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GATA-1 is essential for the development of erythroid and megakaryocytic lineages. We found that GATA-1
gene knockdown female (GATA-1.05/X) mice frequently develop a hematopoietic disorder resembling myelo-
dysplastic syndrome that is characterized by the accumulation of progenitors expressing low levels of GATA-1.
In this study, we demonstrate that GATA-1.05/X mice suffer from two distinct types of acute leukemia, an
early-onset c-Kit-positive nonlymphoid leukemia and a late-onset B-lymphocytic leukemia. Since GATA-1 is an
X chromosome gene, two types of hematopoietic cells reside within heterozygous GATA-1 knockdown mice,
bearing either an active wild-type GATA-1 allele or an active mutant GATA-1.05 allele. In the hematopoietic
progenitors with the latter allele, low-level GATA-1 expression is sufficient to support survival and proliferation
but not differentiation, leading to the accumulation of progenitors that are easily targeted by oncogenic stimuli.
Since such leukemia has not been observed in GATA-1-null/X mutant mice, we conclude that the residual
GATA-1 activity in the knockdown mice contributes to the development of the malignancy. This de novo model
recapitulates the acute crisis found in preleukemic conditions in humans.

GATA-1 belongs to a small family of transcription factors,
members of which bind to the consensus WGATAR sequence
utilizing two phylogenetically conserved zinc fingers (44). Of
the six members of the family, GATA-1, GATA-2, and
GATA-3 comprise the hematopoietic GATA factor subfamily
(3, 24, 29). Expression profiles of the hematopoietic subfamily
members are lineage and differentiation stage restricted; in the
hematopoietic lineages, the expression of GATA-1 is confined
to erythroid cells, megakaryocytes, eosinophils, and mast cells,
whereas GATA-2 is expressed mainly in hematopoietic stem
cells and immature progenitors (8, 18, 34). GATA-3 is pre-
dominantly expressed in T lymphocytes. Although GATA-1
and GATA-2 show overlapping expression profiles, gene
knockout experiments revealed that both factors play distinct
roles, probably resulting from their differential spatiotemporal
expression patterns (8, 35, 37, 38).

The GATA-1 gene has two first exons (11). The distal (IT)
and proximal (IE) first exons are utilized mainly for testis- and
hematopoiesis-specific transcription of the GATA-1 gene, re-
spectively (11, 27). GATA-1 gene transcription in hematopoi-
etic cells requires several cis-acting regions within the GATA-1
gene hematopoietic regulatory domain (G1-HRD) (23, 25). In
primitive erythroid cells, gene transcription requires the
GATA-1 gene hematopoietic enhancer, double-GATA motif,
and CACCC motif. In definitive erythroid cells, GATA-1 gene
transcription requires another element in the first intron, in
addition to the three regions in the G1-HRD (23, 28, 45).

Analyses of loss-of-function and gain-of-function mutant an-
imals and cell lines have revealed several critical roles for

GATA-1. Dysfunction or overproduction of GATA-1 affects
the differentiation, survival, and proliferation of the erythroid
and megakaryocytic progenitors (5, 42). Thus, the expression
level of GATA-1 is a critical determinant of the function of
GATA-1 in vivo. For instance, we have generated a GATA-1
gene knockdown allele using a promoter interference ap-
proach, and this allele shows attenuated GATA-1 gene expres-
sion at approximately 5% of the normal level. We therefore
refer to this allele as GATA-1.05 (35). This level of GATA-1
expression is insufficient to support erythropoiesis during em-
bryonic development. In contrast, approximately 20% of the
normal level of expression of GATA-1 is sufficient to support
erythroid cell maturation (16).

Because the GATA-1 gene is located on the X chromosome,
male embryos hemizygous for the knockdown mutation
(GATA-1.05/Y) are defective in primitive erythropoiesis and
do not survive beyond 12.5 embryonic days (E12.5). Female
mice heterozygous for the mutation (GATA-1.05/X) can sur-
vive, owing to random inactivation of the X chromosome bear-
ing the GATA-1.05 mutant allele. Indeed, various degrees of
anemia and thrombocytopenia are observed in heterozygous
female mice during the neonatal period, most likely depending
on the relative proportion of cells with an active GATA-1.05
allele. These defects usually improve before adolescence, and
the fertility of GATA-1.05/X mice is normal (35). However, we
found that GATA-1.05/X mice suffer from a hematopoietic
disorder which has similarity to human myelodysplastic syn-
drome (MDS) (36). Previously, we could not delineate whether
the disorder develops into overt leukemia or not. Furthermore,
mechanisms linking GATA-1 deficiency to MDS also remain
to be clarified.

Children with Down’s syndrome (DS) show a high incidence
of acute megakaryocytic leukemia (AMKL) and transient my-
eloproliferative disorder (TMD). TMD is a leukemoid reaction
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occurring in newborn infants with DS which is characterized by
the rapid growth of abnormal blast cells expressing megakaryo-
cytic markers (13, 46). Although the majority of TMD cases
resolve spontaneously, DS-AMKL develops in approximately
30% of TMD patients in the first four years of life, often
preceded by a myelodysplastic phase. Recently, a high inci-
dence of acquired mutations in the GATA-1 gene was found in
individuals with DS-AMKL and TMD (9, 10, 40, 43). In each,
the mutation results in the introduction of a premature stop
codon in the gene sequence encoding the N-terminal activation
domain and a lack of expression of the 50-kDa full-length
GATA-1 protein. Instead, an alternative 40-kDa translation
product is expressed from a downstream initiation site, which
retains the intact zinc fingers and binds appropriately to the
GATA consensus sequence. The N-terminal domain of
GATA-1 appears to be indispensable for erythroid cell differ-
entiation in vivo (32). These results suggest that the GATA-1
mutant protein may contribute to the expansion of TMD blast
cells, and along with other genetic changes, the mutant
GATA-1 protein may also contribute to the development of
DS-AMKL.

In this study, we have characterized the nature of the hema-
topoietic disorder in GATA-1.05/X mice in detail. We report
results with two germ line GATA-1 mutants, the GATA-1.05
(knockdown) and GATA-1-null (knockout) mouse models. An
important observation is that these two GATA-1 mutant lines
bear different sensitivities to leukemogenesis. A cohort study
with more than 500 GATA-1.05/X mice unequivocally demon-
strated that the average life span of these mice is markedly
shortened compared to that of control animals. This is due to
a very high incidence of two types of leukemias, c-Kit� non-
lymphoid leukemia and CD19� B-lymphoid leukemia. We also
aimed to elucidate how the impairment of erythropoiesis and
megakaryopoiesis are related to the development of leukemia
in the GATA-1 knockdown mice. The results indicate that the
leukemias are most likely caused by decreased expression of
GATA-1. Remarkably, however, the presence of a small
amount of GATA-1 is critical for the process. Taken together,
these results demonstrate that GATA-1 orchestrates differen-
tiation, proliferation, and survival of the erythroid cells in vivo.
As each function requires a different amount of GATA-1, the
GATA-1.05 knockdown provokes an imbalance of GATA-1
function and establishes the grounds for leukemogenesis.
Thus, the GATA-1.05 line of mice is a useful animal model for
the analysis of leukemias arising from MDS.

MATERIALS AND METHODS

Mice. GATA-1.05/X mice were prepared at the University of Tsukuba (35).
GATA-1.05/X mice (n � 574) and reporter transgenic mice (n � 225) utilized in
this study were born from 1 December 1996 to 31 July 2002. GATA-1-null mouse
lines were prepared at the Erasmus Medical Center, Rotterdam, The Nether-
lands (14). GATA-1-null/X mice were born from 14 December 2001 to 29 April
2003. Survival time was measured from time of birth to the end of follow-up.
Mice were bred in a clean animal room at the Center for Tsukuba Advanced
Research Alliance, University of Tsukuba. The GATA-1.05 allele and GATA-1-
null allele were genotyped by PCR using a pair of primers corresponding to the
neomycin resistance gene in the original targeting vector (14, 35). All mice were
treated according to the regulations of the Standards for Humane Care and Use
of Laboratory Animals (University of Tsukuba).

Histological analysis. Tissue samples were fixed in 10% buffered formalin and
embedded in paraffin. Thin sections were stained with hematoxylin and eosin for
histological examination. Terminal deoxynucleotidyl transferase-mediated dUTP

nick end labeling (TUNEL) staining was performed by using an in situ apoptosis
detection kit (TaKaRa). The fluorescein isothiocyanate-labeled DNA fragments
were visualized using anti-fluorescein isothiocyanate peroxidase antibody solu-
tion, followed by staining with diaminobenzidine (WAKO). Cells were counter-
stained with 0.5% hematoxylin.

Immunophenotypic analysis. For fluorescence-activated cell sorting (FACS)
analysis, mononuclear cells of hematopoietic tissues of GATA-1.05/X mice and
recipient nude mice (CLEA Japan) were stained with phycoerythrin-conjugated
anti-CD71, -Ter119, and -CD19 antibodies (BD PharMingen), and allophyco-
erythrin-conjugated anti-c-Kit antibody (BD PharMingen). The cells were ana-
lyzed with a FACSCalibur (Becton Dickinson). c-Kit� cells were sorted by the
Vantage FACS (Becton Dickinson). Dead cells were excluded by propidium
iodide.

Immunoglobulin locus rearrangement. High-molecular-weight DNA was iso-
lated from spleen cells of GATA-1.05/X and recipient nude mice. Fifteen micro-
grams of DNA was digested with EcoRI, size separated in 0.8% agarose gels, and
transferred to Zeta-Probe nylon membranes (Bio-Rad). Immunoglobulin gene
configuration was analyzed with the mJH4 probe.

Cell culture. A total of 500 fluorescence-activated cell-sorted c-Kit� cells were
plated on OP9 cells (20) in the presence of erythropoietin (Epo; 2 U/ml) and
stem cell factor (SCF; 100 ng/ml). Cells were trypsinized, and stromal cells were
eliminated after passing the suspensions through a G10 column (Amersham
Pharmacia Biotech). For the differentiation of c-Kit� cells, a total of 500 cells
were also plated on OP9 cells or FLS-5 cells (26) in the presence of Epo (2 U/ml)
or on YSCL-71 cells (7) in the presence of Epo (2 U/ml) and SCF (100 ng/ml).
Nonadherent cells were obtained after passing the suspensions through a G10
column. For morphological examination, cytospin samples were stained with
Wright-Giemsa solution. E14 embryonic stem (ES) cells were maintained with
embryonic fibroblast cells and kept undifferentiated in the presence of recombi-
nant leukemia inhibitory factor (1,000 U/ml; ESGRO; Chemicon International).
ES cells were differentiated in vitro by following the method reported previously
(33). Floating cells observed on day 11, which represent definitive-stage erythroid
cells, were analyzed in this study.

RT-PCR analysis. Total RNA was prepared with the RNA-sol extraction
system (Tel-Test) from sorted c-Kit� cells. cDNAs were synthesized with Super-
script reverse transcriptase (RT) (Life Technologies). For semiquantitative RT-PCR
analysis, the amount of cDNA was adjusted by dilution, giving rise to an equivalent
amount of the endogenous hypoxanthine guanine phosphoribosyltransferase ampli-
con. Sequences of the primers used were 5�-GCTGAATCCTCTGCATCAAC and
5�-TAGGCCTCAGCTTCTCTGTA for erythroid cell-specific GATA-1, 5�-GC
AACACACCACCCGATACC and 5�-CAATTTGCACAACAGGTGCCC for
GATA-2, and 5�-GCTGGTGAAAAGGACCTCT and 5�-CACAGGACTAGA
ACACCTGC for hypoxanthine guanine phosphoribosyltransferase.

RESULTS

Survival of GATA-1.05/X mice. We previously found that
female mice with the GATA-1.05/X genotype develop a hema-
tological disorder closely resembling MDS that includes ane-
mia, thrombocytopenia, and accumulation of immature cells in
their hematopoietic organs (36). To investigate whether these
mice eventually suffered from overt leukemia, we propagated a
large number of GATA-1.05/X mice and conducted a cohort
study exploiting a line of reporter gene transgenic mice as a
control. We examined clinical courses of 574 GATA-1.05/X
mice, 225 control mice, and 21 GATA-1-null/X mice. The re-
sults of Kaplan-Meier analyses clearly show that the control
group of mice lived longer than the GATA-1.05/X mice (Fig.
1). The average survival times of control mice and GATA-1-
null/X mice (see below) are comparable to those of other mice
in our facility (data not shown). In contrast, the GATA-1.05/X
group of mice was prone to early mortality and the mean
survival time of this group of mice was 388 days. This result
shows that the presence of the GATA-1.05 allele is a strong
predictor of overall survival time (P � 0.0001).

The age distribution of mortality appeared to be bimodal,
with a distinct peak at around 100 days and a second peak
slightly after 350 days (Fig. 1). Full autopsy data were available
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for 98 dead GATA-1.05/X mice. Of the 98 mice, we found that
62 (63.3%) mice had severely enlarged spleens of more than
0.5 g and that 36 (36.7%) mice had moderately enlarged
spleens with an average mass of 0.25 � 0.08 g. The average
spleen weight of control mice was 0.12 � 0.03 g (n � 10),
demonstrating that the GATA-1.05/X mice display a high in-
cidence of splenomegaly (P � 0.0001).

Hematological and physiological analysis of GATA-1.05/X
mice. We then randomly selected 265 live adult GATA-1.05/X
mice (49 to 449 days old) and analyzed their physical appear-
ance and hematological indices. We found a highly significant
negative correlation between the spleen weight and hemoglo-
bin content (Fig. 2A) (P � 0.0001) and platelet count (Fig. 2B)
(P � 0.0001). In contrast, the spleen weight showed no signif-
icant correlation with the age of the mice. The red, green, and
blue spots in Fig. 2 represent 131 young (49 to 149 days old),
107 middle-aged (150 to 299 days old), and 27 senescent (more
than 300 days old) mice, respectively. Grossly enlarged spleens
(more than 0.5 g) (Fig. 2) were found in 65 mice (24.5%). Of
the 65 mice, 48 mice had increased white blood cell numbers
and/or the appearance of abnormal cells in their blood smears,
in addition to severe anemia and thrombocytopenia (data not
shown).

The remaining 200 mice had various degrees of spleen en-
largement, but spleen weights did not exceed 0.5 g. These mice
developed thrombocytopenia. The average hemoglobin con-
centration and platelet count (� standard deviation) were 13.3
� 1.7 g/dl and (56.9 � 16.7) � 104/�l (13.6 � 0.5 g/dl and 97.9
� 20.5/�l in wild-type mice), respectively. Histological exami-
nation of the enlarged spleens revealed an increase of both
proerythroblasts and megakaryocytes within the extended red
pulp area (data not shown). These features were completely
different from the appearance of the severely enlarged spleens
(see below). Based on these observations, we conclude that live
GATA-1.05/X mice may be categorized into two groups. The
first group with mild splenomegaly displays a myelodysplastic
condition with erythroid and megakaryocytic hyperplasia,

while the second group with severe splenomegaly suffers from
more-advanced hematopoietic dysfunction.

GATA-1.05/X mice are predisposed to leukemias of two dif-
ferent lineages. In the necropsy analysis, we noticed that
GATA-1.05/X mice in the second group could be subdivided
further into two types. Type 1 mice had uniformly enlarged
spleens and livers of a dark-red color (Fig. 3A), whereas type
2 mice had pale spleens and livers, with multiple nodules (Fig.
3B) and systemic lymphoadenopathy. Histological examination
of the type 1 mouse spleens revealed that these mice contain
markedly enlarged red pulp areas, occupied by mononuclear
cells. The architecture of the spleens was substantially de-
stroyed (Fig. 3E; Fig. 3C shows results for the wild-type con-
trol). An expansion of heterochromatic immature cells and an
increase in the number of mitotic figures were observed at
higher magnifications (Fig. 3F). In contrast, the architecture of
the enlarged type 2 mouse spleens was relatively preserved
(Fig. 3G). We found an increase in the number of large
megakaryocytes in the red pulp of these spleens (Fig. 3G and
H).

To examine characteristics of the hematopoietic cells ex-
panded in the spleen, we analyzed the expression profiles of
surface markers on splenic mononuclear cells. For this pur-
pose, we euthanized a number of aged GATA-1.05/X mice.
Among those with severely enlarged spleens, we found 40
spleens with a type 1 appearance and 14 spleens with a type 2
appearance. To our surprise, while c-Kit�/CD19� cells were
the predominant cell type expanded in the type 1 spleens (Fig.
3I, red fraction), c-Kit�/CD19� cells were predominant in the
type 2 spleens (Fig. 3J, green fraction), suggesting that pro-
genitors of the B-cell lineage were expanded in the spleens of
type 2 mice. The correlation between surface marker profiles

FIG. 1. Statistical evaluation of GATA-1.05/X mice. Kaplan-Meier
curves of the overall lengths of survival of 574 GATA-1.05/X (red line),
21 GATA-1-null/X (blue line), and 225 control (black line) mice are
shown. The median overall length of survival of GATA-1.05/X mice is
388 days. a and b show the two peaks of mortality of GATA-1.05/X
mice.

FIG. 2. Correlation between spleen weight and hemoglobin con-
tent or platelet counts in GATA-1.05/X mice. After we screened both
hemoglobin and platelet counts from 265 live GATA-1.05/X mice, the
spleens were removed and their weights were measured. Red spots
indicate 131 mice that were 49 to 149 days old, green spots indicate 107
mice that were 150 to 299 days old, and blue spots indicate 27 mice that
were more than 300 days old. Simple regression equations demonstrate
linkages between spleen weight (Sp) and hemoglobin content (Hb) as
follows: Hb � �3.1Sp � 14.2 (P � 0.0001) (A) and spleen weight and
platelet counts (Plt) (Plt � �16.7Sp � 63.2 (P � 0.0001) (B). The
regression lines are superimposed in the figures. Note that spleen
weight was not related to the age of the mice. Dashed line, grossly
enlarged spleens.
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and the gross morphological appearance of the spleens was
highly consistent throughout the analysis.

Hematopoietic indices of type 1 mice and type 2 mice are
shown in Table 1. All mice exhibited anemia and thrombocy-
topenia compared to control mice. Especially, type 1 mice
suffered from macrocytic anemia. Morphological analysis
showed that c-Kit� cells resembled proerythroblasts (Fig. 3K)
and that CD19� cells showed anaplastic morphology with
monomorphic round nuclei and prominent nucleoli (Fig. 3L).
Thus, these analyses of primary expanded spleen cells demon-
strate that GATA-1.05/X mice are predisposed to leukemias of
c-Kit� nonlymphoid and CD19� B-lymphoid lineages.

Ages of onset of c-Kit� and CD19� leukemias. It is note-
worthy that the ages of onset of leukemia are markedly differ-
ent between the mice with nonlymphoid leukemia and those
with B-cell leukemia. The average age of onset of mice with
c-Kit�/CD19� leukemia is 143 days after birth, whereas that of
mice with c-Kit�/CD19� leukemia is 387 days (Fig. 3M). This
difference is statistically significant (P � 0.0001). Importantly,
these onset times correlate very well with the bimodal mortal-
ity peaks shown in Fig. 1. We surmise that GATA-1.05/X mice
may contain hematopoietic cells in the myelodysplastic stage,
with proliferating cells of the erythroid and megakaryocytic
lineages. A number of mice may progress to an advanced stage
with clonal proliferation of c-Kit� cells during their early
adulthood age (100 to 200 days after birth), and these mice die
due to leukemia. However, some mice escape from this crisis
but develop a monoclonal proliferation of CD19� cells after
300 days or later, and these mice die due to leukemia with
systemic lymphoadenopathy. In this respect, the leukemic phe-
notype of GATA-1.05/X mice appears to mirror the leukemic
transformation process observed in human patients suffering
from MDS.

Autonomous proliferation of GATA-1.05/X spleen cells in
nude mice. To ascertain whether the c-Kit� and CD19� spleen
cells proliferate autonomously, we isolated mononuclear cells
from the spleens of nine type 1 and six type 2 mice and injected
these cells into three different nude mice via the tail vein (106

cells/mouse). All recipient nude mice developed giant spleno-
megaly within 2 months after transplantation; typical examples
are shown in Fig. 4A and B. The recipient mouse reproducibly
showed a phenotype closely resembling that of the donor mice;
nude mice transplanted with type 1 cells contained enlarged
dark-red spleens and livers (Fig. 4A), whereas nude mice trans-
planted with type 2 cells showed hepatosplenomegaly with
multiple nodules and systemic lymphoadenopathy (Fig. 4B).
Recipient mice died due to the burden of leukemia, irrespec-
tive of the transplanted cell types.

Flow cytometry analysis further revealed that the mononu-
clear cells in the spleens of recipient nude mice expressed the
same surface markers as the transplanted donor cells. Type 1
cells gave rise to a c-Kit� CD71� Ter119�/dull CD19� profile,

from type 1 (K) or type 2 (L) mouse spleens. Blast-like cells are
increased in number in both types of spleens. The morphologies of
these blast-like cells are completely different between type 1 and type
2 spleens. Scale bars, 10 �m. (M) Ages of onset of type 1 and type 2
leukemias. The average age of onset of type 1 leukemia was 143 � 82
days, and that of type 2 leukemia was 387 � 128 days (�, P � 0.0001).

FIG. 3. Differences between type 1 and type 2 GATA-1.05/X
splenomegaly. (A and B) Enlarged spleens and livers removed from
type 1 (A) or type 2 (B) GATA-1.05/X mice. (C to H) Histological
analyses of the type 1 and type 2 mouse spleens with hematoxylin-eosin
staining. Both red and white pulps are observed in the normal control
spleen (C and D), but these structures are destroyed in both type 1 (E
and F) and type 2 (G and H) enlarged spleens. Whereas proliferating
cells with a blast-like appearance are seen in the enlarged type 1 spleen
(E and F), megakaryocytes are increased in number with lymphocyte
infiltration in the red pulp of the type 2 enlarged spleen (G and H).
Mitotic cells are observed in type 1 splenomegaly (white arrows in
panel F). Scale bars, 50 �m. (I and J) Typical flow cytometry analysis
of mononuclear cells from the enlarged spleens of type 1 (I) and type
2 (J) leukemic mice. Red and green histograms show mononuclear
cells positive for c-Kit and CD19 antibody, respectively. (K and L)
Wright-Giemsa staining for a cytospin specimen of mononuclear cells
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while type 2 cells gave rise to a c-Kit� Sca-1� CD43� CD19�

profile (data not shown). Moreover, the spleen mononuclear
cells from the recipient nude mice were successfully trans-
planted into the next generation of nude mice, maintaining
their primary phenotype (data not shown). We therefore con-
clude that GATA-1.05/X mice develop autonomously prolifer-
ating cells of two distinct lineages in their hematopoietic tis-
sues.
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FIG. 4. Autonomous proliferation of GATA-1.05 spleen cells in
recipient nude mice. (A and B) Phenotype of nude mice transplanted
with type 1 (A) or type 2 (B) spleen cells. The gross morphological
appearance of livers and spleens of the recipient nude mice is similar
to that of the donors (Fig. 2). (C) neo gene products obtained by PCR
amplification of DNA extracted from nude mice. The amount of donor
tail DNA was adjusted by dilution of recipient tail DNA to give a
standard curve (lanes 1 to 5). The neo gene was detected in both spleen
(Sp) and lymph node (LN) DNAs of recipient nude mice (lanes 6 and
7). (D) Southern blot analyses of spleen cells of donor and recipient
mice with the JH4 probe after digestion with EcoRI. Lane 1 contains
ES cell DNA showing a germ line band (arrowhead). Lanes 2, 4, and
6 are independent samples from a type 2 enlarged spleen. Lanes 3, 5,
and 7 are samples from recipient nude mice transplanted with type 2
spleen cells corresponding to those shown in lanes 2, 4, and 6. Red and
blue asterisks show rearranged bands in the immunoglobulin heavy-
chain gene.
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To verify that the proliferating cells in the recipient mice are
truly derived from the donor GATA-1.05/X mice, we examined
the presence of the neomycin resistance (neo) gene in the cells
using semiquantitative PCR. Since the neo gene exists only in
the genomic DNA of donor cells and their progeny, detection
of the neo gene in recipient mouse tissues should verify the
expansion of the donor-derived cells. Indeed, a neo gene am-
plicon was found exclusively in the tail DNA of donor mice but
not in the recipient mouse DNA (Fig. 4C, lane 2). In contrast,
the neo gene was detected in DNA isolated from the spleens
and lymph nodes of recipient nude mice (lanes 7 and 8, re-
spectively), indicating that the leukemic cells are derived from
donor cells. More than 75% of the cells in the spleens and
lymph nodes of recipient nude mice were composed of GATA-
1.05/X mouse-derived cells (Fig. 4C, compare lanes 4 and 5 to
lanes 7 and 8).

To assess the clonality of leukemic cells, we utilized rear-
rangements in the immunoglobulin heavy-chain locus within
the CD19� cell population. A Southern blot hybridization
analysis was carried out using the mJH4 probe (Fig. 4D). We
extracted DNA from three type 2 donor mouse spleens and
three recipient nude mouse spleens. Lane 1 of Fig. 4D shows a
control germ line band. Immunoglobulin rearrangement was
found in two out of three CD19� type 2 spleens (lanes 2 and 6)
but not in the third spleen (lane 4). The same configurations
were found in the corresponding nude mouse spleens (lanes 3
and 7; compare to lanes 2 and 6, respectively). These results
support our contention that leukemic cells committed to the
B-lymphoid lineage autonomously proliferate in type 2 mice.
We could not detect rearranged immunoglobulin bands in both
donor and recipient spleen cells from one type 2 mouse, sug-
gesting that the cells had been transformed in an immature
stage before the rearrangement of the immunoglobulin locus.
Collectively, we conclude that GATA-1.05/X mice develop ei-
ther c-Kit� nonlymphoid leukemia or pro-B-cell leukemia.

c-Kit� leukemia cells have the potential to differentiate into
multilineages. To examine the mechanisms of leukemogenesis
in the GATA-1.05/X mice, we focused on the c-Kit� leukemic
cells. We collected c-Kit� cells from spleens of GATA-1.05/X
mice in either the preleukemic stage or the c-Kit� leukemic
stage by FACS. The mononuclear cells accumulating in the
severely enlarged spleens contain an active GATA-1.05 allele
and an inactive wild-type GATA-1 allele, indicating that the
leukemic cells are derived from GATA-1-deficient cells. To
verify this notion, we analyzed the expression levels of mRNAs
for GATA-1 and GATA-2 in the c-Kit� cells by RT-PCR (Fig.
5A). The expression of GATA-2 was upregulated in immature
cells of GATA-1.05/X mice in both the preleukemic and leu-
kemic stages. In contrast, the expression of GATA-1 was se-
verely repressed in the c-Kit� leukemia cells (lanes 5 and 6). In
the preleukemic stage, however, GATA-1 was expressed at
rather higher levels than in the wild-type mice (lanes 3 and 4).
This finding suggests that immature erythroid cells with a wild-
type GATA-1 allele were expanded in these mice as part of the
compensatory response to the anemia. Since GATA-1 expres-
sion is known to peak in proerythroblasts (1, 34), this would
result in increased GATA-1 mRNA levels in the preleukemic
spleens.

To further characterize the c-Kit� leukemia cells, the cells
were induced to differentiate in vitro by using three stromal

cell lines, OP9, FLS-5, and YSCL-71, which were established
from macrophage colony-stimulating factor-deficient cells,
fetal liver stromal cells, and yolk sac endothelial cells, respec-
tively. These stromal cell lines provide hematopoietic environ-
ments for the proliferation and/or differentiation of hema-
topoietic progenitors (7, 20, 26). We sorted c-Kit� cells from
type 1 mouse spleens and cocultured them with OP9 or
YSCL-71 cells in the presence of Epo and SCF or with FLS-5
cells in the presence of Epo. Colonies from single c-Kit� leu-
kemia cells appeared 3 days after the start of incubation with
OP9 cells (Fig. 5B), and the cells in individual colonies prolif-
erated rapidly (Fig. 5C and D) with a Lin� c-Kit� phenotype
(data not shown). The high-magnification photograph of the
boxed area in Fig. 5D shows the adherence of immature cells
to the stromal cells (Fig. 5E). This adherence is consistent with
the previous finding that c-Kit is important for the prolifera-
tion of hematopoietic stem cells through their adhesion to
stromal cells (12). Furthermore, c-Kit� leukemia cells differ-
entiated into macrophages on the FLS-5 cells and into mast
cells on YSCL-71 cells (Fig. 5F and G). These findings dem-
onstrate that c-Kit� leukemia cells retain characteristic fea-
tures of hematopoietic progenitors.

Low rate of leukemogenesis in GATA-1-null/X mice. An im-
portant question in GATA-1.05 leukemogenesis is whether the
residual GATA-1 activity in the GATA-1.05/X mice contrib-
utes to the leukemic process. To answer this question, we
monitored the survival of GATA-1-null/X mice (n � 22) in the
same facility that we used for the GATA-1.05/X mice. We have
monitored the lives and health of this cohort of mice for ap-
proximately 500 days. To our surprise, the GATA-1-null/X
mice show a survival curve similar to that of the control mice
(Fig. 1). One mouse died during the early phase of the analysis
(less than 250 days), but this mouse did not show any signs of
leukemia. These results indicate that the residual GATA-1
activity in GATA-1.05/X mice is necessary for the propensity to
develop leukemias.

Discomposure of GATA-1 function predisposes hematopoi-
etic cells to preleukemia. We have established G1-HRD-green
fluorescent protein (GFP) transgenic mouse lines to obtain
cells that express a GFP reporter under the regulatory influ-
ence of the GATA-1 gene (37). We crossed GATA-1.05/X mice
with G1-HRD-GFP mice and analyzed the hematopoietic cells
in the compound mutant embryos. Although at E17.5,
GATA-1.05/X::G1-HRD-GFP embryos were slightly paler than
G1-HRD-GFP transgenic embryos (data not shown), flow cy-
tometry analysis of E17.5 fetal liver cells revealed that defini-
tive erythropoiesis was robustly activated and the number of
GFP� cells in the GATA-1.05/X::G1-HRD-GFP embryos was
increased relative to that in X/X::G1-HRD-GFP embryos (Fig.
6A).

The GFP� fetal liver cells were also stained with transferrin
receptor (CD71) and Ter119 antibodies. CD71 is expressed
predominantly in the proerythroblast stage, while Ter119 is a
marker of mature erythroid progenitors. We recently defined a
late-stage erythroid progenitor (LEP) fraction that contains
CFU-erythroid (CFU-E) cells and proerythroblasts (34). Two-
color staining demonstrated that the GFP� c-Kit� cells coin-
cided with the CD71� and Ter119�/dull cells (Fig. 6B, upper
panels) and that these GFP� c-Kit� CD71� Ter119�/dull cells
correspond to the LEP fraction. The number of GFP� cells
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was markedly increased in the GATA-1.05/X::G1-HRD-GFP
embryos (lower panels), and this marked increase of GFP�

c-Kit� CD71� Ter119�/dull cells was also observed in 14-day-
old GATA-1.05/X::G1-HRD-GFP mouse spleens, the sizes of
which were within the normal range (data not shown). These
results thus suggest that the immature erythroid cells or LEP
cells that express GATA-1 are already expanding in the hema-
topoietic organs of GATA-1.05/X mice at the late-embryonic
and early-juvenile stages.

Histological examination of E15.5 GATA-1.05/X fetal livers
showed that the number of mature erythroid cells with con-
densed chromatin was decreased but that the number of im-
mature cells with multiple nucleoli was increased (Fig. 6D),
relative to the numbers found in the wild-type fetal liver (Fig.
6C). These observations are consistent with those of previous
analyses, demonstrating that the residual 5% expression of
GATA-1 is not sufficient to drive terminal differentiation of

erythroid progenitors (35). It is of interest to examine whether
the residual level of GATA-1 in GATA-1.05 proerythroblasts is
capable of preventing apoptosis, as GATA-1-null proerythro-
blasts are known to undergo apoptosis.

To evaluate the extent of apoptosis in the fetal livers of
mutant embryos (Fig. 6E to G), we carried out a TUNEL
analysis. We found only a small number of TUNEL-positive
cells in the fetal livers of GATA-1.05/X and wild-type mice. In
sharp contrast, we observed a significant increase in the num-
ber of TUNEL-positive cells, corresponding to immature cells
with multiple nucleoli, in the GATA-1-null/X fetal livers. These
findings suggest that many erythroid progenitors succumb to
apoptosis in GATA-1-null/X fetal livers. Our present data in-
dicate that maturation-arrested proerythroblasts in the GATA-
1.05/X fetal livers are not susceptible to apoptosis.

To further verify this possibility, we carried out in vitro
differentiation analyses of ES cells. We exploited the OP9/ES

FIG. 5. Properties of c-Kit-positive leukemic cells. (A) Expression patterns of GATA-1 and GATA-2 in c-Kit� cells of wild-type mice (lanes
1 and 2) and GATA-1.05/X mice in either the stable stage (lanes 3 and 4) or leukemia stage (lanes 5 and 6) are shown. Semiquantitative RT-PCR
was performed by means of changing the amplification cycles. HPRT, hypoxanthine phosphoribosyltransferase. (B to E). Appearance of fast
expansion of c-Kit� leukemia cells on the OP9 stromal cell layer. Typical colonies derived from single c-Kit� leukemia cells at day 3 (B), day 5
(C), and day 6 (D) of coculture with OP9 are shown. (E) Colony grown adhering to OP9 stromal cells. Scale bar, 250 �m. (F and G) Morphological
changes of c-Kit� leukemia cells by the induction of differentiation. c-Kit� leukemia cells differentiate into macrophages (F) or mast cells (G) on
FLS-5 and YSCL-71 stroma cells, respectively. Scale bar, 20 �m.
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cell differentiation method, which has been developed for the
detection of primitive and definitive erythropoiesis (33). Cyto-
spin samples of the wild-type, GATA-1.05/Y, and GATA-1-
null/Y ES cells at the definitive erythroid cell stage (i.e., 11
days after the differentiation induction) clearly showed that
both GATA-1.05/Y and GATA-1-null/Y ES cells are arrested at
the progenitor stage but that wild-type ES cells differentiate
into various stages of erythroid cells, including enucleated
erythrocytes (Fig. 7A to C).

In the course of this analysis, we noticed a large amount
of cellular debris in the culture of GATA-1-null/Y ES cells
(Fig. 7C). When assessed with the trypan blue dye exclusion
test, the GATA-1-null/Y ES cell culture showed a signifi-
cantly higher number of dead cells than did the wild-type
and GATA-1.05/Y ES cell cultures (Fig. 7G). We also per-
formed propidium iodide (PI) staining of the ES cells.
Showing very good agreement with results of the dye exclu-
sion analysis, the number of apoptotic cells bearing frag-

FIG. 6. Phenotypes of GATA-1.05/X embryos. (A, B) Flow cytometric analyses of the livers of E17.5 GATA-1.05/X::G1-HRD-GFP compound
mutant embryos. GFP� c-Kit� cells increase in number in the lower grid in panel A compared with that in a normal littermate (upper grid). These
GFP� c-Kit� cells show CD71� and Ter119�/dull marker profiles (B). (C to H) Immunohistochemical analysis of the livers of E15.5 GATA-1.05/X
and GATA-1-null/X embryos. Hematoxylin-eosin staining shows that mature erythroid cells decrease in number in both GATA-1.05/X (D) and
GATA-1-null/X (E) fetal livers compared with the number in normal control cells (C). (F to H) Expression of TUNEL-positive cells in the livers
of E15.5 wild-type (F), GATA-1.05/X (G), and GATA-1-null/X (H) embryos. A large number of immature cells positive for TUNEL staining
(brown) were seen in the livers of GATA-1-null/X embryos, whereas a small number of TUNEL-positive cells were found in the livers of
GATA-1.05/X embryos and normal control embryos. TUNEL-positive cells in circulating blood are shown in the column inserted in H. These
sections were counterstained by methyl green. Scale bar, 50 �m.
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mented nuclei was markedly increased in the population
derived from the GATA-1-null/Y ES cells compared to that
of the populations derived from wild-type and GATA-1.05/Y
ES cells (Fig. 7D to F and H). Thus, we conclude that

differentiation-defective erythroid progenitors accumulating
in the GATA-1.05/X animals are protected from apoptosis
due to the residual activity of GATA-1.

DISCUSSION

In this analysis, we conducted a cohort study of more than
500 female mice with a heterozygous GATA-1 gene knock-
down allele (GATA-1.05/X). We found that these GATA-
1.05/X mice suffer from leukemia with a very high incidence,
but such a high incidence of leukemia was not observed in
GATA-1-null/X and wild-type mice. The genetic enfeeblement
of GATA-1 function was found to elicit two distinct types of
leukemia. One is c-Kit� nonlymphoid leukemia, and the other
is CD19� B-cell leukemia. Closer examination of the GATA-
1.05/X leukemic mice revealed that almost all of the mutant
mice first developed thrombocytopenia and dyserythropoiesis
in their hematopoietic tissues. Some of the mutant mice then
proceeded to the accelerating stage with a grossly enlarged
livers and spleens, unregulated proliferation of monoclonal
leukemic cells, and suppression of normal hematopoietic cells.
This course of phenotypic changes shares high similarity to the
transformation process of preleukemic myelodysplastic cells to
overt leukemia in humans.

The cohort analysis further demonstrates unequivocally that
GATA-1 expression at 5% of the normal level is insufficient to
sustain normal erythroid differentiation, as GATA-1.05 ho-
mozygous and GATA-1.05/Y pups have never been born (ref-
erences 32, 35, and 37 and this study). Another interesting
feature of GATA-1.05/X mice is that they contain two types of
hematopoietic cells, owing to the process of X inactivation
(15). In one cell type, the X chromosome bearing the GATA-
1.05 allele is inactivated, but the one bearing the wild-type
GATA-1 allele is active. These hematopoietic progenitors ex-
press normal amounts of GATA-1 and are able to differentiate
into their appropriate cell types, including enucleated erythro-
cytes and platelets. In the other cell type, the X chromosome
bearing the GATA-1.05 allele is active, but the one bearing the
wild-type GATA-1 allele is inactive. In the latter case, the
expression level of GATA-1 in erythroid and megakaryocytic
progenitors is very low. This reduction appears to cause both
arrest of differentiation and stimulation of proliferation (31).
Therefore, this type of progenitor remains in an immature
stage.

Whereas the GATA-1.05/X embryos showed various degrees
of anemia depending on the extent of inactivation of the X
chromosome with the wild-type GATA-1 allele, most of the
GATA-1.05/X mice acquired close to normal erythroid indices
after birth. The expression of GATA-1 mRNA was severely
repressed in the c-Kit� leukemic cells. In contrast, GATA-1
mRNA was expressed at higher levels in hematopoietic tissues
at the preleukemic stage of GATA-1.05/X mice than in those of
wild-type mice. Thus, a compensatory expansion of hemato-
poietic progenitors with an active wild-type GATA-1 allele
appears to take place in response to the anemia. These results
further support the notion that the mouse hematopoietic sys-
tem has the capacity to compensate for the substantial lack of
erythroid and megakaryocytic progenitors caused by the het-
erozygous GATA-1.05 knockdown mutation.

In this regard, it is noteworthy that GFP� c-Kit� CD71�

FIG. 7. In vitro ES cell differentiation analysis. (A to C) Wright-
Giemsa staining of cytospin specimens of ES cells 11 days after the
induction of differentiation. Culture of wild-type ES cells in this system
generates erythroid cells at various differentiation stages, including
that of terminally enucleated red blood cells. In contrast, monotonous
proerythroblast-like cells were observed in the culture of both GATA-
1.05/Y (B) and GATA-1-null/Y (C) ES cells. Note that a large amount
of cellular debris was observed in the latter cell culture. (D to F)
Morphology of PI stain-positive cells. Apoptotic cells bearing frag-
mented nuclei (arrowhead) were observed in the GATA-1-null/Y ES
cell culture (F) but not in the wild-type (D) and GATA-1.05/Y (E) ES
cell cultures. PI stain-positive cells are shown at a higher magnification
in the insets of panels. Scale bars, 10 �m. (G) Mortality evaluated by
the trypan blue dye exclusion test. A GATA-1-null/Y ES cell culture
shows higher mortality of the hematopoietic cells than that of a GATA-
1.05/Y ES cell culture (�, P � 0.01). (H) Frequencies of apoptotic cells.
The percentage of apoptotic cells with nuclear fragmentation was
much higher in the GATA-1-null/Y ES cell culture than in the wild-
type and GATA-1.05/Y ES cell cultures. In contrast, GATA-1.05/Y and
wild-type ES-derived hematopoietic cells do not show a significant
difference in apoptosis (�, P � 0.01).
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Ter119�/dull cells, corresponding to late-stage erythroid pro-
genitors (34), have already accumulated in the livers of GATA-
1.05/X embryos. Histological analyses of the GATA-1.05/X fe-
tal livers suggest that these cells arise from the immature
progenitors with the inactivated wild-type GATA-1 allele. In
addition, the neo gene is actively expressed in the GFP� c-Kit�

CD71� Ter119�/dull cells in type 1 leukemia mice. These re-
sults indicate that GFP� c-Kit� CD71� Ter119�/dull cells are
differentiation-arrested erythroid progenitors with an inacti-
vated wild-type GATA-1 allele.

GATA-1-null proerythroblasts are known to undergo apo-
ptosis (42). Upon examination of apoptosis, we found that
there was a significant increase of TUNEL� cells in the GATA-
1-null/X embryos. Consistent with the previous observations
on the apoptosis of GATA-1-null proerythroblasts in culture
(42), this result indicates that maturation-defective erythroid
progenitors succumb to apoptosis in GATA-1-null/X embryos.
Importantly, this process is prevented effectively in the GATA-
1.05/X fetal livers, which display numbers of apoptotic cells
similar to those observed in wild-type fetal livers.

We carried out in vitro ES cell differentiation analyses and
found that the differentiation of hematopoietic cells derived
from GATA-1.05/Y and GATA-1-null/Y mutant ES cells was
severely arrested at the LEP stage. The analyses also delin-
eated that erythroid progenitors derived from GATA-1.05/Y
and GATA-1-null/Y mutant ES cells proliferate much more
vigorously than those derived from the wild-type ES cells (data
not shown). In contrast, these two mutant ES cell lines differ
sharply in terms of their sensitivities to apoptosis. While he-
matopoietic cells derived from GATA-1-null/Y ES cells suffer
extensively from apoptosis, GATA-1.05/Y ES cells do not suffer
from apoptosis, suggesting that the low level of GATA-1 ex-
pression is sufficient to prevent hematopoietic cells undergoing
apoptosis. These mechanisms are summarized in Fig. 8A.

Importantly, this conclusion shows excellent agreement with
the in vivo analyses that we carried out in this study and
strongly argues that the differentiation-arrested LEP erythro-
blasts are eliminated through active pressure toward apoptosis
in the hematopoietic tissues of GATA-1-null/X embryos. This
determination is also in very good agreement with the previous
observation that caspase-mediated down-regulation of GATA-
1 prevents differentiation of normal proerythroblasts without
inducing apoptosis (4). Thus, the prevention of apoptosis, in
conjunction with the differentiation arrest and stimulation of
cell proliferation at the LEP stage, provokes the accumulation
of erythroid progenitors in the livers of GATA-1.05/X embryos.
These accumulating progenitors provide a pool of cells that
may progress into overt leukemia. Based on these observa-
tions, we conclude that GATA-1.05/X mice are in a preleuke-
mic condition from the embryonic stage of development (Fig.
8B).

Despite the limited number of mice in the GATA-1-null/X
cohort, our findings provide important insight into the contri-
bution of the residual amount of GATA-1 in GATA-1.05 cells
to the transformation of LEP cells into overt leukemic cells. In
GATA-1-null/X mice, this population of cells is rapidly elimi-
nated through apoptosis, resulting in efficient prevention of
leukemogenesis. Indeed, a large number of GATA-1-null/X
mice have been maintained in one of the authors’ institutes on
average for 25 weeks; neither leukemia cases nor enlarged

spleen cases have ever been noticed (S. Philipsen, unpublished
observation). Taken together, these results suggest a scenario
for the leukemogenesis in GATA-1 gene knockdown mice in
which immature erythroid progenitors at the late stage accu-
mulate because they are arrested in differentiation but still
capable of proliferation. The accumulation of progenitors,
which are resistant to apoptosis by virtue of low-level GATA-1
expression, is critical for the predisposition to leukemogenesis
of GATA-1.05/X mice.

Whereas both GATA-1 and GATA-2 are known to play

FIG. 8. Model for the development of leukemia in GATA-1.05/X
mice. (A) GATA-1 function during erythroid-cell differentiation of ES
cells in vitro. Wild-type ES cells develop into mature erythroid cells
depending on the three distinct but cooperative functions of GATA-1.
Whereas GATA-1-null/Y ES cells remain in the immature proeryth-
roblast stage, the cells are finally removed through apoptosis. In con-
trast, erythroblasts derived from GATA-1.05/Y ES cells increase vig-
orously because of the inhibition of apoptosis. (B) Model for the
development of leukemia in GATA-1.05/X mice. GATA-1.05/X mice
possess two types of hematopoietic cells, in which either the wild-type
GATA-1 allele or the mutant GATA-1.05 allele is activated owing to
the random inactivation of the X chromosome. While hematopoietic
progenitor cells with the wild-type GATA-1 allele are able to differ-
entiate normally, differentiation of the cells with the active GATA-1.05
allele is blocked, but the mutant progenitor cells proliferate actively. In
addition, the presence of a residual amount of GATA-1 effectively
prevents the progenitor cells from apoptosis. Thus, the progenitor cells
with the active GATA-1.05 allele accumulate in the hematopoietic
tissues of the GATA-1.05/X mice. These hematopoietic progenitor
cells are eventually transformed into leukemic cells most likely through
the multistep hit mechanism.
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important roles in hematopoiesis, the GATA-1 and GATA-2
genes show distinct expression profiles that are strictly regu-
lated. The expression of GATA-1 increases as the differentia-
tion of erythroid and megakaryocytic lineages continues (19,
33, 41). In contrast, GATA-2 is expressed in hematopoietic
stem and progenitor cells, and GATA-2 is essential for cell
proliferation (33, 38). It has been reported that persistent
expression of GATA-2 stimulates the production of immature
progenitor cells that have the potential to differentiate into
multiple lineages (2). The expression of GATA-2 is elevated in
the bone marrow of MDS patients, and the increase in the
GATA-2/GATA-1 ratio correlates with the severity of the dis-
ease (6). These data are consistent with our hypothesis that the
expanded population of LEP cells in GATA-1.05/X mice, in
which GATA-2 expression is elevated, may be easily trans-
formed through a “multistep hit” mechanism (39). In fact, we
observed in the course of this study a type 1 case in which p53
mRNA expression was dramatically decreased in leukemia
cells compared to that in c-Kit� cells in control adult spleens
(data not shown). Interestingly, it has been reported that mu-
tation of the p53 gene is required for the acute crisis in essen-
tial thrombocytemia (21). Thus, these results suggest that the
accumulation of GATA-1-knockdown progenitor cells, in com-
bination with secondary genetic events, forms the molecular
basis for the leukemic transformation in GATA-1.05/X mice.

Finally, there remains the intriguing question of how defec-
tive GATA-1 function provokes leukemia in the B-cell lineage.
We do not have any definitive answers to this question yet, but
we propose three hypotheses that are not mutually exclusive.
The first proposal is based on the observation that B-lineage
cells substantially lack the expression of hematopoietic GATA
factors (17). The expression of GATA-2 in hematopoietic pro-
genitors is downregulated after the commitment of cells to the
lymphoid lineage, and the expression of GATA-3 becomes
specific to T-lineage cells. Therefore, it is plausible that the
targeted knockdown of GATA-1 creates a situation where the
differentiation potential of the precursor cells is shifted from
the erythroid to the B-lymphoid lineage. The second proposal
is based on reports that GATA-1 represses PU.1 activity. Since
PU.1 activity is important for B-cell development (22), an
increase of PU.1 activity in progenitor cells with aberrantly low
GATA-1 activity may lead the cells to adopt a B-cell fate.
Although the expression of PU.1 mRNA in type 2 leukemia
cells is comparable with that of normal spleen cells (data not
shown), we think that this possibility still exists since the
GATA-1/PU.1 interaction is a posttranscriptional event. The
third possibility is that the accumulation of erythroid precursor
cells may create an environment that is permissive for the
oncogenic transformation of normal B cells.

Many chromosomal mutations are implicated in human
MDS and various leukemias (30). The present study demon-
strates that a simple genetic modification of a lineage-specific
transcription factor can confer an unstable condition on pro-
genitor cells, from which leukemias of two distinct lineages are
provoked. In GATA-1.05/X mice, the overall activity of
GATA-1 is significantly decreased, but there is no mutation in
the GATA-1 protein, unlike the situation with DS-AMKL and
TMD. Thus, the GATA-1.05 knockdown mouse provides a
prime example of a model system for the systematic analysis of

the ontogeny of MDS and the transformation from MDS into
overt leukemia.
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