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The DNA-binding hemopoietic zinc finger transcription factor GATA1 promotes terminal megakaryocyte
differentiation and restrains abnormal immature megakaryocyte expansion. How GATA1 coordinates these
fundamental processes is unclear. Previous studies of synthetic and naturally occurring mutant GATA1
molecules demonstrate that DNA-binding and interaction with the essential GATA1 cofactor FOG-1 (via the
N-terminal finger) are required for gene expression in terminally differentiating megakaryocytes and for
platelet production. Moreover, acquired mutations deleting the N-terminal 84 amino acids are specifically
detected in megakaryocytic leukemia in human Down syndrome patients. In this study, we have systematically
dissected GATA1 domains required for platelet release and control of megakaryocyte growth by ectopically
expressing modified GATA1 molecules in primary GATA1-deficient fetal megakaryocyte progenitors. In addi-
tion to DNA binding, distinct N-terminal regions, including residues in the first 84 amino acids, promote
platelet release and restrict megakaryocyte growth. In contrast, abrogation of GATA1-FOG-1 interaction leads
to loss of differentiation, but growth of blocked immature megakaryocytes is controlled. Thus, distinct GATA1
domains regulate terminal megakaryocyte gene expression leading to platelet release and restrain megakaryo-
cyte growth, and these processes can be uncoupled.

Through development and adult life tissue-restricted tran-
scription factors, like the GATA family, coordinate differenti-
ation and proliferation in a cell context-specific manner to
ensure that appropriate numbers of terminally mature cells
arise from stem/progenitor cells. In the human hemopoietic
system, these processes generate �1010 new mature blood cells
daily. Moreover, the number and mix of cells produced can be
altered rapidly as required. When this process goes awry, dis-
eases like leukemia can occur. To date, there is an incomplete
understanding of how tissue-restricted transcription factors co-
ordinate differentiation with cell cycle exit during maturation
of lineage-restricted progenitor and precursor cells.

The DNA-binding zinc finger transcription factor GATA1
plays key roles in myelopoiesis. Enforced GATA1 expression
specifies erythroid and megakaryocytic lineages from primary
multipotential myeloid progenitors and committed my-
elomonocytic and lymphoid progenitors (22, 25, 27). Once the
lineages are specified, continued GATA1 expression is neces-
sary for expression of many red cell-and megakaryocyte-spe-
cific genes in terminally maturing precursor cells (48, 61, 63,
68). In mice, germ line ablation of GATA1 function results in
embryonic lethality at embryonic day 11.5 (E11.5) from fatal
anemia due to a block in erythroid differentiation at the pro-
erythroblast stage accompanied by apoptosis (16, 49, 65, 66).
Similarly, deletion of an upstream enhancer in the GATA1

locus (�neo�HS mice), resulting in near complete loss of
megakaryocyte GATA1 expression, specifically blocks terminal
megakaryocyte differentiation and proplatelet formation, and
mice suffer from thrombocytopenia (48, 61). However, in con-
trast to cell death in GATA1-null erythroid cells, immature
GATA1-deficient megakaryoblasts accumulate in bone mar-
row (10-fold) and spleen (100-fold) and show abnormal growth
when cultured in vitro. This suggests that although GATA1 is
required for gene expression in both terminally maturing red
cells and megakaryocytes, it interfaces with cell cycle and ap-
optotic machinery differently in the two cell types.

How does GATA1 execute these functions in hematopoietic
cells? A number of experimental approaches including trans-
activation assays (31, 69), induction of partial megakaryocyte
differentiation of a myeloid multipotential cell line 416B (59,
60), and rescue of erythroid differentiation in GATA1-null
erythroid cells (4, 47, 67) have identified three functional do-
mains in GATA1: two highly conserved N-terminal and C-
terminal cysteine-rich zinc-binding fingers (Cys-X2-Cys-X17-
Cys-NA-Cys) (12, 54) and a less well conserved N-terminal
activation domain.

The C-terminal zinc finger (Cf) and adjacent C-terminal
basic residues are required for high-affinity binding to all WG
ATAR DNA sequences (17). Deletion of Cf completely abol-
ishes GATA1 function in all assays, suggesting that DNA bind-
ing is absolutely required (47, 60, 67). Although physical
interactions between the Cf and other hematopoietic
(GATA2-3, EKLF, and PU.1) and widely expressed (Sp1 and
CBP) (3, 6, 9, 33, 37, 44, 71) transcriptional regulators have
been reported, their importance in Cf function remains un-
clear.

Initial transactivation and 416B differentiation assays sug-
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gested that the N-terminal zinc finger (Nf) was dispensable for
GATA1 function (31, 60). However, rescue of erythroid dif-
ferentiation of GATA1-null erythroid cells and definitive
erythropoiesis in transgenic mice required the Nf (47, 67). The
Nf cooperates with the Cf to bind tandem WGATAR se-
quences (51) and binds independently to GATC DNA motifs
(38). It also interacts with the proteins FOG-1, c-MYB, and
STAT-3 (13, 50, 55). Structural studies show that the Nf has
two surfaces: one interacts with DNA and the other binds
FOG-1 (26, 30). Point mutations affecting DNA binding
(R216Q) (70) or interaction with FOG-1 (e.g., V205G) (7, 8,
14, 15, 32, 39) impede terminal megakaryocyte and red cell
differentiation. This results in severe thrombocytopenia ac-
companied by dysplastic megakaryopoiesis and variable dyser-
ythropoietic anemia.

The functional role of the third proposed functional domain,
the N terminus, is still unresolved. Reporter gene transactiva-
tion assays in fibroblasts originally defined an activation do-
main in the N-terminal 63 amino acids (31). However, this
domain is dispensable for partial megakaryocyte differentia-
tion of 416B cells (60) and erythroid differentiation of
GATA1-null erythroid cells (67). In contrast, studies in trans-
genic mice suggest that the N-terminal 84 amino acids are only
dispensable for erythropoiesis when the mutant protein is sev-
eralfold overexpressed (47). Discrepancies between the ery-
throid rescue studies may either reflect differences in the
GATA1 N-terminal deletions tested or the assays employed or
a combination of both.

The most convincing evidence of involvement of the N ter-
minus in megakaryopoiesis has come from studies in children
with megakaryocytic preleukaemia (transient myeloprolifera-
tive disease [TMD]) and acute megakaryoblastic leukemia
(AMKL) in Down syndrome (DS) (1, 18, 19, 23, 34, 43, 64).
Although the DNA mutations are varied, the functional con-
sequences are predicted to always result in exclusive produc-
tion of a shorter GATA1 protein (GATA1s) with an N-terminal
84-amino-acid truncation. DS TMD and AMKL (pre)leukemic
blasts show partial megakaryocyte differentiation and exhibit al-
tered growth. This suggests that deletion of the N-terminal do-
main in combination with trisomy 21 alters megakaryocyte cell
fate. However, the mechanisms by which GATA1 generates ap-
propriate numbers of megakaryocytes and coordinates terminal
megakaryocyte differentiation remain unclear.

To further probe GATA1 function, we established a rescue
assay of primary GATA1-deficient fetal megakaryocyte pro-
genitors to identify domains of GATA1 required for coordi-
nated platelet production and megakaryocyte growth. In par-
ticular, we have contrasted the role of the N terminus with the
interaction of GATA1 with FOG-1.

MATERIALS AND METHODS

Mouse strains. C57BL/6 and �neo�HS mice (48) were housed according to
institutional and national guidelines for humane animal care. Assays were per-
formed on E13.5 to E14.5 fetal liver cells from wild-type C57BL/6 and �neo�HS
mice.

Cell staining and progenitor isolation. To isolate Lin� CD41� Fc�Rlow c-kit�

CD9� cells, 1 � 108 to 3 � 108 single fetal liver cells were passed through a
40-�m-pore-size strainer (Becton Dickinson, San Diego, CA), resuspended in
phosphate-buffered saline (PBS; Cambrex, East Rutherford, NJ)–10% fetal calf
serum (FCS; PAA Laboratories GmbH, Pasching, Austria) and labeled with rat
anti-mouse antibodies directed against the following: Gr-1 (monoclonal antibody

[MAb] RB6-8C5), Mac-1 (MAb M1/70), Ter119, B220 (MAb RA3-6B2), Sca-1
(MAb E13-161.7) (BD Pharmingen, San Diego, CA) and interleukin-7 receptor
(IL-7R) (MAb A7R34) (eBioscience, San Diego, CA). Antibody-labeled cells
were removed using goat anti-rat magnetic microbeads (Miltenyi Biotec, Ber-
gisch-Gladbach, Germany). The remaining cells were then incubated with goat
anti-rat-immunoglobulin G-Tricolour antibody (equivalent to phycoerythrin
[PE]-Cy5) (Caltag, Burlingame, CA) to remove residual positive cells later. After
being blocked with 5% rat serum (Caltag), cells were incubated with fluorescein
isothiocyanate-conjugated anti-mouse CD41 (MWReg30), PE-conjugated anti-
mouse Fc�R (2.4G2), allophycocyanin (APC)-conjugated anti-mouse c-kit
(2B8), and biotinylated anti-mouse CD9 (KMC8) MAbs (BD Pharmingen). Cells
were stained with streptavidin-APC-Cy7 (BD Pharmingen) and sorted using a
MoFlow cell sorter (DAKO Cytomation, Fort Collins, CO) to isolate a Lin�

CD41� Fc�Rlow c-kit� CD9� cell population. Megakaryocyte-erythroid progen-
itor (MEP) and common myeloid progenitor (CMP) cell populations were sorted
as previously described (52).

In vitro liquid culture analysis. Sorted cells were resuspended in Iscove’s
modified Dulbecco’s medium–10% fetal calf serum (FCS)–L-glutamine (Invitro-
gen, Carlsbad, CA), 50 U/ml penicillin, and 50 �g/ml streptomycin (Cambrex)
supplemented with thrombopoietin (TPO; 1% of conditioned cell culture super-
natant (58), 2 U/ml erythropoietin (EPO) (Neo Recormon; Roche, Mannheim,
Germany), 10 ng/ml murine IL-3 (mIL-3), 5 ng/ml human IL-11 (huIL-11), 50
ng/ml murine stem cell factor (mSCF), 5 ng/ml murine granulocyte-macrophage
colony-stimulating factor (mGM-CSF; Peprotech, Rocky Hill, NJ), and 10 ng/ml
mFlt3-ligand (R&D Systems, Minneapolis, MN) to induce myeloid lineage dif-
ferentiation. At day 4, cells were harvested, labeled with rat anti-mouse GPI-
IbIIIa-PE, GPIb-PE and GPVI-PE antibodies (B. Nieswandt, Germany) and
analyzed using a Cyan Flow Cytometer (DAKO Cytomation). For every exper-
iment, positive and negative fluorescence was distinguished by comparison with
matching isotype controls. Dead cells were excluded on the basis of their Hoechst
33258 uptake (1 �g/ml; Molecular Probes, Eugene, OR).

In vitro colony assays. A total of 1,000 Lin� CD41� Fc�Rlow c-kit� CD9�

cells were plated in methylcellulose (M3234; Stem Cell Technologies, Vancou-
ver, Canada) with the myeloid cytokine cocktail above. CMP (200) and MEP
(1,000) cells were seeded in methylcellulose (M3234 and M3134; Stem Cell
Technologies). For CMP culture, methylcellulose was supplemented with the
myeloid cytokine cocktail (see above) and 2 ng/ml mIL-6 (Peprotech) instead of
mGM-CSF. For MEP culture, CMP cytokine cocktail was supplemented with
30% FCS (Stem Cell Technologies), 10 �g/ml recombinant human insulin, 100
�g/ml iron-saturated human transferrin (Sigma, St. Louis, MO), 0.2 mM glu-
tamine, and 50 U/ml penicillin-50 �g/ml streptomycin (Cambrex). Burst-forming
erythroid unit and erythroid CFU colonies were either scored at day 4 (for MEP)
or 6 (for CMP) of culture. All other colonies were counted at day 9. Single
colonies were cytospun and stained with May-Gruenwald-Giemsa (Sigma).

In rescue experiments, 1,000 infected green fluorescent protein-positive
(GFP�) sorted Lin� CD41� Fc�Rlow c-kit� CD9� �neo�HS cells were seeded
into methylcellulose (M3234; Stem Cell Technology) supplemented with the
same cytokines as above. Total colony number was enumerated at day 9. All
colonies were checked under an inverted microscope (Olympus IX51) for GFP
expression.

Real-Time RT-PCR. GATA1 and GATA2 expression were quantitated in 5 �
103 to 5 � 105 sorted primary cells and in �5 � 106 retrovirally infected NIH 3T3
cells. RNA was isolated using an RNeasy Micro or Mini RNA Isolation kit
(QIAGEN, Hilden, Germany), respectively. Total RNA was divided into a re-
verse transcribed sample (�RT) and a control without reverse transcriptase
(�RT) DNase-treated RNA was reverse transcribed with either Sensiscript Kit
(QIAGEN) for primary cells or Superscript II Reverse Transcriptase (Invitro-
gen) for NIH 3T3 cells with 10 �g/ml random primer, 800 �M deoxynucleoside
triphosphate mix, 40 U of RNAseOUT, and 10 mM dithiothreitol (Sigma) in 1x
buffer.

Real-Time PCR was performed as previously described (20). cDNA from
erythroid (MEL) and megakaryocytic (L8057) cell lines was used to estimate the
range of linearity of each probe. Real-time RT-PCR primer and probe sequences
are available on request. Gene expression ratios were calculated relative to the
cycle threshold (CT) value for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) according to the following mathematical equation: relative ratio �
2

(CT GAPDH � CT specific primer or probe)
.

Cloning of wild-type and mutant GATA1 constructs. All GATA constructs
were cloned into the pMMP-mGata1/ER-IRES-GFP (where ER is endoplasmic
reticulum and IRES is internal ribosome entry site) plasmid. Cloning details are
available on request. Chicken GATA1 cDNA was kindly provided by Martin
Zenke University of Aachen, Germany.
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Generation of high-titer retrovirus. Vesicular stomatitis virus G (VSV-G)
protein-coated retroviral particles were produced by transient transfection of
293GPG stable packaging cell line, concentrated using ultracentrifugation, and
titered on NIH 3T3 cells as previously described (40).

GATA1 Western blotting. Infected harvested NIH 3T3 cells were boiled for 10
min in 4� NUPAGE LDS sample buffer (Invitrogen), loaded onto 4 to 12%
NUPAGE BisTris gradient precast gels (Invitrogen), and run for 1 h at 200 V in
NUPAGE MOPS (morpholinepropanesulfonic acid) running buffer (Invitro-
gen). Protein transfer and use of anti-mouse GATA1 antibodies (N6 or M20;
Santa Cruz Biotechnology, Santa Cruz, CA) have been previously described (42).

GATA1 immunofluorescence. Infected NIH 3T3 or �neo�HS Lin� CD41�

Fc�Rlow c-kit� CD9� cells were cytocentrifuged onto glass slides and fixed with
5% paraformaldehyde (Sigma), washed with 1� PBS, permeabilized in 0.1%
Triton-PBS (Sigma), and stained with anti-mouse GATA1 antibody (N6; Santa
Cruz Biotechnology). Images were captured using a fluorescence microscope
(Olympus BX60) and Macprobe 4.3 software (Applied Imaging, Newcastle,
United Kingdom). Infected �neo�HS Lin� CD41� Fc�Rlow c-kit� CD9� cells
were stained with ToPro-3 (20 ng/ml; Molecular Probes, Eugene, OR) for 5 min
at room temperature before mounting in Vectashield (Vector Laboratories,
Peterborough, United Kingdom). Confocal sections were collected using a Bio-
Rad 2000 confocal system attached to an Olympus BX51 microscope (�100
objective with numerical aperture of 1.3). The average intensity of the GATA1
signal was measured on the entire nuclei of GFP� cells (for those cells that were
infected) or nuclei of noninfected cells using the Metamorph software program
(Universal Imaging Corporation, Marlow, United Kingdom). For each construct

tested, 100 cells were analyzed. The mean GATA1 signal intensities (	1 stan-
dard deviation [SD]) were then calculated.

EMSA. Ninety-percent confluent B23 cells were transfected with 25 �g of
plasmid DNA (wild-type and mutant GATA1 retroviral plasmids) using Lipo-
fectamine (Invitrogen). Nuclear extracts were prepared as previously described
(2). Electromobility shift assays (EMSAs) were performed as previously de-
scribed (62). The oligonucleotide sequence GATCTCCGGCAACTGATAAGG
ATTCCCTG was used as a probe. The underlined sequence is the GATA-
binding site. Cold competitor (wild-type and mutant; GATCTCCGGCAACTG
TGAAGGATTCCCTG) oligonucleotides were added in 100-fold excess. One
microliter of anti-mouse GATA1 antibody (N6; Santa Cruz Biotechnology) was
used in supershift experiments.

Retroviral infection of �neo�HS progenitors and analysis of infected cells.
E13.5 to E14.5 �neo�HS Lin� CD41� Fc�Rlow c-kit� CD9� fetal liver cells
were incubated for 36 h in Iscove’s modified Dulbecco’s medium–10% FCS–L-
glutamine, 50 U/ml penicillin, and 50 �g/ml streptomycin with 1% TPO-condi-
tioned medium, 50 ng/ml mSCF, 5 ng/ml huIL-11, 5 ng/ml mGM-CSF, 10 ng/ml
mIL-3 (Peprotech), 2 U/ml EPO (Roche), and 10 ng/ml mFlt3-ligand (R&D
Systems). A total of 3 � 104 to 5 � 104 progenitors/sample were infected by spin
inoculation with VSV-G-coated retroviral particles at a multiplicity of infection
of 50 in the same medium and cytokines with 8 �g/ml polybrene (Sigma). Cells
were incubated for 7 h at 37°C in 5% CO2, washed, and resuspended in the same
medium and cytokines. Medium was changed after 24 h, and cytokines were
switched to 1% TPO-conditioned medium, 2 ng/ml mIL-6, and 5 ng/ml huIL-11
to promote megakaryocyte maturation.

At 72 h after infection, cells were either analyzed for differentiation or stained
with the DNA dye Hoechst 33342 (Molecular Probes) to evaluate the cell cycle.
For differentiation analysis, dishes were scanned for proplatelet formation in
GFP� and GFP� cells under an inverted microscope (Olympus IX51). Images
were captured using Openlab 3.1.5 software (Improvision, Coventry, United
Kingdom) with a magnification of �100. Cells were harvested, stained with a
PE-conjugated anti-mouse GPIb antibody, and analyzed by flow cytometry. Ap-
propriate isotype controls were used in every experiment. Hoechst 33258 (1
�g/ml; Molecular Probes) was added to distinguish between dead and live cells.
To define a GPIbhigh rescue gate, wild-type fetal liver Lin� CD41� Fc�Rlow

c-kit� CD9� cells were cultured until proplatelets were shed and stained with
anti-mouse GPIb-PE antibody, and GPIb expression was plotted against forward
scatter. The same GPIbhigh gates were then applied to all rescue experiments.
GPIb expression was analyzed on a Hoechst� and GFP� gated cell population.

For analysis of cell cycle profiles, cells were stained with Hoechst 33342 (5
�g/ml) at 37°C for 90 min. The DNA profile was analyzed using a MoFlow flow
cytometer (DAKO Cytomation). Propidium iodide (1 �g/ml) was used to dis-
criminate between dead and live cells. The cell cycle profile was then created on
a linear scale using Summit Software (DAKO Cytomation).

RESULTS

�neo�HS fetal liver contains an abnormal megakaryocyte
(Meg)-erythroid progenitor. To define the differentiation
block in megakaryopoiesis in �neo�HS mice, myeloid progen-
itors were enumerated, and their hematopoietic potential was
evaluated. First, to identify a fetal Meg-restricted progenitor,
we modified a published protocol for isolation of an adult
murine bone marrow common Meg progenitor using flow cy-
tometry (36). This progenitor population is characterized by
the immunophenotype Lin� CD41� Fc�Rlow c-kit� CD9�

(see Materials and Methods). A representative sort from
�neo�HS and wild-type fetal liver cells is shown in Fig. 1a. The
Lin� CD41� Fc�Rlow c-kit� CD9� cells were �10-fold in-
creased in �neo�HS total fetal liver compared to wild-type
control (�0.199% versus �0.018%) (Fig. 1b), consistent with a
�10-fold increase in megakaryoblasts seen in histological sec-
tions in �neo�HS bone marrow (48).

To assess the functionality of this population, purified cells
were grown in in vitro colony assays and liquid culture. For
colony assays, 1,000 cells were plated in methylcellulose con-
taining TPO, EPO, SCF, IL-3, IL-11, Flt3-ligand, and GM-
CSF. The average colony numbers of at least three indepen-

FIG. 1. Isolation of a Lin� CD41� Fc�Rlow c-kit� CD9� progeni-
tor cells from mouse E13.5 to E14.5 fetal liver. (a) Flow cytometric
analysis of Lin�IL-7R�Sca-1� wild-type and �neo�HS fetal liver cells
labeled with CD41-fluorescein isothiocyanate, Fc�R-PE, c-kit-APC,
CD9-biotin, and streptavidin-APC-Cy7. Sorting gates for isolation of
Lin� CD41� Fc�Rlow c-kit� CD9� cells are shown. (b) The table shows
the average frequencies of Lin� CD41� Fc�Rlow c-kit� CD9� population
in wild-type and �neo�HS fetal liver from nine different sorting experi-
ments. Note that only 10% of total fetal liver cells are Lin�.
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dent experiments are shown in Fig. 2a. �neo�HS cells had a
plating potential of �5% and gave rise to mainly erythroid-
Meg (E/Meg) and Meg colonies (�70% of total colonies).
E/Meg and Meg colonies were abnormally large, macroscopic,
and composed of tens of thousands of cells that never shed
proplatelets (Fig. 2b). The remaining colonies were erythroid,
granulocyte and/or macrophage (G/Mac/GM), BLAST, and
mixed myeloid (GEMM) (Fig. 2a). In contrast, Lin� CD41�

Fc�Rlow c-kit� CD9� wild-type cells gave rise to strikingly few
Meg and E/Meg colonies, but, instead, the majority of cells
differentiated into single mature megakaryocytes with pro-
platelet extensions (Fig. 2b, right panel) within 2 days of cul-
ture (60 to 70 megakaryocytes per 1,000 cells). Wild-type cells
exhibit a lower plating potential (�2%) with E, G/Mac/GM,
BLAST, and GEMM colonies present (Fig. 2a). The few Meg
colonies observed were normal-sized (much smaller compared
to those from �neo�HS cells) and formed proplatelets (Fig.
2b). Therefore, wild-type and �neo�HS Lin� CD41� Fc�Rlow

c-kit� CD9� cell populations have quite different hematopoi-
etic potentials.

To evaluate proplatelet formation, sorted Lin� CD41�

Fc�Rlow c-kit� CD9� cells were cultured in medium contain-
ing TPO, EPO, IL-3, IL-11, SCF, mFlt3-ligand, and GM-CSF.
Within 3 days, most wild-type cells shed proplatelets and ex-
pressed high levels of the megakaryocyte maturation markers
GPIIbIIIa, GPIb, and GPVI (Fig. 2c and d). In contrast, cul-
tured �neo�HS cells accumulated without proplatelet forma-
tion (Fig. 2c). Expression of late-stage megakaryocyte matura-
tion markers, GPIb and GPVI, was either very low or absent,
and though 65% of cells expressed GPIIbIIIa, only 11.8%
exhibited high-level expression (Fig. 2d). In conclusion, we
have identified an abnormal, bi-potential E/Meg progenitor
that accumulates in �neo�HS but not wild-type fetal liver and
displays a block in terminal maturation and has altered growth
properties.

CMP and MEP cell populations in �neo�HS mice. To de-
termine if abnormal progenitors could be detected earlier in
myelopoiesis, published sorting protocols (52) were used to
isolate fetal liver CMP and MEP populations. Representative
fluorescence-activated cell sorting (FACS) plots of these iso-
lated populations are shown in Fig. 3a. The frequency of CMP
and MEP within total fetal liver cells was similar (Fig. 3b).
Myeloid colony-forming potential from at least three indepen-
dent experiments is depicted in Fig. 3c and d. A decrease in
erythroid colonies was detected in �neo�HS compared to
wild-type CMP, whereas the frequency of all other colony types
was similar. Morphological analysis confirmed wild-type and
�neo�HS fetal liver CMP gave rise to all myeloid cell types
(Fig. 3e). This was confirmed by FACS analysis from in vitro
liquid cultured CMP (data not shown). As expected, the MEP
population only matured into erythroid cells (Ter119�) and
megakaryocytes (GPIIbIIIa�) (Fig. 3d and e and data not
shown). The most important difference between �neo�HS and
wild-type CMP and MEP colonies was that �neo�HS Meg
colonies were abnormally large and failed to shed proplatelets,
reminiscent of colonies seen from Lin� CD41� Fc�Rlow c-kit�

CD9� �neo�HS cells (compare Fig. 3f with Fig. 2b).
GATA1 and GATA2 expression levels in �neo�HS mice. To

correlate the phenotype of wild-type and �neo�HS CMP,
MEP, and Lin� CD41� Fc�Rlow c-kit� CD9� cells with

GATA1 and GATA2 expression levels, quantitative TaqMan
real-time RT-PCR was performed (Fig. 4). GATA1 and
GATA2 mRNA levels were similar in both genotypes in CMP
and MEP cells. In contrast, GATA1 expression was �10-fold
decreased and GATA2 levels were about fourfold increased in
�neo�HS Lin� CD41� Fc�Rlow c-kit� CD9� cells compared
to wild-type counterparts. These data are in accord with pre-
viously published data showing GATA1 levels are �5% of
normal in arrested �neo�HS megakaryoblasts (48).

GATA1 structure/function study by retroviral rescue of
�neo�HS Lin� CD41� Fc�Rlow c-kit� CD9� cells. Given the
abnormal megakaryocyte differentiation potential and low
level of expressed GATA1 in �neo�HS Lin� CD41� Fc�Rlow

c-kit� CD9� cells, we infected this population with VSV-G
pseudotyped wild-type and mutant GATA1 retroviral particles
to (i) localize functionally important sequences within the N
terminus of mGATA1 protein, (ii) contrast function of N ter-
minus sequences with sequences mediating interaction with
FOG-1, and (iii) determine if other GATA1 domains are re-
quired for platelet release/expression of GPIb and restoration
of normal megakaryocyte growth. An overview of the experi-
mental protocol is shown in Fig. 5a.

The modular structure of mGATA1 and mutant GATA1
constructs tested are shown in Fig. 5b and c. Viral GATA1
mRNA and protein expression in infected NIH 3T3 cells was
analyzed by TaqMan real-time RT-PCR, immunofluorescence,
and Western blot analysis. All mGATA1 constructs expressed
GATA1 mRNA, and expression was not detected in IRES-
GFP control vector-infected cells (Fig. 5c). Western blot anal-
ysis confirmed appropriate GATA1 protein expression in NIH
3T3 cells and B23 cells (see Fig. S1a in the supplemental
material, upper and lower panels, respectively). Constructs
expressing wild-type (wt) GATA1 and V205G proteins (that
disrupt interaction with FOG-1) and proteins with deletions in
GATA1 spanning residues 29 to 413, 54 to 413, 1 to 286, 1 to
319, and 1 to 350 were detected almost exclusively in the
nucleus (see Fig. S1b, M, N, O, P, R, S, and T in the supple-
mental material). In contrast, uninfected and IRES-GFP (con-
trol vector)-infected NIH 3T3 cells did not show GATA1 sig-
nal (see Fig. S1b, K and L, in the supplemental material).
Because of epitope deletion (the epitope is located around
amino acid 84), mutant GATA1 proteins spanning residues 84
to 413 (see Fig. S1b, Q, in the supplemental material), 110 to
413, 196 to 413, and residues 1 to 84 added to residues 196 to
413 (1 to 84^196 to 413) (data not shown) could not be tested
by immunofluorescence. All constructs expressed GFP (see
Fig. S1b in the supplemental material and data not shown).
The ability of constructs to bind DNA in EMSAs is summa-
rized in Fig. 5c. All constructs containing the C-terminal zinc
finger bound DNA in vitro, except the construct spanning
amino acid residues 1 to 286. This construct does not contain
basic residues C-terminal to the C-finger required for in vitro
DNA binding (17).

To document exogenous (viral) wild-type and mutant
GATA1 mRNA expression in infected Lin� CD41� Fc�Rlow

c-kit� CD9� cells, cDNA was prepared from FACS-sorted
GFP� progenitor cells infected with different GATA1 con-
structs. Levels of exogenous wild-type and mutant GATA1
mRNAs were determined by TaqMan real-time RT-PCR using
primers/probe spanning either the C-terminal end of the
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FIG. 2. Clonogenic potential and liquid culture analysis of isolated Lin� CD41� Fc�Rlow c-kit� CD9� progenitor cells from wild-type and �neo�HS
fetal livers. (a) Mean number (	1 SD) of day 9 colonies determined by culturing 1,000 Lin� CD41� Fc�Rlow c-kit� CD9� progenitors in methylcellulose
with Epo, Tpo, IL-3, IL-11, SCF, Flt3-ligand, and GM-CSF (n � 3 independent experiments). Samples were plated in triplicates. G/Mac/GM, combined
number of granulocyte, macrophage, and mixed granulocyte/macrophage colonies; blasts, BLAST cell colonies; mixed, colonies with multilineage
composition. (b) Morphology of a typical megakaryocyte colony derived from �neo�HS (left panel) and wild-type (middle panel) progenitors at day 9
of culture (original magnification, �40). Scale bar, 100 �m. The majority of wild-type Lin� CD41� Fc�Rlow c-kit� CD9� cells differentiated into
megakaryocytes with proplatelet extensions within 2 days in culture (right panel; original magnification, �100). Scale bar, 100 �m. An enlarged view in
the adjacent panel further to the right shows the proplatelet extensions (black arrows). (c) Photographs of wild-type (top) and �neo�HS (bottom) Lin�

CD41� Fc�Rlow c-kit� CD9� day 4 liquid cultures (original magnification, �100). Scale bar, 100 �m. Wild-type cells formed proplatelets (black arrows);
�neo�HS cells accumulated and never shed proplatelets. (d) Analysis of GPIIbIIIa, GPIb, and GPVI expression by flow cytometry at day 4 in liquid
cultures of sorted wild-type (top panels) and �neo�HS (bottom panels) Lin� CD41� Fc�Rlow c-kit� CD9� fetal liver cells.
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mGata1 gene and the GFP gene (Fig. 6a) or exon 2 and 3 in the
mGata1 gene (Fig. 6b) or the GFP gene alone (Fig. 6c). The
choice of primers/probe was dependent on the sequences
present in the mutant GATA1 mRNA species. Results from
two independent experiments (experiment 1 and 2) demon-
strate some variation in the level of exogenous GATA1 mRNA
expressed, but for most samples this was less than 1.5-fold. To
help interpret results of rescue assays with mutant GATA1
molecules, we compared the level of exogenous GATA1
mRNA in infected cells to the physiological level of endoge-

nous GATA1 mRNA in mature noninfected wild-type
megakaryocytes (Fig. 6b). Exogenous GATA1 mRNAs were
significantly overexpressed (between 20- and 40-fold) com-
pared to the endogenous level of GATA1 mRNA in mature
normal megakaryocytes.

To further investigate the two issues of overexpression and
variation in the level of exogenous GATA1 protein in infected
progenitors, we performed immunofluorescence assays to
quantitate the level of GATA1 protein expression (Fig. 6d).
These data confirm that the GATA1 protein was �6- to 20-

FIG. 3. Isolation and colony-forming potential of wild-type and �neo�HS mouse fetal liver CMP and MEP populations. (a) FACS-sorted Lin�

CD34� Fc�Rlow c-kit� Sca-1� (CMP) or Lin� CD34� Fc�Rlow c-kit� Sca-1� (MEP) cells from wild-type (left panels) and �neo�HS (right panels)
fetal liver cells are shown. (b) The average frequency of CMP and MEP populations within total fetal liver from nine different sorting experiments
is summarized in the table. Note that Lin� cells comprise only 10% of the total fetal liver population. (c and d) Mean numbers of colonies (	1
SD) enumerated from panel c (200 CMP) or panel d (1,000 MEP) are shown from three independent experiments. All samples were analyzed in
triplicates. The nature of the colonies is as shown in Fig. 2. (e) May-Gruenwald-Giemsa-stained cells from pooled wild-type (top panels) or
�neo�HS (bottom panels) colonies. CMPs gave rise to red cells (red arrowhead), myeloid cells (green arrowhead) and megakaryocytes (black
arrowhead). MEPs differentiated into red cells (red arrowhead) of all maturation stages. Megakaryocytes (black arrowhead) from wild-type but
not �neo�HS MEP show normal terminal maturation. Scale bar, 10 �m. (f) Wild-type CMP and MEP gave rise to normal megakaryocyte colonies
(frame A) whereas �neo�HS CMP and MEP formed abnormal, very large and hyperproliferative megakaryocyte colonies (frame B). Scale bar,
100 �m.
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fold overexpressed in infected cells compared to wild-type
megakaryocytes. In addition, there was about a two- to three-
fold variation in the mean level of GATA1 expression between
the different constructs. However, given that the standard de-
viation in protein expression is �50% of the mean signal in-
tensity and given the “semiquantitative” nature of the analysis,
these data have to be interpreted with caution. In summary,
overexpression of mutant mRNA and protein is an important
caveat in interpreting results from the rescue assay (see below
and Discussion).

The GATA1 N terminus is indispensable for megakaryocyte
differentiation. To define GATA1 domains required for
megakaryocyte differentiation, we assayed the ability of mutant
molecules to rescue proplatelet formation from �neo�HS
Lin� CD41� Fc�Rlow c-kit� CD9� cells. To quantitatively
measure GPIb-expressing proplatelets and megakaryocyte
fragments, we developed a flow cytometric assay. First, wild-
type E13.5 to E14.5 fetal liver sorted Lin� CD41� Fc�Rlow

c-kit� CD9� cells were cultured until proplatelet formation

was observed. The culture was harvested, stained with a PE-
conjugated anti-mouse GPIb antibody, and analyzed using flow
cytometry (Fig. 7a). Two GPIbhigh expression gates (R1 and
R2), containing megakaryocyte fragments and proplatelets,
were then used in all subsequent rescue experiments. The
extent of differentiation was analyzed as a function of GPIb
expression in these gates in Hoechst� GFP� cells (Fig. 7b).
Average viability of rescued cells was 80 to 90%. Detection of
a GPIbhigh population always correlated with proplatelet for-
mation in culture (Fig. 7c and d).

Differentiation rescue experiments by GATA1 molecules
were repeated on three independently isolated progenitor cell
populations. Representative FACS plots of one experiment are
shown in Fig. 7b and summarized in Fig. 7c. Expected results
were obtained when wt GATA1, control GFP-expressing vec-
tor (IRES-GFP), V205G (defective for interaction with FOG-
1), and the DNA-binding defective mutant (construct 1-286)
were tested. Proplatelet formation and GPIbhigh population
was seen with rescue with wt GATA1 but not the other con-
structs. These results validate the assay. They also suggest that
even though the V205G mutant is overexpressed 30-fold, the
GATA1-FOG-1 interaction is likely to be significantly im-
paired (Fig. 7b and c and data not shown). N-terminal deletion
up to the first 84 amino acids did not markedly influence
differentiation rescue. With further deletion to amino acid 110
(construct 110-413), the extent of rescue dropped to �20% of
wt GATA1. When the complete N terminus was deleted (con-
struct 196-413), the rescue potential decreased to less than 5%
(Fig. 7b and c). Unexpectedly, when the first 84 amino acids
were directly linked to GATA1 residues 196 to 413, a GPIbhigh

population was restored, and proplatelet formation was de-
tected in culture (Fig. 7b and c). This suggests that amino acids
in the first 84 residues aid platelet release in the context of the
GATA1 zinc fingers and C terminus. Deletion of the GATA1
C terminus to amino acid 319 (constructs 1-319 and 1-350) did
not reduce differentiation rescue. Lastly, chicken GATA1 pro-
tein rescued differentiation, suggesting conservation of this
function between the two species.

Thus, in addition to domains necessary for DNA-binding
and FOG-1 interaction, two regions in the GATA1 N terminus
are likely to be required for rescue of terminal megakaryocyte
differentiation and proplatelet formation: (i)between amino
acids 84 to 110 and (ii) residues in the first 84 amino acids
when attached to GATA1 zinc fingers and C terminus.

Domains of GATA1 protein required to restrain growth of
abnormal GATA1 deficient colonies. To map GATA1 domains
required to restrain megakaryocyte growth, FACS-sorted
GFP� �neo�HS progenitors were subjected to colony assays
and cell cycle analysis (Fig. 8a and b). All colonies expressed
GFP (data not shown) and were large abnormal megakaryo-
cyte colonies identical to uninfected �neo�HS Meg colonies
(Fig. 2b). Cells infected with control vector and the DNA-
binding defective mutant (construct 1-286) formed �84 colo-
nies/1,000 cells (Fig. 8a and data not shown). In contrast,
wild-type GATA1- and the V205G mutant-infected cells
yielded low colony numbers (Fig. 8a). Similarly, when the first
29 or 54 amino acids were deleted (constructs 29-413 and
54-413), the colony number was still low and comparable to
wild-type GATA1-infected cells. With further N-terminal de-
letion, to residue 84 (construct 84-413), colony numbers in-

FIG. 4. Expression levels of GATA1 and GATA2 in sorted pro-
genitor populations. TaqMan real-time RT-PCR quantitation of
GATA1 (top panel) and GATA2 (bottom panel) mRNA expression
normalized to GAPDH is shown in FACS-sorted wild-type and
�neo�HS fetal liver CMP, MEP, and Lin� CD41� Fc�Rlow c-kit�

CD9� progenitor populations.
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creased 8- to 10-fold and peaked when the whole N terminus
was removed (construct 196-413) (Fig. 8a). Interestingly, ad-
dition of amino acids 1 to 84 to GATA1 zinc fingers and C
terminus (construct 1-84 ^ 196-413) reduced colony numbers
(Fig. 8a). Deletions in the C terminus had no effect on colony
formation (constructs 1-319 and 1-350) (Fig. 8a). When
�neo�HS cells were infected with chicken GATA1, �18 col-
onies/1,000 cells were formed. Thus, chicken GATA1 reduced
abnormal colony numbers (�80 colonies to �18 colonies) by
�80% compared to mouse GATA1 (�80 colonies to �3 col-
onies) (Fig. 8a).

In summary, in addition to DNA binding, N-terminal resi-
dues after amino acid 54 are required to dampen the growth of
cells from �neo�HS Lin� CD41� Fc�Rlow c-kit� CD9� pro-
genitors. In contrast, the GATA1 C terminus may not be nec-
essary for this function.

To evaluate the cell cycle status of control vector- and wild-
type GATA1-rescued cells, we performed Hoechst staining 24,
48, and 72 h after infection in GFP� and GFP� cells (Fig. 8b,
48 h, and data not shown). No differences in cell cycle profiles
were detected in control vector- and wild-type GATA1-res-
cued cells 24 h after infection (Fig. 8b). At 48 h, the percentage
of cells in G2/M in the GFP� population of wild-type GATA1-
infected cells decreased slightly (data not shown). At 72 h after

infection, GFP� and GFP� cells infected with control vector
showed similar cell cycle profiles (Fig. 8b). In contrast, dra-
matic changes were seen in cells infected with wt GATA1.
Here, the percentage of GFP� cells present in the original G1

and G2/M peaks was reduced compared to the GFP� (unin-
fected) population (Fig. 8b). GFP� cells in the original G1 and
G2/M peak are likely to be Lin� CD41� Fc�Rlow c-kit� CD9�

cells that were unable to fully differentiate into proplatelets at
72 h as Lin� CD41� Fc�Rlow c-kit� CD9� progenitors suc-
cessfully rescued by wt GATA1 would have already differen-
tiated into proplatelets and platelets by this time point. Since
platelets do not contain a nucleus, they are undetectable in the
Hoechst profile.

Furthermore, an obvious sub-G1 peak is seen in GFP� cells
(Fig. 8b). To determine the nature of cells in sub-G1, events in
this peak were sorted by FACS onto glass slides. Morpholog-
ically, these cells were erythroid normoblasts that stained pos-
itive with benzidine and thus express hemoglobin (Fig. 8b).
Therefore, we suggest that exogenous wt GATA1 expression
can direct �neo�HS Lin� CD41� Fc�Rlow c-kit� CD9� pro-
genitors to differentiate into red cells as well as megakaryo-
cytes in liquid culture. This is not surprising as colony assays
demonstrate that this progenitor has mixed erythroid and
megakaryocyte potential (Fig. 2a). A possible explanation for

FIG. 5. Outline of rescue experiments and phenotypic characterization of wild-type and mutant GATA1 VSV-G coated retroviral particles. (a)
Outline of rescue experiments of GATA1-deficient progenitors by retroviral infection of wild-type and mutant GATA1 molecules. (b) Modular
structure of wild-type murine GATA1. (c) Schematic representation of GATA1 constructs tested. Wild-type and mutant GATA1 constructs (box)
were linked to an artificial stop codon (star) and IRES-GFP (box) and expressed under the control of retroviral long terminal repeat (LTR)
sequences. The dot in the V205G construct indicates the location of the V205G mutation within the GATA1 molecule. Summary of in vitro DNA
binding properties (analyzed by EMSA) of different GATA1 proteins and mRNA expression (determined by TaqMan real-time RT-PCR) in
infected NIH 3T3 cells is shown on the right. ND, not done.
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the appearance of this mature erythroid population as a
sub-G1 peak is that during erythroid differentiation chroma-
tin compaction is likely to limit accessibility of DNA to
intercalating dyes, such as Hoechst (10). As Hoechst stain-
ing was performed on a mixed cell population, we were
unable to examine the cell cycle status of megakaryocytes
alone.

Level of GATA2 expression and rescue of megakaryocyte
differentiation and proliferation. As GATA2 is required for
proliferating progenitor cells (53) and GATA2 mRNA levels
are elevated in �neo�HS Lin�CD41� Fc�Rlow c-kit� CD9�

progenitors (Fig. 4), we asked if the ability of GATA1 mutants
to restrain abnormal megakaryocyte colony formation corre-
lated with suppression of high-level GATA2 expression. We
assayed GATA2 mRNA levels by TaqMan quantitative RT-
PCR in sorted GFP� �neo�HS Lin� CD41� Fc�Rlow c-kit�

CD9� progenitors 48 h after infection with GATA1 constructs

(Fig. 9). GATA2 mRNA deceased by �2.5-fold when cells
were infected with wt GATA1. In contrast, GATA2 levels did
not fall appreciably when progenitors were infected with either
V205G or the GATA1 DNA-binding mutant (construct 1-286).
These findings are consistent with published data suggesting
that repression of GATA2 by GATA1 requires GATA1 to
bind DNA and interact with FOG-1 (28, 41). Moreover,
GATA2 levels are higher in cells infected with GATA1 pro-
teins that lack N-terminal residues 84 to 196. This suggests that
these residues are required either directly or indirectly to re-
press GATA2 expression. Separately, these data support the
hypothesis that suppression of GATA2 expression is not re-
quired for controlling proliferation of �neo�HS Lin� CD41�

Fc�Rlow c-kit� CD9� progenitors or, indeed, for proplatelet
formation (construct 1-84 ^ 196-413). However, there are two
caveats to these findings. First, we have only assayed GATA2
mRNA and not protein expression. Second, we have con-

FIG. 6. Expression analysis of wild-type and mutant GATA1 mRNA and protein in infected �neo�HS Lin� CD41� Fc�Rlow c-kit� CD9� cells.
(a to c) GATA1 mRNA expression quantitated by TaqMan real-time RT-PCR from retrovirally infected �neo�HS fetal Lin� CD41� Fc�Rlow

c-kit� CD9� cells using either the C-terminal GATA1-GFP probe (a) or the GATA1 Exon2/3 probe (b) or the GFP probe (c). Purified wild-type
C57BL/6 megakaryocytes (C57BL/6) were analyzed to compare the physiological expression level of GATA1 with retrovirally expressed GATA1.
mRNA from two independent cell sortings and infections are shown for each construct (experiment 1, gray; experiment 2, black). Relative mRNA
ratios were normalized with respect to GAPDH mRNA. (d) Micrographs showing the level of GATA1 protein expressed in �neo�HS fetal Lin�

CD41� Fc�Rlow c-kit� CD9� cells infected with different GATA1 constructs. Panels show GFP expression (upper panel), ToPro-3 staining (DNA,
middle panel), and GATA1 protein signal (lower panel). GATA1 expression is displayed in pseudo-color (scale bar below) to show the level of
GATA1 in different infected cells. The numbers below each panel show the mean GATA1 protein signal intensity 	 1 SD/fixed cell volume when
350 to 400 cells where analyzed. To compare results between panels, the mean signal intensity in all the panels has been normalized with respect
to the mean signal intensity in the IRES-GFP panel.
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FIG. 7. Rescue of terminal megakaryocyte differentiation of �neo�HS Lin� CD41� Fc�Rlow c-kit� CD9� cells by GATA1 proteins. (a)
Photograph of liquid culture from wild-type Lin� CD41� Fc�Rlow c-kit� CD9� cells used to set analysis gates for megakaryocyte GPIb expression
(top). FACS plot of GPIb expression plotted against the forward scatter of cells/proplatelets (bottom). GPIbhigh expression gates (R1�R2) were
set. On the right, sorted events from R2 were cytospun and stained with May-Gruenwald-Giemsa to reveal proplatelet and megakaryocyte
fragments. Scale bar, 10 �m. (b) Flow cytometric analysis of GPIb expression in the R1 and R2 rescue gate when Lin� CD41� Fc�Rlow c-kit�

CD9� cells were infected with different constructs as indicated. (c) GATA1 constructs as described in the legend of Fig. 5c (left). To control for
interexperimental variation, infection with constructs expressing no GATA1 protein (IRES-GFP construct) and wt GATA1 protein were
performed in every rescue experiment. In each rescue experiment, the percentage of rescue by wt GATA1 was set to 100%, and all other mutant
rescues were normalized with respect to that. The graph (right) represents the mean (	1 SD) of three independent cell sortings and infections for
each construct. A summary of whether proplatelet formation was observed for each construct is shown to the left. (d) Microscopic analysis of
IRES-GFP and wt GATA1 infected �neo�HS Lin�CD41� Fc�Rlow c-kit� CD9� cells 72 h after infection. The upper frames show fields by
phase-contrast microscopy (original magnification, �100). Lower frames show GFP fluorescence in the same fields. Scale bar, 100 �m.
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ducted our studies in populations of cells; thus, it is unclear if
low GATA2 levels correlate with suppression of proliferation
and terminal differentiation in any one cell.

DISCUSSION

Characterization of the megakaryocyte defect in �neo�HS
mice. GATA1 has an essential role in restraining megakaryo-
cyte growth and promoting terminal differentiation leading to

platelet release (see the introduction). However, a systematic
study of GATA1 domains required for these processes had not
been undertaken. Our work involved rescue of �neo�HS pri-
mary fetal cells with different GATA1 mutant molecules. We
adopted this approach for three reasons. First, primary cells
are subject to physiologic growth control and complete termi-
nal maturation. Second, as �neo�HS cells only express 5 to
10% of wild-type GATA1 mRNA in megakaryocyte progeni-
tors (Fig. 4), function of exogenous GATA1 can be studied

FIG. 8. Abrogation of abnormal growth from �neo�HS Lin� CD41� Fc�Rlow c-kit� CD9� cells. (a) Mean number (	1 SD) of abnormal
colonies present at day 9 from 1,000 GFP� cells infected with different retroviral constructs from two independent sorting and infection
experiments. (b) Flow cytometric cell cycle analysis of �neo�HS Lin� CD41� Fc�Rlow c-kit� CD9� cells infected with either vector (IRES-GFP;
top) frames or wt GATA1 (bottom) at 24 h and 72 h of culture. GFP� (uninfected, black line) and the GFP� (infected, green solid line) profiles
were overlaid. Hoechst fluorescence was analyzed on a linear scale. At 72 h after infection the sub-G1 peak in wt GATA1-infected cells was sorted
and analyzed morphologically. The upper frame shows May-Gruenwald-Giemsa staining; the lower frame illustrates benzidine staining (hemo-
globinized cells stain a brown color). Scale bar, 10 �m.

FIG. 9. GATA2 expression levels in Lin� CD41� Fc�Rlow c-kit� CD9� cells infected with GATA1 constructs. Relative GATA2 mRNA
expression levels (normalized with respect to GAPDH mRNA) are shown in �neo�HS fetal Lin� CD41� Fc�Rlow c-kit� CD9� cells, 48 h after
retroviral infection with different GATA1 constructs. The table summarizes data from the experiments shown in Fig. 7 and 8.
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with little confounding full-length endogenous GATA1 activ-
ity. Third, we wished to probe the function of the N-terminal
GATA1 domain, which is deleted in DS TMD and AMKL (see
introduction). As DS TMD and AMKL are initiated in fetal
life and since previous studies had suggested functional differ-
ences between fetal and adult progenitors (21, 29, 46, 56), it
was important to study fetal and not adult cells. One important
caveat is that retroviral GATA1 mRNA and protein were
significantly overexpressed in infected �neo�HS progenitors,
and this may have altered the stoichiometry of critical tran-
scription factor interactions.

Compared to wild-type, �neo�HS mice accumulate an ab-
normal Lin� CD41� Fc�Rlow c-kit� CD9� population with
erythroid-megakaryocytic potential (Fig. 1 and 2). When cul-
tured in methylcellulose or medium, this population does not
release proplatelets or express cell surface markers associated
with terminal megakaryocyte maturation at a high level and
produces abnormally large colonies of arrested megakaryocyte
precursors (Fig. 2). Thus, the population recapitulates the phe-
notype of GATA1 megakaryocyte deficiency. Rescue of this
population with wild-type GATA1 promoted terminal
megakaryocyte and red cell differentiation in liquid culture
(Fig. 7b, c, and d and 8b) and loss of large abnormal colony
formation (Fig. 8a). Thus, reintroduction of wt GATA1 alters
the cell fate of �neo�HS Lin� CD41� Fc�Rlow c-kit� CD9�

progenitors. In liquid culture GATA1 does this, at least in part,
by directing differentiation that is likely to be accompanied by
cell cycle exit (Fig. 8b). However, we cannot rule out that other
cell fate options may also be triggered by exogenous GATA1
expression.

In contrast to the Lin� CD41� Fc�Rlow c-kit� CD9� com-
partment, no major differences were observed in numbers of
fetal CMP and MEP cells between wild-type and �neo�HS
mice. In addition, �neo�HS CMP and MEP cells terminally
differentiated normally into all lineages, except the megakaryo-
cytic. These findings correlate well with where the GATA1

expression defect is seen in �neo�HS compared to wild-type
myeloid progenitors (Fig. 4). In addition, these data suggest
the �3.5 enhancer, deleted in �neo�HS mice, has a nonre-
dundant role in directing GATA1 expression to Lin� CD41�

Fc�Rlow c-kit� CD9� cells and differentiating megakaryocytes.
Role of GATA1-FOG-1 interaction. Rescue with different

GATA1 molecules revealed different roles for a critical residue
required for GATA1-FOG-1 interaction compared to amino
acids in the N terminus (Fig. 10a). Whereas interaction with
FOG-1 is critical for terminal differentiation (proplatelet for-
mation and GPIb expression), it is not required to abrogate
growth (prevent abnormal colony formation). The critical role
of FOG-1 in terminal maturation in our assay is consistent with
previous studies of human patients and germ line mutant mice
(7, 8, 14, 15, 32, 39). The mechanisms by which GATA1-
FOG-1 interaction directs terminal maturation are likely to be
multiple. First, GATA1-FOG-1 interaction may facilitate pro-
ductive interactions with other transcription factors required
for megakaryocyte gene expression, for example, the
megakaryocyte regulator Fli-1 (63). Second, GATA1-FOG-1
complexes have been proposed to anchor distant cis elements
regulating erythroid globin gene expression (57). A similar
situation may be operative at megakaryocyte gene loci. Third,
some GATA1-FOG-1 target genes are likely to be other tran-
scription factors and regulators of megakaryocyte cell fate, e.g.,
p45NF-E2, FOG-1, GATA1 and c-mpl (61, 63; B. Guyot and
P. Vyas, unpublished data). Thus, their increased expression
would generate a feed-forward loop of gene expression pro-
moting terminal megakaryocyte differentiation.

However, the finding that regulation of growth is FOG-1
independent is novel. Previous studies of mice and human
patients with mutations in GATA1 residues required to inter-
act with FOG-1 have suggested that loss of GATA1-FOG-1
interaction leads to increased megakaryocyte numbers (7, 8,
14, 15, 32, 39). However, the effects of abrogating GATA1-
FOG-1 interaction on megakaryocyte growth have not been

FIG. 10. Alignment of N-terminal mouse and chicken GATA1 amino acid sequence. (a) Summary of the sequence requirements within mouse
GATA1 for coordinated terminal megakaryocyte differentiation and growth arrest. (b) Alignment of N-terminal mouse and chicken GATA1 amino
acids between murine residues 54 to 110. The stars and bold letters indicate conserved amino acid residues between those two species. The location
of the translation start site of GATA1s in mGATA1 is shown. This is equivalent to the translation start of GATA1s that is expressed in DS TMD
and AMKL.
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documented. As mentioned above, one caveat is that the
V205G mutant GATA1 construct was significantly overex-
pressed. Given the small number of progenitors (�103) avail-
able for study after infection, we could not study whether the
GATA1-FOG-1 interaction had occurred. However, absence
of differentiation in V205G-infected cells would argue against
a productive GATA1-FOG-1 interaction. At the very least, our
data show a stricter requirement for GATA1-FOG-1 interac-
tion for terminal megakaryocyte differentiation compared to
restricting growth of abnormal �neo�HS colonies.

Role of the N terminus. In contrast to the findings with the
V205G mutant, residues in the N terminus are required for
control of both megakaryocyte differentiation and growth (Fig.
10a). The region between residues 54 to 110 is required to
dampen growth. For differentiation, the situation is more com-
plex. Two domains between residues 1 to 110 are functional in
proplatelet and GPIb expression rescue assays. The data are
most consistent with two independent N-terminal domains
promoting proplatelet release: one between residues 84 to 110
(Fig. 7c, compare constructs 84-413 and 110-413) and one
between residues 1 to 84 (Fig. 7c, compare constructs 1-84^
196-413 and 196-413).

The mechanisms by which N-terminal residues control
growth and promote terminal maturation are unclear. They
may be required for either critical protein-protein interactions
or proper folding of GATA1 protein. To date, interaction with
only the critical megakaryocyte transcription factor RUNX1
(24) has been mapped to the N terminus (amino acids 1 to 84)
by coimmunoprecipitation assays of transfected proteins in
heterologous cell lines (11). However, in that study RUNX1
independently interacted with both the N- and C-terminal
GATA1 domains. Given that our nonfunctional N-terminal
mutants had an intact C terminus that could have interacted
with RUNX1, the importance of GATA1-RUNX1 interaction
in mediating N-terminal GATA1-directed megakaryocyte dif-
ferentiation is unclear. Further studies to characterize the full
complement of protein interactions with the GATA1 N-termi-
nal region are in progress (45). Separately, structural studies of
GATA1 coupled with identification of functionally inactive
N-terminal point mutants will provide insight into the role of
the N terminus. Given the conservation of function between
mouse and chicken GATA1 in our assays, the relative lack of
sequence conservation (Fig. 10b) is perhaps both a surprise
and of help in selecting amino acids for further study.

Function of GATA1s in DS TMD and AMKL. To a large
extent, GATA1s (residues 84 to 413) retains the ability to
direct terminal megakaryocyte maturation. This is in agree-
ment with expression profiling data of DS AMKL blasts, which
have a distinctive mRNA profile composed of many GATA1
megakaryocyte target genes (5). Though GATA1s permits sig-
nificant megakaryocyte maturation, it is inefficient at restrict-
ing the growth of immature megakaryocyte precursors from an
abnormal Lin� CD41� Fc�Rlow c-kit� CD9� progenitor pop-
ulation, consistent with the proliferative phenotype seen in DS
TMD. Thus, to some extent, there is an uncoupling of coordi-
nated terminal differentiation and growth arrest.

What implications do these results have for the role of
GATA1s in DS TMD and AMKL? First, though our results
have been obtained in normal karyotype murine cells rather
than human cells with trisomy 21, the proproliferative nature

of GATA1s in our assays suggests aspects of GATA1s biology
in DS TMD and AMKL could be unraveled in a wild-type
mouse model. Second, there are several possible reasons why
the TMD clone extinguishes (see reference 1 for discussion),
and this study suggests one reason may be that GATA1s per-
mits terminal megakaryocyte differentiation. Third, there has
been debate about whether abnormal expansion of immature
megakaryocytes in TMD and AMKL is due to simply loss of
wild-type GATA1 function or whether GATA1s has unique
oncogenic properties. In contrast, our data suggest yet a third
hypothesis, namely that GATA1s behaves as a hypomorphic
GATA1 allele.

To conclude, we have localized defined, overlapping, but
possibly distinct, regions in the GATA1 N terminus required
for terminal megakaryocyte differentiation leading to platelet
release and control of immature precursor growth. In contrast,
though interaction with FOG-1 is strictly required for differ-
entiation, it may be dispensable for growth control. The chal-
lenge now is to identify key N-terminal residues and unveil the
mechanisms by which these residues restrain growth and facil-
itate differentiation.

Additional note. While the manuscript was under review,
two other publications have addressed the role of the GATA1
N terminus in regulating murine megakaryocyte terminal dif-
ferentiation and growth and support many of the findings out-
lined here (29, 35).
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