cells, because inhibiting this pathway either bio-

chemically or through targeted mutations of c-Kit did not af-
fect SCF-induced cell cycle progression. Our results demon-
strate that the Src kinase pathway is more important for
regulating cell cycle progression via c-Kit in erythroblasts. Uti-
lizing pharmacologic approaches and genetic manipulation of
the c-Kit receptor, we demonstrated an essential role for the
Src kinase pathway in regulating cell cycle progression and
expression of c-Myc in response to SCF stimulation of eryth-
roblasts. Our findings are consistent with previous studies dem-
onstrating that neutralizing antibodies to Src kinases and dom-
inant negative versions of c-Src and Fyn inhibit DNA synthesis
in response to PDGF receptor stimulation (10, 73). Interest-
ingly, expression of c-Myc is sufficient to overcome c-SRC
requirements for induction of DNA syntheses by RTKs (4, 6),
indicating that Src kinases regulate a pathway controlling c-
Myc expression. Recently, Chiariello et al. defined the mech-
anism of PDGF receptor-mediated c-Myc induction (15). Uti-
lizing various dominant negative and activating mutants of Src,
Vav, and Rac, they demonstrated a role for this pathway in
regulating c-Myc expression in response to PDGF stimulation
(15). Since PDGF receptor and c-Kit belong to the same family
of RTKs and are believed to utilize similar biochemical path-
ways for cell cycle progression, it is not surprising that c-Kit
also utilizes the Src/c-Myc axis to control cell cycle progression
in erythroblasts. c-Kit stimulation by SCF results in the activa-
tion of several distinct Src family members including Lyn and
Fyn (33, 72). G1E-ER4 cells express Lyn, Fgr, Fyn, and Hck
(data not shown). Whether these three or additional four fam-
ily members, including Fgr and Hck, contribute to c-Kit-in-
duced cell cycle progression in erythroblasts remains an open

FIG. 9. Sustained expression of Rac1 or Rac2 in G1E-ER4 cells results in reversal of GATA-1-induced S-phase repression. (A) Flow cytometric
analysis of Rac1 and Rac1 expression as determined by EGFP staining. Open histograms indicate background staining in non-EGFP-expressing
G1E-ER4 cells. Closed histograms indicate Rac1 or Rac2 expression as reflected by the expression of EGFP. (B) Western blot analysis of Rac1
expression in G1E-ER4 cells transduced with a retrovirus encoding Rac1 cDNA. G1E-ER4 cells overexpressing Rac1 or Rac2 or an empty vector
were subjected to cell cycle analysis (C) or a thymidine incorporation assay (D) in the absence or in the presence of GATA-1 expression after 24 h.
Bars denote the thymidine incorporation or the percentage of cells in S phase of the cell cycle � SD of two independent experiments performed
in triplicates. Asterisks indicate P � 0.05 (Rac1 or Rac2 versus vector).
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question and is currently being analyzed using knockouts of
various Src family kinases.

In summary, our results support a regulatory hierarchy in
which GATA-1 inhibits cell cycle progression in differentiating
erythroblasts by repressing the expression of multiple compo-
nents of an SCF signaling pathway involving c-Kit, Vav, Rac-1,
Akt, and c-Myc (Fig. 11). At least two of the corresponding
genes, Kit and Myc, appear to be inhibited by GATA-1 directly
(this paper; 61), suggesting that transcriptional repression by
GATA-1 may be a general mechanism that underlies its anti-
proliferative activities. Moreover, enforced expression of sev-
eral proteins in this pathway inhibits GATA-1-regulated cell
cycle withdrawal with minimal effects on the induction of ery-

throid markers or morphological changes associated with ter-
minal maturation. This indicates that GATA-1 regulates cell
cycle and erythroid maturation through distinct genetic pro-
grams that can be uncoupled through genetic manipulation.
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