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Abstract Introduction

We have explored the expression of the transcription factors
GATA-1, GATA-2, and NF-E2 in purified early hematopoi-
etic progenitor cells (HPCs) induced to gradual unilineage
erythroid or granulocytic differentiation by growth factor
stimulus. GATA-2 mRNA and protein, already expressed
in quiescent HPCs, is rapidly induced as early as 3 h after
growth factor stimulus, but then declines in advanced ery-
throid and granulocytic differentiation and maturation. NF-
E2 and GATA-1 mRNAs and proteins, though not detected
in quiescent HPCs, are gradually induced at 24-48 h in
both erythroid and granulocytic culture. Beginning at late
differentiation/early maturation stage, both transcription
factors are further accumulated in the erythroid pathway,
whereas they are suppressed in the granulopoietic series.
Similarly, the erythropoietin receptor (EpR) is induced and
sustainedly expressed during erythroid differentiation, al-
though beginning at later times (i.e., day 5), whereas it is
barely expressed in the granulopoietic pathway. In the first
series of functional studies, HPCs were treated with anti-
sense oligomers targeted to transcription factor mRNA: in-
hibition of GATA-2 expression caused a decreased number
of both erythroid and granulocyte-monocytic clones,
whereas inhibition ofNF-E2 or GATA-1 expression induced
a selective impairment of erythroid colony formation. In a

second series of functional studies, HPCs treated with reti-
noic acid were induced to shift from erythroid to granulo-
cytic differentiation (Labbaye et al. 1994. Blood. 83:651-
656); this was coupled with abrogation of GATA-1, NF-
E2, and EpR expression and conversely enhanced GATA-2
levels. These results indicate the expression and key role of
GATA-2 in the early stages ofHPC proliferation/differenti-
ation. Conversely, NF-E2 and GATA-1 expression and func-
tion are apparently restricted to erythroid differentiation
and maturation: their expression precedes that of the EpR,
and their function may be in part mediated via the EpR.
(J. Clin. Invest. 1995. 95:2346-2358.) Key words: hemato-
poiesis * transcription factor * progenitor cell
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Hematopoiesis is sustained by a pool of hematopoietic stem
cells (HSCs) l that can extensively self-renew and differentiate
into progenitor cells (HPCs) (1). HPCs are committed to a
specific lineage(s) and are functionally defined as colony- or
burst-forming units (CFUs, BFUs): i.e., HPCs of the erythroid
series (BFU-E, CFU-E), the megakaryocytic lineage (BFU-
MK, CFU-MK), the granulocyte-monocytic series (CFU-GM)
and multipotent CFUs for the GM, erythroid, and megakaryo-
cytic lineages (CFU-GEMM). HPCs in turn differentiate into
morphologically recognizable precursors that mature to terminal
elements circulating in peripheral blood.

Hematopoiesis is at least in part regulated by hematopoietic
growth factors termed colony-stimulating factors (CSFs) or in-
terleukins (ILs) (2). These factors exert a multi- or unilineage
stimulus; particularly, IL-3 and GM-CSF induce differentiation
of pluripotent (CFU-GEMM), early E (BFU-E), and GM
(CFU-GM) progenitors, whereas erythropoietin (Ep), G-CSF,
and M-CSF specifically trigger differentiation of late erythroid
(CFU-E), granulocytic (CFU-G), and monocytic (CFU-M)
progenitors, respectively.

Coordinated expression of lineage-specific genes in devel-
oping hematopoietic cells is likely to be mediated in part by
the programed activation/suppression and microenvironment-
directed expression of tissue- and stage-specific transcription
factors. In this context, of prime transactivators are GATA-1,
GATA-2, and NF-E2.

GATA- 1, a 50-kD zinc finger protein, is expressed in mature
erythroid cells, megakaryocytes, and mast cells (3-5), as well
as in testis (6). GATA-1 regulates erythroid-expressed genes
through core GATA motifs (5) and is required for normal ery-
throid development, as revealed by gene targeting in embryonic
stem cells (7). Two mechanisms dependent on GATA-1 favor
maturation of erythroid precursors: the GATA-1 gene is auto-

regulated through an upstream GATA element (8), and GATA-
1 positively regulates the Ep receptor (EpR) promoter (9) and
hence may forestall apoptosis due to Ep starvation (10).

GATA-1 expression has been evaluated in highly purified,
early HPCs undergoing differentiation along the erythroid or

granulocytic pathway ( 11). The GATA-1 gene, though barely
expressed in quiescent HPCs, is activated after entrance into

the cell cycle upon hematopoietic growth factor stimulus. Sub-
sequently, increasing expression along the erythroid pathway

1. Abbreviations used in this paper: BFU, burst-forming unit; CSF,
colony-stimulating factor; E, erythroid; Ep, erythropoietin, EpR, eryth-
ropoietin receptor; GM, granulocyte-monocytic; IMDM, Iscove's mod-
ified Dulbecco's medium; HPC, hematopoietic progenitor cell; HSC,
hematopoietic stem cell; MK, megakaryocytic; RA, retinoic acid; RT-

PCR, reverse transcriptase PCR.
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contrasts with down-regulation in the granulocytic lineage ( 11).
Recently, we have shown that retinoic acid (RA) induces HPCs
to shift from the erythroid to the granulocytic differentiation
pathway: this is coupled with and possibly mediated by suppres-
sion of GATA-1 expression (12).

GATA-2, a zinc finger protein binding GATA motifs (5),
is expressed in both hematopoietic cells and other cell types
(endothelial cells, fibroblasts, embryonic brain cells, and liver
cells) (5, 13, 14). GATA-1 and -2 are coexpressed in mature
mast and megakaryocytic cells (3, 4), whereas maturing ery-
throid cells contain abundant GATA-1 but little GATA-2 (11,
15). HPC-enriched populations express GATA-2 (15, 16).

The NF-E2 tissue-specific component (p45 NF-E2) is a
basic region leucine zipper protein that dimerizes with a ubiqui-
tous partner to form native NF-E2 (17). NF-E2 binds AP-1-

like recognition sites ( 17), which are required for in vivo activ-
ity of the locus-activating regions controlling expression of a-
and ,/-globin genes in developing erythroid cells (18), as well
as for the promoter function of the erythroid-expressed porpho-
bilinogen deaminase (19) and ferrochelatase genes (20).

We have investigated the expression and functional roles of
GATA-1, GATA-2, and NF-E2 in purified human HPCs in-
duced to unilineage erythroid or granulocytic differentiation.
Their expression pattern was monitored at both the mRNA and
protein levels by reverse transcriptase PCR (RT-PCR) and im-
munofluorescence, respectively. Their functional role was ex-
plored by two complementary approaches: HPC treatment with
either antisense oligomer to knock out the transcription factor
mRNA, or RA to induce a shift from erythroid to granulopoietic
differentiation.

Methods

Hematopoietic growth factors, chemical inducer,
and cell medium
Recombinant human IL-3 and GM-CSF (1.7 to 2.5 X 107 U/mg) were
supplied by Genetics Institute (Cambridge, MA), recombinant human
Ep and c-kit ligand (KL) was from Amgen (Thousand Oaks, CA) and
Immunex (Seattle, WA). G-CSF was obtained from R & D System,
Inc. (Minneapolis, MN). All trans-RA was purchased from Sigma
Chemical Co. (St. Louis, MO). Iscove's modified Dulbecco's medium
(IMDM; Gibco Laboratories, Grand Island, NY) was freshly prepared
weekly.

Adult peripheral blood
Adult peripheral blood was obtained from 20-40-yr-old healthy male
donors after informed consent. 450 ml± 10% of the blood was collected
in preservative-free CPDA-1 anticoagulant (citrate-phosphate-dex-
trose-adenine). A buffy coat was obtained by centrifugation (J6M/E;
Beckman Instrs., Fullerton, CA) at 1,400 rpm for 20 min at room
temperature.

HPC purification
Adult peripheral blood HPCs were purified according to a slight modifi-
cation (12, 21, 22) of the method previously reported (23). Briefly, the
purification steps were as follows: (IA) peripheral blood samples were
separated over a Ficoll-Hypaque density gradient (d, 1.077); (Phar-
macia Fine Chemicals, Piscataway, NJ). (IB) PBMCs resuspended in
IMDM containing 20% heat-inactivated FCS (Gibco Laboratories) were
treated with three cycles of plastic adherence. (H) Cells were separated
by centrifugation on a discontinuous Percoll (Biochrom KG, Berlin,
Germany), four-step gradient (d, 1.052, 1.056, 1.060, 1.065). Step III
purification was potentiated (IIP) as follows: low density cells (1.052

and 1.056 fractions) were collected and incubated with appropriate
amounts of a cocktail ofmAbs to T, B, and NK lymphocytes, monocytes,
and granulocytes, as described (23), supplemented with three other
mAbs (anti-CD45, -CDl la, and -CD71, Becton Dickinson, Mountain
View, CA), which improve HPC recovery and purity (12, 21). Cells
were then incubated with immunomagnetic monodisperse microspheres
coated with sheep antibody to mouse Ig (Dynabeads M450, Dynal,
Oslo, Norway) and separated with a magnet.

HPC clonogenetic assay
Purified HPCs were seeded (1-1.5 x 102 cells per ml per dish, two or

three plates per point) and cultured in 0.9% methylcellulose, 40% FCS
in IMDM supplemented with a-thioglycerol ( l0-4 M) (Sigma Chemical
Co.), and different growth factors, as will be detailed, at 370C in a 5%

C02/5% 02/90% N2 humidified atmosphere. In FCS- cultures, FCS
was substituted by (24) BSA (10 mg/ml), pure human transferrin (1
mg/ml), human LDLs (40 jig/ml), insulin (10 jg/ml), sodium py-
ruvate (l0-4 mol/liter), L-glutamine (2 x 10-3 mol/liter), rare inor-
ganic elements (25) supplemented with iron sulphate (4 X 108 mol/
1), and nucleosides (10 jig/ml each). Both FCS+ and FCS- cultures
were supplemented with KL (10 ng/ml), LL-3 (100 U), GM-CSF (10
ng), and Ep (3 U). CFU-GEMM, BFU-E, and CFU-GM colonies were

scored on day 14 or days 16-18 in FCS + or FCS - culture, respectively.

HPC liquid suspension culture

Step-IIP HPCs were grown in liquid suspension culture (5 x 104 cells
per ml of FCS- medium; see previous section) supplemented with
hematopoietic growth factors (i.e., in granulocytic differentiation cul-
ture, low doses of IL-3 [1 U/ml], GM-CSF [0.1 ng/ml], and plateau
level of G-CSF [500 U/ml]; in erythroid differentiation culture, very
low doses of IL-3 [0.01 U/ml] and GM-CSF [0.001 ng/ml] and plateau
level of Ep [3 U/ml]). Cultures were incubated in a fully humidified
atmosphere of 5% C02/5% 02/90% N2 and were periodically counted,
harvested, and analyzed for cell morphology and gene expression. (See
reference 11 for details.)

Morphology analysis
Cells were harvested on different days, smeared on glass slides by
cytospin centrifugation, and stained with May-Grunwald Giemsa.

RT-PCR analysis
Total RNA, extracted by the guanidinium isothiocyanate/CsCl method
(26) from the same number of cells in the presence of 12 ,ug of Esche-
richia coli rRNA carrier, was quantitated by dot hybridization with a

human rRNA probe (11). After densitometric analysis, the normalized
amount of RNA was reverse transcribed by Moloney murine leukemia
virus reverse transcriptase (GIBCO BRL, Gaithersburg, MD) with oli-
go(dT) as primer. The RT-PCR was normalized for,/2-microglobulin
(12): amplification within the linear range was achieved by 20 PCR
cycles (denaturation at 95°C for 30 s, annealing at 54°C for 30 s, and
extension at 72°C for 45 s).

To evaluate the expression of the GATA-1, GATA-2, NF-E2, and
EpR genes, an aliquot of RT-RNA (- 20 ng) was amplified within the
linear range by 30 PCR cycles (i.e., the cycle number allowed a linear
cDNA dose response). Each sample was electrophoresed in a 2% agarose
gel, transferred to a nitrocellulose filter, and hybridized with an internal
oligomer probe. An aliquot of RT-RNA (- 20 ng) from each sample
and a mock reaction (negative controls) were amplified to exclude the
presence of contaminant DNA. The sequences of primers and probes and
the PCR conditions are as follows. Primers included 5 '-TTAGCCACC-
TCATGCCTT-3' and 5 '-GAGACTTGGGTTGTCCAG-3' for GATA-l
(12); 5 '-TCCAGCTTCACCCCTAAGCAG-3' and 5 '-GCATGCACT-
TTGACAGC`TCC-3' for GATA-2 (14); 5'-ATGTCCATCACCGAG-
CTG-3' and 5'-CAATGTCCAGGAGGGCTA-3' for NF-E2 (27);
5 '-GT-ATCATGGACCACCTCG-3' and 5 '-CGGATGTGAGACGTC-
ATG-3' for EpR (28). Internal probes included 5 '-TACTGTGGTGGC-
TCCGCTCAGCTCATGAGGCACAGAGCA-3' for GATA-1; 5 '-AAG-
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Figure 1. (A) Cell number, percentage of CD34' cells, HPC frequency, and recovery in the step HIP purification procedure (meantSEM values

from six separate experiments). (Left) Cell number was evaluated at different steps of purification, including Ficoll cut (step I), Percoll gradient
(step II), and three sequential passages on magnetic beads (step HP). (Right) The percentage of CD34+ cells in step-Il cells was evaluated by
flow cytometry. Step-HIP HPC (CFU-GEMM + BFU-E + CFU-GM) frequency and recovery were evaluated by clonogenetic assays in FCS +

conditions upon addition of saturating KL/IL-3/GM-CSF/Ep dosages. HPC recovery is expressed as a percentage of progenitor cells present after

step HIP as compared with their number in PBMCs (step I). (B) (Left) Gradual decline of CD34+ cells and appearance of lineage-specific markers

(glycophorin A for the erythroid lineage and CDllb for the granulocytic series) on purified HPCs grown in erythroid (E, top) or granulocytic (G,
bottom) liquid phase culture system. (Right) Morphologic analysis of cells differentiating in erythroid (top) or granulopoietic (bottom) culture at

the indicated days. A representative experiment is shown.
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erythroid (E, top) or granulopoietic (G, bottom) differentiation in liquid culture and analyzed at

different culture times. f32-microglobulin (f32m) was the internal control. The K562 cell line was used
as a positive control. Representative results from three independent experiments are shown.
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AGCCGGCACCTGTJ7CAAATTGTCAGACG-3' for GATA-2; 5'-
CAATCCACCCAGATTCTGGCTTCCCAC-3A ' for NF-E2; 5 '-AAC-
TACAGC1TTCTCTACCAGCTTCGAGGAT-3' for EpR. PCR condi-
tions were 950C/30 s, 520C/30 s, 720C/45 s for GATA-1; 950C/30 s,
580C/30 s, 720C/45 s for GATA-2; 950C/30 s, 560C/30 s, 720C/45 s

for NF-E2; 95°C/30 s, 58°C/30 s, 72°C/45 s for EpR. In control experi-
ments, serial dilutions of samples were amplified; the dose-response
curves showed linearity for all points (see Results). Relative intensities
of bands were quantified by scanning with a laser densitometer (Phos-
phorlmager; Molecular Dynamics, Inc., Sunnyvale, CA).

Immunofluorescence analysis
The anti-GATA-l mAb and polyclonal rabbit anti-human NF-E2 and
GATA-2 antibodies were kindly provided by S. H. Orkin (Harvard Medi-
cal School, Boston, MA).

The cells were smeared on glass slides by cytospin centrifugation and
then fixed for 5 min at room temperature with absolute methanol and for
2 min at -20°C with acetone. After rehydration in PBS, the cells were
incubated for 30 min at 370C with a 1:100 dilution of anti-human GATA-
1 mAb and a 1:80 dilution of polyclonal anti-human NF-E2 and GATA-
2 antibodies. After extensive washing in PBS, the cells were then incu-
bated for 30 min at room temperature with a 1:50 dilution of affinity-
purified FITC-labeled sheep anti-mouse Igs. The slides were then exten-

sively washed in PBS, mounted in PBS/glycerol, and observed under an
epifluorescence microscope (Axiophot; Zeiss, Jena, Germany), using a
x63 objective. Cells were photographed using a 400 ASA black and
white film (TMAX; Eastman Kodak Co., Rochester, NY).

HPC oligomer treatment and clonogenetic assay
Antisense oligonucleotides. Phosphorothioate oligodeoxynucleotides
were designed against the translational start region of the respective genes.

Figure 3. (A) Percentage of GATA-2 +, NF-E2 +, and GATA-l + cells as
determined by indirect immunofluorescence labeling and inspection of
2 500 cells. Mean±SEM values from three to five separate experiments.
(B-D) Immunofluorescence labeling with anti-GATA-2 (B), anti-NF-
E2 (C) and anti-GATA-1 (D) antibodies of HPCs differentiating in

erythroid (E) or granulopoietic (G) culture. (D) An exceptional megakar-
yocyte is present in day 12 erythroid culture. Fluorescent cells were exam-
ined under an Axiophot Zeiss microscope at x630. Representative results
from three to five independent experiment are shown.

The scrambled sequence was derived by randomizing the antisense se-

quence. The sequences are as follows: GATA-1 antisense (a-GATA-l),
5'-GAACTCCATGGAGCCTCT-3' (29); a-GATA-l scrambled, 5'-
CCTGACTGTGCACCGAAT-3'; a-GATA-2, 5 '-CAGCACGGCCGG-
GTGCGC-3' (14); a-GATA-2 scrambled, 5'-GCACAGCGCCCGTGG-
CGG-3'; a-NF-E2, 5 '-GCAGCTCGGTGATGGACA-3' (26); a-NF-E2
scrambled, 5 '-GGAGAGCTTCACAGCGTG-3'.

Oligomer treatment. Step-KP cells were diluted in FCS - medium
(5 x 103 cells per ml; medium composition as previously detailed)
supplemented with hematopoietic growth factors (IL-3/GM-CSF/Ep;
see clonogenetic assay previously described), in the presence or absence
of antisense or randomly scrambled phosphorothioate oligomers at ap-
propriate concentrations (25, 50, and 100 4g/ml) and incubated over-

night. Cells were then plated in clonogenetic culture in triplicate dishes
(see previous section). (See references 30 and 31 for more details.)

Oligomer uptake. Fluoresceinated oligomers were obtained from
National Biosciences (Plymouth, MN). 5 x 103 step-HIP HPCs were
treated with 100 yg/ml scrambled or antisense oligomers overnight in

FCS - culture with standard hematopoietic growth factors (1L3/GM-
CSF/Ep; see clonogenetic assay previously described). Cells were

washed and analyzed by fluorescence-activated cell sorter.

Results

HPC purification and differentiation. HPPCs were stringently
purified from normal adult peripheral blood using a procedure
(23) recently modified by a potentiated negative selection (step
HIP) to improve HPC recovery up to'- 50% (12, 21; see also

Fig. 1 A): in six separate purification experiments, the frequency
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of step-HIIP HPCs (CFU-GEMM + BFU-E + CFU-GM) was
8 1.0±2.0 in FCS + clonogenetic culture (Fig. 1 A), with similar
results in FCS - assay (data not shown).

The purified HPCs, triggered into cycling by hematopoietic
growth factors in FCS - liquid suspension culture, undergo ex-
tensive proliferation coupled with a wave of gradual differentia-
tion (see reference 11), which takes place selectively along the
erythroid pathway (upon addition of very low IL-3 and GM-
CSF dosages combined with a saturating amount of Ep) or the
granulopoietic pathway (upon treatment with small amounts of
IL-3 and GM-CSF combined with saturating dosage of G-CSF)
(representative results in Fig. 1 B; see also reference 11). In
the first week of culture, the HPCs showed high proliferative
activity, as indicated by the cell growth curve (see also reference
11). This level of activity was associated with their progressive
differentiation, as shown by the gradual decrease in CD34 ex-
pression, blast number (Fig. 1 B), and size of generated colonies
(see reference 11). In the second week of culture, we observed
the progressive expression of specific markers for differentiated
erythroid or granulopoietic precursors (e.g., glycophorin A and
CD1 lb, respectively) and the converse decline in the frequency
of CD34+ cells to undetectable levels (Fig. 1 B, left panels).
Cell morphology analysis showed a gradual wave of maturation
along the erythroid or granulopoietic pathway to terminal cells,
i.e., > 97% mature erythroid cells with > 60% normoblasts in
the erythroid culture and 98% mature granulocytic cells (> 60%
neutrophilic granulocytes) in the granulopoietic system at day
17 (Fig. 1 B, right panels). Contaminating monocytic cells
were routinely < 5% (Fig. 1 B and data not shown).

RT-PCR assay of GATA-2, NF-E2, GATA-J, and EpR
mRNAs in differentiating step-HIP HPCs. We have performed
three independent experiments to evaluate the expression of
GATA-2, NF-E2, GATA-1, and EpR mRNAs by RT-PCR in
HPCs differentiating along the erythroid or granulopoietic path-
way (representative results are shown in Fig. 2, A-C). A series
of controls ensured a semiquantitative evaluation of mRNA
levels (see Methods), including dose-response curves for the
assayed templates (Fig. 2 A).

GATA-2 mRNA, already expressed in the purified quiescent
HPCs, was induced as early as 3 h after growth factor stimulus
in both culture systems, peaked at days 1-5, and then gradually
declined in advanced erythroid and granulocytic differentiation
and maturation (Fig. 2, B and C). NF-E2 and GATA-1 mRNAs,
though barely or not detected in quiescent HPCs, were gradually
induced at 24 h in both erythroid and granulopoietic cultures:

starting with the late differentiation/early maturation stage, both
transcription factors were sustainedly expressed in the erythroid
pathway, whereas they were progressively suppressed in the
granulopoietic series (Fig. 2, B and C). EpR mRNA, which

Table 1. Inhibition ofBFU-E and CFU-GM Colony Formation by
Graded Amounts ofAntisense Oligomers to GATA-2 (a-GATA-2),
NF-E2 (at-NF-E2), and GATA-1 (a-GATA-J)

IL-3 +

IL-3 + GM-CF + Ep GM-CSF

HGF stimulus* BFU-E CFU-GM CFU-GM
colonies/ colonies/ colonies/

Colony type 200 cellst 200 cells 200 cells

Control 81.0±3.1 15.7±2.6 19.3±2.0
Scrambled a-GATA-2 (25 sg) 77.0±3.0 18.7±1.2 21.0±3.6
Scrambled a-GATA-2 (50 ,g) 77.7±3.2 15.7±2.6 20.3±1.4
Scrambled a-GATA-2 (100 Ag) 74.7±4.6 15.8±1.4 20.3±1.4
a-GATA-2 (25 Mg) 70.0±1.5 16.0±2.5 19.7±2.6
a-GATA-2 (50 ug) 60.3±2.9' 14.3±2.7 16.0±2.1
a-GATA-2 (100 Mg) 49.0±3.111 11.4±0.7' 14.3±1.5'

Control 75.0±4.6 10.7±1.3 16.7±1.8

Scrambled a-NF-E2 (25 Mg) 73.7±5.0 8.3±0.7 16.3±2.9
Scrambled a-NF-E2 (50 Mg) 74.0±2.5 9.0±1.0 14.2± 1.2
Scrambled a-NF-E2 (100 Mg) 75.0±2.6 9.7_1.2 15.0±0.6
a-NF-E2 (26 Mg) 70.7±5.3 9.3± 1.0 14.0±3.8
a-NF-E2 (50 Mg) 56.7±2.711 8.7±0.9 14.5±1.5

a-NF-E2 (100 Mg) 40.7±2.011 9.7±0.9 16.0±2.1

Control 81.0±3.1 15.7±2.6 19.3±2.0
Scrambled a-GATA-2 (25 Mg) 81.7±2.4 14.7±1.8 21.3±4.3

Scrambled a-GATA-2 (50 Mg) 83.3±6.9 13.0± 1.5 19.3±0.9
Scrambled a-GATA-2 (100 Mg) 83.7±3.2 16.3±0.9 18.7±2.9

a-GATA-1 (25 Ag) 76.3±4.4 15.0±1.7 19.0±1.5
a-GATA-1 (50 Mg) 63.0±1.2' 14.3±2.2 18.3±2.2
a-GATA-1 (100 Mg) 46.3±3.711 15.0±1.5 18.0±2.3

* Upon optimal hematopoietic growth factor (HGF) stimulus (KIJLL-3/GM-CSF/
Ep), the cloning efficiency was 76% (a-NF-E2 experiment) and 83% (a-GATA-
2, a-GATA-1 experiment) (see Methods). $ Comprising a few CFU-GEMM
colonies. I P < 0.05 when compared with corresponding scrambled group. 11 P

< 0.01 when compared with corresponding scrambled group.

was barely expressed in quiescent HPCs, was slowly induced
in the erythropoietic pathway starting at day 5, whereas it was
barely or not expressed in the early or late stages of the granulo-
poietic pathway, respectively (Fig. 2 B).

Expression of GATA-2, NF-E2, and GATA-1 proteins in

differentiating HPCs as revealed by immunofluorescence analy-
sis. In parallel, we monitored by indirect immunofluorescence
the kinetics of GATA-2, NF-E2, and GATA-1 proteins in differ-
entiating HPCs (Fig. 3, A-D). A significant proportion of qui-
escent HPCs displayed nuclear reactivity with anti-GATA-2
antibody; this reactivity apparently increased at day 1 in both
erythroid and granulocytic differentiation systems but then pro-
gressively declined in the more advanced stages of differentia-
tion/maturation (Fig. 3, A and B). In contrast, NF-E2 and

Figure 4. (A) Inhibition of BFU-E and CFU-GM colony formation upon treatment with an optimal concentration (100 jig/ml) of antisense oligomer
to GATA-2 (a-GATA-2), NF-E2 (a-NF-E2), and GATA-1 (a-GATA-1). (Top inserts) RT-PCR control of GATA-2, NF-E2, and GATA-1 mRNA
expression: the decrease in NF-E2 mRNA upon a-NF-E2 treatment was more pronounced in other experiments. (Middle and bottom) Number of

BFU-E (comprising a few CFU-GEMM) and CFU-GM colonies after plating 200 step-RIP HPCs in the absence or presence of antisense or

scrambled oligomers with two different combinations of hematopoietic growth factors (IL-3, 102 U/ml; GM-CSF, 10 ng/ml; Ep, 3 U/ml [middle];
IL-3, 102 U/ml; GM-CSF, 10 ng/ml [bottom]). The optimal cloning efficiency in a control culture supplemented with saturating KL/IL-3/GM-
CSF/Ep dosages was 83% (see Methods). * *P < 0.02 when compared with the corresponding scrambled group. Representative results in one of

three independent experiments are presented. (B) Effect of a low concentration (25 Ag/ml) of a-GATA-2 and a-GATA-1, added alone or in

combination, on colony formation by step-IIIP HPCs. See also (A). *P < 0.01 when compared with corresponding scrambled group.
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GATA-l proteins, which were virtually undetectable in quies-
cent HPCs, were induced at day 1 in both culture systems.
During the early differentiation stages (from day 0 to day 5)
NF-E2+ and GATA-1 cells were more numerous in the ery-
throid than the granulopoietic pathway. Starting from the late
differentiation/early maturation stage (days 6-7 of culture),
both NF-E2 and GATA-1 proteins were consistently expressed
in erythroid cells, whereas they were gradually suppressed in
the granulopoietic series (Fig. 3, A, C, and D).

Effect ofGATA-2, NF-E2, and GATA-J antisense oligodeox-
ynucleotides on HPC erythroid and GM colony formation. We
examined the possible role of the GATA-2, NF-E2, and GATA-
1 genes in hematopoietic differentiation by using the antisense
oligodeoxynucleotide approach. HPCs were incubated in the
presence of phosphorothioate antisense oligomers to GATA-2,
NF-E2, and GATA-1 mRNA (a-GATA-2, a-NF-E2, and a-

GATA-1) upon addition of hematopoietic growth factors to

induce formation of erythroid and/or GM colonies. Control
cultures were mock treated or supplemented with equivalent
amounts of scrambled antisense oligomers.

Dose-response experiments (25, 50, and 100 Mg/ml for a-

GATA-2, a-NF-E2, and a-GATA-1) consistently showed dose-
related inhibitory effects on both erythroid and GM colony
formation by a-GATA-2 or selective erythroid colony forma-
tion by a-NF-E2 and a-GATA-1, as compared with control or

scrambled controls; i.e., there was no significant effect at 25
.g, a mild inhibitory action at the 50-sg level, and a consistent
and marked suppressive effect at 100 sg (representative results
in one out of three or four independent experiments with a-

GATA-2, a-NF-E2, and/or a-GATA-1 are shown in Table I).
In a second series of experiments, we added in parallel

100 Msg of a-GATA-2, a-NF-E2, or a-GATA-1 to the same

population of step-HIP HPCs (representative results in one out

of three independent experiments are shown in Fig. 4 A). Here

again, a marked decrease of erythroid and GM colony number
was induced by a-GATA-2, whereas the inhibitory effect of a-

NF-E2 and a-GATA-1 was restricted to the erythroid colonies.
Additional control studies showed that each antisense oligomer
induced marked or complete suppression of the target mRNA,
but not of control /32-microglobulin mRNA (Fig. 4, top insets).
Furthermore, the 24-h uptake of fluoresceinated antisense or

scrambled oligomers in target cells was always > 90-95%
(data not shown).

Additional experiments were performed to verify a possible
synergistic inhibitory effect of a-GATA-2 and a-GATA-1. The

single addition of low dosage (25 jg/ml) a-GATA-2 or a-

GATA-l did not affect colony formation, whereas the combined
addition of both antisense oligomers caused a significant reduc-
tion in BFU-E but not CFU-GM colony formation (Fig. 4 B).

RA-induced erythroid to granulocytic differentiation shift:
up-modulation of GATA-2 and suppression of NF-E2, GATA-
1, and EpR expression. We have previously shown that HPCs
treated with RA are induced to shift from the erythroid to the
granulocytic differentiation pathway; this phenomenon is cou-

pled with abrogation of GATA-1 expression (12). Here we

extend this analysis to the GATA-2 and NF-E2 and EpR genes.
As shown in Fig. 5 RA addition to HPCs triggered to differ-

entiate along the erythroid lineage elicited an up-modulation of
GATA-2 mRNA expression coupled with a pronounced de-
crease in NF-E2, GATA-1, and EpR mRNA levels. RA addition
to HPCs induced to differentiate along the granulopoietic lin-

E

Days

RA Treatment

dO d2 d5 d7 d9

+ - + - + - +

GATA-2

dO - + - + - + - +

NF-E2

GATA-1

am

dO - + - + - + - +

_a N.E.

dO - + - +

EpR

A2m

- + +

dO - + - + - + - +

Figure 5. RT-PCR analysis of GATA-2, NF-E2, GATA-1, and EpR
mRNAs expression in step-WIP HPCs differentiating in the erythroid
(E) liquid phase culture in the absence or presence of RA (106 M).
/2-microglobulin (32m) was the internal control. Representative results
from three independent experiments are shown.

eage did not significantly modify the expression pattern of
mRNAs encoding GATA-2, NF-E2, GATA-1, and EpR (data
not shown).

Immunofluorescence analysis of GATA-2, NF-E2, and
GATA-1 proteins in RA-treated HPCs confirmed the results
obtained at the mRNA level. RA addition to HPCs differentiat-

ing along the erythroid lineage induced a clear increase in the

percentage of cells reacting with anti-GATA-2 antibody (Fig.
6 A) coupled with the virtually complete abrogation of NF-E2
and GATA-1 protein expression (Fig. 6 B and C).

Discussion

The discrete molecular events underlying early hematopoiesis
are still poorly understood, primarily owing to the extreme rarity
of HPCs and HSCs, which represent < 1/0.01% and < 0.1 /
0.001% of human bone marrow (32) and peripheral blood (33,
34) cells, respectively. Analysis of these events requires avail-

ability of sufficiently large and homogeneous populations of

early hematopoietic cells at sequential stages of differentiation

along the different lineages (21). Thus, it is necessary that early
HPCs/HSCs be stringently purified and then cultured under

rigorously controlled conditions to allow a gradual, homoge-
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neous wave of differentiation specifically along one or more
lineage(s). In view of these aspects, we have recently devel-
oped a methodology for HPC purification and unilineage differ-
entiation in liquid phase culture.

The original purification methodology (23) has been re-
cently improved to allow both stringent purification and abun-
dant recovery of HPCs (CFU-GEMM, BFU-E, and CFU-GM)
from adult peripheral blood (12, 21, 22). Several lines of evi-
dence indicate that the purified HPCs represent a homogeneous
population of highly undifferentiated HPCs: they bear a highly
undifferentiated membrane phenotype (i.e., CD34 +/45RA -/
33-/lla-/711lw) (11, 23), which is similar to that of primitive
bone marrow HPCs (35-40); upon differentiation in liquid
suspension culture, they become CD34 +/45RA +/33+/1 la+/
71 high ( 1 1, 21), i.e., they acquire the phenotype of intermediate/
late bone marrow HPCs (35-40); they are largely quiescent
( 1-2% tritiated thymidine suicide index) and give rise to large
colonies upon optimal hematopoietic growth factor stimulus
(e.g., 104_-10 cells per erythroid burst) (21, 41).

Furthermore, we have developed an FCS - liquid suspension
culture for gradual differentiation of the purified early HPCs
along the erythroid or the granulopoietic lineage (the latter
culture system comprises < 5% monocytes at late culture times)
( 11, 21, 41). These culture systems allow sequential collection
and molecular analysis of discrete subsets of HPCs and hemato-
poietic precursors at a homogeneous stage of differentiation
specifically along a particular lineage.

Our results indicate that the GATA-2, NF-E2, GATA-1, and
EpR genes are differentially expressed during the early and late
stages of hematopoietic differentiation.

Little is known about GATA-2 expression in early hemato-
poiesis, except for the detection of GATA-2 mRNA in partially
purified HPCs (15, 16). Our study of stringently purified early
HPCs differentiating in culture indicates that GATA-2 mRNA/
protein is present in a significant aliquot of quiescent HPCs, is
further induced as early as 3 h after hematopoietic growth factor
stimulus and is expressed at gradually lower levels in erythroid
and granulocytic differentiation and maturation. This pattern is
consistent with the hypothesis that GATA-2 plays an important
role in the earliest stages of HPC proliferation and differentia-
tion.

The expression of NF-E2 in normal hematopoiesis has not

been described. The present observations indicate that the NF-
E2 expression pattern is similar to that of GATA-1 and is char-
acterized by little or no expression in quiescent HPCs; gradual
induction after hematopoietic growth factor stimulus, starting
at 24 h; and sustained expression in the erythropoietic path-
way and down-modulation in the granulopoietic series at the late
progenitor/early precursor differentiation stage. This pattern is
compatible with the hypothesis that, like GATA- 1, NF-E2 plays
an important role in erythroid differentiation and maturation.

We ( 11 ) and others ( 15, 16) reported that GATA-1, which
is barely present in early, quiescent HPCs, is preferentially ex-

pressed in the erythroid differentiation pathway. These observa-
tions are confirmed and extended by the immunofluorescence
studies reported here.

EpR mRNA, which is barely expressed in quiescent HPCs,
is gradually induced in the erythropoietic pathway, but not in
granulopoietic differentiation. This pattern is in line with previ-
ous studies on EpR binding (42, 43) and is similar to that of
NF-E2 and GATA-1. In erythropoietic differentiation, NF-E2

and GATA-1 induction precedes that of EpR: this temporal
sequence is compatible with the hypothesis that the differentia-
tive action of these transcription factors is directly and/or indi-
rectly mediated via the EpR. Indeed, transfection studies indi-
cate that GATA-1 positively regulates the EpR promoter (9,
44, 45).

Our studies do not discriminate between transcriptional and
posttranscriptional mechanisms in the modulation of GATA-2,
GATA-1, NF-E2, and EpR expression: additional experiments
will be required to elucidate these aspects.

The GATA-2, NF-E2, and GATA-1 function in hematopoie-
sis has been evaluated by addition of antisense oligomers tar-

geting the transcription factor mRNAs in HPC clonogenetic
culture. Inhibition of GATA-2 expression induces an impaired
formation of both erythroid and GM clones, whereas inhibition
of GATA-1 or NF-E2 expression causes a selective decrease
in erythroid colony number. These functional observations are

coherent with the expression patterns previously discussed.
Thus, the expression/function results indicate that GATA-1 and
NF-E2 expression/function is largely restricted to the erythroid
pathway, whereas GATA-2 expression/function is related to the
early stages of both erythroid and granulopoietic differentiation.

The inhibitory effects of a-GATA-2, a-GATA-1, and a-

NF-E2 are only partial: the magnitude of the inhibition may be
rendered less marked as the result of the incomplete suppression
of the targeted mRNA and/or the rise of other erythroid tran-

scription factors, which may in part compensate the suppression
of the targeted mRNA and stimulate erythroid/GM differentia-
tion (e.g., the rise of GATA-2 after GATA-l suppression [46];
see the following discussion).

Interestingly, the antisense oligomer studies are consistent
with the results obtained in the RA model. As previously re-

ported (12), RA induces HPCs to shift from the erythroid to

the granulocytic differentiation pathway. We show that suppres-
sion of erythroid differentiation is coupled with a sharp inhibi-
tion of not only GATA-1 ( 12), but also NF-E2 and EpR expres-
sion. This suggests that the RA-induced shift may be mediated
by blockade of EpR expression, possibly via GATA-1 suppres-
sion. RA also induces GATA-2 elevation: this phenomenon is
reminiscent of GATA-2 overexpression in GATA-1- embry-
onic stem cells treated with erythropoietic growth factor stimu-
lus (46). In this murine model, GATA-2 overexpression may
allow GATA-1 - embryonic stem cells to differentiate to the

proerythroblast stage, whereas GATA-1 seems absolutely re-

quired for further erythroid differentiation (46). The sharp rise
in GATA-2 expression in both differentiating RA-treated HPCs
(this manuscript) and GATA-1 - embryonic stem cells (46)
suggests that GATA-1 exerts negative feedback on GATA-2

gene expression. This postulate is further supported by the con-

comitant decline in GATA-2 and rise in GATA-1 expression
in the erythroid differentiation pathway, i.e., from approxi-
mately day 3 onward in HPC erythropoietic culture, and by
the synergistic inhibitory effect of a-GATA-2 and a-GATA-1
antisense oligomers.

Altogether, our studies indicate that GATA-2 plays a role
in early HPC proliferation/differentiation, whereas NF-E2 and
GATA-1 exert a key function in erythroid differentiation and

maturation, which may be directly and/or indirectly mediated
via the EpR. This postulate is also in line with the expression
of GATA-2 in a variety of proliferating hematopoietic and non-

hematopoietic cell types (5, 13, 14), in contrast with the exclu-
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sive expression of NF-E2 (17-19) and GATA-1 (3-5) in he-
matopoietic and particularly erythropoietic cells (except for
GATA-1 expression in testis [6]).

The present observations in human hematopoiesis correlate
with studies in murine mutants. As previously mentioned, gene
targeting studies in embryonic stem cells have shown that
GATA-1 is essential for normal erythroid development (7):
GATA-I gene transfer into GATA - embryonic stem cells res-
cues erythroid development both in vivo and in vitro (47). Most
recent studies on gene targeting of embryonic stem cells indicate
that GATA-2 plays an important role in early hematopoietic
proliferation (48). Finally, NF-E2 is required for globin expres-
sion in a murine erythroleukemic cell line in that reintroduction
of p45 restores /3-globin expression in NF-E2 - mutants (49).

We previously suggested a microenvironment-directed, two-
step model for GATA- I expression in differentiating HPCs that
involves cycle-dependent initiation and lineage-dependent
maintenance or suppression (11). Hypothetically, on/off
switches of lineage-restricted transactivators may underlie the
binary fate decisions of HPCs. The findings reported here sug-
gest that this two-step model may also apply to NF-E2. Further-
more, the very rapid GATA-2 induction in HPCs treated with
hematopoietic growth factors is seemingly related to activation
of the cycling gene program and may in turn control the subse-
quent induction of lineage-specific transcription factors such as
NF-E2 and GATA-1.
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