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Mouse embryonic stem (ES) cells lacking the transcription factor GATA-1 do not produce mature red blood 

cells either in vivo or in vitro. To define the consequences of GATA-1 loss more precisely, we used an in vitro 

ES cell differentiation assay that permits enumeration of primitive (EryP) and definitive (EryD) erythroid 

precursors and recovery of pure erythroid colonies. In contrast to normal ES cells, GATA-1- ES cells fail to 

generate EryP precursors. EryD precursors, however, are normal in number but undergo developmental arrest 

and death at the proerythroblast stage. Contrary to initial expectations, arrested GATA-1--definitive 

proerythroblasts express GATA target genes at normal levels. Transcripts of the related factor GATA-2 are 

remarkably elevated in GATA-1- proerythroblasts. These findings imply substantial interchangeability of 

GATA factors in vivo and suggest that GATA-1 normally serves to repress GATA-2 during erythropoiesis. The 

approach used here is a paradigm for the phenotypic analysis of targeted mutations affecting hematopoietic 

development. 
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Studies of globin gene regulation and red blood cell de- 
velopment have served as important models for defining 
mechanisms responsible for cell-specific expression and 
differentiation. Production of mature erythroid cells 
from pluripotent hematopoietic stern cells reflects two 
interrelated, overlapping processes. First, as stem cells 
give rise to multipotential progenitors and ultimately 
erythroid precursors, developmental potential becomes 
progressively restricted. Second, an erythroid program of 
transcription is established to express globins and other 
proteins characteristic of the mature red blood cell. 
Within the embryo, the site of hematopoiesis shifts dur- 
ing development from the yolk sac to the fetal liver 
(Brotherton et al. 1979; Wood 1982). Stem cells within 
the fetal liver originate either from the yolk sac or from 
an intraembryonic site near the dorsal aorta (Godin et al. 
1993; Medvinsky et al. 1993). Erythroid cells developing 
in the yolk sac are termed primitive and synthesize pre- 
dominantly embryonic globins, whereas those found in 
the fetal liver are definitive and express predominantly 
adult globins. A fruitful approach to elucidating these 
complex events relies on the identification of DNA- 
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binding proteins that direct erythroid-specific transcrip- 
tion. This is based on the premise that such regulators 
may also participate in early stages of erythropoiesis; 
therefore, the transcription factor GATA-1 has emerged 
as a central regulator for erythroid development (Orkin 
1992). 

GATA-1 is the founding member of a family of zinc 
finger proteins that recognize a GATA consensus motif 
(Evans and Felsenfeld 1989; Tsai et al. 1989). Potential 
target sites are found in the regulatory elements of vir- 
tually all erythroid-expressed genes (Evans et al. 1988), as 
well as in the core regions of the globin locus control 
regions (LCRs)(Grosveld et al. 1987; Orkin 1990; Phil- 
ipsen et al. 1990; Talbot et al. 1990). The GATA family 
proteins exhibit complex patterns of expression (Ya- 
mamoto et al. 1990). Within hematopoietic cells, expres- 
sion of GATA-1 and two related proteins, GATA-2 and 
GATA-3, overlaps in some lineages and at some devel- 
opmental stages. Populations enriched in multipotential 
progenitors express GATA-2 at high level, and GATA-1 
(and possibly GATA-3) at a much lower level (Sposi et al. 
1992; Leonard et al. 1993). GATA-1 and GATA-2 are 
coexpressed at high levels in mast and megakaryocytic 
cells (Martin et al. 1990; Romeo et al. 1990), whereas 
GATA-3 is abundant in T-lymphoid cells (Yamamoto et 
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al. 1990; Ho et al. 1991; Joulin et al. 1991; Ko et al. 1991). 
Maturing mammalian erythroid cells contain abundant 
GATA-1 but little (if any) GATA-2 or GATA-3 (Zonet  
al. 1991a; Leonard et al. 1993). 

Despite overlapping expression of these factors, 
GATA-1 is essential for normal erythroid development, 
as revealed by gene targeting (Smithies et al. 1985; 
Capecchi 1989)in mouse embryo-derived stem (ES) cells 
(Pevny et al. 1991). Male ES cells in which the X-linked 
GATA-1 gene is disrupted do not contribute to the ma- 
ture erythroid compartment in chimeric mice, although 
they contribute to the white cell fraction of blood and to 
all nonhematopoietic tissues tested. Accordingly, no ma- 
ture erythroid cells are produced by GATA-1- ES cells 
with in vitro embryoid body (EB; see below) differentia- 
tion (Simon et al. 1992), and embryonic and adult globin 
RNAs are virtually undetectable. Reintroduction of a 
normal GATA-1 transgene into the mutant  ES cells res- 
cues erythroid development both in vivo and in vitro 
(Simon et al. 1992). Hence, the phenotype of the GATA- 
1- ES cells is solely attributable to the loss of GATA-1 
function. 

Although prior studies demonstrate a requirement for 
GATA-1, they do not resolve several important ques- 
tions. Specifically, we wish to answer the following: At 
what stage is erythroid differentiation blocked in the ab- 
sence of GATA-1 ? Are GATA-1- primitive and defini- 
tive erythroid precursors affected to the same extent? 
How severely does the ablation of GATA-1 affect the 
expression of presumptive GATA-1 target genes? Is there 
cross regulation or compensation by other GATA-fac- 
tors? 

To address these issues and explore a general approach 
to the phenotypic analysis of loss-of-function mutations 
affecting hematopoiesis, we examined the in vitro devel- 
opmental potential of GATA-1- ES cells. Upon differ- 
entiation in vitro, totipotent ES ceils develop into aggre- 
gates, termed EBs, which contain various committed cell 
types including hematopoietic precursors (Doetschman 
et al. 1985; Burkert et al. 1991; Schmitt et al. 1991; Wiles 
and Keller 1991; Keller et al. 1993). Hematopoiesis can 
be observed directly in EBs. Alternatively, hematopoietic 
precursors are enumerated in colony assays by disaggre- 
gation of differentiating EBs and subsequent replating 
into methylcellulose cultures (Schmitt et al. 1991; Keller 
et al. 1993). This two-step assay has at least three advan- 
tages. First, precursors responsive to different he- 
matopoietic growth factors are scored in a fashion anal- 
ogous to traditional hematopoietic colony assays. Sec- 
ond, the temporal appearance of precursors from normal 
ES cells in developing EBs resembles that in the early 
embryo. Primitive erythroid (EryP) precursors, depen- 
dent on erythropoietin (Epo), are most abundant in 6- to 
7-day EBs, whereas definitive precursors (F.ryD), depen- 
dent on Epo and kit-ligand (KL, or stem cell factor) for 
their growth, persist in 10- to 14-day EBs. Macrophage 
and granulocyte precursors are abundant in 6- to 14-day 
EBs. Third, hematopoietic colonies, devoid of ES cells or 
other differentiated cell types arising in EBs, may be re- 
covered for morphologic and molecular analyses. 

Here, we describe novel insights into the conse- 
quences of GATA-1 loss accessed through the two-step 
in vitro assay. Specifically, we have distinguished differ- 
ent effects of GATA-1 loss on primitive and definitive 
erythropoiesis, shown that definitive erythroid cells un- 
dergo a developmental arrest followed by premature 
death, and defined the profile of RNA transcripts in the 
blocked cells. Contrary to our expectations, GATA tar- 
get genes, including globins, are expressed at near nor- 
mal levels in these cells. GATA-2 expression, however, 
is remarkably increased. These findings provide the first 
evidence for cross regulation of GATA proteins and sug- 
gest that GATA-2 can compensate partially for GATA-1 
until the late stage of erythroid development. The ap- 
proach we developed serves as a paradigm for studies of 
the consequences of other targeted gene mutations on 
hematopoiesis. 

Results 

In the experiments described below we examined he- 
matopoietic development of two independent GATA-1 - 
ES clones (Pevny et al. 1991) in the two-step in vitro 
differentiation assay (Keller et al. 1993). RNA transcript 
analysis of pooled erythroid colonies was performed by 
semiquantitative reverse-transcriptase-polymerase chain 
reaction (RT-PCR)(Saiki et al. 1985; Ferre et al. 1992; 
see Materials and methods). All results discussed were 
comparable between these clones; hence, they relate to 
consequences of GATA-1 loss, rather than to clonal vari- 
ation. 

GATA-1  - ES cells exh ib i t  a comple te  b lock  

to p r im i t i ve  erythropoiesis  

The EryP precursors were scored by replating cells de- 
rived from EBs of wild-type and GATA-1 - ES cells into 
methylcellulose containing Epo (Keller et al. 19931. As 
shown in Figure 1A, EBs of wild-type origin generate 
EryP precursors that are most abundant at 6 days and 
disappear by 14 days. Wild-type EryP colonies exhibit 
tight morphology and strong hemoglobinization (Fig. 
1B). In contrast, EBs derived from the GATA-1- ES cells 
contain no detectable EryP precursors at any time (Fig. 
1A,B). Of particular note, no abortive EryP colonies are 
evident in cultures Of the mutant  ES cells. These find- 
ings support a requirement for GATA-1 at the earliest 
stage of primitive erythropoiesis definable by current 
methods. 

GA TA-1 - EryD precursors are arrested 

at the  proery thoblas t  stage and die 

The EryD precursors were enumerated by replating EBs 
in the presence of Epo and KL [Keller et al. 1993). The 
EryD precursors, scored 4-5 days after replating, are 
present at similar frequencies in EBs derived from wild- 
type or mutant  ES cells (Fig. 2A). Development of these 
colonies is dependent on the presence of both Epo and 
KL. Few develop in KL alone (data not shown). The re- 
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Figure 1. Primitive erythropoiesis is blocked in GATA-1- ES 
cells. (A) EryP precursors were enumerated following secondary 
plating of wild-type (WT) and GATA-1- cells into methylcel- 
lulose media containing Epo. Embryoid bodies were disaggre- 
gated at 6, 10, and 14 days. Note the absence of GATA-1 - EryP 
precursors at all times. (B) Typical EryP colonies derived from 
6-day-old wild-type embryoid bodies. No EryP colonies were 
observed after replating of GATA-1 - embryoid bodies. Original 
magnification, 400x. 

quirement for Epo suggests that a functional erythropoi- 
etin receptor (EpoR) is produced by GATA-1- cells, a 
finding substantiated by RNA analysis (see below). 

Because GATA-1- ES cells do not contribute to ma- 
ture, definitive erythroid cells in vivo (Pevny et al. 1991 ), 
the appearance of mutant  erythroid colonies implies ei- 
ther a difference in the behavior of these cells in vivo and 
in vitro or an arrest during their maturation. Cells 
within the GATA-1- ES-derived colonies are develop- 

mentally arrested and die. Three to four days after replat- 
ing, developing wild-type and mutant  erythroid colonies 
are similar in appearance (Fig. 2B); cytologic smears 
show that they consist predominantly of proerythro- 
blasts (Fig. 3A, B). In some colonies the cells acquire a 
pink hue, indicative of the onset of hemoglobinization. 
GATA-1- proerythroblasts initially appear healthy but 
are somewhat larger in size than wild-type cells (Fig. 
3A, B). Between days 4 and 6, cells within wild-type col- 
onies mature, become visibly hemoglobinized (Fig. 2B), 
and acquire morphology characteristic of late normo- 
blasts (Fig. 3C, E). In contrast, cells within GATA-1- col- 
onies fail to hemoglobinize appreciably (Fig. 2B). Cytol- 
ogy of mutant  colonies reveals maturation arrest with 
dead and dysplastic cells evident by day 5 of colony de- 
velopment (Fig. 3D). Staining with vital dye reveals a 
precipitous fall in cell viability within the mutant  colo- 
nies between days 4 and 6 after replating (Fig. 3F). Thus, 
GATA-1 - EryD precursors are intrinsically abnormal, as 
reflected by a developmental arrest and premature death 
at a relatively late stage in their maturation. With re- 
spect to their initial appearance, growth factor require- 
ments, and persistence in EBs beyond 6 days, GATA-1 - 
EryD precursors are otherwise indistinguishable from 
wild type cells. 

GATA-1 --derived myeloid cells appear normal 

Replating experiments were performed to assess the con- 
sequences of GATA-1 loss on other hematopoietic lin- 
eages. Macrophage precursor development in GATA-1- 
EBs exhibits normal kinetics (Fig. 4). Macrophages de- 
rived from these colonies are normal in morphology, and 
do not display a shortened survival in vitro (not shown). 
In addition, granulocyte-macrophage and mixed colo- 
nies containing normal-appearing neutrophils were ob- 
served at approximately equal frequencies in replatings 
of wild-type and mutant  ES cells. Thus, GATA-1 is not 
required for myeloid development. 

Nonglobin GATA target genes are transcribed 

in GATA-1- proerythroblasts 

The presence of developmentally arrested definitive ery- 
throid precursors after replating of EBs derived from mu- 
tant ES cells affords a unique opportunity to assess the 
status of presumptive GATA target genes in the defi- 
cient cells. Among nonglobin erythroid-expressed genes, 
the EpoR {D'Andrea et al. 19891, basic helix-loop-helix 
(bHLH) stem cell leukemia (SCL or tal-1) transcription 
factor {Begley et al. 1989, 1991), and erythroid Krfippel- 
like transcription factor (EKLF) [Miller and Bieker 19931 
genes are of special interest. In each, a GATA site situ- 
ated in the proximal promoter is required for full pro- 
moter activity in erythroid cells and mediates trans-ac- 

tivation by forced GATA-1 expression in fibroblasts (Zon 
et al. 1991a; Aplan et al. 1992; M. Crossley and S.H. 
Orkin, unpubl.). Previously, it was speculated that loss 
of EpoR expression in GATA-1 - cells might account for 
their failure to develop normally, as starvation for sig- 
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Figure 2. EryD precursors in GATA-1- 
embryoid bodies are blocked in the final 
stages of development. (A) EryD precur- 
sors were enumerated in GATA-1- and 
wild-type (WT) embryoid bodies 6, 10, and 
14 days old. GATA-1- precursors are 
present at normal frequencies and form 
colonies that are initially normal in ap- 
pearance but fail to mature (see below). (B) 
Wild-type and GATA-1- erythroid colony 
morphologies. Four-day-old wild-type and 
GATA-1 - erythroid colonies derived from 
6-day-old embryoid bodies replated into 
Epo/KL are similar in appearance (top). By 
6 days colony age (bottom), the wild-type 
EryD colony acquires a red color reflecting 
hemoglobin accumulation in maturing 
erythroid cells. In contrast, the age- 
matched GATA-1- colony fails to turn 
red and contains mainly dead cells. Origi- 
nal magnification, 200x. 

naling through the EpoR would lead to apoptosis. The 
Epo responsiveness of the mutant colonies and the RNA 
data presented below exclude this simple model. 

Wild-type and GATA-1 - EryD colonies were aspirated 
from methylcellulose cultures 3 days after replating of 
EB cells, pooled into mixes containing -50  colonies of 
either type, and analyzed by semiquantitative RT-PCR 
for respective RNA transcripts Isee Materials and meth- 
ods). All cells were viable as determined by eosin exclu- 
sion. 

Expression of EpoR, SCL, and EKLF transcripts in 
wild-type and GATA-1 - proerythroblasts is presented in 
Figure 5. Contrary to our initial expectations, approxi- 
mately normal levels of EpoR and SCL transcripts [rela- 
tive to hypoxanthine-guanine phosphoribosyl trans- 
ferase (HPRT)] are present in the GATA-1- proerythro- 
blasts. Transcripts for EKLF are only modestly reduced 
(20--60% of normal). Therefore, despite disruption of the 

GATA-1 gene, several presumptive GATA factor-depen- 
dent target genes are expressed at near normal levels. 

Embryonic and adult globin genes are also 

expressed in GA TA-1 - proerythroblasts 

Considerable evidence indicates that G ~ FA-1 partici- 
pates directly in transcriptional regulation of globin 
genes in vertebrates. First, GATA sites are functionally 
important in globin gene promoters in several species 
(Evans et al. 1988; Knezetic and Felsenfeld 1989; Martin 
et al. 1989; Plumb et al. 1989; Watt et al. 1990; Evans 
and Felsenfeld 1991; Fong and Emerson 1992). Second, 
multiple GATA motifs are present in the core regions of 
both the c,- and [3-globin gene cluster LCRs (Higgs et al. 
1990; Philipsen et al. 1990; Jarman et al. 1991; Talbot 
and Grosveld 1991) and comprise part of the minimal 
sequences required for their position-independent activ- 
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Figure 3. Maturation arrest and prema- 
ture cell death in GATA- 1 - EryD cells. (A- 
E) EryD cells from wild-type (WT) and 
GATA-1- erythroid colonies stained with D5  
May-Grunwald/Giemsa. Four-day-old wild- 
type (A) and mutant (B) colonies contain 
predominantly normal-appearing proeryth- 
roblasts; consistently, the mutant cells ap- 
pear slightly larger. At 5 days colony age, 
wild-type cells (C) continue to mature, ac- 
cumulate hemoglobin, and exhibit nuclear 
condensation. Cells from age-matched 
GATA-1 - colonies (D) contain mainly dys- 
plastic proerythroblasts and dead cells. By 
6 days after replating, wild-type colonies 0 6  
(E) contain late normoblasts and erythro- 
cytes, whereas GATA-1- colonies contain 
mostly dead cells (not shown). Magnifica- 
tion, 320 x. (F) Cell viability, as determined 
by eosin exclusion in groups of pooled col- 
onies, drops sharply in GATA-1 - erythroid 
cells between days 4 and 6 of colony devel- 
opment. 
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ity (Ellis et al. 1993; Philipsen et al. 1993). To assess the 
transcriptional status of globin genes in developing ery- 
throid cells we harvested wild-type and GATA-1- ery- 
throid colonies and quantitated mRNAs by RT-PCR. 
Again, contrary to our initial expectations, embryonic [~, 
f~H1, e, and ~ (Leder et al. 1992)] and adult (a and ~) 
globin transcripts are expressed at roughly normal levels 
in the GATA-1-  developmentally arrested precursors 
(Fig. 6; Table 1). Upon closer inspection of the relative 
levels in cells harvested on days 3, 4, and 5 after replat- 
ing, additional trends are evident. In wild-type colonies, 
cellular maturation is associated with a progressive in- 
crease in ~-major, the adult ~-like chain. In arrested 
GATA-1-  erythroblasts, ~H1 remains higher than in 
wild-type cells, whereas the level of f~-major transcripts 
remains low throughout. These data suggest a relative 
shift in the expression of genes of the f~-globin cluster 
from ~-major to ~H1 globin in the GATA-1- cells. 

Our detection of globin RNA expression in isolated 
ES-derived hematopoietic colonies in these experiments, 
as compared with our finding that globin RNAs are vir- 
tually absent in GATA-1 - EBs differentiated in vitro (Si- 

mon et al. 1992} is not merely a reflection of the different 
sensitivities of RT-PCR and RNase protection methods. 
We compared RT-PCR and RNase protection assays di- 
rectly on EB RNAs of wild-type and GATA-1-  origins, 
and confirmed our previous findings and the accuracy of 
RT-PCR quantitation (not shown). As discussed below, 
we believe that GATA-1- precursors die rapidly within 
the context of late EBs. 

c-myb expression is increased in GATA-1 - EryD cells 

The nuclear protooncogene c-myb is necessary for nor- 
mal definitive erythropoiesis in the mouse (Mucenski et 
al. 1991). c-myb mRNA is relatively abundant in ery- 
throid precursors, and levels decrease during terminal 
maturation (Lfischer and Eisenman 1990). Indirect evi- 
dence suggests that c-myb functions to promote precur- 
sor proliferation and that its down-regulation is neces- 
sary to enable the final stages of erythroid maturation 
(Clarke et al. 1988; Gewirtz and Calabrotta 1988; 
Todokoro et al. 1988; McClinton et al. 1990). To assess 
whether altered c-myb expression ensues after loss of 
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Figure 4. Macrophage precursor frequencies are similar in 
wild-type and GATA-1 - embryoid bodies at 6, 10, and 14 days. 
Macrophage precursors were scored 6-8 days after replating em- 
bryoid bodies into methylcellulose cultures containing IL-1, IL- 
3, granulocyte colony-stimulating granulocyte-macrophage 
colony-stimulating factor, Epo, and KL. Colonies containing 
<20 cells were not scored. 

GATA-1, we quantitated c-myb RNA in day 3, 4, and 5 
wild-type and mutant erythroid colonies (Fig. 7). Wild- 
type colonies express a low level of c-myb RNA, which 
declines slightly as cellular maturation proceeds. In con- 
trast, GATA-1 - erythroid cells overexpress c-myb. By 5 
days colony age, c-myb mRNA is eightfold greater rela- 
tive to wild-type colonies. 

GA TA-2 expression is dramatically up-regulated 
in GATA-1-, EryD cells 

The expression of presumptive GATA target genes, in- 
cluding all globins, in developmentally arrested GATA- 
1- ES cells presents a paradox consistent with two in- 
terpretations. On the one hand, the presumptive GATA 
targets may not be truly regulated through GATA factors 
in vivo. Alternatively, in the absence of GATA-1, an- 
other GATA factor might substitute in transcription of 
these target genes. To address these possibilities we 
quantitated RNA transcripts encoding two other mem- 
bers of the GATA family of transcription factors (Ya- 
mamoto et al. 1990), GATA-2 (Wilson et al. 1990; Doff- 
man et al. 1992) and GATA-3 (Yamamoto et al. 1990; Ho 
et al. 1991; Joulin et la. 1991; Ko et al. 1991), which are 
normally expressed in a subset of hematopoietic lin- 
eages. As shown in Figure 8, A and B, GATA-2 tran- 
scripts are dramatically elevated (40- to 68-fold) in devel- 
opmentally arrested GATA-1- cells assayed in day 3, 4, 
and 5 colonies. In contrast, GATA-3 transcripts are low 
and approximately equal in wild-type and mutant pro- 
erythroblasts (Fig. 8C). Thus, GATA-2 expression is se- 

lectively up-regulated to a remarkable extent at all times 
of colony development in the absence of GATA-1. 

Discussion 

Targeted mutagenesis in mouse ES cells forms the basis 
of a genetic strategy for defining the roles of specific 
genes in mammalian development (Capecchi 1989). 
Study of phenotypes evident in homozygous mice gen- 
erated by germ-line transmission and breeding has 
served as the predominant method of analysis. For genes 
important in hematopoiesis, examination of the contri- 
bution of mutant ES cells to blood cell lineages in chi- 
meras (Pevny et al. 1991) and the in vitro developmental 
potential of ES cells (Simon et al. 1992) is particularly 
useful, especially in instances of early embryonic lethal 
mutations. These approaches enable identification of the 
hematopoietic consequences of mutations with pleiotro- 
pic effects that might obscure examination of he- 
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Figure 5. Expression of GATA target genes in wild-type and 
GATA-1- proerythroblasts. RNA was purified from 3-day-old 
EryD colonies and analyzed by RT-PCR {Ferre 1992), as de- 
scribed in Materials and methods. Clones 74 and 53 are two 
independent GATA-1- ES cell clones. Samples were examined 
after 20, 22, 24, and 26 cycles of amplification. Relative ratios 
indicate the relative signal intensities for the gene of interest 
[(A) EpoR; (B) EKLF; (C) SCL or tal-1] after normalization for the 
total amount of RNA, as reflected by the HPRT product signal 
intensity. Control experiments, in which reverse transcriptase 
was omitted from the cDNA synthesis step, failed to exhibit 
specific bands after 26 amplification cycles (not shown). 
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Figure 6. Globin gene expression in developing wild-type and 
GATA-1- definitive erythroid colonies. RT-PCR analysis was 
performed on erythroid colonies as described in Fig. 5 and Ma- 
terials and methods. Pools of -50 erythroid colonies were ana- 
lyzed for globin gene transcripts after 3, 4, and 5 days of colony 
development. PCR reactions were performed in the presence of 
[3-actin primers and amplified for 14, 16, 18, and 20 cycles (first 
four lanes of each sample). The smears in the fifth lanes of the 
last two panels (e and [3-major) represent control experiments in 
which no reverse transcriptase was added to the cDNA synthe- 
sis reaction; these samples were amplified for 20 cycles. Similar 
control experiments with ~, a, and [3H1 primer pairs also failed 
to produce specific PCR products (not shown). Quantitation of 
these data and additional experiments are summarized in Ta- 
ble 1. 

matopoiesis in homozygous animals. Our application of 
improved in vitro culture assays for hematopoietic de- 
velopment extends in vivo approaches and has yielded 
novel insights into the consequences of GATA-1 loss. 

Role for GATA-1 in primitive erythropoiesis 

The EryP precursors were not detected in EBs derived 
from GATA-1- ES cells, a finding formally consistent 
with a critical role for GATA-1 in the earliest period of 
primitive erythropoiesis. The pattern of GATA-1 expres- 
sion during embryogenesis in vertebrates is consistent 
with this view. In the mouse the appearance of GATA-1 
coincides with the onset of erythropoiesis in the yolk sac 
(Whitelaw et al. 1990), although the precise origin of the 

first GATA-1-positive cells is uncertain. In the frog em- 
bryo GATA-1 localizes to the ventral marginal zone and 
blood islands before the appearance of identifiable he- 
matopoietic cells (Zon et al. 1991b; C. Kelley, K. Yee, J. 
DeCaprio, R.M. Harlan, and LT Zon, in prep.). Prelimi- 
nary studies in zebrafish also reveal localization of 
GATA-1 to structures homologous to the extraembry- 
onic yolk sac of the mouse (H. Dietrich and L. Zon, pers. 
comm.). GATA-1 might be required for any, or several, 
steps in primitive erythropoiesis, including the initial 
decision of a stem cell to generate an erythroid progeni- 
tor, proliferation of the earliest progenitors, or cellular 
maturation. 

An alternative interpretation suggests that the early 
block to primitive erythroid development reflects cur- 
rent culture conditions, which may be unfavorable for 
the development of early EryP precursors. Specifically, 
EryP colonies observed after replating of cells from wild- 
type EBs appear to represent late precursors (analogous to 
colony-forming units-erythroid), rather than earlier, 
burst-forming precursors that form a subset of the defin- 
itive lineage identified in colony assays. Therefore, as in 
the definitive erythroid lineage (see below), GATA-1 
might be essential only in later EryP precursors. Until 
culture methods are developed to detect earlier primitive 
precursors, we cannot use in vitro assays to formally 
exclude the possibility that GATA-1 is dispensable at 
early stages of primitive erythropoiesis. 

Compensation by GATA-2 for loss of GATA-1 

The inability of GATA-1 - definitive precursors to com- 
plete their maturation in vivo and in vitro establishes an 
important role for the protein in erythroid development. 
Prior data have been interpreted to suggest that func- 
tional redundancy or potential compensatory mecha- 
nisms in GATA-1- precursors are minimal (Pevny et al. 
1991; Simon et al. 1992). Direct analysis of developmen- 
tally arrested definitive erythroid precursors recovered as 
pure hematopoietic colonies from the two-step in vitro 
differentiation assay refines this view and provides in- 
sights into the consequences of GATA-1 loss that cannot 
be derived from prior approaches. The most striking find- 
ings to emerge are the approximately normal levels of 
transcripts for GATA target genes and the extraordinary 
increase in GATA-2 expression in the arrested precur- 
sors. Several important inferences derive from these ob- 
servations: 

First, relating these findings, we postulate that 
GATA-2 participates in transcription of presumptive 
GATA target genes, such as EpoR, EKLF, SCL, and 
globins, in GATA-1- cells. Therefore, with regard to 
their function in vivo, GATA- 1 and GATA-2 proteins are 
largely interchangeable, despite virtual nonhomology 
outside the conserved two-finger DNA-binding domains 
(Yamamoto et al. 1990; Zon et al. 1991b). This conclu- 
sion is generally consistent with functional assays of 
trans-activation of various reporter constructs by GATA 
factors, which have not as yet identified promoter or cell 
specificity in their action (Dorfman et al. 1992; Orkin 
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Table 1. Relative ratios of globin RT-PCR products in developing erythroid colonies 

Colony age b 

day 3 day 4 day 5 

GATA- 1 - GATA- 1 - GATA- 1 - GATA- 1 - 
Globin a WT (clone 74) {clone 53) WT (clone 74) WT (clone 74) 

[~-H1 
experiment 1 1.0 3.9 4.2 1.1 2.3 0.7 2.5 
experiment 2 1.0 5.2 N.D. 1.8 N.D. 2.4 6.8 

experiment 1 1.0 4.0 1.1 2.0 1.7 0.7 2.3 
experiment 2 1.0 3.4 N.D. N.D. N.D. N.D. N.D. 

{3-major 
experiment 1 1.0 1.8 1.0 3.4 0.6 5.1 0.7 
experiment 2 1.0 N.D. N.D. 1.9 N.D. 3.6 0.8 

experiment 1 1.0 1.0 0.2 1.9 1.3 0.7 0.9 
experiment 2 1.0 1.3 N.D. 1.1 N.D. 1.8 0.8 

experiment 1 1.0 3.4 1.4 3.1 1.7 2.4 1.9 
experiment 2 1.0 5.7 N.D. 2.6 2.6 6.2 1.9 

EryD colonies derived from replating 6-day-old embryoid bodies in Epo/KL were isolated after 3, 4, and 5 days of colony development, 
pooled into groups, and analyzed for the presence of globin mRNAs by RT-PCR. The relative ratios of globin RT-PCR products derived 
from each colony pool are shown, with the day 3 wild-type (WT) sample arbitrarily assigned a value of 1.0. Values are normalized with 
respect to ~-actin RT-PCR products to adjust for the amount of RNA present in each sample. These data enable comparison of the 
relative amounts of the same globin gene among different samples but do not allow estimation of the relative amounts of different 
globin genes in samples because of differences in efficiency of PCR amplification between different genes and different primer pairs. 
aExperiment 1 corresponds to the PCR data shown in Fig. 7. 
b(N.D.) Not done. 

1992). Whether  subtle differences in DNA-binding spec- 
ificities of these factors, recently demonstrated in vitro 
with selected binding sites (Ko and Engel 1993; Merika 
and Orkin 1993), are relevant to differential ut i l izat ion of 
these proteins in vivo is uncertain. 

Second, expression of globin genes in the absence of 
GATA-1 implies  that productive interactions occur be- 
tween the LCRs and the proximal regulatory elements  of 
the downstream globin genes. We infer that GATA-2 
functions in place of GATA-1 wi th in  these complexes. 
In our prior study of differentiation of GATA-1 - ES cells 
in whole EBs we did not detect appreciable globin RNAs 
by RNase protection assays (Simon et al. 1992). Several 
factors are l ikely to account for this. In whole EBs he- 
matopoietic cells represent only a minor i ty  of the total 
cells present. More important,  developmental ly arrested 
precursors die and hence contribute far less than their 
fraction of the total population. In addition, we have 
noted increased death of precursors wi th in  mutan t  EBs 
cultured at higher densities (data not shown), a phenom- 
enon that biases against a contribution by mutan t  ery- 
throid cells harvested from EBs at late times. Although 
the present data indicate that both GATA-1 and GATA-2 
can participate in globin gene expression, the proteins 
may  not be entirely interchangeable in this regard, as 
suggested by the relative increase in ~H1 and decrease in 
[3-major transcripts in arrested precursors. Subtle differ- 
ences in the profile of globin genes expressed may  ensue 
upon subst i tut ion of GATA-2 for GATA-1. 

Third, when taken together wi th  its high level expres- 
sion in mult ipotent ia l  hematopoiet ic  progenitors, the re- 
alization that GATA-2 can funct ion in transcription of 
globin and nonglobin erythroid-expressed genes raises 
the possibility that a succession of GATA factors acting 
at particular targets may normal ly  occur during cellular 
differentiation. The successive action of related tran- 
scriptional regulators that differ subtly in their proper- 
ties may  provide a finer level of regulation of target genes 
during cellular development than that achievable wi th  a 
single factor. In the context of globin gene regulation, for 
example, GATA-2 might  prepare LCR elements  in un- 
differentiated embryonic cells, hematopoiet ic  s tem cells, 
or early progenitor cells to be acted on by GATA-1 dur- 
ing the later stages of erythroid maturation.  Thus, LCRs 
might  be mainta ined  in a poised state before matura t ion  
of precursors along a single lineage, a model  consistent 
wi th  the observation that LCR elements  are DNase I 
hypersensit ive in mult ipotent ia l  cells (Jimenez et al. 

19921. 
Fourth, our data provide the first evidence for cross 

regulation between members  of the GATA family. Spe- 
cifically, markedly increased expression of GATA-2 in 
arrested precursors strongly suggests that GATA-1 re- 
presses GATA-2 transcription, either by direct or indi- 
rect means, during normal erythroid development.  The 
lack of a compensatory increase in GATA-3 expression 
demonstrates that cross-regulation is selective. Repres- 
sion of GATA-2 expression mediated by GATA-1 may  
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Figure 7. c-myb mRNA is increased in GATA-1- erythroid 
cells. (A) Pools of -50 erythroid colonies were analyzed by RT- 
PCR for c-myb transcripts after 3, 4, and 5 days of colony de- 
velopment, as described in Fig. 6 and Materials and methods. 
Samples were amplified for six cycles in the presence of c-myb 
primers. Primers for f~-actin were then added, and aliquots were 
removed for analysis after an additional 14, 16, 18, and 20 cy- 
cles. Relative ratios indicate the relative signal intensities for 
c-rnyb after normalization against the ~-actin signal intensity. 
The 3-day wild-type sample was arbitrarily assigned a value of 
1.0. (B) Relative ratios of c-myb mRNA versus colony age. 

account for the progressive decrease in GATA-2 tran- 
scription that normally accompanies the rise in GATA-1 
occurring during erythroid maturation (Sposi et al. 1992; 
Dalyot et al. 1993). 

Possible mechanisms for developmental arrest 
in the absence of GATA-1 

If increased expression of GATA-2 compensates for loss 
of GATA-1, why is definitive erythroid maturation ar- 
rested in the mutant cells? Several explanations are pos- 
sible. For one, although the GATA-2 level is dramati- 
cally elevated relative to normal proerythroblasts, it may 
never achieve the abundance of GATA-1 seen in late 
erythroid precursors. If trans-activation of specific target 
genes requires a high concentration of a GATA factor, 
critical protein deficiencies and a developmental block 
will ensue. Alternatively, some targets, as yet unidenti- 
fied, may normally be transcribed selectively by 
GATA-1 rather than by GATA-2. Therefore, dedicated 
roles for GATA-1 may be functionally important late in 
cellular maturation. 

An alternative mechanism related to the marked ele- 
vation of GATA-2 may account for the developmental 
arrest. Forced expression of GATA-2, but not GATA-1 or 

GATA-3, in chicken erythroid precursors promotes cel- 
lular proliferation and blocks subsequent maturation 
(Briegel et al. 1993). In a similar manner, derepression of 
GATA-2 in GATA-1- cells may directly inhibit termi- 
nal erythroid maturation. Accordingly, an attempt to 
compensate for GATA-1 loss may paradoxically lead to 
maturation arrest. 

The observation that c-myb mRNA is up-regulated in 
GATA-1- erythroid cells suggests another pathway 
through which development of the mutant cells may be 
arrested. The decrease in c-myb expression that nor- 
mally accompanies erythroid development is thought to 
be a prerequisite for terminal maturation (Clarke et al. 
1988; Gewirtz and Calabretta 1988; Todokoro et al. 
1988; McClinton et al. 1990). Forced expression of c-myb 
to modest levels is capable of blocking induced differen- 
tiation of erythroleukemia cells. Hence, higher endoge- 
nous c-myb levels, caused by either positive regulation 
by GATA-2 or loss of repression by GATA-1, might con- 
tribute to the developmental block. 

We speculate that several of the mechanisms dis- 
cussed above may act in concert to produce the GATA- 
1 - erythroid phenotype. Thus, derepression of GATA-2 
and c-myb may promote cellular proliferation, whereas 
lack of a critical GATA-l-specific target gene may im- 
pair viability of mutant proerythroblasts. This combina- 
tion of conflicting or incompatible growth signals could 
potentially induce cell death, as has been observed in a 
variety of other cellular systems (White 1993). 

The proerythroblast arrest of GATA-1 - ES cells is not 
merely a peculiarity of the in vitro differentiation system 
used here. In other experiments to be reported elsewhere, 
ES-derived arrested proerythroblasts have been seen in 
mixed hematopoietic colonies obtained from the fetal 
liver of wild-type-GATA-1- chimeras (L. Pevny, C.-S. 
Lin, V. D-Agati, M.C. Simon, S.H. Orkin, and F. Con- 
stantini, in prep.). GATA-1- colonies containing pro- 
erythroblasts quantitatively replace wild-type colonies 
that contain mature red blood cells. In the replating as- 
say used here, the arrested cells can be captured in pure 
form for analysis. 

Regulatory networks of GATA factors in 
erythropoiesis 

Development of primitive erythroid precursors from a 
stem-progenitor cell in the yolk sac may be predomi- 
nantly dependent on GATA-1. In definitive erythropoi- 
esis, either GATA-1 or GATA-2 is sufficient to permit 
development of proerythroblasts from earlier stem-pro- 
genitor cells. Thus, functional redundancy appears in- 
trinsic to the early stages of definitive lineage develop- 
ment. GATA-1 expression, however, is required to com- 
plete maturation to the red cell. An essential role for 
GATA-1 in late erythroblast development is consistent 
with the burst of GATA-1 expression that accompanies 
normal erythroid maturation (Sposi et al. 1992; Dalyot et 

al. 1993). 
Beyond its role as a compensatory factor for GATA-1 

in the definitive erythroid lineage, GATA-2 serves in 
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Figure 8. Expression of the transcription factor GATA-2, but not GATA-3, is markedly up-regulated in GATA- 1 - definitive erythroid 
cells. Wild-type (WT) and GATA-1 - erythroid colonies at 3, 4, and 5 days of age were analyzed by RT-PCR as described in Fig. 6 and 
Materials and methods. (A) GATA-2 expression in GATA-1- (clones 74 and 53} and wild-type (WT) EryD colonies. Samples were 
amplified for four cycles in the presence of GATA-2 primers. Primers for [3-actin were added and aliquots removed for analysis after 
an additional 14, 16, 18, and 20 cycles. (B) Summary of the relative expression of GATA-2 RNA in wild-type and GATA-1- colonies 
vs. colony age. (C) GATA-3 expression. Samples containing GATA-3 and HPRT primers were analyzed after 28 amplification cycles. 
Lane C contains eDNA from the T-cell hybridoma line By155.16, used as a positive control for GATA-3 mRNA. 

vivo as an important factor for stem-progenitor cell pro- 
liferation or maintenance. Hematopoiesis from GATA- 
2 -  ES cells is nearly ablated (F.-Y. Tsai, G. Keller, F.C. 
Kuo, M. Weiss, J.-Z. Chen, M. Rosenblatt, F. Alt, and 
S.H. Orkin, in prep.). This effect is most pronounced in 
definitive progenitors, but also evident in primitive pro- 
genitors. Taken together with our finding that GATA-2 
is overexpressed in GATA-1-  definitive proerythro- 
blasts, these data suggest the existence of a potentially 
complex regulatory network among the GATA family 
transcription factors, in which GATA-1 may repress 
GATA-2, and GATA-2 may activate genes controlling or 
signaling proliferation in progenitor cells. 

The cross-regulation and potential redundancy of 
GATA-1 and GATA-2 in the early stages of the definitive 
erythroid pathway are reminiscent of the relationship of 
myogenic bHLH factors in muscle development. In vivo, 
Myf-5 can largely substitute for the function of MyoD in 
muscle development (Rudnicki et al. 1992). This occurs 
in the setting of a modest (-3.5-fold) increase in Myf-5 
expression in MyoD null muscle. A different member of 
the myogenic bHLH family, myogenin, is necessary in 
vivo to complete muscle differentiation (Hasty et al. 
1993; Nabeshima et al. 1993). In the definitive erythroid 
lineage, GATA-1, rather than another member of the 
GATA family, is apparently required to complete cellu- 
lar maturation. Thus, in both systems potential redun- 
dancy is imposed by related transcription factors; yet, 
terminal maturation requires a specific member of the 
family. Such a complex layered pattern of regulation ap- 
pears to be characteristic of mammalian developmental 
programs. 

The experimental strategy we have pursued is a gen- 
eral approach to phenotypic characterization of targeted 
mutations affecting hematopoietic development, partic- 
ularly those that are lethal in the homozygous state. As 
demonstrated here, study of pure hematopoietic cells of 

mutant  origin, particularly where cellular differentiation 
is blocked, provides a route to uncovering compensatory 
mechanisms and complex regulatory networks. Within 
the context of a chimera or a homozygous animal these 
cells are inaccessible. The ES cell in vitro differentiation 
methods will also prove useful in unraveling the com- 
plexities of other developmental processes. For example, 
phenotypic markers for myogenesis, cardiogenesis, vas- 
culogenesis, and angiogenesis have been detected in em- 
bryoid bodies (Risau et al. 1988; Wang et al. 1992; Miller- 
Hance et al. 1993; Mutchuchamy et al. 1993). As tech- 
niques are developed to generate cells representative of 
other organ systems in vitro from ES cells, examination 
of the effects of mutations within the context of devel- 
oping embryoid bodies will become an increasingly rich 
approach with which to complement whole animal stud- 
ies. 

Materials and methods 

Cells 

Undifferentiated wild-type and GATA-1- clones 53 and 74 (Pe- 
vny et al. 1991) of the ES cell line CCE (Robertson et al. 1986) 
were grown on gelatin-treated flasks in Dulbecco's modified 
Eagle medium supplemented with mouse leukemia inhibitory 
factor (LIF; 1% conditioned medium from a LIF-transfected 
CHO cell line), 15% fetal calf serum, and 1.Sx 10 -4 M mono- 
thioglycerol. Two days before setting up an in vitro differenti- 
ation assay, cells were passaged into Iscove's modified Dulbec- 
co's medium containing the supplements noted above. 

In vitro differentiation of ES cells 

The two-step in vitro d i f ferent ia t ion assay was performed as 

described previously (Keller et al. 1993). EryP precursors were 
quantitated after replating disaggregated embryoid bodies into 
methylcellulose media containing recombinant Epo (2 U/ml). 
Replating into a mixture of growth factors including Epo, KL 
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Table 2. 01igonudeotide primers used for RT-PCR 

Size 
Gene (bp) a 5'-Sequence 3'-Sequence Reference 

et-globin 331 

13-actm 
13H1 globin 
13-major globin 
EKLF 
EpoR 
e-globin (Y-2) 

GATA-2 - 720 

GATA-3 

HPRT 
c-Myb 

SCL 
~-globm 

5'-CTCTCTGGGGAAGACAAAAGCA 5'-GGTGGCTAGCCAAGGTCACCAG 
AC-3' CA-3' 

5'-GTGACGAGGCCCAGAGCAAGAG-3' 5'-AGGGGCCGGACTCATCGTACTC-3' 938 
265 5'-AGTCCCCATGGAGTCAAAGA-3' 
578 5'-CTGACAGATGCTCTCTTGGG-3' 
359 5'-TCGCCGGAGACGCAGGCT-3' 
452 5'-GGACACCTACTTGGTAXTGG-3' 
122 5'-GGAGAGTCCATTAAGAACCTAG 

ACAA-3' 
5'-CGGAATTCGACACACCACCCGA 

TACCCACCTAT-3' 
566 5'-ACGTCTCACTCTCGAGGCAGCA 

TG-3' 
249 5'-CACAGGACTAGAACACCTGC-3' 
475 5'-GAGCTTGTCCAGAAATATGGTC 

CGAAG-3' 

5'-CTCAAGGAGACCTFTGCTCA-3' 
5'-CACAACCCCAGAAACAGACA-3' 
5'-CCCAGTCCTFGTGCAGGA-3' 
5 '-GACGTTGTAGGCTGGAGTCC-3' 
5 '-CTGTGAATTCATTGCCGAAG 

TGAC-3' 
5'-CGGAATTCGCCTACGCCATGG 

CAGTCACCATGCT-3' 
5'-GAAGTCCTCCAGCGCGTCATG 

CAC-3' 
5'-GCTGGTGAAAAGGACCTCT-3' 
5'-GGCTGCCGCAGCCGGCTGAG 

GGAC-3' 
914 5'-CAGCAGAATGTGAATGGGGCAT-3' 5'-TTGACTCTCCACAGCAGCT-3' 
370 5'-GCTCAGGCCGAGCCCATTGG-3' 5'-TAGCGGTACTTCTCAGTCAG-3' 

Nishioka and 
Leder (1979) 

Alonso et al. (1986) 
Hill et al. {1984) 
Konkel et al. (1978) 
Miller and Bieker (1993) 
D'Andrea et al. (1989) 
Hansen et al. {1982) 

F.Y. Tsai, and S.H. 
Orkin {unpubl.) 

Ko et al. (1991) 

Konecki et al. (1982) 
Lavu and Reddy (1986) 

Begley et al. ( 1991) 
Leder et al. (1985) 

aSize of predicted RT-PCR product. All primer pairs span introns except for the EpoR primer pair. 

(250 ng/ml recombinant or 1% conditioned medium from KL- 
producing CHO cells), interleukin-1 {IL-1)(103 U/ml), IL-3 (102 
U/ml), G-CSF (granulocyte colony-stimulating factor) {10 a 
U/ml), GM-CSF (granulocyte-macrophage CSF)(15 U/ml), and 
M-CSF macrophage CSF) (100 U/ml) supported the develop- 
ment of EryD, macrophage, and mixed colonies. The EryD col- 
onies required Epo and KL for optimal development. For mor- 
phologic examination colonies were aspirated from methylcel- 
lulose, gently spread on a glass slide with a stream of 
compressed air, and stained with May-Grunwald-Giemsa. 

RT-PCR analysis 

For RT-PCR analysis (Saiki et al. 1985; Ferre et al. 1992) of RNA 
from EryD colonies, 6-day-old EB were replated into Epo and KL. 
These conditions yield erythroid colonies almost exclusively 
and, therefore, minimize the possibility of contamination by 
nonerythroid cells. Because wild-type EryP colonies are abun- 
dant in these replatings (500-1000 colonies per dish), it is pos- 
sible that a few were inadvertantly sampled. Approximately 50 
erythroid colonies were removed from methylcellulose cultures 
with a micropipette and placed into 200 ~.1 of phosphate-buff- 
ered saline (PBS). Cell viability was determined by mixing a 
small aliquot with eosin solution and counting in a hemocy- 
tometer. After centrifugation of the cells, 20 ~g of glycogen 
(Boehringer Mannheim, GmbH) was added as carrier, and RNA 
was isolated by acid-phenol extraction (Chomczynski and Sac- 
chi 1987). Complementary DNA was synthesized by Moloney 
murine leukemia virus reverse transcriptase {GIBCO/BRL, Gai- 
thersburg, MD) with oligo(dT) as primer, according to the man- 
ufacturer's instructions. The eDNA mixtures were purified by 
phenol-chloroform extraction before PCR. PCR reactions were 
performed using Taq DNA polymerase (Boehringer Mannheim) 
according to the manufacturer's instructions. Each reaction 
contained eDNA derived from 50 to 100 cells, reaction buffer 
supplied by the manufacturer with Mg 2+ 2 mM final concentra- 
tion, 0.2 ~M oligonucleotide primers, 200 ~M each dNTP, and 
0.1 ~Ci [a-a2P]dCTP (3000 Ci/mM; Amersham, Arlington 

Heights, IL). Reaction mixtures contained two sets of primers: 
one directed to the transcript of interest, and one for a consti- 
tutively expressed transcript, either HPRT or ~-actin. The prim- 
ers used in our experiments are listed in Table 2. Reactions were 
cycled at 94°C for 30 sec, 55°C for 30 sec, and 72°C for 60 sec 
using a PTC-100 thermal controller {MI Research, Watertown, 
MA). Aliquots were removed after various cycle numbers (de- 
termined empirically to maintain amplification in a linear 
range) and electrophoresed through a 4% polyacrylamide gel. 
Image analysis was performed using a Phosphorlmager and Im- 
ageQuant software (Molecular Dynamics, Sunnyvale, CA). 
Quantitation calculations were limited to PCR samples in 
which amplification was proceeding linearly. This analysis per- 
mits comparison of the relative levels of specific RNAs among 
different samples but does not enable accurate quantitation of 
the absolute level of any mRNA or the relative levels of differ- 
ent mRNAs due to possible differences in amplification effi- 
ciencies of primer pairs. Results of PCR quantitations were sim- 
ilar regardless of whether HPRT or B-actin transcripts were used 
as the internal control. Control experiments, in which reverse 
transcriptase was omitted from the eDNA synthesis reaction, 
failed to show specific PCR products. The murine T-cell hybrid- 
oma line, By155.16 (Sleckman et al. 1987), used as a positive 
control for GATA-3 mRNA, was supplied by Dr. Steven Bura- 
koff (Dana-Farber Cancer Institute, Boston, MA). 
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