




Fig 2. Splenomegaly in the GATA-1.05 heterozy-

gous mutant female mice. (A) Spleens were removed

from wild-type (upper) and GATA-1.05 heterozygous

(lower) littermates after genotyping and hematocrit

screening of animals. Note that the spleen of the

GATA-1.05 heterozygous mouse is markedly en-

larged and is somewhat pink as compared with the

dark red spleen from the wild-type mouse. (B) Sizes

of the spleens from 6 wild-type (wt) and 22 heterozy-

gous mutant (1/GATA-1.05) female mice. 1/2 b

shows the spleen weights of the biopsied 8- to

12-week-old healthy GATA-1.05 heterozygous mice

(those listed in Table 1). 1/2 a indicates mice that

were found dead whose spleen weights were deter-

mined upon necropsy. (s) Mice no. 12 through 14 of

Table 1 are indicated.

Fig 4. Acetylcholinesterase

and anti-glycoprotein IIb stain-

ing of megakaryocytes in the

spleens of female mice. Mega-

karyocytes in a heterozygous

mutant spleen (C and D) were

positive for acetylcholinesterase

staining. The appearance of the

positive staining cells is morpho-

logically similar to megakaryo-

cytes in a wild-type spleen (A

and B). Note that there are more

megakaryocytes in the mutant

mouse spleen. These cells were

also positive for glycoprotein IIb

(E and F). Original magnifica-

tions 3 20 (A, C, and E) and 3 80

(B, D, and F).
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the spleens of wild-type littermates (Fig 3F). This is in contrast
to the observation that the overall number of megakaryocytes
was somewhat diminished in the enormously enlarged spleens
of the animals that had died spontaneously (Fig 3B).

To assess functional properties of these accumulated mega-
karyocytes, acetylcholinesterase and glycoprotein IIb expres-
sion was examined in the megakaryocytes in the normal and
abnormal spleens. Figure 4A and B shows the results of

acetylcholinesterase staining in a spleen of a wild-type female,
whereas Fig 4C and D shows the comparable staining patterns
for theGATA-1.05heterozygous mouse spleen. The number of
megakaryocytes appeared to be greater in the heterozygous
mutant mouse spleen, and they were uniformly positive for
acetylcholinesterase staining. These megakaryocytes were also
positive for glycophorin IIb and displayed normal histological
morphology (Fig 4E and F). Although these data demonstrated

Fig 3. Histological appearance of the spleen from the GATA-1.05 heterozygous mutant and wild-type female mice. Histological sections of the

spleens from GATA-1.05 heterozygous female mice with severe splenomegaly (A and B; GATA-1.05 heterozygous mouse no. 12 in Table 1) or mild

splenomegaly (C and D; heterozygous animal no. 3 in Table 1) are shown. Red pulp (R), white pulp (W), and megakaryocytes (Meg) are indicated.

The histological sections of wild-type female mouse spleen (E and F; corresponding to wild-type no. 1 in Table 1) are also shown. Tissues were

stained with hematoxyline and eosin. Original magnifications 3 20 (A, C, and E) or 3 80 (B, D, and F).
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that the megakaryocytes in the spleens ofGATA-1.05heterozy-
gous mutants had progressed quite far in megakaryopoiesis, the
terminal steps leading to platelet formation still seem to be
impaired in these cells.

GATA-1–negative, neomycin phosphotransferase-positive cells
accumulate in the spleens ofGATA-1.05 heterozygous mutant
mice. To determine the origin of the cells that accumulate in
the spleens ofGATA-1.05 heterozygous mutant mice, we
performed immunostaining with an anti–GATA-1 antibody on
spleen sections of the mutant and wild-type mice. As shown in
Fig 5A, numerous cells in the red pulp of a wild-type spleen
were stained brown by the anti–GATA-1 antibody; proerythro-

blasts and megakaryocytes were shown to express abundant
GATA-1 (Fig 5B). In contrast, both the red pulp and white pulp
were virtually nonexistent in the enlarged spleen of the hetero-
zygous mutant mouse (Fig 5C). The proerythroblasts and
megakaryocytes that had accumulated in these enlarged spleens
did not immunoreact with the anti–GATA-1 antibody (Fig 5C);
however, a few GATA-1–positive erythroid cells were observed
in these same sections in remnants of the red pulp (Fig 5D).
These results suggested that the erythroid and megakaryocytic
cells that have proliferated and accumulated in the grossly
enlarged mutant spleens are derived from parental cells contain-
ing an inactivated GATA-1 allele.

To test this hypothesis, the transcription level of neomycin
phosphotransferase (Neo) gene as well as GATA-1 gene,
initiating from both testis- and erythroid-specific promoters,
were examined by RT-PCR analysis. Because the Neo gene was
knocked-in to the GATA-1 locus, we predicted that the presence
of Neo mRNA should be detectable in cells in which the
GATA-1.05allele is active, even in the absence of Neo selection.
The analysis shown in Fig 6 verified this hypothesis and showed
that the level of Neo gene expression increased significantly in
the GATA-1.05heterozygous mouse spleens. The Neo expres-
sion level correlates well with the severity of splenomegaly and
bears an inverse relationship to the expression of GATA-1 from
the erythroid (IE) first exon (E-GATA-1, Fig 6). Interestingly,
there is a reciprocal increase in GATA-1 expression from the IT
exon (Fig 6, T-GATA-1). These data further support the
conclusion that the mutant GATA-1 allele is active in the cells
that accumulate in the enlarged spleens of theGATA-1.05
mutant animals.

Ectopic liver hematopoiesis in adultGATA-1.05 heterozy-
gous mutant mice. The data presented thus far have shown
that the cells that proliferate and accumulate in the spleens of
GATA-1.05mutant animals are hematopoietic cells and that they
are deficient in GATA-1 synthesis. Erythroid differentiation in
the GATA-1.05heterozygous mutant cells bearing an active
GATA-1.05allele (and an inactive wild-type allele) is arrested at
the proerythroblast stage. These data imply that theGATA-1.05
heterozygous mutant may serve as a mouse model for the
human disorder, myelodysplastic syndromes (MDS).

MDS is characterized (among other hallmarks) by abnormal
accumulation of immature cells in the enlarged spleens of
affected individuals, as well as ectopic hematopoiesis. The
notion that theGATA-1.05mutant mice might be a good model
for the human MDS is further supported by the observation that
the heterozygous mutant adult mice that display marked spleno-
megaly also have ectopic hematopoiesis in the liver, where we
found erythroblast-like cells as well as megakaryocytes in the
hepatic sinuses (Fig 7A and B). Some hepatocytes were also
found to be compressed simply by accumulated hematopoietic
cells. In the spleen sections from some heterozygous mutant
mice that were found dead, mitotic figures were also often
observed (Fig 7C). In addition, high numbers of proerythro-
blasts were found in the peripheral blood of mice with severe
anemia (Fig 7D). These observations suggest that the accumula-
tion of GATA-1–deficient cells leads to a preleukemic state and,
therefore, that this mutation has the potential to serve as a useful
animal model for human MDS.

Table 1. Hematological Analysis of the Mice Heterozygous

to the GATA-1.05 Allele

No.

Hematocrit

(%)

Platelet

(1 3 104)

No. of

Megakaryocytes

(bone marrow)

No. of

Megakaryocytes

(spleen)

Wild-type mouse

(8-12 weeks

old)

1 42 144 151 19

2 36 155 158 5

3 42 145 183 6

4 41 91.5 25 0

5 46 116 50 1

6 50 122 52 5

Mean 42.8* 128.9*† 103.2 6.0†

GATA-1.05 het-

erozygous

mouse (8-12

weeks old)

1 37 100 258 100

2 40 79 144 49

3 42 55 405 47

4 52 72 32 9

5 47 99.5 12 5

6 52 76.5 71 5

7 ND ND 70 6

8 38 69.5 59 3

9 44 66.6 155 2

10 43 69.1 113 4

11 ND ND 184 16

Mean 43.9 76.3† 136.6 22.3

GATA-1.05 het-

erozygous

mouse (20

weeks old)

12‡ 25 46 165 18

13‡ 30 50 180 30

14‡ 27 63 ND ND

Mean 27.3* 53.0* 172.5 24.0†

Hematocrit value and platelet number were examined routinely for

the GATA-1.05 heterozygous mice. Numbers of megakaryocytes were

determined by biopsy. Biopsy of overtly healthy GATA-1.05 heterozy-

gous mutant females was performed on a group of 11 young mice of 8

to 12 weeks of age. Six wild-type littermates were used as the control.

Abbreviation: ND, not determined.

*P , .001.

†P , .05.

‡Mice analyzed at 20 weeks after birth that showed marked anemia

upon routine hematological examination. Numbers of megakaryo-

cytes in these mice were determined upon necropsy.
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Fig 5.

Fig 7.
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DISCUSSION

In this study, we have analyzed the functional contributions
of GATA-1 to the growth and differentiation processes of
definitive hematopoietic cells in heterozygous GATA-1 knock-
down mutant mice. We took advantage of the facts that the
murine GATA-1 gene is localized on the X chromosome and
that one of the two X chromosomes is inactivated randomly in
heterozygous females. The loss of GATA-1 function in this
mutant resulted in the stimulation of growth and the arrest of the
differentiation in hematopoietic cells, which became manifest
as severe anemia, thrombocytopenia, and splenomegaly, thus
resulting in a foreshortened life span. The data demonstrate that
GATA-1 is necessary for the terminal differentiation of defini-
tive erythroid and megakaryocytic lineage cells in vivo.

GATA-1 has long been thought, and more recently demon-
strated, to be a key regulator of erythroid lineage maturation.
For instance, we and others recently demonstrated that matura-
tion of primitive erythroid cells is arrested at the proerythroblast
stage.14,15Compared with the unequivocal proof supporting the
role of GATA-1 in primitive hematopoiesis, the evidence of

GATA-1 in definitive hematopoiesis has been quite limited. In
this regard, Fujiwara et al15 recently reported that the majority
of mice heterozygous for a GATA-1–null allele are born
anemic, but they recover during the neonatal period. They
speculated that this recovery is presumably due to in vivo
selection of progenitor clones with an active normal allele. We
have observed the same phenomenon in mice bearing the
knock-downGATA-1.05allele (data not shown). In addition, we
report here that mice heterozygous for theGATA-1.05allele
have a significantly shorter life span and splenomegaly. The observa-
tion of late onset splenomegaly in theGATA-1.05heterozygous
mutant mice was an intriguing surprise. We demonstrated that the
cells that had proliferated and accumulated in these mutant animals
are of the erythroid and megakaryocytic lineages. The proliferative
cell population was shown to contain an activeGATA-1.05allele
(and an inactive wild-type allele) and undetectable amounts of
GATA-1 protein. In summary, these data indicated that, in the
absence of GATA-1, hematopoietic progenitors either have, or
gradually acquire, a growth advantage over their normal
counterparts some time during postnatal development.

;
Fig 5. Anti–GATA-1 antibody staining of spleens. Spleens isolated from either a heterozygous mutant female mouse with marked

splenomegaly (C and D) or a wild-type mouse (A and B). Many cells in the red pulp (R) of the spleen of the wild-type mouse were clearly GATA-1

positive. Note that both proerythroblasts and megakaryocytes were GATA-1 positive. In contrast, accumulating proerythroblasts and

megakaryocytes did not stain for GATA-1 in the spleens of heterozygous mutant female mice (C and D). R, red pulp; W, white pulp; Meg,

megakaryocytes. Arrows stand for normal GATA-1–positive cells. Original magnifications 3 10 (A and C) and 3 80 (B and D).

Fig 7. Histological examination of the liver, spleen, and peripheral blood from heterozygous mutant female mice. Proerythroblasts and

megakaryocytes accumulate in the sinus of the liver in GATA-1.05 mutant females (arrow in A). (B) is a higher magnification of (A) that contains

the region pointed to by the arrow. Original magnifications 3 10 (A) and 3 80 (B). Mitotic figures were frequently seen in accumulated

proerythroblasts in the spleen (arrows in C; original magnification 3 200). Proerythroblasts were also observed in the peripheral blood of

heterozygous mutant female mice with severe anemia and marked splenomegaly (D; original magnification 3 200). The sections (A) through (C)

were stained with hematoxylin and eosin reagent, whereas the blood smear was stained with Wright-Giemsa reagent (D).

Fig 6. RNA analysis of wild-type and heterozygous mutant female spleens. Expression of GATA-1 from either the IE promoter (E-GATA-1) or

the IT promoter (T-GATA-1) was examined after 35 cycles of amplification using 58 primers specific for either first exon and a 38 primer used in

common in the GATA-1 third exon. Expression of neomycin phosphotransferase was also examined after 35 cycles of amplification. G6PD was

used as the internal control and analyzed after 27 cycles of amplification. The numbers indicate individual animals. Lanes 1 and 2, samples

isolated from wild-type spleens; lanes 3 and 4, heterozygous mutant female spleens in animals displaying mild splenomegaly; lanes 5 and 6,

heterozygous mutant female spleens having marked splenomegaly. 1, positive control; 2, no template added; M, marker lane.
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Forced expression of GATA-1 protein in avian erythroid
progenitor cells was reported to accelerate erythroid cell
differentiation with concomitant suppression of proliferation,20

whereas constitutive expression of GATA-1 was reported to
interfere with normal cell-cycle progression.21 These reports
and our present data lead us to hypothesize that the lack of
GATA-1 stimulates proliferation and suppresses differentiation
in hematopoietic cells. In this regard, an in vitro ES cell
differentiation system developed by Nakano et al22 may serve as
an additional useful experimental tool for detailed assessment
of the erythroid differentiation process. Our preliminary analy-
sis of GATA-1.05/Y ES cells14 using this method has showed
that theGATA-1.05mutation directly affects the growth rate of
proerythroblasts and megakaryocytes (Suwabe et al, submitted
for publication). Because the only resident feedback mechanism
that exists in the in vitro ES cell differentiation system is
provided by the support cells, which may represent the bone
marrow stroma environment (see below), these data further
support the hypothesis that GATA-1 acts simultaneously to
stimulate hematopoietic cell differentiation and to suppress
proliferation.

In contrast to our present finding, Weiss et al12 reported that
GATA-12 proerythroblasts simply apoptosed in vitro. We think
that this may be accounted for by the difference in in vivo and in
vitro experimental systems. A similar discrepancy has been seen
previously, in that primitive erythrocytes could not be generated
from GATA-1–null ES cells under their in vitro differentiation
condition. We14 and others15 have found that primitive erythro-
cytes are generated, but not terminally differentiated, under the
GATA-1 knock-down14 or knock-out condition15 in vivo.

Expression of GATA-1 from the IE promoter was found to be
significantly diminished in abnormally abundant hematopoietic
cells in the spleen of theGATA-1.05mutant females. In contrast,
GATA-1 expression from the IT promoter concomitantly in-
creased in the anemic mice that displayed splenomegaly.
Moroni et al23 recently reported that, when purified hematopoi-
etic progenitors are stimulated by erythropoietin, GATA-1
expression from the IT promoter was upregulated.23 Therefore,
the more abundant expression of GATA-1 arising from the IT
promoter in the heterozygous mutant mice could be in response
to increased levels of erythropoietin in these animals. The data
therefore suggest that the expression of GATA-1 from the IT
promoter may be under regulatory feedback control in a
homeostatic circuit involving the growth control elicited by
erythropoietin. However, the amount of GATA-1 from the IT
promoter is probably below the sensitivity of histochemical
detection, because the normal expression level of GATA-1 from
the IT promoter in hematopoietic cells is only about 5% of the
total GATA-1 expression in the spleen.

Despite the abnormal accumulation of megakaryocytes in the
mutant spleens, a severe and consistent thrombocytopenia was
observed in theGATA-1.05heterozygous female mice. We
therefore concluded that GATA-1 may also be important for the
terminal differentiation of megakaryocytes. Consistent with this
observation, Pevny et al13 previously reported that GATA-1–
negative megakaryocytes were abnormally abundant in chi-
meric fetal livers, suggesting an alteration in the kinetics of their
formation or turnover. Furthermore, Shivdasani et al24 have
recently demonstrated that GATA-1 plays a critical role in

megakaryocyte growth regulation and platelet biogenesis in
vivo using a lineage-specific knock-out strategy. All of these
results argue that GATA-1 is necessary for terminal differentia-
tion of megakaryocytes.

Megakaryocytes normally express GATA-1, and several
genes expressed specifically in this lineage appear to be under
the regulation of GATA-1 or other GATA family transcription
factors. It has been reported that the glycoprotein IIb gene is
directly regulated by GATA-1.25 However, we detected the
glycoprotein IIb protein in megakaryocytes that lack GATA-1.
This suggests either that GATA-2, which is coexpressed in this
cell lineage, could functionally substitute for GATA-1 or that
the low level of GATA-1 present in theGATA-1.05mutant
megakaryocytes may be adequate to execute most, but not all
aspects, of megakaryocytic differentiation. Regardless of the
mechanism used, the results presented here clearly indicate that
GATA-2 cannot fully compensate for GATA-1 function in
megakaryopoiesis. Thus, the identification of bona fide target
genes of GATA-1 remains an important hurdle to extending our
understanding of the role of GATA-1 in megakaryocyte differen-
tiation.
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