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Transcription factor GATA-1 is essential for erythroid and megakaryocytic maturation. GATA-1 mutations
are associated with hematopoietic precursor proliferation and leukemogenesis, suggesting a role in cell cycle
control. While numerous GATA-1 target genes specifying mature hematopoietic phenotypes have been iden-
tified, how GATA-1 regulates proliferation remains unknown. We used a complementation assay based on
synchronous inducible rescue of GATA-1� erythroblasts to show that GATA-1 promotes both erythroid
maturation and G1 cell cycle arrest. Molecular studies combined with microarray transcriptome analysis
revealed an extensive GATA-1-regulated program of cell cycle control in which numerous growth inhibitors
were upregulated and mitogenic genes were repressed. GATA-1 inhibited expression of cyclin-dependent kinase
(Cdk) 6 and cyclin D2 and induced the Cdk inhibitors p18INK4C and p27Kip1 with associated inactivation of all
G1 Cdks. These effects were dependent on GATA-1-mediated repression of the c-myc (Myc) proto-oncogene.
GATA-1 inhibited Myc expression within 3 h, and chromatin immunoprecipitation studies indicated that
GATA-1 occupies the Myc promoter in vivo, suggesting a direct mechanism for gene repression. Surprisingly,
enforced expression of Myc prevented GATA-1-induced cell cycle arrest but had minimal effects on erythroid
maturation. Our results illustrate how GATA-1, a lineage-determining transcription factor, coordinates pro-
liferation arrest with cellular maturation through distinct, interrelated genetic programs.

The development of mature blood cells from multipotential
progenitors is coordinated by lineage-specific transcription fac-
tors and their downstream effectors. Establishment and main-
tenance of the differentiated state involves the acquisition of
tissue-specific functions and progressive restriction of prolifer-
ative potential, usually culminating in G1 arrest. Both pro-
cesses appear to be controlled by the hematopoietic transcrip-
tion factor GATA-1 during erythrocyte and megakaryocyte
development.

GATA-1 is a zinc-finger DNA binding protein that transac-
tivates numerous hematopoietic-specific genes through cog-
nate elements present in their promoters and enhancers (99).
Loss-of-function studies demonstrate that GATA-1 is critical
for the formation of early eosinophil precursors and for dif-
ferentiation of committed erythroid precursors and mega-
karyocytes (39, 66, 81, 98, 104). GATA-1 appears to inhibit cell
division during terminal hematopoietic differentiation. Mice
and humans with GATA-1 mutations accumulate dysplastic
megakaryocytes, and GATA-1� megakaryocytes proliferate
excessively in a cell-autonomous fashion (61, 92, 95). More-
over, somatic mutations in GATA-1 are associated with the
development of megakaryocytic leukemia (97). Primary GATA-
1� erythroblasts undergo apoptosis, a common response to
lesions that deregulate cell proliferation (20, 100). Female
mice heterozygous for a hypomorphic mutation in the X-linked
GATA-1 gene accumulate immature GATA-1-deficient eryth-
roblasts, which could reflect their increased proliferative ca-

pacity (82, 92). How GATA-1 regulates the cell cycle during
hematopoietic differentiation is not understood.

Cell cycle withdrawal during tissue maturation usually oc-
curs in G1 phase. In general, cell cycle progression requires the
activity of regulatory cyclins and their catalytic partners, the
cyclin-dependent kinases (Cdks). Specifically, passage through
G1 requires the activities of D-type cyclins (D1, D2, D3) asso-
ciated with Cdk4 or Cdk6, followed by activation of the cyclin
E- and A-dependent kinase, Cdk2, as cells near the G1-S tran-
sition (79). G1 Cdks function in part by phosphorylating pRb
and related proteins, leading to the activation of E2F transcrip-
tion factors, which are important for S-phase entry. G1 arrest
from antimitogenic signals can be achieved through regulation
of cyclin synthesis or degradation, by specific posttranslational
modifications of Cdk subunits, or via association of Cdks with
protein inhibitors (CKIs). These include the Cip/Kip family
(p21Cip1, p27Kip1, and p57Kip2) and the INK4 family (p15INK4b,
p16INK4a, p18INK4c, and p19INK4d), whose expression is also
regulated at multiple levels (80). Lineage-specific nuclear pro-
teins can cause proliferation arrest by directly interacting with
core cell cycle components or, indirectly, by controlling tran-
scription of cell cycle regulators (107).

Appropriate model systems are required to study how
GATA-1 controls cell division, since these effects are context
dependent. For example, murine erythroleukemia (MEL) cells
express GATA-1 yet divide actively, indicating that oncogenic
transformation may override GATA-1-mediated antiprolifera-
tive signals in erythroid cells (88). In this regard, antagonism of
GATA-1 function by the oncoprotein PU.1 is believed to be
critical for the development of virally induced murine erythro-
leukemia (73). Reports regarding overexpression of GATA-1
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in MEL cells vary; one group found that GATA-1 induced
differentiation and proliferation arrest (73), while another
showed that it blocked chemically induced maturation and cell
cycle arrest (102). The effects of GATA-1 expression in non-
erythroid cells are also variable. GATA-1 slowed cell prolifer-
ation and prolonged S phase in NIH 3T3 fibroblasts and
FDCP-1 hematopoietic cells (16). In myeloid FDCW2 cells,
GATA-1 inhibited S phase entry after cytokine stimulation
(78). In contrast, GATA-1 blocked interleukin 6-induced pro-
liferation arrest in the myeloid cell line M1 (84). Thus,
GATA-1 produces different effects on cell proliferation, which
probably depend on both expression levels and the cellular
environment. Of particular importance, the cell cycle effects of
GATA-1 appear to be hematopoietic stage specific, given that
enforced expression of GATA-1 in immature progenitors does
not arrest division but rather influences cell fate commitment
decisions toward erythroid, eosinophil, and megakaryocytic lin-
eages (38, 39, 49). In the present study, we investigated how
expression of GATA-1 alters the cell cycle in committed ery-
throid precursors.

To examine further the actions of GATA-1 in an erythroid
context, we created G1E (for GATA-1� erythroid) cells, an
immortalized GATA-1 null erythroid line derived from in vitro
differentiation of gene-targeted embryonic stem cells (101).
G1E cells proliferate continuously in culture as immature
erythroblasts and undergo terminal maturation when GATA-1
function is restored. G1E cells have proven to be a convenient
and physiologically relevant system for studying various aspects
of erythroid biology (46, 47, 89, 106). An important feature of
G1E cells is that terminal erythropoiesis is regulated by a
specific genetic alteration that complements a defined loss-of-
function mutation.

Here we show that restoration of GATA-1 not only stimu-
lates G1E cell maturation but also causes rapid and synchro-
nous cell cycle arrest associated with inactivation of Cdks.
Biochemical studies and RNA transcript profiling verified that
GATA-1 induced known erythroid GATA-1 target genes and
identified a simultaneous and distinct GATA-1-regulated pro-
gram of gene expression related to cell cycle control. GATA-
1-mediated alterations in gene expression included upregula-
tion of candidate tumor suppressors and repression of proto-
oncogenes including Myc. Remarkably, GATA-1 repressed
Myc RNA within 3 h, and enforced Myc expression blocked
GATA-1-induced cell cycle arrest, but had minimal effects on
morphological changes associated with erythroid maturation
or globin gene expression. Thus, GATA-1 is a pleiotropic reg-
ulator of gene expression that links cell cycle withdrawal to
phenotypic maturation during hematopoietic development. In
addition, our studies highlight a potential role for GATA-1 in
transcriptional repression and identify several functionally rel-
evant candidate genes, including Myc, for future mechanistic
studies.

MATERIALS AND METHODS

Cell culture. G1E cells were cultured and transduced with retrovirus as de-
scribed previously (101).

Plasmids. The MSCV-based retroviral vector MIGR1 (obtained from Warren
Pear) was used to express wild-type GATA-1 in G1E cells. The retroviral vector
pGD was used to stably express Myc fused to the ligand binding domain of the
estrogen receptor (Myc-ER) (12).

Microarray experiments. For each sample, after induction with 10�7 M �-es-
tradiol, RNA from 5 � 107 G1E-ER4 cells was extracted using the Trizol reagent
(Invitrogen, Carlsbad, Calif.), prepared and analyzed as described previously
(31) using an Affymetrix MG-U74Av2 gene chip. The average signal intensity for
each chip was normalized to a value of 150, and comparative values were
computed versus the corresponding time zero sample using MAS 5.0 software
(Affymetrix). Signal values were then averaged across the three replicates. Fold
change is expressed as the signal log(2) ratio of a time point versus time zero;
averages were computed prior to log transformation. Annotations were extracted
from the U96Mm version of Unigene and from the GO database (2).

Northern blot analysis. Total RNA was isolated using Trizol reagent as de-
scribed above and fractionated on a 1.2% agarose-formaldehyde gel. RNA was
transferred by capillary action to Hybond N� membranes (Amersham, Arling-
ton Heights, Ill.) according to the manufacturer’s directions and fixed by UV
irradiation. 32P-dCTP-labeled probe DNA was produced using the High Prime
labeling kit. Blots were washed at a final stringency of 0.5� SSC (1� SSC is 0.15
M NaCl plus 0.015 sodium citrate)–0.1� sodium dodecyl sulfate (SDS) at 65°C.

Flow cytometry. Flow cytometry was performed using a FACScan flow cytom-
eter (Becton Dickinson, San Jose, Calif.). DNA content analysis was performed
as described previously (40, 76).

Antibodies. Antibodies from Santa Cruz Biotechnology (Santa Cruz, Calif.)
were the following: p15 (K-18; 1:200), p16 (M-156; 1:200), p18 (M-20-G; used for
immunoprecipitation and Western blotting after Cdk4 immunoprecipitation),
p19 (M-167; 1:200), p27 (F-8; 1:200), cyclin A (C-19; 1:200), cyclin D2 (M-20;
1:200), cyclin D3 (D-7; 1:100), Cdk2 (M2; 1:200), Cdk4 (C-22; 1:200), Cdk6
(C-21; 1:200; used for Western blotting), GATA-1 (N-6; 1:10000), Myc (N-262;
1:200), and Myc (C-33; 1:100). The following were from Upstate Biotechnology
(Lake Placid, N.Y.): p18 (catalog no. 06-555; 1:1,000) and cyclin E (catalog no.
06-459; 1:150). The following were from BD Biosciences PharMingen (San
Diego, Calif.): p21 (catalog no. 556430; 1:250), pRb (catalog no. 554136; 1:250),
phycoerythrin-conjugated TER119 (catalog no. 09085B; 5 �l/2 � 106 cells/assay).
Cdk6 (catalog no. RB-017-P; used for immunoprecipitation) was from NeoMar-
kers, Inc. (Fremont, Calif.). Anti-cyclin D1 (D1-72-13G) (91) was also used.
N-262 anti-Myc antibody (Santa Cruz Biotechnology) was used in the Western
blot (see Fig. 7).

Western blotting, immunoprecipitation, and kinase assays. Immunoblotting,
immunoprecipitation, and kinase activity analyses were performed as previously
described (40, 55). For Myc immunoprecipitation, cells were lysed in RIPA
buffer (20 mM Tris [pH 8.0], 137 mM NaCl, 10% glycerol, 1% (octylphenoxy)-
polyethoxyethanol (Igepal), 0.1% SDS, 0.5% deoxycholate, 2 mM EDTA, in-
cluding freshly added 1 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol,
10 �g (each) of leupeptin, aprotinin, pepstatin A, and trypsin inhibitor/ml).

ChIP. Chromatin immunoprecipitation (ChIP) assays were performed as de-
scribed previously (51). Antibodies against the ER moiety of GATA-1–ER
(AB-10; NeoMarkers) were used for immunoprecipitation and gave results sim-
ilar to those obtained with anti-GATA-1 antibodies (N6 [Santa Cruz]; data not
shown). The following primer pairs, encompassing a 286-bp region beginning 406
bp upstream of the first Myc transcription initiation site, P1, were used in the
PCR to detect Myc DNA sequences: 5� TCC AGG GTA CAT GGC GTA TTG
3� and 5� TCT GCT TTG GGA ACT CGG GA 3�. Thirty-one PCR cycles were
performed, each consisting of 94°C for 30 s, 65°C for 30 s, and 72°C for 30 s.

RESULTS

GATA-1 induces proliferation arrest of G1E cells. Expres-
sion of physiologic levels of normal GATA-1 in G1E cells via
retroviral transfer triggers concurrent G1 cell cycle arrest and
erythroid maturation (data not shown) (101). To activate
GATA-1 synchronously and homogeneously for gene expres-
sion and biochemical studies, we engineered G1E cells to sta-
bly express a conditional, estrogen-activated form of GATA-1
(GATA-1 fused to the ligand binding domain of the estrogen
receptor [GATA-1–ER]) (32, 89). Addition of �-estradiol to
GATA-1–ER-expressing G1E cell lines recapitulated the ac-
tions of native GATA-1, triggering proliferation arrest and
terminal maturation (Fig. 1 and data not shown). Experiments
presented below were performed using the clone designated
G1E-ER4; similar results were obtained with other clonal lines
(data not shown). Cell cycle arrest began between 12 and 24 h
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after addition of �-estradiol, and by 48 h, �90% of the cells
accumulated in G1 and acquired phenotypic characteristics of
terminal maturation. No discernible changes occurred after
�-estradiol treatment of G1E cells not expressing GATA-
1–ER (Fig. 1C; also data not shown). Also of note, cell cycle
arrest and terminal maturation were triggered by tamoxifen, an
estrogen analog that activates chimeric ER fusion proteins but,
unlike �-estradiol, does not induce interaction of the ER li-
gand-binding domain with its cellular coactivators (data not
shown) (34, 36). These control experiments indicate that the
biological activities of GATA-1–ER are attributable to the
GATA-1 moiety of the fusion protein.

GATA-1-induced inactivation of Cdks. To investigate the
mechanism of GATA-1-mediated cell cycle arrest during ter-
minal erythropoiesis, we performed in vitro kinase assays on
immunoprecipitated Cdks after �-estradiol treatment (Fig.
2A). Activities of all G1 Cdks (Cdk4, Cdk6, and Cdk2) de-
creased markedly 12 to 24 h after GATA-1 activation, and
hypophosphorylated forms of pRb accumulated by 24 h, con-
sistent with the kinetics of G1 arrest (Fig. 2C).

Western blotting showed that during the onset of cell cycle
arrest and loss of G1 Cdk activity, the level of Cdk4 remained
relatively constant, Cdk2 decreased slightly, and Cdk6 declined
more markedly (Fig. 2B). These results suggest that GATA-1
induces G1 arrest by reducing Cdk protein levels and also by
regulating molecules that govern Cdk activity.

GATA-1-induced alterations in G1 phase cyclins and CKIs.
Cdk activities are subject to a variety of positive and negative
regulatory influences, including cyclin availability, activating
and inactivating phosphorylation, and CKI proteins (79).
GATA-1 could influence the cell cycle through one or more of
these mechanisms. We determined that a non-DNA-binding

version of GATA-1 (C261P, a missense mutation disrupting
the C-terminal zinc finger) did not trigger G1 arrest (data not
shown). Therefore, GATA-1-dependent cell cycle arrest is me-
diated by either induction or repression of GATA-1-regulated
genes, protein interactions through the DNA binding domain,
or both. To investigate the first possibility, we assessed GATA-
1-induced alterations in the expression of cell cycle proteins
that influence Cdk activity.

Western blotting demonstrated that cyclin D3, E, and A
levels were relatively stable up to 24 h after GATA-1 activation

FIG. 1. Activation of conditional GATA-1 (GATA-1–ER) recapitulates the actions of wild-type GATA-1, inducing synchronous maturation
and G1 arrest in G1E cells. G1E-ER4 is a G1E subclone stably expressing GATA-1–ER. (A) May-Grunwald Giemsa (MGG) and benzidine
staining of G1E-ER4 cells before and after �-estradiol-induced activation of GATA-1. The scale is maintained in all panels. (B) Cell cycle analysis
before and after activation of GATA-1 in G1E-ER4 cells. (C) Kinetics of cell cycle withdrawal induced by GATA-1. G1E is the parental line which
does not express GATA-1–ER.

FIG. 2. Loss of Cdk activity after GATA-1 activation. (A) IP-ki-
nase assays for Cdks after GATA-1 activation in G1E-ER4 cells. Cdks
were immunoprecipitated from whole-cell extracts and assayed for
kinase activities. Equivalent amounts of protein were used for each
time point within a given IP experiment (Cdk2, 100 �g; Cdk4, 200 �g;
Cdk6, 400 �g). For the control lanes (ctl), an irrelevant isotype-specific
antibody was used. pRb, retinoblastoma protein. (B) Western blots for
Cdks from whole-cell lysates. Cdk4, 25 �g of protein/lane; Cdk6, 100
�g of protein/lane; Cdk2, 25 �g of protein/lane. (C) Western blot for
retinoblastoma protein (pRb) indicating hypo- and hyperphosphory-
lated forms (100 �g of protein/lane).
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when G1 Cdk activities declined most sharply (Fig. 3A). In
contrast, cyclin D2 protein and RNA declined substantially
between 12 and 24 h (Fig. 3A and B). Cyclin D1 was not
detected in G1E-ER4 or MEL cells. Since cyclin A is typically
expressed in S phase, its decline at 48 h is consistent with the
onset of G1 arrest. Together, these data suggest that loss of
cyclin D2 could contribute to GATA-1-induced G1 arrest but
that additional mechanisms must occur as cyclin D3 and E
protein are available for their respective Cdks when maximal
catalytic activity is lost.

We next examined the expression of cell cycle inhibitor pro-
teins during GATA-1-induced maturation. Among the INK4
family inhibitors, which bind Cdk4 and Cdk6, p19 protein re-
mained relatively constant up to 24 h, while p18 increased
substantially (Fig. 4A). Transcription of p18 yields 2.4- and
1.2-kb mRNA species (67). The longer transcript is generally
expressed in proliferating undifferentiated cells, while the
shorter correlates with terminal differentiation of numerous

tissues. Accordingly, the 1.2-kb p18 transcript was markedly
upregulated during GATA-1-induced maturation of G1E-ER4
cells (Fig. 4B). The INK4 CKI proteins p15 and p16 were not
detected at any time points (not shown).

Of the Cip/Kip inhibitors, p27 protein increased markedly
between 12 and 24 h, coincident with the onset of G1 arrest
(Fig. 4A). p27 levels are regulated by transcription, translation,
and protein degradation (80). Northern blotting demonstrated
that GATA-1 induced marked accumulation of p27 mRNA,
beginning between 3 and 7 h, suggesting that in G1E-ER4 cells
accumulation of p27 protein is predominantly regulated by
enhanced transcription and/or RNA stability. The Cip/Kip CKI
proteins p21 and p57 were not detected at any time points (not
shown).

Cell cycle subunit rearrangements during erythroid matu-
ration. To investigate further the mechanisms of Cdk inacti-
vation, we examined protein associations by immunoprecipita-
tion (IP)-Western blot studies (Fig. 5). Coincident with
declining Cdk activities (hours 12 to 24, Fig. 2C), binding of
cyclin D2 to Cdk4 was reduced, consistent with the overall loss
of cyclin D2 protein seen in Fig. 3A. At the same time, p18-
Cdk4 and p27-Cdk4 complexes accumulated (Fig. 5A and C).
Together, these data indicate that Cdk4 activity was inhibited
by decreased availability of cyclin D2, along with increased
binding of Cdk4 to p18 and possibly p27.

Concurrently, cyclin D2-Cdk6 complexes decreased, while
Cdk6-p18 complexes accumulated (Fig. 5B). Cdk6-cyclin D2
complex decreased more markedly than Cdk4-cyclin D2, prob-
ably resulting from a more pronounced loss of Cdk6 protein
(Fig. 2B and 5B). Cdk6 did not bind p27 at any time. Thus, loss
of Cdk6 activity may be attributed to association with p18 and
loss of Cdk6/cyclin D2 and Cdk6/cyclin D3 complexes.

FIG. 3. Expression of G1 cyclins during maturation of G1E-ER4
cells. (A) Western blot using whole-cell lysates. Each panel contains
equivalent amounts of protein per lane. Cyclin D1, 50 �g of protein/
lane, not detected; control (ctl), NIH 3T3 nuclear extract; cyclin D2, 25
�g of protein/lane; D3, 100 �g of protein/lane; E, 100 �g of protein/
lane; A, 50 �g of protein/lane. (B) Northern blot for cyclin D2 RNA:
�g of total RNA/lane.

FIG. 4. CKIs p18 and p27 are induced by GATA-1 in G1E-ER4
cells. (A) Western blots for p18, p19, and p27, 50 �g of protein/lane.
The CKIs p15, p16, p21, and p57 were not detected in G1E-ER4 cells
by Western blotting (data not shown). (B) p18 and p27 Northern blots:
20 �g of total RNA/lane. L, long transcripts; S, short transcripts.

FIG. 5. GATA-1-regulated Cdk protein associations. G1E-ER4
whole-cell lysates were immunoprecipitated using antibodies indicated
at the bottom of each panel and analyzed by Western blotting. (A)
Cdk4 IP. Positive control (pos ctl): 20% input protein; 0-h samples for
Cdk4, cyclins D2 and D3; 24-h samples for p18, p19, and p27. Negative
control (neg ctl): IP using isotype-specific antibody (anti-rabbit IgG)
against 0 h samples for Cdk4, cyclins D2 and D3 and 24-h samples for
p18, p19, and p27. (B) Cdk6 IP. Controls were the same as for panel
A, except that pos ctl represents 10% input. (C) p18 IP. Controls were
the same as for panel A, except that pos ctl represents 5% input.
(D) Cdk2 IP. Controls were the same as for panel B.
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Total Cdk2 protein decreased modestly between 12 and 24 h
(Fig. 2B and 5D), and p27-Cdk2 complexes accumulated (Fig.
5D). These findings indicate that reduced Cdk2 levels and
increased binding of Cdk2 to the strongly upregulated inhibitor
p27 contribute to loss of Cdk2 activity.

In summary, GATA-1 inhibition of G1 Cdk activities is as-
sociated with an increase in p18 and p27 and a decrease in
cyclin D2 proteins. These changes are reflected at the mRNA
level, so direct or indirect transcriptional regulation by
GATA-1 is likely.

Gene expression profiling. To define more comprehensively
GATA-1-regulated programs of erythroid gene expression, we
used oligonucleotide microarrays to profile transcripts during
induced maturation of G1E cells. Total RNA from G1E-ER4
cells was analyzed at 0, 3, 7, 14, 21, and 30 h after activation of
GATA-1. We chose these time points to define alterations in
gene expression surrounding the onsets of Cdk inactivation, G1

arrest, and terminal maturation (Fig. 1) and to help distinguish
early versus late GATA-1 effects. To minimize artifactual dif-
ferences in gene expression caused by intersample variation,
we analyzed data for each time point using RNA from three
independent experiments, each sample on its own chip. The
microarray allows for the simultaneous interrogation of 12,450
murine sequences. Numerous known erythroid GATA-1 target
genes were observed to be upregulated, validating our exper-
imental approach (Table 1). These included globins, heme
biosynthetic enzymes, erythroid transcription factors, mem-
brane proteins, and others. For the present study, we focused
on genes that participate in cell cycle control, especially ones
regulating the G1-to-S transition (Table 1).

Electronic annotation and keyword searches identified 180
genes on the array associated with cell cycle functions; 82 of
these genes were detected above background level and under-
went at least a twofold change after activation of GATA-1
(Table 1 and data not shown). In general, expression of
mRNAs encoding core cell cycle components were in agree-
ment with results in our molecular studies, although RNA
encoding the Cdk inhibitor p21 was predicted to be present at
all time points and upregulated at 30 h, while the correspond-
ing protein was not detected by Western blotting (not shown).

Several antiproliferative genes were induced by GATA-1
(Table 1). These include the genes for Btg2, a nuclear protein
that is upregulated during tissue maturation and inhibits the
G1-to-S transition (17), Hipk2 (homeodomain-interacting pro-
tein kinase 2), a transcriptional corepressor which inhibits adi-
pocyte cell division (68), JunB, an AP-1 family transcription
factor which negatively regulates cell cycle progression in MEL
cells (43), and Creg (cellular repressor of E1A-stimulated
genes), which represses E2F-mediated activation of prolifera-
tion-related genes (94).

Genes encoding the replication licensing proteins Mcm2-7,
Cdt1, and Cdc6, which prevent DNA from being replicated
more than once per cell cycle, were repressed at late time
points. These proteins are generally downregulated during tis-
sue maturation, possibly through loss of E2F-dependent tran-
scriptional activation (5).

Several genes that promote cell division were repressed by
GATA-1 at early time points that preceded Cdk inactivation
and cell cycle arrest. These included the proto-oncogenes Myc
and Myb, whose products inhibit cell cycle withdrawal and

maturation of MEL cells (9, 56, 70), and Nab2, which encodes
a transcriptional repressor previously noted to inhibit prolifer-
ation arrest of pheochromocytoma cells (72).

In summary, microarray studies of GATA-1-rescued G1E
cells verified the induction of numerous target genes related to
erythroid maturation and also identified a program of gene
expression related to proliferation arrest. Some of the latter
changes occurred as early as 3 h, indicating potentially direct
regulation by GATA-1, and included both activation and re-
pression of cell cycle control genes. The role of GATA-1 in
gene repression is implicated in prior studies but poorly un-
derstood (see Discussion). Our data suggest that transcrip-
tional repression by GATA-1 may be important for its anti-
proliferative effects.

GATA-1 represses Myc during erythroid maturation. Mi-
croarray data indicated that Myc was repressed by GATA-1 in
G1E-ER4 cells. In addition, Mad1, Mad4, and Mxi1, whose
products oppose Myc actions (54), were upregulated (Table 1).
We confirmed that Myc RNA and the protein were rapidly
downregulated (Fig. 6). These findings are of potential signif-
icance for several reasons. First, Myc repression began within
3 h and was nearly complete by 14 h, highlighting an early step
in the regulatory pathway that links GATA-1 to cell cycle
arrest. Second, Myc is a critical cell cycle-regulatory gene that
is controlled directly by numerous regulators of tissue differ-
entiation (see below). Third, putative Myc-regulated genes that
promote cell cycle progression, including Cdc25a and those for
prothymosin alpha (Ptma) and protein kinase B (Akt), were
also shown to be downregulated in the microarray experi-
ments. Of particular note, genes for cyclin D2 and p27, poten-
tial effectors for GATA-1-mediated cell cycle arrest in G1E-
ER4 cells (see above), are reported to be regulated directly by
Myc. Specifically, Myc activates cyclin D2 transcription and
represses p27 transcription through interactions with the re-
spective gene promoters (54, 103). Consistent with our results,
primary fetal liver erythroblasts that are induced to differen-
tiate in culture accumulate GATA-1 and subsequently undergo
G1 arrest with downregulation of Myc, induction of p27, and
repression of cyclin D2, Cdc25a, Ptma, and Akt (14).

Forced Myc expression inhibits GATA-1-induced cell cycle
arrest but not maturation. If GATA-1 alters expression of cell
cycle regulators by repressing Myc, then enforced Myc expres-
sion should override GATA-1-induced cell cycle effects. To
test this, we engineered G1E-ER4 cells to express an estrogen-
activated form of Myc (Myc-ER, Myc fused to the ligand bind-
ing domain of the estrogen receptor), which has been demon-
strated previously to recapitulate the actions of native Myc
(18). Treatment of G1E-ER4/Myc-ER cells with �-estradiol is
predicted to switch on both Myc and GATA-1 activities simul-
taneously, allowing for examination of GATA-1 actions when
Myc is derepressed. Three randomly selected clones of G1E-
ER4 cells expressing Myc-ER were analyzed. In each clone,
Myc-ER protein was moderately overexpressed compared to
endogenous Myc in parental G1E-ER4 cells (Fig. 7A). In this
regard, a recent report indicated that moderate overexpression
of Myc-ER produced transcriptional and biological responses
similar to those with physiological Myc levels (62). Expression
of endogenous Myc was decreased in the Myc-ER-expressing
lines from that in the parental G1E-ER4 line (Fig. 7A). This
probably reflects low-level activity of Myc-ER in the absence of
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�-estradiol, since Myc is known to repress its own transcription
(62, 65). In all clones tested, G1E-ER4 cells expressing Myc-
ER failed to undergo G1 arrest upon activation of GATA-1
and Myc with either �-estradiol (Fig. 7B) or tamoxifen (not
shown). Between 24 and 48 h after addition of estradiol, the
G1E-ER4 cell number was unchanged while all Myc-ER-ex-

pressing lines approximately doubled in cell number (not
shown).

Our findings demonstrate that enforced Myc expression
overrides GATA-1-induced cell cycle arrest. To investigate the
molecular basis for this effect, we examined the expression of
cell cycle components previously identified to be altered by

TABLE 1. Microarray expression data

Category or designation and descriptiona

Signal log2 ratio versus
time zero Comment (reference[s])

3 h 7 h 14 h 21 h 30 h

GATA-1 targets
Alad, aminolevulinate, delta, dehydratase 0.4 0.7 1.6 1.8 1.6 Heme synthetic enzyme (4)
Alas2, aminolevulinic acid synthase 2, erythroid 0.9 1.9 4.3 6.0 6.7 Heme synthetic enzyme (48)
Ank1, ankyrin 1, erythroid 0.2 1.0 1.6 2.0 2.0 Erythroid-specific membrane protein (26)
Gypa, glycophorin A �0.1 1.0 2.8 3.5 3.4 Erythroid-specific membrane protein (85)
Hbb-a1, hemoglobin, alpha, adult chain 1 0.4 0.7 1.8 2.4 2.6 Hemoglobin component (58)
Hbb-b1, hemoglobin, beta adult major chain 0.0 �0.1 1.6 2.1 2.2 Hemoglobin component (58)
Klf1, Kruppel-like factor 1 (erythroid) 0.6 1.0 1.3 1.4 1.1 Erythroid transcription factor (11)
Nfe2, nuclear factor, erythroid derived 2, 45 kDa �0.4 0.0 0.6 1.2 1.2 Erythroid transcription factor (86)
Slc4a1, band 3 anion exchanger �0.5 �0.6 1.9 4.6 5.1 Erythroid-specific membrane protein (74)
Uros, uroporphyrinogen III synthase 0.0 0.8 1.8 1.8 0.9 Heme synthetic enzyme (1)

Core cell cycle components
Cdc2a, murine homolog of cdc2 (cdk1)� 0.2 �0.2 �0.3 �1.1 �3.9 G1/S and G2/M, complex with cyclin B (6, 15)
Cdk2, cyclin-dependent kinase 2*� �0.1 �0.2 �0.4 �1.1 �1.6 G1/S, bound by Cdk2, cyclins A&E, inhibb by p21/p27 (50, 79)
Cdk4, cyclin-dependent kinase 4� �0.1 �0.2 �0.6 �1.0 �1.6 G1/S, bound by Cdk4/6, cyclins D, inhib by p16 (37, 79)
Cks1, CDC28 protein kinase 1 �0.1 0.2 0.2 0.0 �2.0 Binds catalytic subunit of Cdks, essential for their function (28)
Cena2, cyclin A2� 0.7 0.7 0.9 0.7 �1.0 G1/S, G2/M, binds/activates Cdc2 and Cdk2 (44, 79)
Ccnd1, cyclin D1*� 0.1 0.3 �0.2 �0.2 0.3 G1/S, bound by Cdk4/6 (64)
Ccnd2, cyclin D2� �0.2 �0.6 �1.1 �1.3 �1.4 G1/S, bound by Cdk4/6 (8, 79)
Cend3, cyclin D3� �0.6 0.3 1.5 1.6 1.3 G1/S, bound by Cdk4/6 (57, 79)
Ccne1, cyclin E1� 0.3 0.7 1.0 0.6 0.5 Late G1/S, bound by Cdk2 (50, 79)
Ccne2, cyclin E2 0.2 0.3 �0.3 0.0 �0.3 Late G1/S, bound by Cdk2 (79)
Cdkn1a, cyclin-dependent kinase inhibitor 1A (p21)� �0.5 0.1 0.0 0.3 1.2 Inhibits activation of cyclin D/Cdk4 (8, 79)
Cdkn1b, cyclin-dependent kinase inhibitor 1B (p27)*� 2.0 1.8 2.8 3.3 3.1 Inhibits activation of cyclin E/Cdk2 and cyclin D/Cdk4 (79, 103)
Cdkn1c, cyclin-dependent kinase inhibitor 1C (p57)* 0.1 0.4 �0.1 �0.2 0.1 Inhibits activation of cyclin G/Cdk complexes (79)
Cdkn2b, cyclin-dependent kinase inhibitor 2B (p15)* �0.2 �0.1 0.2 0.8 0.2 Inhibits Cdk4/6 activation, G1 progression (79)
Cdkn2c, cyclin-dependent kinase inhibitor 2C (p18) 0.4 0.6 1.1 1.7 2.0 Inhibits Cdk4/6 activation, G1 progression (79)
Cdkn2d, cyclin-dependent kinase inhibitor 2D (p19) �0.3 0.1 0.1 0.6 0.2 Inhibits Cdk4/6 activation, G1 progression (79)
Tfdp1, transcription factor Dp 1 �0.1 0.1 0.7 0.6 0.6 Rb dimerization partner (59)
Rb1, retinoblastoma 1 0.3 0.1 0.3 �0.7 �2.3 Pocket protein; binds E2F; represses transcription (79)
Rbl1, retinoblastoma-like 1 (p107) 0.1 �0.3 �0.5 �1.8 �2.6 Rb analogue (42)
Cdc25a, cell division cycle 25 homolog A� �0.1 �0.3 �0.6 �1.2 �1.7 Dephosphorylates/activates Cdk2 (3, 25)
Chek1, checkpoint kinase 1 homolog �0.1 �0.3 �0.5 �1.2 �1.9 Phosphorylates/inactivates Cdc25a, S-phase checkpoint (75)
Rpa1, replication protein A2 0.0 �0.2 �0.1 �1.1 �1.8 ssDNA bp required for replication (90)

Proteins related to proliferation
Induced

Btg2, B-cell translocation gene 2 0.7 1.6 2.2 2.7 2.9 Inhibits cyclin D1 transcription, pRb function (33)
Hipk2, homeodomain-interacting protein kinase 2 1.2 1.6 2.0 1.7 2.1 Antiproliferative at G2/M (68)
JunB, JunB oncogene 0.3 0.6 0.9 1.0 0.9 Antiproliferative in erythroid cells (43)
Creg, cellular repressor of E1A-stimulated genes �0.5 �0.5 0.1 0.8 1.7 Represses E2F-dependent proliferative genes (94)

Repressed
Akt, thymoma viral proto-oncogene� �0.1 �0.4 �1.0 �1.6 �1.3 Modulation of p27; c-myc stability (29, 63, 77)
Gata2, GATA-binding protein 2� �1.9 �2.2 �3.2 �3.4 �3.2 Proliferation/survival of hematopoietic progenitors (87)
Kit, kit oncogene� �0.4 �0.9 �2.6 �3.4 �4.0 Proliferation/survival of early erythroid progenitors (69, 83)
Myb, myeloblastosis oncogene (c-myb) 0.0 �0.9 �3.3 �6.1 �7.3 Required G1/S transition of hematopoietic cells (60)
Nab2, Ngfi-A binding protein 2 �3.1 �2.5 �3.7 �4.1 �4.0 Overexpression associated with proliferation (72)
Ptma, prothymosin alpha� 0.3 0.2 0.3 �0.6 �1.3 Promotes proliferation (19, 93)
Tmk, thymidylate kinase� 0.0 0.0 �0.1 �1.1 �2.2 Essential for DNA synthesis (41, 71)
Vav, Vav oncogene �0.9 �1.1 �1.1 �1.2 �1.8 Cyclin D2 induction, hematopoietic proliferation (30)

Myc/Max partners
Myc, myelocytomatosis oncogene (c-myc)� �0.7 �1.1 �2.2 �3.8 �4.5 Transactivates genes related to proliferation (54)
Max, Max protein 0.0 0.2 0.2 0.5 0.9 Common partner of Myc and Mad proteins (54)
Mad1, Max dimerization protein 1.5 3.0 3.6 4.4 3.7 Form inhibitory complexes with Max, oppose Myc (54)
Mad4, Max dimerization protein 4 �0.9 0.1 0.3 0.8 1.0 Form inhibitory complexes with Max, oppose Myc (54)
Mxil, Max interacting protein 1 (Mad2) �0.5 0.6 0.6 1.2 1.4 Form inhibitor complexes with Max, oppose Myc (54)

a �, putative c-myc target; *, signal � 100 at all time points.
b inhib, inhibited.
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GATA-1. Induction of p27 and p18 mRNAs by GATA-1 was
inhibited by enforced Myc (Fig. 7C). Failure to induce p27 is
consistent with the observation that Myc inhibits p27 transcrip-
tion by binding to the initiator element in its promoter (103).
How Myc regulates p18 expression is not known. Overall, our
findings are consistent with a regulatory hierarchy in which
GATA-1-mediated repression of Myc permits induction of p18
and p27.

The effects of Myc on GATA-1-induced changes in cyclin
D2 expression were more complex (Fig. 7D). The basal level of
cyclin D2 mRNA was approximately two- to threefold elevated
before addition of estradiol, possibly due to leakiness of
Myc-ER as noted above. At 12 h after addition of �-estradiol,
there was a rise in cyclin D2 gene expression in G1E-ER4 cells

FIG. 6. GATA-1 represses Myc in G1E-ER4 cells. (A) Northern
blot, 20 �g of total RNA/lane. (B) IP-Western blot analysis for Myc
protein. One milligram of total protein from whole cell lysates was
immunoprecipitated with rabbit anti-Myc antibody, fractionated by
SDS-polyacrylamide gel electrophoresis, and analyzed by Western
blotting with mouse anti-Myc antibody.

FIG. 7. Enforced Myc blocks GATA-1-induced cell cycle withdrawal. (A) Western blot for Myc protein in whole-cell lysates of G1E-ER4 cells
and three separate clones expressing Myc-ER; 15 �g of protein/lane. (B) Cell cycle status by flow cytometry after GATA-1 activation in G1E-ER4
cells and three separate clones of G1E-ER4 cells expressing Myc-ER. (C) Effects of enforced Myc-ER expression on p18 and p27 mRNA levels
in a single clone of G1E cells expressing Myc-ER (clone 8A); similar data were obtained with two additional clones (not shown). Northern blot
with 20 �g of total RNA/lane is shown. (D) Effect of enforced Myc expression on cyclin D2 mRNA and protein levels. A Northern blot from clone
8a, 20 �g of total RNA/lane (left panel), and a Western blot, 50 �g of total protein/lane (right panel) are shown. Similar data were obtained using
two additional clones (not shown). ctl, 20 ng of RNA from uninduced G1E-ER4 cells.
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expressing Myc-ER compared to controls, consistent with pre-
vious findings that Myc activates cyclin D2 transcription di-
rectly. cyclin D2 mRNA expression diminished at 24 and 48 h
in the Myc-ER-expressing cells, similar to the trend in control
cells. However, at corresponding time points, cyclin D2 levels
were always higher in cells expressing Myc-ER than in controls
(compare left and right panels in Fig. 7D). Thus, GATA-1 and
Myc appear to have opposing effects on cyclin D2 expression.
The net effect of enforced Myc was to attenuate the GATA-
1-mediated decline in cyclin D2 protein levels at later time
points (Fig. 7D, far right panel).

Surprisingly, while enforced Myc expression blocked GATA-
1-mediated cell cycle withdrawal in G1E-ER4 cells, the ability
of GATA-1 to orchestrate other aspects of erythroid matura-
tion was relatively spared. Upon treatment with �-estradiol for
48 h, Myc-expressing G1E-ER4 cells produced globin mRNAs
and exhibited nuclear condensation, cytoplasmic hemoglo-
binization, and cell surface TER119 (Fig. 8). Morphological
features of cellular maturation and induction of TER119 oc-
curred homogeneously in Myc-ER-expressing cells (Fig. 8A
and C), indicating that proliferation arrest became uncoupled
from phenotypic differentiation in individual cells. Of note,

FIG. 8. Enforced Myc-ER expression does not block GATA-1-induced erythroid maturation in G1E-ER4 cells. Similar results were obtained
with two other clones (data not shown). (A) May-Gruwald Giemsa staining of cytocentrifuge preparations; the scale is maintained in all panels.
(B) Northern blot for 	-globin expression. Ethidium bromide-stained 28S rRNA is shown in the bottom panels. Twenty micrograms of total
RNA/lane was used. (C) Flow cytometry showing expression of the erythroid differentiation marker, TER119.
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Myc-ER cells were slightly larger and exhibited a broader TER
119 profile, indicating that enforced Myc affected the matura-
tion program to a minor extent (Fig. 8A and C). At 72 h
following estradiol treatment, a fraction of cells in all clones
died (not shown). Remarkably, cells in clone #8A recovered
rapidly and continued both to proliferate and to exhibit signs of
terminal maturation. Removal of estradiol had little effect on
cell proliferation but reversed the differentiation phenotype.
Together, these findings indicate that Myc repression is re-
quired for erythroid GATA-1 actions related to cell cycle ar-
rest. In contrast, functions of GATA-1 related to acquisition of
the mature erythroid phenotype are largely Myc independent.

GATA-1 occupies the Myc promoter during erythroid mat-
uration. To investigate whether GATA-1 interacts directly
with the Myc gene in vivo, we performed ChIP experiments. In
three independent experiments, chromatin prepared from es-
tradiol-stimulated G1E-ER4 cells immunoprecipitated with
antibodies against GATA-1–ER was enriched for Myc pro-
moter sequences by two to threefold compared to levels for
negative controls (Fig. 9). Together with the rapid loss of Myc
transcripts during induced G1E-ER4 cell maturation (Fig. 6),
these results support a model in which GATA-1 inhibits Myc
transcription by direct association with its promoter.

DISCUSSION

GATA-1 is a lineage-instructive transcription factor that
regulates both differentiation and proliferation arrest. Cell cy-
cle-inhibitory effects of GATA-1 during terminal erythropoie-
sis were implicated by gene targeting studies but have been
difficult to elucidate for two reasons. First, primary GATA-1-
null erythroid precursors undergo apoptosis, which precludes
their isolation for biochemical studies and masks potential cell
cycle defects (100). Second, the phenotypic effects of enforced
GATA-1 expression are gene dosage- and context-dependent.
G1E cells are an immortalized GATA-1� erythroblast line;
they no longer undergo apoptosis but retain their ability to
terminally differentiate in response to physiologic levels of
GATA-1. This system allowed us to examine GATA-1 actions
in an erythroid environment without confounding apoptosis.
GATA-1 induces known erythroid target genes in G1E cells,

validating this experimental system and indicating that the
transcriptional network controlled by GATA-1 reflects physi-
ologic events occurring during normal erythropoiesis. More-
over, the changes in gene expression that occur during GATA-
1-induced G1E cell maturation are similar to those observed as
GATA-1 accumulates during terminal maturation of cultured
primary fetal liver erythroblasts (14). Here we demonstrate that
GATA-1 induces G1 arrest during erythroid maturation.

As observed with other differentiation-promoting nuclear
proteins, GATA-1 could block cell proliferation through tran-
scriptional effects or through direct physical interactions with
core cell cycle components. For example, non-DNA-binding
versions of MyoD and c/EBP	 block cell cycle progression by
inhibiting Cdks directly (96, 105). MyoD also activates p21
transcription (35). GATA-1 was reported to bind pRb, al-
though it is not known whether this interaction is critical for
inducing cell cycle arrest (102). Of note, an intact DNA bind-
ing domain was required for GATA-1-induced cell cycle arrest,
and we were unable to detect direct interactions between
GATA-1 and G1 Cdks in IP-Western blot experiments. While
our data do not exclude the possibility that GATA-1 inhibits
cell cycle components directly, they implicate a requirement
for its transcriptional activity. Through DNA microarray stud-
ies, we identified an extensive GATA-1-regulated network of
gene activation and repression related to cell cycle control.

The kinetics of GATA-1-induced changes in gene expression
in G1E-ER4 cells delineate a regulatory hierarchy through
which proliferation arrest is initiated and maintained during
erythroid maturation. Cell cycle regulators whose expression
was significantly altered at early time points are more likely to
be controlled directly by GATA-1 (Table 1). The growth in-
hibitors Btg2, Hipk2, JunB, and Crep were rapidly induced and
therefore represent potential new targets for GATA-1-medi-
ated transcriptional activation. In addition, several genes with
mitogenic properties, including Myc, Nab2, and Myb, were rap-
idly downregulated, indicating that they could be directly re-
pressed by GATA-1. Thus, it is likely that GATA-1 triggers cell
cycle arrest by simultaneously and directly activating growth
inhibitor genes and repressing mitogenic ones. Here we iden-
tified several candidate effector genes from both classes.

Alterations in expression of core cell cycle proteins, includ-
ing repression of cyclin D2 and Cdk 6, and induction of the
CKIs p18 and p27 occur at relatively late time points and are
therefore likely to be indirectly regulated by GATA-1. None-
theless, our findings link these events to GATA-1 activity and
are consistent with prior studies on the mechanisms of ery-
throid cell cycle arrest. For example, upregulation of p27 as-
sociated with loss of Cdk2 activity is observed consistently
during erythroid maturation (14, 40, 55, 83). Gene targeting in
mice demonstrated that loss of p27 alone or in combination
with loss of p18 causes accumulation of erythroid precursors in
the bone marrow and spleen, although terminal maturation did
not seem to be impaired (21, 24). Together, these data support
our observations that p18 and p27 limit proliferation of ery-
throid precursors. However, additional independent mecha-
nisms must exist to ensure cell cycle withdrawal during termi-
nal erythropoiesis in vivo.

Repression of Myc appears to be critical for induction of
CKIs and subsequent G1 arrest mediated by GATA-1 in G1E-
ER4 cells. Myc regulates cell cycle progression at multiple

FIG. 9. GATA-1 associates with the Myc gene in vivo. ChIP assay
using antibodies against GATA-1–ER (G1-ER) or isotype-matched
control antibodies (ctl) to immunoprecipitate chromatin from G1E-
ER4 cells left untreated or treated with estradiol for 21 h. The average
results of three separate experiments are shown.
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levels and appears to be a nodal point for integrating tissue-
specific signals involved in differentiation. Our ChIP experi-
ments support a model in which GATA-1 inhibits Myc tran-
scription by direct interaction with the gene. Several
mechanisms for repression are possible within this context. For
example, GATA-1 could inhibit transcription by associating
with a GATA element in the Myc promoter, similar to the
mechanism for Myc repression by the B-cell transcription fac-
tor Blimp-1 (53). In this regard, GATA-1 consensus motifs are
present in the murine Myc-proximal promoter (data not
shown). Alternatively, GATA-1 could block Myc expression by
binding and inhibiting a promoter-associated transcriptional
activator, similar to the mechanism proposed for C/EBP	-
mediated Myc repression during myeloid development (45).
Additionally, indirect mechanisms might contribute to shutting
off Myc. For example, downregulation of Myb, which activates
the Myc promoter, could contribute to loss of Myc expression
in erythroid cells (7).

GATA-1 is traditionally viewed as an activator of transcrip-
tion; relatively little evidence exists to support a direct role in
gene repression. GATA-1 is believed to inhibit human epsi-
lon globin transcription by binding to its proximal promoter
(52). Moreover, the GATA-1-associated cofactor FOG-1 can
repress GATA-1 activity within specific cell and promoter con-
texts (22, 23) and is required for GATA-1 repression of se-
lected genes during erythroid maturation (10). Our transcrip-
tome analysis points to a broad role for GATA-1 in gene
repression. At early time points, the number of genes upregu-
lated is similar to the number downregulated (J. J. Welch and
M. J. Weiss, unpublished data). Many of the genes inhibited at
early time points encode mitogenic proteins (Table 1), indicat-
ing that transcriptional repressor functions of GATA-1 may be
especially important for cell cycle withdrawal during hemato-
poietic differentiation.

In G1E cells, enforced Myc expression blocks GATA-1-
induced proliferation arrest but spares many aspects of cellular
maturation, consistent with findings that Myc does not always
interfere directly with the expression of differentiation-related
genes (27). These findings distinguish the GATA-1-regulated
genetic programs controlling erythroid maturation and cell
cycle arrest in that the latter is selectively blocked by enforced
expression of Myc. The effects of Myc in G1E cells differ from
those of the proto-oncogene PU.1, which blocks both erythroid
maturation and cell cycle arrest by GATA-1 (106). Consistent
with these observations, PU.1 inhibits GATA-1 function
through physical interaction (73). In comparison, the present
findings indicate that Myc does not interfere with transcrip-
tional activation by GATA-1 directly, highlighting potential
differences in the mechanisms of malignant transformation by
Myc and PU.1.

Despite apparent functional antagonism detected in our
studies, GATA-1 and Myc probably cooperate at specific
stages of erythropoiesis. During terminal maturation, primary
erythroblasts undergo four to five specialized divisions char-
acterized by induction of erythroid markers, shortened G1

phase, and reduction of cell volume (13, 14). Presumably, both
GATA-1 and Myc are required during this process, and these
cell divisions may be a prerequisite for early steps of differ-
entiation. How GATA-1 ultimately becomes competent to
extinguish Myc and arrest cell division during terminal eryth-

ropoiesis is not clear. One possibility is that Myc becomes
repressed when GATA-1 levels reach a critical threshold. This
could explain why G1E cells divide only once or twice during
their terminal maturation, which is triggered by a burst of
high-level GATA-1 activity, rather than a more gradual accu-
mulation as occurs in primary cells.

In summary, our studies define one regulatory hierarchy
through which GATA-1 inhibits the cell cycle to cause G1

arrest during terminal maturation. Repression of Myc appears
to be an early and essential event for GATA-1-mediated cell
cycle arrest, but it is largely dispensable for other aspects of
G1E cell maturation. Future investigations into the mecha-
nisms of Myc repression and the functions of additional growth
regulators identified to be induced or repressed by GATA-1 in
the present study should provide further insight into how this
essential multifaceted nuclear protein participates in normal
hematopoiesis and leukemogenesis.

ACKNOWLEDGMENTS

M.B.R. and J.J.W. contributed equally to this work.
This work was funded by the Johnson and Johnson Focused Giving

Award and the American Society of Hematology Junior Faculty Award
(M.J.W.). J.J.W. was funded by NIH Pediatric Hematology Research
Training Program grant HL07150.

We thank Elizabeth Keiper and Katherine Dugan for technical
assistance in the microarray studies. We thank Chuck Sherr for re-
agents and advice.

REFERENCES

1. Aizencang, G. I., D. F. Bishop, D. Forrest, K. H. Astrin, and R. J. Desnick.
2000. Uroporphyrinogen III synthase. An alternative promoter controls
erythroid-specific expression in the murine gene. J. Biol. Chem. 275:2295–
2304.

2. Ashburner, M., C. A. Ball, J. A. Blake, D. Botstein, H. Butler, J. M. Cherry,
A. P. Davis, K. Dolinski, S. S. Dwight, J. T. Eppig, M. A. Harris, D. P. Hill,
L. Issel-Tarver, A. Kasarskis, S. Lewis, J. C. Matese, J. E. Richardson, M.
Ringwald, G. M. Rubin, and G. Sherlock. 2000. Gene ontology: tool for the
unification of biology. The Gene Ontology Consortium. Nat. Genet. 25:25–
29.

3. Bartek, J., and J. Lukas. 2001. Pathways governing G1/S transition and
their response to DNA damage. FEBS Lett. 490:117–122.

4. Bishop, T. R., M. W. Miller, J. Beall, L. I. Zon, and P. Dierks. 1996. Genetic
regulation of delta-aminolevulinate dehydratase during erythropoiesis. Nu-
cleic Acids Res. 24:2511–2518.

5. Blow, J. J., and B. Hodgson. 2002. Replication licensing—defining the
proliferative state? Trends Cell Biol. 12:72–78.

6. Born, T. L., J. A. Frost, A. Schonthal, G. C. Prendergast, and J. R. Fera-
misco. 1994. c-Myc cooperates with activated Ras to induce the cdc2 pro-
moter. Mol. Cell. Biol. 14:5710–5718.

7. Cogswell, J. P., P. C. Cogswell, W. M. Kuehl, A. M. Cuddihy, T. M. Bender,
U. Engelke, K. B. Marcu, and J. P.-Y. Ting. 1993. Mechanism of c-myc
regulation by c-Myb in different cell lineages. Mol. Cell. Biol. 13:2858–2869.

8. Coller, H. A., C. Grandori, P. Tamayo, T. Colbert, E. S. Lander, R. N.
Eisenman, and T. R. Golub. 2000. Expression analysis with oligonucleotide
microarrays reveals that MYC regulates genes involved in growth, cell cycle,
signaling, and adhesion. Proc. Natl. Acad. Sci. USA 97:3260–3265.

9. Coppola, J. A., and M. D. Cole. 1986. Constitutive c-myc oncogene expres-
sion blocks mouse erythroleukaemia cell differentiation but not commit-
ment. Nature 320:760–763.

10. Crispino, J. D., M. B. Lodish, J. P. MacKay, and S. H. Orkin. 1999. Use of
altered specificity mutants to probe a specific protein-protein interaction in
differentiation: the GATA-1:FOG complex. Mol. Cell 3:219–228.

11. Crossley, M., A. P. Tsang, J. J. Bieker, and S. H. Orkin. 1994. Regulation
of the erythroid Kruppel-like factor (EKLF) gene promoter by the ery-
throid transcription factor GATA-1. J. Biol. Chem. 269:15440–15444.

12. Daley, G. Q., R. A. Van Etten, and D. Baltimore. 1990. Induction of chronic
myelogenous leukemia in mice by the p210bcr/abl gene of the Philadelphia
chromosome. Science 247:824–830.

13. Dolznig, H., P. Bartunek, K. Nasmyth, E. W. Mullner, and H. Beug. 1995.
Terminal differentiation of normal chicken erythroid progenitors: shorten-
ing of G1 correlates with loss of D-cyclin/cdk4 expression and altered cell
size control. Cell Growth Differ. 6:1341–1352.

14. Dolznig, H., F. Boulme, K. Stangl, E. M. Deiner, W. Mikulits, H. Beug, and

5040 RYLSKI ET AL. MOL. CELL. BIOL.



E. W. Mullner. 2001. Establishment of normal, terminally differentiating
mouse erythroid progenitors: molecular characterization by cDNA arrays.
FASEB J. 15:1442–1444.

15. Doree, M., and T. Hunt. 2002. From Cdc2 to Cdk1: when did the cell cycle
kinase join its cyclin partner? J. Cell Sci. 115:2461–2464.

16. Dubart, A., P. H. Romeo, W. Vainchencker, and D. Dumenil. 1996. Con-
stitutive expression of GATA-1 interferes with the cell-cycle regulation.
Blood 87:3711–3721.

17. Duriez, C., N. Falette, C. Audoynaud, C. Moyret-Lalle, K. Bensaad, S.
Courtois, Q. Wang, T. Soussi, and A. Puisieux. 2002. The human BTG2/
TIS21/PC3 gene: genomic structure, transcriptional regulation and evalua-
tion as a candidate tumor suppressor gene. Gene 282:207–214.

18. Eilers, M., D. Picard, K. R. Yamamoto, and J. M. Bishop. 1989. Chimaeras
of myc oncoprotein and steroid receptors cause hormone-dependent trans-
formation of cells. Nature 340:66–68.

19. Eilers, M., S. Schirm, and J. M. Bishop. 1991. The MYC protein activates
transcription of the alpha-prothymosin gene. EMBO J. 10:133–141.

20. Evan, G., and T. Littlewood. 1998. A matter of life and cell death. Science
281:1317–1322.

21. Fero, M. L., M. Rivkin, M. Tasch, P. Porter, C. E. Carow, E. Firpo, K.
Polyak, L.-H. Tsai, V. Broudy, R. M. Perlmutter, K. Kaushansky, and J. M.
Roberts. 1996. A syndrome of multiorgan hyperplasia with features of
gigantism, tumorigenesis, and female sterility in p27Kip1-deficient mice.
Cell 85:733–744.

22. Fossett, N., and R. A. Schulz. 2001. Functional conservation of hematopoi-
etic factors in Drosophila and vertebrates. Differentiation 69:83–90.

23. Fox, A. H., C. Liew, M. Holmes, K. Kowalski, J. Mackay, and M. Crossley.
1999. Transcriptional cofactors of the FOG family interact with GATA
proteins by means of multiple zinc fingers. EMBO J. 18:2812–2822.

24. Franklin, D. S., V. L. Godfrey, H. Lee, G. I. Kovalev, R. Schoonhoven, S.
Chen-Kiang, L. Su, and Y. Xiong. 1998. CDK inhibitors p18(INK4c) and
p27(Kip1) mediate two separate pathways to collaboratively suppress pitu-
itary tumorigenesis. Genes Dev. 12:2899–2911.

25. Galaktionov, K., X. Chen, and D. Beach. 1996. Cdc25 cell-cycle phospha-
tase as a target of c-myc. Nature 382:511–517.

26. Gallagher, P. G., M. Romana, W. T. Tse, S. E. Lux, and B. G. Forget. 2000.
The human ankyrin-1 gene is selectively transcribed in erythroid cell lines
despite the presence of a housekeeping-like promoter. Blood 96:1136–1143.

27. Gandarillas, A., and F. M. Watt. 1997. c-Myc promotes differentiation of
human epidermal stem cells. Genes Dev. 11:2869–2882.

28. Ganoth, D., G. Bornstein, T. K. Ko, B. Larsen, M. Tyers, M. Pagano, and
A. Hershko. 2001. The cell-cycle regulatory protein Cks1 is required for
SCF(Skp2)-mediated ubiquitinylation of p27. Nat. Cell. Biol. 3:321–324.

29. Gesbert, F., W. R. Sellers, S. Signoretti, M. Loda, and J. D. Griffin. 2000.
BCR/ABL regulates expression of the cyclin-dependent kinase inhibitor
p27Kip1 through the phosphatidylinositol 3-kinase/AKT pathway. J. Biol.
Chem. 275:39223–39230.

30. Glassford, J., M. Holman, L. Banerji, E. Clayton, G. G. Klaus, M. Turner,
and E. W. Lam. 2001. Vav is required for cyclin D2 induction and prolif-
eration of mouse B lymphocytes activated via the antigen receptor. J. Biol.
Chem. 276:41040–41048.

31. Golub, T. R., D. K. Slonim, P. Tamayo, C. Huard, M. Gaasenbeek, J. P.
Mesirov, H. Coller, M. L. Loh, J. R. Downing, M. A. Caligiuri, C. D.
Bloomfield, and E. S. Lander. 1999. Molecular classification of cancer: class
discovery and class prediction by gene expression monitoring. Science 286:
531–537.

32. Gregory, T., C. Yu, A. Ma, S. H. Orkin, G. A. Blobel, and M. J. Weiss. 1999.
GATA-1 and erythropoietin cooperate to promote erythroid cell survival by
regulating bcl-xL expression. Blood 94:87–96.

33. Guardavaccaro, D., G. Corrente, F. Covone, L. Micheli, I. D’Agnano, G.
Starace, M. Caruso, and F. Tirone. 2000. Arrest of G(1)-S progression by
the p53-inducible gene PC3 is Rb dependent and relies on the inhibition of
cyclin D1 transcription. Mol. Cell. Biol. 20:1797–1815.

34. Halachmi, S., E. Marden, G. Martin, H. MacKay, C. Abbondanza, and M.
Brown. 1994. Estrogen receptor-associated proteins: possible mediators of
hormone-induced transcription. Science 264:1455–1458.

35. Halevy, O., B. G. Novitch, D. B. Spicer, S. X. Skapek, J. Rhee, G. J. Hannon,
D. Beach, and A. B. Lassar. 1995. Correlation of terminal cell cycle arrest
of skeletal muscle with induction of p21 by MyoD. Science 267:1018–1021.

36. Hanstein, B., R. Eckner, J. DiRenzo, S. Halachmi, H. Liu, B. Searcy, R.
Kurokawa, and M. Brown. 1996. p300 is a component of an estrogen
receptor coactivator complex. Proc. Natl. Acad. Sci. USA 93:11540–11545.

37. Hermeking, H., C. Rago, M. Schuhmacher, Q. Li, J. F. Barrett, A. J. Obaya,
B. C. O’Connell, M. K. Mateyak, W. Tam, F. Kohlhuber, C. V. Dang, J. M.
Sedivy, D. Eick, B. Vogelstein, and K. W. Kinzler. 2000. Identification of
CDK4 as a target of c-MYC. Proc. Natl. Acad. Sci. USA 97:2229–2234.

38. Heyworth, C., S. Pearson, G. May, and T. Enver. 2002. Transcription factor-
mediated lineage switching reveals plasticity in primary committed progen-
itor cells. EMBO J. 21:3770–3781.

39. Hirasawa, R., R. Shimizu, S. Takahashi, M. Osawa, S. Takayanagi, Y. Kato,
M. Onodera, N. Minegishi, M. Yamamoto, M. Fukao, H. Taniguchi, H.

Nakauchi, and A. Iwama. 2000. Essential and instructive roles of GATA
factors in eosinophil development. J. Exp. Med. 195:1379–1386.

40. Hsieh, F. F., L. A. Barnett, W. F. Green, K. Freedman, I. Matushansky, A. I.
Skoultchi, and L. L. Kelley. 2000. Cell cycle exit during terminal erythroid
differentiation is associated with accumulation of p27(Kip1) and inactiva-
tion of cdk2 kinase. Blood 96:2746–2754.

41. Huang, S. H., A. Tang, B. Drisco, S. Q. Zhang, R. Seeger, C. Li, and A. Jong.
1994. Human dTMP kinase: gene expression and enzymatic activity coin-
ciding with cell cycle progression and cell growth. DNA Cell Biol. 13:461–
471.

42. Huppi, K., D. Siwarski, B. A. Mock, J. Dosik, and P. A. Hamel. 1996.
Molecular cloning, chromosomal mapping, and expression of the mouse
p107 gene. Mamm. Genome 7:353–355.

43. Jacobs-Helber, S. M., R. M. Abutin, C. Tian, M. Bondurant, A. Wickrema,
and S. T. Sawyer. 2002. Role of JunB in erythroid differentiation. J. Biol.
Chem. 277:4859–4866.

44. Jansen-Durr, P., A. Meichle, P. Steiner, M. Pagano, K. Finke, J. Botz, J.
Wessbecher, G. Draetta, and M. Eilers. 1993. Differential modulation of
cyclin gene expression by MYC. Proc. Natl. Acad. Sci. USA 90:3685–3689.

45. Johansen, L. M., A. Iwama, T. A. Lodie, K. Sasaki, D. W. Felsher, T. R.
Golub, and D. G. Tenen. 2001. c-Myc is a critical target for c/EBP	 in
granulopoiesis. Mol. Cell. Biol. 21:3789–3806.

46. Johnson, K. D., J. A. Grass, M. E. Boyer, C. M. Kiekhaefer, G. A. Blobel,
M. J. Weiss, and E. H. Bresnick. 2002. Cooperative activities of hemato-
poietic regulators recruit RNA polymerase II to a tissue-specific chromatin
domain. Proc. Natl. Acad. Sci. USA 99:11760–11765.

47. Kapur, R., R. Cooper, X. Xiao, M. J. Weiss, P. Donovan, and D. A. Wil-
liams. 1999. The presence of novel amino acids in the cytoplasmic domain
of stem cell factor results in hematopoietic defects in Steel(17H) mice.
Blood 94:1915–1925.

48. Kramer, M. F., P. Gunaratne, and G. C. Ferreira. 2000. Transcriptional
regulation of the murine erythroid-specific 5-aminolevulinate synthase
gene. Gene 247:153–166.

49. Kulessa, H., J. Frampton, and T. Graf. 1995. GATA-1 reprograms avian
myelomonocytic cell lines into eosinophils, thromboblasts, and erythro-
blasts. Genes Dev. 9:1250–1262.

50. Leone, G., J. DeGregori, R. Sears, L. Jakoi, and J. R. Nevins. 1997. Myc and
Ras collaborate in inducing accumulation of active cyclin E/Cdk2 and E2F.
Nature 387:422–426.

51. Letting, D. L., C. Rakowski, M. J. Weiss, and G. A. Blobel. 2003. Formation
of a tissue-specific histone acetylation pattern by the hematopoietic tran-
scription factor GATA-1. Mol. Cell. Biol. 23:1334–1340.

52. Li, Q., K. Peterson, G. Stamatoyannopoulos, and N. Raich. 1994. GATA1
and YY1 are developmental repressors of the human epsilon-globin gene.
Blood 84:4344–4353.

53. Lin, Y., K. Wong, and K. Calame. 1997. Repression of c-myc transcription
by Blimp-1, an inducer of terminal B cell differentiation. Science 276:596–
599.

54. Luscher, B. 2001. Function and regulation of the transcription factors of the
Myc/Max/Mad network. Gene 277:1–14.

55. Matushansky, I., F. Radparvar, and A. I. Skoultchi. 2000. Manipulating the
onset of cell cycle withdrawal in differentiated erythroid cells with cyclin-
dependent kinases and inhibitors. Blood 96:2755–2764.

56. McClinton, D., J. Stafford, L. Brents, T. P. Bender, and W. M. Kuehl. 1990.
Differentiation of mouse erythroleukemia cells is blocked by late up-regu-
lation of a c-myb transgene. Mol. Cell. Biol. 10:705–710.

57. Menssen, A., and H. Hermeking. 2002. Characterization of the c-MYC-
regulated transcriptome by SAGE: identification and analysis of c-MYC
target genes. Proc. Natl. Acad. Sci. USA 99:6274–6279.

58. Minie, M., D. Clark, C. Trainor, T. Evans, M. Reitman, R. Hannon, H.
Gould, and G. Felsenfeld. 1992. Developmental regulation of globin gene
expression. J. Cell Sci. Suppl. 16:15–20.

59. Muller, H., and K. Helin. 2000. The E2F transcription factors: key regula-
tors of cell proliferation. Biochim. Biophys. Acta 1470:M1–M12.

60. Muller-Tidow, C., W. Wang, G. E. Idos, S. Diederichs, R. Yang, C. Read-
head, W. E. Berdel, H. Serve, M. Saville, R. Watson, and H. P. Koeffler.
2001. Cyclin A1 directly interacts with B-myb and cyclin A1/cdk2 phosphor-
ylate B-myb at functionally important serine and threonine residues: tissue-
specific regulation of B-myb function. Blood 97:2091–2097.

61. Nichols, K., J. D. Crispino, M. Poncz, J. G. White, S. H. Orkin, J. M. Maris,
and M. J. Weiss. 2000. Familial dyserythropoietic anemia and thrombocy-
topenia due to an inherited mutation in GATA1. Nat. Genet. 24:266–270.

62. O’Connell, B. C., A. F. Cheung, C. P. Simkevich, W. Tam, X. Ren, M. K.
Mateyak, and J. M. Sedivy. 2003. A large scale genetic analysis of c-Myc-
regulated gene expression patterns. J. Biol. Chem. 278:12563–12573.

63. O’Hagan, R. C., N. Schreiber-Agus, K. Chen, G. David, J. A. Engelman, R.
Schwab, L. Alland, C. Thomson, D. R. Ronning, J. C. Sacchettini, P.
Meltzer, and R. A. DePinho. 2000. Gene-target recognition among mem-
bers of the myc superfamily and implications for oncogenesis. Nat. Genet.
24:113–119.

64. Ortega, S., M. Malumbres, and M. Barbacid. 2002. Cyclin D-dependent
kinases, INK4 inhibitors and cancer. Biochim. Biophys. Acta 1602:73–87.

VOL. 23, 2003 GATA-1-MEDIATED PROLIFERATION ARREST 5041



65. Penn, L. J., M. W. Brooks, E. M. Laufer, and H. Land. 1990. Negative
autoregulation of c-myc transcription. EMBO J. 9:1113–1121.

66. Pevny, L., M. C. Simon, E. Robertson, W. H. Klein, S.-H. Tsai, V. D’Agati,
S. H. Orkin, and F. Costantini. 1991. Erythroid differentiation in chimaeric
mice blocked by a targeted mutation in the gene for transcription factor
GATA-1. Nature 349:257–260.

67. Phelps, D. E., K. M. Hsiao, Y. Li, N. Hu, D. S. Franklin, E. Westphal, E. Y.
Lee, and Y. Xiong. 1998. Coupled transcriptional and translational control
of cyclin-dependent kinase inhibitor p18INK4c expression during myogen-
esis. Mol. Cell. Biol. 18:2334–2343.

68. Pierantoni, G. M., M. Fedele, F. Pentimalli, G. Benvenuto, R. Pero, G.
Viglietto, M. Santoro, L. Chiariotti, and A. Fusco. 2001. High mobility
group I (Y) proteins bind HIPK2, a serine-threonine kinase protein which
inhibits cell growth. Oncogene 20:6132–6141.

69. Plummer, H., III, J. Catlett, J. Leftwich, B. Armstrong, P. Carlson, T. Huff,
and G. Krystal. 1993. c-myc expression correlates with suppression of c-kit
protooncogene expression in small cell lung cancer cell lines. Cancer Res.
53:4337–4342.

70. Prochownik, E. V., and J. Kukowska. 1986. Deregulated expression of
c-myc by murine erythroleukaemia cells prevents differentiation. Nature
322:848–850.

71. Pusch, O., T. Soucek, E. Hengstschlager-Ottnad, G. Bernaschek, and M.
Hengstschlager. 1997. Cellular targets for activation by c-Myc include the
DNA metabolism enzyme thymidine kinase. DNA Cell Biol. 16:737–747.

72. Qu, Z., L. A. Wolfraim, J. Svaren, M. U. Ehrengruber, N. Davidson, and J.
Milbrandt. 1998. The transcriptional corepressor NAB2 inhibits NGF-in-
duced differentiation of PC12 cells. J. Cell Biol. 142:1075–1082.

73. Rekhtman, N., F. Radparvar, T. Evans, and A. I. Skoultchi. 1999. Direct
interaction of hematopoietic transcription factors PU.1 and GATA-1: func-
tional antagonism in erythroid cells. Genes Dev. 13:1398–1411.

74. Sahr, K. E., B. P. Daniels, and M. Hanspal. 1996. Identification of the
proximal erythroid promoter region of the mouse anion exchanger gene.
Blood 88:4500–4509.

75. Sanchez, Y., C. Wong, R. S. Thoma, R. Richman, Z. Wu, H. Piwnica-
Worms, and S. J. Elledge. 1997. Conservation of the Chk1 checkpoint
pathway in mammals: linkage of DNA damage to Cdk regulation through
Cdc25. Science 277:1497–1501.

76. Schmid, I., C. H. Uittenbogaart, and J. V. Giorgi. 1991. A gentle fixation
and permeabilization method for combined cell surface and intracellular
staining with improved precision in DNA quantification. Cytometry 12:279–
285.

77. Sears, R., F. Nuckolls, E. Haura, Y. Taya, K. Tamai, and J. R. Nevins. 2000.
Multiple Ras-dependent phosphorylation pathways regulate Myc protein
stability. Genes Dev. 14:2501–2514.

78. Seshasayee, D., P. Gaines, and D. M. Wojchowski. 1998. GATA-1 domi-
nantly activates a program of erythroid gene expression in factor-dependent
myeloid FDCW2 cells. Mol. Cell. Biol. 18:3278–3288.

79. Sherr, C. J. 2000. The Pezcoller lecture: cancer cell cycles revisited. Cancer
Res. 60:3689–3695.

80. Sherr, C. J., and J. M. Roberts. 1999. CDK inhibitors: positive and negative
regulators of G1-phase progression. Genes Dev. 13:1501–1512.

81. Shivdasani, R. A., Y. Fujiwara, M. A. McDevitt, and S. H. Orkin. 1997. A
lineage-selective knockout establishes the critical role of transcription fac-
tor GATA-1 in megakaryocyte growth and platelet development. EMBO J.
16:3965–3973.

82. Takahashi, S., T. Komeno, N. Suwabe, K. Yoh, O. Nakajima, S. Nishimura,
T. Kuroha, T. Nagasawa, and M. Yamamoto. 1998. Role of GATA-1 in
proliferation and differentiation of definitive erythroid and megakaryocytic
cells in vivo. Blood 92:434–442.

83. Tamir, A., T. Petrocelli, K. Stetler, W. Chu, J. Howard, B. S. Croix, J.
Slingerland, and Y. Ben-David. 2000. Stem cell factor inhibits erythroid
differentiation by modulating the activity of G1-cyclin-dependent kinase
complexes: a role for p27 in erythroid differentiation coupled G1 arrest.
Cell Growth Differ. 11:269–277.

84. Tanaka, H., I. Matsumura, K. Nakajima, H. Daino, J. Sonoyama, H. Yo-
shida, K. Oritani, T. Machii, M. Yamamoto, T. Hirano, and Y. Kanakura.
2000. GATA-1 blocks IL-6-induced macrophage differentiation and apo-
ptosis through the sustained expression of cyclin D1 and bcl-2 in a murine
myeloid cell line M1. Blood 95:1264–1273.

85. Terajima, M., Y. Nemoto, and M. Obinata. 1995. Inducible expression of
erythroid-specific mouse glycophorin gene is regulated by proximal ele-
ments and locus control region-like sequence. J. Biochem. (Tokyo) 118:
593–600.

86. Toki, T., K. Arai, K. Terui, N. Komatsu, M. Yokoyama, F. Katsuoka, M.
Yamamoto, and E. Ito. 2000. Functional characterization of the two alter-
native promoters of human p45 NF-E2 gene. Exp. Hematol. 28:1113–1119.

87. Tsai, F.-Y., G. Keller, F. C. Kuo, M. J. Weiss, J. Chen, M. Rosenblatt, F. W.
Alt, and S. H. Orkin. 1994. An early hematopoietic defect in mice lacking
the transcription factor GATA-2. Nature 371:221–226.

88. Tsai, S. F., D. I. K. Martin, L. I. Zon, A. D. D’Andrea, G. G. Wong, and S. H.
Orkin. 1989. Cloning of cDNA for the major DNA-binding protein of the
erythroid lineage through expression in mammalian cells. Nature 339:446–
451.

89. Tsang, A. P., J. E. Visvader, C. A. Turner, Y. Fujiwara, C. Yu, M. J. Weiss,
M. Crossley, and S. H. Orkin. 1997. FOG, a multitype zinc finger protein,
acts as a cofactor for transcription factor GATA-1 in erythroid and
megakaryocytic differentiation. Cell 90:109–119.

90. Umbricht, C. B., C. A. Griffin, A. L. Hawkins, K. H. Grzeschik, P.
O’Connell, R. Leach, E. D. Green, and T. J. Kelly. 1994. High-resolution
genomic mapping of the three human replication protein A genes (RPA1,
RPA2, and RPA3). Genomics 20:249–257.

91. Vallance, S. J., H. M. Lee, M. F. Roussel, S. A. Shurtleff, J. Y. Kato, D. K.
Strom, and C. J. Sherr. 1994. Monoclonal antibodies to mammalian D-type
G1 cyclins. Hybridoma 13:37–44.

92. Vannucchi, A. M., L. Bianchi, C. Cellai, F. Paoletti, V. Carrai, A. Calzolari,
L. Centurione, R. Lorenzini, C. Carta, E. Alfani, M. Sanchez, G. Migliaccio,
and A. R. Migliaccio. 2001. Accentuated response to phenylhydrazine and
erythropoietin in mice genetically impaired for their GATA-1 expression
(GATA-1(low) mice). Blood 97:3040–3050.

93. Vareli, K., O. Tsolas, and M. Frangou-Lazaridis. 1996. Regulation of pro-
thymosin alpha during the cell cycle. Eur. J. Biochem. 238:799–806.

94. Veal, E., M. Eisenstein, Z. H. Tseng, and G. Gill. 1998. A cellular repressor
of E1A-stimulated genes that inhibits activation by E2F. Mol. Cell. Biol.
18:5032–5041.

95. Vyas, P., K. Ault, C. W. Jackson, S. H. Orkin, and R. A. Shivdasani. 1999.
Consequences of GATA-1 deficiency in megakaryocytes and platelets.
Blood 93:2867–2875.

96. Wang, H., P. Iakova, M. Wilde, A. Welm, T. Goode, W. J. Roesler, and N. A.
Timchenko. 2001. C/EBPalpha arrests cell proliferation through direct in-
hibition of Cdk2 and Cdk4. Mol. Cell 8:817–828.

97. Wechsler, J., M. Greene, M. A. McDevitt, J. Anastasi, J. E. Karp, M. M. Le
Beau, and J. D. Crispino. 2002. Acquired mutations in GATA1 in the
megakaryoblastic leukemia of Down syndrome. Nat. Genet. 32:148–152.

98. Weiss, M. J., G. Keller, and S. H. Orkin. 1994. Novel insights into erythroid
development revealed through in vitro differentiation of GATA-1� embry-
onic stem cells. Genes Dev. 8:1184–1197.

99. Weiss, M. J., and S. H. Orkin. 1995. GATA transcription factors: key
regulators of hematopoiesis. Exp. Hematol. 23:99–107.

100. Weiss, M. J., and S. H. Orkin. 1995. Transcription factor GATA-1 permits
survival and maturation of erythroid precursors by preventing apoptosis.
Proc. Natl. Acad. Sci. 92:9623–9627.

101. Weiss, M. J., C. Yu, and S. H. Orkin. 1997. Erythroid-cell-specific proper-
ties of transcription factor GATA-1 revealed by phenotypic rescue of a
gene-targeted cell line. Mol. Cell. Biol. 17:1642–1651.

102. Whyatt, D. J., A. Karis, I. C. Harkes, A. Verkerk, N. Gillemans, A. G.
Elefanty, G. Vairo, R. Ploemacher, F. Grosveld, and S. Philipsen. 1997. The
level of the tissue-specific factor GATA-1 affects the cell-cycle machinery.
Genes Funct. 1:11–24.

103. Yang, W., J. Shen, M. Wu, M. Arsura, M. FitzGerald, Z. Suldan, D. W.
Kim, C. S. Hofmann, S. Pianetti, R. Romieu-Mourez, L. P. Freedman, and
G. E. Sonenshein. 2001. Repression of transcription of the p27(Kip1) cy-
clin-dependent kinase inhibitor gene by c-Myc. Oncogene 20:1688–1702.

104. Yu, C., A. B. Cantor, H. Yang, C. Browne, R. A. Wells, Y. Fujiwara, and
S. H. Orkin. 2002. Targeted deletion of a high-affinity GATA-binding site
in the GATA-1 promoter leads to selective loss of the eosinophil lineage in
vivo. J. Exp. Med. 195:1387–1395.

105. Zhang, J. M., X. Zhao, Q. Wei, and B. M. Paterson. 1999. Direct inhibition
of G(1) cdk kinase activity by MyoD promotes myoblast cell cycle with-
drawal and terminal differentiation. EMBO J. 18:6983–6993.

106. Zhang, P., X. Zhang, A. Iwama, C. Yu, K. A. Smith, B. U. Mueller, S.
Narravula, B. E. Torbett, S. H. Orkin, and D. G. Tenen. 2000. PU.1 inhibits
GATA-1 function and erythroid differentiation by blocking GATA-1 DNA
binding. Blood 96:2641–2648.

107. Zhu, L., and A. I. Skoultchi. 2001. Coordinating cell proliferation and
differentiation. Curr. Opin. Genet. Dev. 11:91–97.

5042 RYLSKI ET AL. MOL. CELL. BIOL.


