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Erythrocyte development has previously been shown to depend upon the expression of the lineage-restricted
trans-acting factor GATA-1. Despite predicted roles for this factor during early development, GATA-1-deficient
cells in chimeric mice and embryonic stem cell cultures mature to a late proerythroblast stage and express at
least certain genes that normally are thought to be regulated by GATA-1 (including erythroid Kriippel-like
factor [EKLF] and the erythropoietin [Epo] receptor). Opportunities to test roles for GATA-1 in erythroid
gene activation in these systems therefore are limited. In the present study, in an alternate approach to test the
function of GATA-1, GATA-1 has been expressed together with the Epo receptor in myeloid FDCW2 cells and
the resulting effects on cytokine-dependent proliferation and erythroid gene expression have been assessed.
GATA-1 expression at low levels delayed FDCW2ER cell cycle progression at the G, phase specifically during
Epo-induced mitogenesis. Upon expression of GATA-1 at increased levels, proliferation in response to Epo,
interleukin-3 (IL-3), and stem cell factor was attenuated and endogenous GATA-1, EKLF and B™%-globin gene
expression was activated. Friend of GATA-1 (FOG) transcript levels also were enhanced, and ets-1 and c-mpl
but not Epo receptor gene expression was induced. Finally, in FDCW2 cells expressing increased levels of
GATA-1 and a carboxyl-terminally truncated Epo receptor, Epo (with respect to IL-3 as a control) was shown
to markedly promote globin transcript expression. Thus, novel evidence for select hierarchical roles for
GATA-1 and Epo in erythroid lineage specification is provided.

In gene disruption experiments, erythrocyte development
has been shown to depend critically upon the expression of
GATA-1 (28) and the Epo receptor (51). GATA-1 is a mem-
ber of a family of zinc finger transcription factors that includes
GATA-1, GATA-2, and GATA-3 as essential hematopoietic
factors (25, 40, 42) and GATA-4, GATA-5, and GATA-6 as
regulators of heart, lung, and gut cell development (8, 20, 21).
GATA-1 is expressed in cells of erythroid, megakaryocytic, and
mast lineages (17) and, in studies of isolated erythroid gene
promoters, has been demonstrated to activate transcription
from W/GATA/R elements within late (glycophorin IIB, pyru-
vate kinase, and ferrochelatase) (24, 46) and early (Epo recep-
tor, EKLF, and GATA-1 per se) erythrocyte genes (4, 34, 53).
Therefore, GATA-1 may act in a dominant and possibly auto-
regulatory fashion to promote erythroid cell development.
However, studies of GATA-1 activation of endogenous ery-
throid gene expression are complicated in several ways. First,
while GATA-1-deficient progenitor cells in chimeric mice and
embryonic stem cell-derived lines fail to develop as erythro-
cytes, these cells nonetheless advance to a proerythrocyte stage
and somewhat unexpectedly express certain early erythroid
genes including EKLF and the Epo receptor (28). This may
depend in part upon compensatory events, and GATA-2 ex-
pression in these cells is increased markedly (50). In addition,
GATA-2 can activate endogenous GATA-1 gene expression
(47) and is expressed prior to GATA-1 during embryonic
blood cell formation (12), and a functional GATA-1 cofactor,
FOG, also recently has been cloned (45). Thus, factors that
regulate GATA-1 gene expression are not well defined, nor are
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specific hierarchical roles for GATA-1 in erythroid cell devel-
opment.

To address these issues, effects of exogenous GATA-1 ex-
pression previously have been investigated in myeloid FDC-P2
and HDS50 cell lines. Like the FDC-P1 subline studied in this
work, FDC-P2 cells are an IL-3-dependent line derived from
murine marrow (5) but are less lineage restricted and express
endogenous GATA-1 transcripts (1). In FDC-P2 cells, expres-
sion of endogenous Epo receptor, GATA-1, and B™*-globin
genes is stimulated upon the expression of an avian retrovirus-
derived Gag-Myb-Ets fusion protein (1). Based on the ability
of GATA-1 to activate transcription from isolated Epo recep-
tor promoter constructs (54), a hierarchical mechanism involv-
ing Gag-Myb-Ets activation of GATA-1 gene expression was
proposed to explain these effects. Evidence that GATA-1 may
act to drive erythrocyte development also has been provided by
studies in promyeloblast lines prepared from chickens infected
with the E26 retrovirus (16). In these cells, spontaneous ery-
throid differentiation is observed, and erythroblastic cell devel-
opment is promoted upon exposure to serum from anemic
birds (32). Beyond this, E26-transformed promyeloblasts that
express low levels of GATA-1 have been isolated, and in one
such line (HDS50), the forced expression of GATA-1 promotes
endogenous GATA-1 gene expression (16). Upon the temper-
ature-sensitive inactivation of v-ets and upon culture in anemic
serum, exogenous GATA-1 expression in these cells also pro-
moted erythroblast formation. These studies more directly
support the notion that GATA-1 gene expression may be au-
toregulatory and indicate that GATA-1 can act in a concen-
tration-dependent, v-ets-dependent, and anemic serum-depen-
dent fashion to drive erythroid gene events. As in FDC-P2
cells, however, these conclusions are complicated by lineage-
modulating and transforming effects of Gag-Myb-Ets (32).

In the present study of GATA-1 action, an in vitro model has
been sought that provides a null background for erythroid gene
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expression and lacks any requirement for Gag-Myb-Ets in po-
tentiating erythroid cell commitment. A subline of murine my-
eloid FDC-P1 cells, FDCP1-WEHI2 (FDCW2) cells, has
proven to comprise such a model, and as a factor-dependent
line, it has also provided the opportunity to test the possible
effects of Epo on growth and erythroid cell differentiation.

MATERIALS AND METHODS

Abbreviations used in this paper. FOG, Friend of GATA-1; EKLF, erythroid
Kriippel-like factor; NF-E2, nuclear factor-erythroid 2; Epo, erythropoietin;
IL-3, interleukin-3; SCF, stem cell factor; FDC-P, factor-dependent continuous
cell lines, Patterson Laboratories; BFU-e, burst forming unit-erythroid; CFU-e,
colony forming unit-erythroid; wt, wild type; SDS, sodium dodecyl sulfate; MTS,
3-(4,5-dimethylthiazol-2-yl)-5-carboxymethoxyphenyl)-2-(4-sulfophenyl-2H-tet-
razolium); GAPDH, glyceraldehyde-3-phosphate dehydrogenase; FBS, fetal bo-
vine serum.

Expression vectors. GATA-1 was expressed with either pMK10s, (13), pXM
(11), or pEFNeo as the vector. pMK105iGATA-1 was constructed by cloning a
murine wt GATA-1 ¢cDNA (43) stepwise to pSL1180 (Pharmacia Biotech, Pis-
cataway, N.J.) (Kpnl and Notl sites) and then to pMKI10se as a 1.6-kb Xbal
fragment. pXM vectors encoding GATA-1 (43), the murine wt Epo receptor, and
the truncated Epo receptor from ER372 have been described previously (31).
pEFNeoGATA-1 was constructed by cloning a wt GATA-1 cDNA from pSL1180
into pEFNeo as a 1.6-kb Xbal-Spel fragment. In transfections with pXM vectors,
pCINeo (Promega, Madison, Wis.) or a pREP4 construct disrupted within the
EBNA-1 ¢cDNA (pREP4AEB) was cotransfected to confer resistance to G418 (1
mg/ml) and hygromycin B (250 pg/ml), respectively. For EKLF expression, a wt
murine cDNA was cloned as a 1,220-bp Xbal fragment from pBOSEKLF (19)
into pCINeo. To increase GATA-1 expression in FDCW2ER-pXGl1 cells, a
pCINeoGATA-1 vector also was constructed by cloning the above GATA-1
cDNA to Sall as a Xhol fragment.

Electrotransfection and culture of FDCW?2 cells and derived cell lines. The
IL-3-dependent murine myeloid cell line used in this study, FDCW2, is a sub-
clone of FDC-P1 cells (5) that was isolated based on stable retention of factor-
dependent growth. FDCW2 cells routinely were maintained at 37°C under 5%
CO, in Opti-MEM I medium (Life Technologies, Gaithersburg, Md.) supple-
mented with 8% FBS and 5% conditioned medium from WEHI-3B cells
(WEHI-3 CM) as a source of IL-3 (9). Derived FDCW?2 cell lines ectopically
expressing the Epo receptor were maintained in medium supplemented with
either WEHI-3 CM (5%) or Epo (25 U/ml). Cells expressing the Epo receptor
were prepared by stable coelectrotransfection with pXMER (55 ng) and pCINeo
(5 pg) and by stepwise selection in G418 (1 mg/ml) and Epo (50 U/ml). Alter-
natively, cells were cotransfected with pXMER or pXMER372 vectors and
pREP4AEB and were selected in hygromycin B (250 wg/ml) and Epo (50 U/ml).
Expression of GATA-1 in hygromycin B-resistant cells was accomplished by
transfection with pMK1050GATA-1 (55 pg) and selection in G418 (0.8 mg/ml).
Alternatively, FDCW?2 cells coexpressing GATA-1 and the Epo receptor were
prepared by cotransfection with pXM expression vectors (55 ug of pXMGATA-1
and 5 pg of pXMER) and direct selection in Epo (50 U/ml). In addition, in
derived FDCW2ER-pXG1 cells, the expression of either GATA-1 (or EKLF as a
control) was reinforced via transfection with pCINeoGATA-1 (or pCINeoEKLF)
vector and selection in G418 (1 mg/ml). FDCW2ER372 cells expressing in-
creased levels of GATA-1 expression were prepared by electrotransfection with
pEFNeoGATA-1 (7 pg) and pXMGATA-1 (53 ng) followed by selection in
G418 (1 mg/ml).

Cytokine-induced mitogenesis and cell cycle analyses. Cytokine-induced mi-
togenesis was assayed based on stimulated rates of reduction of the tetrazolium
compound MTS to formazan (Promega) (31) or stimulated incorporation of
[methyl-*H]thymidine (53). Briefly, cells (3 X 10° cells/ml, 50 wl/assay) were
exposed to cytokines (50 pl) for 48 h, MTS and phenazone methosulfate were
added, and absorbance at 490 nm was measured after 2 h of incubation (model
550 microplate reader; Bio-Rad, Hercules, Calif.). Alternatively, incubations
were carried out with [methyl->H]thymidine (1 p.Ci per well for 2 h) and scintil-
lation counting of harvested cells was performed with a 1205 Betaplate counter
(KBL Pharmacia). Possible effects of GATA-1 expression on cell cycle progres-
sion were assayed as follows. Cultures were initiated at 2.5 X 10° cells/ml, grown
to 7 X 10° to 8 X 10° cells/ml (exponential growth phase), washed in Opti-MEM
I medium, and cultured for 7.5 h at 3 X 10° to 5 X 10° cells/ml in medium
containing 1.5% FBS and 10 wM 2-mercaptoethanol. The cells then were stim-
ulated with Epo (50 U/ml) or IL-3 (WEHI-3 CM at 8%), collected at 4-h
intervals (2 X 10° to 3 X 10° cells total), fixed in 35% ethanol, stained with
propidium iodide (6), and analyzed for cell cycle distribution by flow cytometry
(Coulter XL-MCL, Miami, Fla.) with Multicycle software (Theorix Flow System,
San Diego, Calif.).

RNA isolation and Northern blot analyses. Total RNA was isolated from
FDCW?2 and derived cell lines by the method of Chomezynski and Sacchi (3) with
1 ml of TRIzol reagent per 107 cells (Life Technologies). Polyadenylated RNA
was isolated on Oligotex spin columns (Qiagen, Chatsworth, Calif.). In Northern
blotting, RNA was electrophoresed in 1.2% agarose gels containing formalde-
hyde (6% in gels and 3% in electrophoresis buffer) and blotted to Nytran
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membranes (Schleicher & Schuell, Keene, N.H.). The membranes were fixed by
UV irradiation (312 nm for 3 min) and heating (1 h at 68°C under vacuum). For
use in hybridizations, 3>P-labeled probes were prepared by random priming
(Prime-a-Gene system; Promega) with DNA polymerase I (Klenow fragment),
50 pCi of [a-*?P]dATP (3,000 Ci/mmol), and 25 ng of the following cDNA
fragments: the 1.5-kb Xhol fragment of pXMwtER (murine Epo receptor) (10);
the 1.8-kb KpnlI-Notl fragment of pXMGATA-1 (murine GATA-1) (43); the
1.2-kb Xbal fragment of pPBOSEKLF (murine EKLF) (19); the 1.6-kb Sphl-Scal
fragment of pCDMS8-ckit (murine c-kit) (30); the murine FOG cDNA; the
1.32-kb HindIII-Sst11 fragment of pSK*Ets-1 (human Ets-1) (41); the 1.3-kb
BglII fragment of pNTKFli (murine Fli 1) (49); the 1.2-kb EcoRI fragment of
pBSMac 1 (murine Mac 1 « chain) (29); the 2.9-kb XholI-EcoRI fragment of
pBSmpl; and the 0.8-kb Kpnl-Xhol fragment of pSP-GAPDH (murine
GAPDH). For detection of B™¥-globin transcripts, a 1,100-bp murine B™%-
globin 5’ Bg/II-3" Xbal fragment was prepared by PCR with a genomic clone (44)
and the primers 5'-CTGACAGATGCTCTCTTGGG-3' and 3’-ACAACCCCA
GAAACAGACA-5'. 3P-labeled probes were purified on Sephadex G-50 micro-
columns (Pharmacia Biotech), and hybridizations were performed with 2 X 10°
cpm of QuickHyb solution (Stratagene, La Jolla, Calif.) per ml for 2 h at 68°C.
The membranes were washed in 0.2X SSC (1x SSC is 0.15 M NaCl plus 0.015
M sodium citrate)-0.1% SDS at 55°C and exposed to X-Omat film (Kodak,
Rochester, N.Y.). For reprobing, the membranes were stripped in 50% form-
amide—-0.1x SSC at 65°C for 1 h.

Western blotting. In Western blotting of GATA-1, samples were prepared by
direct lysis of FDCW2 and derived cell lines in 2.5% SDS-0.1 M dithiothreitol—
7.5% glycerol-8.75 mM Tris Cl (pH 6.8) (100 pl per 10° washed cells). The
samples were incubated at 100°C for 5 min, and soluble proteins were electro-
phoresed in an SDS-7.5% polyacrylamide gel and blotted to nitrocellulose (Mi-
cron Separations Inc., Westborough, Mass.). The rat N6 monoclonal antibody to
GATA-1 (Santa Cruz Biotechnology Inc., Santa Cruz, Calif.) was used at a 1:300
dilution and was detected by using a horseradish peroxidase-linked secondary
antibody and enhanced chemiluminescence (Amersham Life Science, Arlington
Heights, TIL.).

RESULTS

FDCW?2 cells as a heterologous model for studies of GATA-1
and Epo receptor action. One goal of this investigation was to
test whether it would be possible activate a program of ery-
throid gene expression in a definitively nonerythroid model
through the ectopic expression of GATA-1 and the Epo re-
ceptor. In related studies, murine FDC-P2 (1) BaF/3 (15), and
32D (36) cell lines have been used to investigate effects of
exogenously expressed GATA-1 and/or Epo on growth and
B™_globin gene expression. However, preliminary analyses
showed that endogenous GATA-1 and/or Epo receptor tran-
scripts were expressed in each of these cell lines (50a). In
contrast, FDCW?2 cells proved to be essentially negative for
GATA-1 and erythroid gene expression but supported mito-
genic activities of exogenously expressed Epo receptor forms.
Northern blot analyses served to establish the myeloid nature
of this cell line, and Mac 1 and Fli 1 (Friend virus integration
site) transcripts were observed at high levels (Fig. 1). In con-
trast, no expression of transcripts for GATA-1, Epo receptor,
or B™¥-globin was detectable in FDCW?2 cells in analyses of
polyadenylated RNA. For comparison, RNA from erythroleu-
kemic SKT6 and FMEL cells and from BaF/3 cells was coana-
lyzed. GATA-1, Epo receptor, and B™-globin transcripts were
detected in each of these lines, and in BaF/3 cells the detection
of low levels of Epo receptor transcripts served to confirm the
high sensitivity of these analyses. Expectedly, Fli 1 transcripts
also were expressed in FMEL cells, while both Mac 1 and Fli
1 transcripts also were expressed in BaF/3 cells. Also analyzed
was polyadenylated RNA from FDCW?2 cells transfected stably
with a murine wt Epo receptor expression vector (FDCW2ER
cells). As in parental FDCW?2 cells, no endogenous GATA-1,
Epo receptor or B™¥-globin transcripts were detected in these
derived, Epo-selected cells. Also, expression of Mac 1 and Fli
1 transcripts was essentially unaffected.

Mitogenic signaling via ectopically expressed Epo receptors
in FDCW2ER cells next was assessed (Fig. 2, top). Epo sup-
ported mitogenesis at rates comparable to those activated by
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FIG. 1. Factor-dependent myeloid FDCW2 and FDCW2ER cells as a null
background for studies of GATA-1 function. In FDCW2 and derived
FDCW?2ER cells, expression of Mac 1, Fli 1, Epo receptor, GATA-1, and p™%-
globin transcripts was assayed by Northern blotting of polyadenylated RNA. As
positive controls for erythroid transcripts, polyadenylated RNAs from SKT6,
FMEL, and BaF/3 cells were coanalyzed. Hybridizations were performed se-
quentially with a single blot, and equivalence in loading was assessed by hybrid-
ization to a GAPDH probe.

endogenous IL-3 and SCF receptors. In contrast, parental
FDCW?2 cells showed no proliferative responsiveness to Epo
(Fig. 2, bottom), nor was any outgrowth of Epo-responsive (or
factor-independent) sublines supported by an extended culture
of FDCW2 cells in Epo at concentrations as high as 1 uM
(34a). Thus, mitogenic activity of the murine wt Epo receptor
is supported efficiently in this myeloid model, yet no expression
of erythrocyte transcripts is detectable in either FDCW2 or
derived FDCW2ER cells.

GATA-1 expression in FDCW2ER cells prolongs the cell
cycle G, phase specifically during Epo-induced mitogenesis.
Possible effects of the ectopic expression of GATA-1 on the
proliferation of FDCW2ER cells next were investigated. Based
on recently suggested roles for GATA-1 in modulating mito-
genesis in NIH 3T3 fibroblasts (6), effects on cell cycle distri-
butions first were studied. In these experiments, GATA-1 was
expressed stably in FDCW2ER cells by using a dicistronic
vector, pMK10s,. Derived FDCW2ER-pMGl1 cells and control
cell lines were cultured in the absence of cytokines to induce
synchrony, cells were exposed to either IL-3 or Epo, and cell
cycle distributions were determined at 4-h intervals. In
FDCW2ER-pMG1 cells, IL-3 promoted a rapid transition
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from Gy/G, to S at 8 to 12 h (83% G,/G, and 15% S at 8 h, and
12% Gy/G, and 72% S at 12 h), and the cells efficiently pro-
gressed to G,/M (30%) at 16 h. In contrast, upon exposure to
Epo, a significant prolongation of the G, phase was observed.
Specifically, 50% of the cells remained in G,/G; at 12 h and
only 15% of these cells advanced to G,/M at 16 h (Fig. 3, left).
In control FDCW2ER cells, no such effect was observed (Fig.
3, right). The results shown are representative of three inde-
pendent analyses (data not shown). To further confirm this
novel effect and its specificity, analyses also were performed
with two additional FDCW2ER-derived lines: FDCW2ER-
pCG1 cells in which GATA-1 was expressed with a pCINeo-
derived vector, and a control line, FDCW2ER-pCEKLF, in
which EKLF was ectopically expressed. As observed in
FDCW2ER-pMG1 cells, FDCW2ER-pCG1 cells (but not
FDCW2ER-pCEKLF cells) displayed a significant prolonga-
tion of the G, phase selectively during Epo-stimulated mito-
genesis (Table 1). In each of these FDCW2ER-derived cell
lines, the ectopic expression of Epo receptor, GATA-1, and
EKLF transcripts was confirmed (Fig. 3B). However, no ex-
pression of any endogenous erythroid gene transcripts was
detected. Therefore, these Epo-specific effects of GATA-1 on
G,-phase prolongation occurred in the apparent absence of
endogenous erythroid gene activation.
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FIG. 2. SCF-, IL-3-, and Epo-dependent mitogenesis in FDCW2 and
FDCW2ER cells. Proliferative responses of factor-dependent FDCW2 and
FDCW2ER cell lines to SCF, IL-3, and Epo were assayed based on rates of
cytokine-stimulated incorporation of [methyl-*H]thymidine. To account for any
minor differences in plating, values were normalized based on maximal respon-
siveness to IL-3.
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FIG. 3. GATA-1 expression in FDCW2ER-pMG1 cells prolongs the G
phase of the cell cycle during Epo-stimulated mitogenesis. (A) Epo- versus
IL-3-stimulated cell cycle progression in FDCW2ER-pMG1 and control
FDCW2ER cells. FDCW2ER-pMG1 and FDCW2ER cells were washed free of
cytokines and were cultured for 7.5 h in Opti-MEM I medium containing 1.5%
FBS to promote synchrony. The cells then were exposed to either Epo or IL-3,
and cell cycle distributions were analyzed at 4-h intervals by propidium iodide
staining and flow cytometry. (B) GATA-1 transcript expression in FDCW2ER-
pMG1 and FDCW2ER-pCGl cells. To confirm exogenous GATA-1 expression,
total RNA from FDCW2ER-pCG1 and FDCW2ER-pMG1 cells (and from
FDCW2, FDCW2ER, and erythroid SKT6 cells as controls) was isolated and
levels of GATA-1 and Epo receptor transcripts were assayed by Northern blot-
ting. An additional control cell line, FDCW2ER-pCEKLEF, also was analyzed for
Epo receptor, EKLF, and GATA-1 transcript expression. Hybridizations were
performed sequentially by using a single blot, and equivalence in loading was
confirmed by hybridization to a GAPDH probe.

GATA-1-mediated inhibition of proliferation, and activation
of endogenous GATA-1, EKLF, efs-1, and B™%-globin gene
expression in FDCW2ER cells. The effects of GATA-1 on
erythroid gene expression recently have been suggested to de-
pend upon its high-level expression (16). To further test
whether GATA-1 might promote erythroid gene events in
FDCW?2ER cells, levels of exogenous expression of GATA-1
were increased by using a pXM-derived vector. Ectopic expres-
sion of GATA-1 transcripts in derived FDCW2ER-pXG1 cells
was shown to be elevated compared to that in FDCW2ER-
pMGL1 cells (Fig. 4A). Interestingly, endogenous GATA-1
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TABLE 1. Epo-specific prolongation of the G, phase in cells
ectopically expressing GATA-1

% of cells in Gy/G, following cytokine exposure”

FDCW2ER-
pCEKLF

FDCW2ER- FDCW2ER-
pMG1 pCGl

Time of cytokine

exposure (h) FDCWZER

IL-3 Epo 1IL-3 Epo 1IL3 Epo IL3 Epo

4 76.0 751 84.0 788 80.6 79.8 81.6 72.6
8 733 731 681 751 826 885 850 80.0
12 28.6 278 174 265 11.8 41.0 274 532
16 342 298 51.0 399 503 252 340 385

“ Percentages represent the average of at least three independent experiments.
Boldface is used to emphasize the effect of GATA-1 Epo prolongation of the G,
phase.

gene-derived transcripts also were detected in FDCW2ER-
pXGl cells. In these cells, levels of GATA-1 protein expres-
sion also were assayed by Western blotting and were observed
to approximate the levels of GATA-1 expression in erythro-
leukemic SKT6 cells (Fig. 4B). By comparison, in FDCW2ER-
pMG1 and FDCW2ER-pCGl1 cells, GATA-1 was expressed
only at the lower limits of Western blot sensitivity. The effects
of GATA-1 expression on proliferation in FDCW2ER-pXG1
cells first were analyzed quantitatively. In FDCW2ER-pXGl1
cells, GATA-1 expression inhibited growth in response to Epo
and to IL-3, and this was observed in direct assays of cell
proliferation and in [methyl-*H]thymidine incorporation assays
(Fig. 5A). Also, a GATA-1- and Epo-dependent prolongation
of the G, phase of the cell cycle was observed (Fig. 5B).
Finally, a selectively strong inhibition of proliferative respon-
siveness to SCF was effected (Fig. 6A). Interestingly, Northern
blot analyses of FDCW2ER-pXG1 and control FDCW2ER
cells showed that this effect was associated with an inhibition of
c-kit transcript expression (Fig. 6B). In addition, in
FDCW2ER-pXG1 cells in which the expression of exogenous
GATA-1 was reinforced (FDCW2ER-pXG1 c.12pCG1 cells
[see below]), this GATA-1-dependent suppression of c-kit
transcript expression was enforced further (Fig. 6B).

Whether GATA-1-dependent inhibition of growth was as-
sociated with an activated program of erythroid gene expres-
sion next was investigated. Polyadenylated RNA from
FDCW2ER-pXG1 cells (and from control FDCW2 and
FDCW2ER cells) was isolated, and possible erythroid gene
expression was assayed by Northern blotting (Fig. 7, lanes 1 to
3). Apparent de novo expression of endogenous GATA-1,
EKLF, and B™%-globin genes was activated in FDCW2ER-
pXGl cells at appreciable levels, while no expression of these
transcripts was detectable in control FDCW2 or FDCW2ER
cells. In addition, levels of FOG transcript expression in-
creased upon ectopic expression of GATA-1, while Mac 1
transcript expression was repressed. By comparison, levels of
Fli 1, GATA-2, NF-E2, and Lmo-2 expression were not mod-
ulated (data not shown). Interestingly, the expression of tran-
scripts encoding Ets-1 factors p48 and p65 also was activated in
FDCW2ER-pXGl1 cells, while no expression of the endoge-
nous Epo receptor gene was detected. Importantly, this appar-
ent absence of endogenous Epo receptor expression largely
negates the possibility that erythroid gene transcript expression
in FDCW2ER-pXG1 cells resulted simply from an Epo-pro-
moted outgrowth of an erythroid subpopulation of FDCW2ER
cells. In addition, this observation at least suggests that Epo
receptor gene activation may depend upon frans-acting factors
other than GATA-1.

To further define effects of exogenous GATA-1 expression
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FIG. 4. Exogenous expression of GATA-1 in FDCW2ER-pXG1 cells acti-
vates endogenous GATA-1 gene expression. (A) GATA-1 transcript expression
in FDCW2ER-pMG1 and FDCW2ER-pXG1 cells. Expression of GATA-1 in
FDCW2ER-pMG1, FDCW2ER-pXGl, and control FDCW2 and FDCW2ER
cell lines was assayed initially by Northern blotting of total RNA. As a positive
control, RNA from erythroleukemic SKT6 cells was coanalyzed. Equivalence in
loading was confirmed by hybridization to a GAPDH probe. (B) Levels of
GATA-1 protein expression in FDCW2ER-pCG1, FDCW2ER-pMGl1, and
FDCW2ER-pXG1 cells. In each of these lines, GATA-1 protein expression
levels were assayed by Western blotting of total cell lysates. As negative controls,
lysates from FDCW2 and FDCW2ER cells were used while erythroleukemic
SKT6 cells served as a positive control. Molecular weight markers (in thousands)
are shown in the left margin.

on endogenous erythroid gene expression, clonal sublines of
FDCW2ER-pXG1 cells were isolated by limiting dilution and
were assayed for levels of expression of ectopically and endo-
genously expressed Epo receptor, GATA-1, and EKLF tran-
scripts (Fig. 8; Table 2). As predicted, all sublines examined
expressed ectopically derived Epo receptor transcripts while
no endogenous Epo receptor gene transcripts were detected in
any clones. By comparison, expression of endogenous GATA-1
transcripts was observed only in FDCW2ER-pXGl1 clones in
which ectopic expression of GATA-1 was observed (clones 1, 2,
4,7,8,9, 10, and 12). Furthermore, EKLF transcripts were
detected only in clones which expressed high levels of endog-
enous GATA-1 transcripts (clones 1, 2, 4, 7, 9, and 12) and
B™M¥-globin gene transcription was activated in each of these
clones (Table 2). These observed differences in the relative
levels of GATA-1 and EKLF transcripts expressed among
clones (together with the apparent absence of endogenous Epo
receptor transcripts in all clones examined) provide further
evidence that erythroid gene activation in FDCW2ER-pXG1
cells is a de novo consequence of the expression of exogenous
GATA-1.

Endogenous FOG and B™%-globin gene expression is en-
hanced upon the reinforced expression of GATA-1 in
FDCW2ER-pXGl1 cells. The above studies suggest that ectopic
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FIG. 5. Attenuation of Epo- and IL-3-dependent proliferation and cell cycle progression in FDCW2ER-pXG1 cells. (A) Effects of GATA-1 expression on Epo- and
IL-3-dependent proliferation in FDCW2ER-pXG1 cells. Cytokine-induced growth of FDCW2ER-pXG1 and control FDCW2ER cells was assayed by scoring cell
numbers (mean and standard deviation) every 24 h over a 72-h period (top). Also assayed were rates of Epo- and IL-3-induced incorporation of [methyl-*H|thymidine
(mean and standard deviation) (bottom). The results shown for growth and [methyl->H]thymidine incorporation are representative of three independent experiments.
(B) GATA-1 expression results in an Epo-specific prolongation of the G, phase in FDCW2ER-pXGl cells. FDCW2ER-pXG1 and control FDCWER cells were washed
free of cytokines and incubated for 7.5 h in Opti-MEM I medium-1.5% FBS to promote synchrony. Following stimulation with Epo, the cells were stained with

propidium iodide and the cell cycle distributions were determined.

expression of GATA-1 and the Epo receptor in myeloid
FDCW?2 cells is sufficient to activate the expression of at least
a subset of erythroid genes. However, as is the case for many
factor-dependent erythroid cell lines (TF-1, 32D, BaF/3, and
UT7) (14, 15, 18, 22), overt conversion to morphologically
identifiable erythroblasts was not demonstrable among
FDCW2ER-pXGl1 cell lines. To test whether erythroid differ-
entiation might be promoted further in these cells, a clonal line
of FDCW2ER-pXGl1 cells (clone 12) was transfected stably
with pCINeo vectors expressing either GATA-1 or EKLF
(yielding FDCW2ER-pXG1 ¢.12pCG1 and FDCW2ER-pXG1
c.12pCEKLEF cells) (Fig. 7, lanes 4 to 6). This reinforced ex-
pression of GATA-1 or EKLF did not promote overt differ-
entiation. However, Northern blot analyses of polyadenylated
RNA from FDCW2ER-pXG1 c.12pCG1 cells revealed that
the enforced expression of GATA-1 did result in increased

levels of endogenous GATA-1, FOG, and B™-globin tran-
script expression. To a lesser extent, levels of EKLF transcripts
also were increased in these cells. In contrast, no such effects
were observed in cells in which EKLF expression was enforced
(i.e., FDCW2ER-pXG1 c.12pCEKLF cells). These analyses
provide further evidence in FDCW2ER-pXG1 cells that
GATA-1 acts as a dominant yet selective activator of endoge-
nous erythroid gene expression.

Apparent roles for Epo in enhancing GATA-1-dependent
activation of $™¥-globin gene expression. In the above studies,
use of the Epo receptor as a selectable marker for cells trans-
fected with pXMGATA-1 prevented opportunities to objec-
tively test possible effects of Epo on erythroid differentiation
events. To provide for such analyses, parental FDCW2 cells
were transfected first with a pXM-Epo receptor expression
vector (pXMER372) and a hygromycin B resistance vector.
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FIG. 6. Inhibition of SCF-induced mitogenesis and c-kit transcript expression in FDCW2ER-pXGl1 cells. (A) GATA-1-dependent inhibition of SCF-induced
mitogenesis. The cytokine-induced mitogenesis of FDCW2ER-pXG1 (top) and control FDCW2ER (bottom) cell lines was assayed based on rates of Epo- and
SCF-stimulated reduction of MTS. To account for any minor differences in plating, values were normalized based on maximal responsiveness to IL-3. (B) GATA-1-
mediated inhibition of c-kit transcript expression in FDCW2ER-pXGl cells. c-kit transcript levels in FDCW2ER-pXGl cells versus control FDCW2 and FDCW2ER
cells were assayed by Northern blotting of polyadenylated RNA. Also analyzed were FDCW2ER-pXG1 cells transfected stably with pCINeo vectors encoding either
GATA-1 to reinforce its expression (FDCW2ER-pXG1 c.12pCGl cells) or EKLF as a control (FDCW2ER-pXG1 ¢.12pCEKLEF cells).

Derived FDCW2ER372 cells were maintained in IL-3 and
then transfected with pPXMGATA-1 and pEFNeoGATA-1 ex-
pression vectors. Derived FDCW2ER372-pXG1-pEG1 cells
then were subdivided and were maintained in either IL-3
(WEHI-3 CM) or Epo. At defined intervals, RNA from par-
allel cultures was isolated and levels of GATA-1 and B™¥-
globin transcripts were assayed. Exposure of FDCW2ER372-
pXG1-pEGI cells to Epo led to the expression of B™-globin
transcripts at markedly higher levels (Fig. 9). Importantly, no
such effect was observed in control FDCW2ER372 cells main-
tained in Epo at high concentrations for up to 1 year (34a).
These findings provide novel evidence that Epo-specific signals
can markedly enhance the GATA-1-dependent activation of
B™-globin transcript expression.

GATA-1 expression in FDCW2ER-pXGl1 cells activates en-
dogenous c-mpl gene expression. Recently, roles for GATA-1
also have been described during megakaryopoiesis (52).
Whether GATA-1 expression in FDCW2ER-pXG1 cells might
activate c-mpl expression therefore was assessed. Unlike the
endogenous Epo receptor gene, which remained transcription-
ally silent (see above), c-mpl gene expression was induced in
FDCW?2ER cells expressing GATA-1 from pXM vectors (Fig.
10). Thus, in this model, distinct sets of trans-acting factors
regulate Epo versus Tpo receptor gene activation.

DISCUSSION

Evidence for GATA-1 autoregulation and hierarchical func-
tion during erythroid cell development. Two aspects of the
present study of GATA-1-dependent activation of erythroid
gene expression in myeloid FDCW2ER cells merit discussion:
(i) mechanisms that underlie the ability of GATA-1 to pro-
mote de novo expression of endogenous GATA-1, EKLF,
B™¥-globin, and efs-1 genes and (ii) the extent to which this
activation of erythroid gene expression might involve Epo-
signaled events. With regard to this observed autoregulation of
GATA-1 gene expression, this represents a novel finding in
nontransformed cells that extends previous studies of the iso-
lated GATA-1 promoter (34, 44). In murine and human
GATA-1 promoters (23), paired GATA elements occur 760 to
665 bp upstream of transcriptional start sites that are impor-
tant for transcription in erythroid FMEL cells (23). In chicken,
GATA clements at 425, 150 and 125 bp upstream likewise
contribute to GATA-1 gene transcription, together with
CACC and Ets binding elements (7). Therefore, autoactivation
has been proposed, and this was investigated previously in
several cell lines. In FDC-P2 cells, GATA-1 gene transcription
is stimulated upon the expression of a Gag-Myb-Ets fusion
protein (1). Endogenous Epo receptor and B™#¥-globin gene
transcription also was enhanced. GATA-1 was suggested to
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FIG. 7. Activation of erythroid gene expression in FDCW2ER-pXG1 cells.
In polyclonal FDCW2ER-pXG1 cells (lane 3), the derived clonal subline c.12
(lane 4), c.12 cells transfected with a pCG1 expression vector (to reinforce
GATA-1 expression) (lane 5), and this c.12 subline transfected with a pCEKLF
expression vector (lane 6), levels of expression of the following transcripts were
assayed by Northern blotting of polyadenylated RNA: GATA-1, EKLF, gm¥-
globin, FOG, Mac 1, ets-1, Epo receptor, and GAPDH. Polyadenylated RNA
from parental FDCW2 and FDCW2ER cells served as negative controls (lanes
1 and 2), while RNA from SKT6 cells served as a positive control (lane 7). In
hybridizations, a single blot was probed sequentially and equivalence in loading
was confirmed by hybridization to a GAPDH probe.

mediate these effects, yet this was not tested directly and v-myb
repression of c-myb expression also was implicated as a mech-
anism (1). In myeloid 416B cells, endogenous GATA-1 gene
expression is promoted upon the expression of exogenous
GATA-1 truncation mutants (including a minimal C-terminal
zinc finger construct) (47). These C-terminal constructs might
act through positive cofactors or via competition with negative
regulators. A complicating result in this system, however, is the
apparent inability of wt GATA-1 to promote any such in-
creases in endogenous GATA-1 gene transcription (48). Con-
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FIG. 8. Levels of GATA-1 and EKLF transcript expression among
FDCW2ER-pXG1 sublines. Clonal sublines of FDCW2ER-pXGl1 cells were
isolated by dilution (clones c.1, ¢.8, ¢.9, c.11, c.12, c.7, and c.6 representative of
12 clones analyzed [Table 2]) and levels of GATA-1 and EKLF transcript
expression were assayed by Northern blotting of total RNA. FDCW2 and
FDCW2ER cells were analyzed as negative controls, while erythroleukemic
SKT6 cells were used as a positive control for erythroid gene expression. Hy-
bridizations were performed sequentially with a single blot, and equivalence in
loading was confirmed by hybridization to a GAPDH probe.

sistent with a recently described dominant role for GATA-1 in
megakaryopoiesis (37), acetylcholine esterase expression and
increases in ploidy were induced by various forms of exogenous
GATA-1. B™¥-globin transcripts (and GATA-1) also were ex-
pressed in parental 416B cells, yet no increases in globin tran-
scripts were observed upon exogenous GATA-1 expression
(48). Finally, promyeloblasts from E26 virus-infected chickens
have proven useful in studies of GATA-1 action (16), and
exogenous GATA-1 has been shown to promote endogenous
GATA-1 gene expression and eosinophilic and thrombocytic
events in HD50 cell lines. Also, upon inactivation of v-ets
within an E26 Gag-Myb-Ets protein and exposure to anemic
serum, B™*-globin gene expression and erythroblastic differ-

TABLE 2. Levels of expression of GATA-1, EKLF, and B™%-globin
gene transcripts among clonal sublines of FDCW2ER-pXG1 cells

Expression of:

FDCW2ER-pXGl1

clone no. Exogenous  Endogenous  Endogenous  Endogenous
GATA-1 GATA-1 EKLF B™A-globin
1 ++ ++ ++ ++
2 ++ ++ +++ ++
3 — — — —
4 ++ ++ ++ ++
3 — — — —
6 — — — —
7 +++ +++ +++ ++
8 + + - -
9 ++ +++ +++ ++
10 + + - —
11 - - — —
12 +++ +++ +++ +++
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FIG. 9. Epo-enhanced activation of B™-globin gene expression in
FDCW2ER372-pXG1-pEGI cells. FDCW2ER372-pXG1-pEG1 cells expressing
the minimal Epo receptor form ER372 and increased levels of GATA-1 were
prepared via stable electrotransfection and maintained in IL-3. Cultures then
were subdivided and maintained in parallel in either IL-3 (as WEHI-3 CM) or
Epo (25 U/ml). At the indicated intervals of culture (weeks 1, 2, 3, and 4), total
RNA was isolated and levels of GATA-1, EKLF and B™¥-globin transcripts were
analyzed by Northern blotting. As negative and positive controls, RNA from
parental FDCW2ER372 and erythroleukemic SKT6 cells were used, respec-
tively. Hybridizations were performed sequentially with a single blot, and equiv-
alence in loading was confirmed by hybridization to a GAPDH probe.

entiation was induced. Thus, evidence for GATA-1 autoacti-
vation (and a dominant role in erythroid lineage specification)
is suggested, yet the results are complicated by Gag-Myb-Ets-
dependent potentiation of erythroid gene expression and by
inhibitory effects of v-ets on erythropoiesis in this avian model.
In the present investigation, the use of FDCW?2 cells for stud-
ies of GATA-1 action was advantageous in two ways. As a
definitive myeloid progenitor cell line, the FDCW?2 cell line
provides an essentially null background for studies of GATA-1
function, and Epo receptor expression could be reconstituted
in the absence of any detectable lineage conversion effects.
Thus, opportunities were provided to investigate possible
GATA-1 autoactivation and hierarchical effects on erythroid
lineage specification in a nontransformed, Epo-responsive
model. With regard to GATA-1 gene expression, these studies
provide the first demonstration of autoregulation in a system
that is not complicated by Gag-Myb-Ets transformation or by
the prior expression of endogenous GATA-1 at detectable
levels. With regard to possible hierarchical roles for GATA-1
in erythroid gene activation, GATA-1 first was proposed to
activate the expression of EKLF, a factor that is essential for
the efficient transcription of the endogenous B™#-globin gene
(27). This is based on the occurrence of an activatable GATA
element in the EKLF gene promoter (4) and upon the closely
timed expression of GATA-1 and EKLF during embryogenesis
(39). In clonal lines of FDCW2ER-pXG1 cells, GATA-1 ex-
pression at elevated levels was associated with increased en-
dogenous EKLF gene transcription. While this observation
does not provide direct evidence for frans activation by
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GATA-1, it is consistent with such a mechanism and does
establish a hierarchy. In FDCW2ER-pXG1 sublines in which
EKLF expression was induced, endogenous B™#-globin gene
transcription also was activated. Since disruption of EKLF
gene expression inhibits ™#-globin expression (27) and since
EKLF binding at the murine B™%-globin promoter is required
for efficient transcription (2), the question whether EKLF per
se might activate B™¥-globin gene transcription is raised. In
FDCW2ER-pCEKLF cells, however, expression of EKLF in
the absence of GATA-1 failed to detectably stimulate this
event.

In FDCW2ER-pXGl1 cells, GATA-1 expression also pro-
moted increases in FOG transcript levels and induced ets-/
gene expression. FOG also was expressed in parental myeloid
FDCW?2 and FDCW2ER cells at basal levels in the apparent
absence of GATA-1. Thus, FOG might contribute to GATA-1
gene autoregulation (and possibly to the GATA-1-dependent
increase in FOG gene expression). For ets-1, the observed
GATA-1-dependent activation of transcript expression is of
interest in two contexts. First, this effect might be interpreted
to contradict the results of studies with chicken HD50 myelo-
blasts in which the inactivation of Ets expression was suggested
to be required for erythroblastic differentiation (16). In HD50
cells, however, this refers to v-Ets. Second, c-Etsl1 activates the
transcription of GATA-1 (35) and transferrin receptor (38)
gene promoters. Consistent with these reports, GATA-1-de-
pendent expression of ets-1 in FDCW2ER-pXG1 cells suggests
that c-Ets1 does not interfere with erythroid cell programming
but may positively affect this event.

Possible roles for Epo during GATA-1-directed erythroid
cell differentiation. The present studies with FDCW2ER-G1
cells also raise the possibility that Epo-mediated events con-
tribute to GATA-1-induced erythroid gene expression. One
novel finding is that the expression of GATA-1 in FDCW2ER-
pMG1 and FDCW2CR-pCGl cells prolongs the cell cycle G,
phase specifically during Epo-stimulated mitogenesis. In IL-3-
dependent BaF/3 cells ectopically expressing the wt Epo re-
ceptor, a similar cell cycle delay has been observed and was
suggested to be important for Epo-induced increases in B™#-
globin transcript expression (15). Interestingly, while originally
described as a pro-B cell line (26), BaF/3 cells since have been
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FIG. 10. GATA-1 expression in FDCW2ER-pXG1 cells induces c-mpl gene
expression. Polyadenylated RNA was isolated from parental FDCW2 and
FDCW2ER cells and from polyclonal FDCW2ER-pXGl cells, a derived clonal
subline, c.12, c.12 cells transfected with a pCG1 expression vector (to reinforce
GATA-1 expression), and this ¢.12 subline transfected with a pCEKLF expres-
sion vector. The blots were hybridized to 3?P-labeled cDNA probes for murine
c-mpl and GAPDH.
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FIG. 11. De novo gene activation events induced by GATA-1 in FDCW2ER-pXG1 cells. Solid lines indicate pathways suggested to depend directly upon GATA-1
and EKLF frans-activation events, while broken lines depict proposed indirect events.

shown to express at least certain erythroid genes including
GATA-1. In erythroleukemic cell lines (K562, HEL, and TF,),
aphidicolin-induced interruption of G;-to-S progression like-
wise activates globin gene expression (22). Molecular mecha-
nisms that might link this G, phase effect to the onset of
erythroid cell differentiation events are unresolved. Nonethe-
less, in FDCW2ER-pMG1 and FDCW2ER-pCGl1 cells, selec-
tive effects of GATA-1 on Epo-dependent cell cycle progres-
sion suggest that such specific mechanisms normally are
exerted. In FDCW2ER-pXG1-pEG1 cells, exposure to Epo
(with respect to IL-3 as a control) also was shown to enhance
the GATA-1-dependent activation of B™*-globin gene expres-
sion. Epo receptor signaling is essential for development be-
yond the CFU-e stage (51). However, whether Epo exerts
effects on erythrocyte differentiation is also unresolved. In the
context of globin expression, the effects of Epo on ™-globin
gene transcript accumulation detected in this study argue that
at least certain differences exist within Epo and IL-3 signaling
pathways and that Epo-specific signals can promote select late
erythroid events.

The present studies of GATA-1 action in FDCW2ER-pXG1
cells provide novel evidence for GATA-1 autoregulation and
for hierarchical roles in activating endogenous EKLF, efs-1,
and B™¥-globin gene expression. Also defined are an ability of
GATA-1 to prolong the cell cycle G, phase during Epo-stim-
ulated mitogenesis, an apparent role for Epo in promoting
GATAIl-dependent B™¥-globin gene expression, and a possi-
ble requirement for additional frans-acting factors during Epo
receptor gene transcription (Fig. 11). In future studies, this
FDCW2ER-pXG1 cell model should prove useful in further
defining factors that regulate GATA-1, FOG, and EKLF gene
expression, and unique opportunities are provided to directly
test whether (and mechanistically how) Epo might modulate
GATA-1 effects on progenitor cell growth, survival, and/or
differentiation.
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