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Malignant transformation usually inhibits terminal cell differentiation but the precise mechanisms involved
are not understood. PU.1 is a hematopoietic-specific Ets family transcription factor that is required for
development of some lymphoid and myeloid lineages. PU.1 can also act as an oncoprotein as activation of its
expression in erythroid precursors by proviral insertion or transgenesis causes erythroleukemias in mice.
Restoration of terminal differentiation in the mouse erythroleukemia (MEL) cells requires a decline in the
level of PU.1, indicating that PU.1 can block erythroid differentiation. Here we investigate the mechanism by
which PU.1 interferes with erythroid differentiation. We find that PU.1 interacts directly with GATA-1, a zinc
finger transcription factor required for erythroid differentiation. Interaction between PU.1 and GATA-1
requires intact DNA-binding domains in both proteins. PU.1 represses GATA-1-mediated transcriptional
activation. Both the DNA binding and transactivation domains of PU.1 are required for repression and both
domains are also needed to block terminal differentiation in MEL cells. We also show that ectopic expression
of PU.1 in Xenopus embryos is sufficient to block erythropoiesis during normal development. Furthermore,
introduction of exogenous GATA-1 in both MEL cells and Xenopus embryos and explants relieves the block
to erythroid differentiation imposed by PU.1. Our results indicate that the stoichiometry of directly
interacting but opposing transcription factors may be a crucial determinant governing processes of normal
differentiation and malignant transformation.
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The hallmark features of many cancers include both a
loss of normal proliferation controls and a block to dif-
ferentiation (Hunter 1997). The study of oncogenic vi-
ruses and the genetic lesions present in animal and hu-
man cancers has led to the identification of oncoproteins
and tumor suppressor proteins and an increasingly deep
understanding of how these proteins regulate cell prolif-
eration. On the other hand, we know less about how
malignant transformation affects the genes and gene
products that regulate cell differentiation. Very fre-
quently, leukemogenesis in humans and mice is associ-
ated with alterations in the structure or regulation of
transcription factors that participate in normal blood cell
development (Look 1997; Tenen et al. 1997). Such events
often exhibit a very high degree of specificity for a par-
ticular hematopoietic lineage and stage of differentia-
tion, but the molecular mechanisms leading to specific
differentiation blockades are not understood.

Friend virus-induced erythroleukemias of mice have
served as an important model for studying the multistep

process of leukemia development (Ben-David and Bern-
stein 1991). Likewise the in vitro terminal differentia-
tion that can be induced in the permanent murine eryth-
roleukemia (MEL) cell lines established from such mice
(Marks et al. 1987) has stimulated interest in approaches
to cancer therapy based on forced differentiation of tu-
mor cells. Friend virus consists of a complex of two ret-
roviruses: the replication-defective spleen-focus-forming
virus (SFFV) and a replication-competent, helper Friend
murine leukemia virus (F-MuLV). There are at least
three events that contribute to generation of malignant
erythroid cells in Friend virus-infected mice (for review,
see Ben-David and Bernstein 1991). The early stage of the
disease is characterized by polyclonal proliferation of
nonleukemic erythroid progenitors caused by interac-
tion of the SFFV-encoded 55-kd fusion glycoprotein (gp
55) with the erythropoietin receptor, triggering constitu-
tive activation of mitogenic signaling. The subsequent
emergence of clonal or oligoclonal malignant cells is as-
sociated with two additional genetic events: inactivation
of p53 and SFFV proviral insertions at the Spi-1 locus
that encodes the PU.1 transcription factor (Moreau-
Gachelin et al. 1988; Paul et al. 1989; Goebl 1990). Inte-
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gration of SFFV does not disrupt PU.1 gene expression;
rather it is thought to activate or deregulate PU.1 syn-
thesis in erythroid precursors (Moreau-Gachelin et al.
1989). Proof that PU.1 plays a causative role in erythro-
leukemogenesis came from the observation that trans-
genic mice expressing PU.1 in erythroid cells develop
erythroleukemias at a high rate (Moreau-Gachelin et al.
1996). Its role in transformation of erythroid cells is fur-
ther supported by finding that a PU.1-encoding retrovi-
rus can immortalize erythroblasts efficiently from in-
fected long-term bone marrow cultures (Schuetze et al.
1993). PU.1 is a member of the Ets family of transcrip-
tion factors. Interestingly, two other ets family genes,
fli-1 and v-ets have also been implicated in erythroleu-
kemic transformation (Ben-David and Bernstein 1991).

PU.1 is expressed specifically in hematopoietic tis-
sues, with high levels of expression in cells of the mono-
cytic, granulocytic and B lymphoid lineages (Galson et
al. 1993; Hromas et al. 1993). A large number of pre-
sumptive PU.1 target genes have been identified (Fisher
and Scott 1998). Many of these genes are expressed in
myeloid and B cells, including some that are thought to
have important roles in differentiation and survival of
cells within these lineages. Consistent with this view,
inactivation of the PU.1 gene in mice causes defects in
the development of multiple hematopoietic lineages, in-
cluding B and T lymphocytes, monocytes, and granulo-
cytes (Scott et al. 1994; McKercher et al. 1996). PU.1
probably plays important roles at several stages of the
differentiation process, and there is evidence that it is
active at an early stage, mediating commitment of mul-
tipotent progenitors to the myeloid lineage (Nerlov and
Graf 1998). However, PU.1 does not appear to be needed
for production of megakaryocytes or erythrocytes.

The in vitro differentiation that can be induced in per-
manent MEL cell lines established from Friend virus-
infected mice provides an opportunity to analyze events
occurring when the leukemic phenotype is reversed and
the cells reenter their erythroid differentiation program
(Marks et al. 1987). MEL cells are transformed erythroid
precursors that are blocked at about the proerythroblast
stage of differentiation. Treatment of the cells with a
variety of agents causes them to undergo differentiation
over several days and culminates in terminal cell divi-
sion and accumulation of hemoglobin and other eryth-
rocyte-specific proteins. One of the early events occur-
ring during this process is a marked decline in levels of
PU.1 (Schuetze et al. 1992; Galson et al. 1993; Rao et al.
1997), suggesting that high levels of PU.1 may block ery-
throid differentiation. By transfecting MEL cells with ex-
pression vectors encoding PU.1 we (Rao et al. 1997) and
other investigators (Yamada et al. 1997) have shown that
PU.1 can indeed block erythroid differentiation of MEL
cells. The effect of PU.1 on erythroid differentiation was
also seen in other cell culture models (Quang et al. 1995;
Delgado et al. 1998). An intriguing aspect of the block to
differentiation in MEL cells is the fact that the cells con-
tain substantial amounts of several transcription factors
that are involved in erythroid differentiation, including
GATA-1, a zinc finger protein that is essential for eryth-

ropoiesis and expression of most erythroid-specific genes
(Shivdasasani and Orkin 1996). We show here that PU.1
binds directly to GATA-1 and specifically inhibits its
ability to activate transcription of reporter genes. More-
over we show that the stoichiometry of PU.1 and
GATA-1 affects erythroid differentiation capacity in
MEL cells and Xenopus embryos and explants. We pro-
pose that PU.1 blocks differentiation in erythroleukemia
cells and contributes to leukemogenesis by binding to
and inhibiting the ability of GATA-1 to promote termi-
nal erythroid differentiation. We also discuss the possi-
bility that the opposing actions of PU.1 and GATA-1 or
other GATA factors contributes to lineage determina-
tion during normal hematopoiesis.

Results

PU.1 and GATA-1 interact in vitro and in vivo

As mentioned above, several transcription factors
known to be involved in erythroid differentiation are
present in MEL cells. These factors include GATA-1
(Tsai et al. 1989; Leonard et al. 1993), erythroid Krüppel-
like factor (EKLF; Miller and Bieker 1993), p45 NF-E2 (Lu
et al. 1994), and Friend of GATA-1 (FOG; Tsang et al.
1997). Restoration of terminal differentiation in MEL
cells requires a large decrease in the amount of PU.1.
Therefore, we wondered whether PU.1 might interact
directly with one or more of these transcription factors
and inhibit their activities in promoting differentiation.
We examined potential in vitro interactions between
PU.1 and these factors by using GST–PU.1 immobilized
on glutathione–Sepharose beads and in vitro synthesized
35S-labeled proteins. About 15% of input GATA–1
bound to GST–PU.1, whereas GATA-1 did not bind to
immobilized GST (Fig. 1A). On the other hand, very
little EKLF was bound to GST–PU.1 and binding of p45
NF-E2 or FOG to GST–PU.1 was not detected (Fig. 1A). A
strong interaction was also evident when GST–GATA-1
and 35S-labeled PU.1 were used, whereas PU.1 did not
bind to GST nor to another GST fusion protein, GST–
GUK (see Fig. 3A). The in vitro interaction of PU.1 and
GATA-1 occurs even in the presence of 1% NP-40 (not
shown). Because the 35S-labeled proteins used in binding
reactions were synthesized in rabbit reticulocyte lysates
we sought to determine whether the PU.1–GATA-1 in-
teraction is direct or dependent on a bridging molecule
that might be present in the lysate. Interaction is direct
because PU.1–GATA-1 complexes were formed using
both molecules purified from bacteria (Fig.1B). Further-
more, formation of PU.1–GATA-1 complexes was unaf-
fected by ethidium bromide, indicating that the interac-
tion is not mediated by contaminating DNA (Fig. 1C).

To test whether PU.1 and GATA-1 complexes form in
vivo, we transfected expression vectors encoding PU.1
and GATA-1 into 293 cells and analyzed nuclear extracts
for PU.1–GATA-1 complexes by immunoprecipitating
with an anti-GATA-1 antibody and immunoblotting for
PU.1. PU.1–GATA-1 complexes were detected in the
transfected cell extracts and the presence of PU.1 in the
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anti-GATA-1 immunoprecipitate was dependent on co-
transfection of both expression vectors (Fig. 2A). MEL
cell extracts were also analyzed by coimmunoprecipita-
tion experiments, using both anti-GATA-1 and anti-
PU.1 antibodies to determine whether endogenous PU.1
and GATA-1 are associated in these cells. PU.1–GATA-1
complexes were readily detected in MEL cell nuclear ex-
tracts using either antibody, whereas the association was
not seen when control antibodies were used (Fig. 2B). We
estimate that a large fraction of GATA-1 is bound to
PU.1 in the tumor cells, suggesting that the interaction
may be important in the PU.1-mediated block to differ-
entiation of the cells.

PU.1 targets the zinc finger region of GATA-1

To define the regions within PU.1 and GATA-1 that are
required for interaction of the two proteins, we tested a
set of deletion mutants of each protein for their abilities
to interact in vitro. Structure-function studies of both
proteins have delineated specific regions or domains that
contribute to their functions as transcription factors as
well as their interactions with other proteins.

GATA-1 binding to DNA is mediated by a domain
comprised of two zinc fingers. The carboxy-terminal fin-
ger is absolutely required for DNA binding, whereas the
amino-terminal finger is thought to stabilize binding
(Martin and Orkin 1990). Both fingers have been found to
interact with other proteins (Tsang et al. 1997 and refer-
ences therein). Transfection assays have defined several
regions of GATA-1 contributing to transcriptional trans-
activation, the most potent of which lies near the amino-
terminal end of the protein (Martin and Orkin 1990). We
found that the finger region was both necessary and suf-
ficient for interaction with PU.1 (Fig. 3A,B). Deletion of
the region encoding both fingers of GATA-1 abolished
completely the interaction, and a GST fusion protein
comprising only the finger region of GATA-1 bound
PU.1 quite well. Other regions in GATA-1 may also con-
tribute to the interaction as the extent of binding of PU.1
to the GST fingers fusion protein was less than to full-
length GST–GATA-1. Within the GATA-1 finger region
both the amino-terminal finger and the carboxy-terminal
finger appear to contribute to binding to PU.1 as
GATA-1 proteins containing a deletion of either finger or
a substitution of two cysteines that disrupt the carboxyl
finger (disrC) bind less well to PU.1 than full-length
GATA-1 (Fig. 3A). The contribution of both GATA-1 fin-
gers to binding to PU.1 was confirmed by coimmunopre-
cipitaion experiments in transfected 293 cells. Consis-
tent with the in vitro results, deletion of both fingers
abolished the interaction, whereas GATA-1 proteins
that are deleted for either finger bind PU.1 in vivo but
with an apparent reduced affinity (Fig. 2C). Furthermore,
a GATA-1 fragment comprising only the carboxy-termi-
nal finger is able to bind to GST–PU.1 (Fig. 3A).

DNA binding by PU.1 is directed by the carboxy-ter-
minal ets homology region (Klemsz et al. 1990). In addi-
tion to an intact DNA-binding domain, transactivation
of reporter constructs containing PU.1-binding sites re-
quires an amino-terminal region consisting of acidic and
glutamine-rich subdomains (Klemsz and Maki 1996 and
references therein). There is also a central region rich in
proline, glutamic acid, serine, and threonine (PEST) resi-
dues (Moreau-Gachelin 1994). Certain interactions of
PU.1 with other proteins are mediated by the transacti-
vation domain (Hagemeir et al. 1993), whereas other in-
teractions occur with the Ets domain (Nagulapalli et al.
1995; Petrovick et al. 1998). Deletion of the PEST region
or deletions encompassing portions of the amino-termi-
nal transactivation domain had no significant effect on
PU.1–GATA-1 interaction in vitro (Fig. 3C,D). These de-
letions also did not affect interaction of PU.1 and
GATA-1 in vivo (Fig. 2D). In contrast, deletion of the
carboxy-terminal region of the DNA-binding domain of
PU.1 abolished completely its interaction with GATA-1
(Fig. 3C). Thus, the two proteins appear to interact
through their respective DNA-binding regions.

GATA-1 is highly related in its DNA-binding zinc fin-
ger region to GATA-2 and GATA-3, two other GATA
factors involved in hematopoiesis (Shivdasani and Orkin
1996). The three proteins share little similarity outside
of the finger region. We found that GATA-2 and GATA-3

Figure 1. PU.1 and GATA-1 interact in vitro. (A) 35S-Labeled
proteins, indicated above each panel, were prepared and tested
for binding to GST or GST–PU.1 by a ‘pull-down’ assay using
proteins immobilized on glutathione–Sepharose beads as de-
scribed in Materials and Methods. Bound proteins were released
and analyzed by SDS–PAGE and autoradiography. An autora-
diogram of 10% of each 35S-labeled protein added to the binding
reactions is shown in each panel (10% input). Arrowheads in-
dicate the position of the 35S-labeled proteins on the gel. (B)
PU.1 or GATA-1, as indicated above each panel, were prepared
from the respective GST fusion proteins by thrombin cleavage
as described in Materials and methods. The purified proteins
were tested for binding to GST, GST–GATA-1 or GST–PU.1 by
a pull-down assay. Bound proteins were analyzed by SDS–PAGE
and immunoblotting with the indicated antibodies. An immu-
noblot of 25% of the purified PU.1 or GATA-1 added to the
binding reactions is shown in each panel (25% Input). (C) As in
A except that where indicated 100 µg/ml of ethidium bromide
(EtBr) was added to the reaction.
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bound well to GST–PU.1, with in vitro affinities approxi-
mately the same as that of GATA-1 (Fig. 3E).

PU.1 is a member of the Ets family of transcription
factors. The most closely related Ets protein is Spi-B, a B
cell-specific factor. Spi-B is most similar to PU.1 in the
Ets domain; the two proteins are much less similar in
other regions (Ray et al. 1992). Fli-1 is related more dis-
tantly to PU.1, but like PU.1 it has been implicated in
mouse erythroleukemia (Ben-David et al. 1991). Both Ets
proteins bound to GST–GATA-1, although the interac-
tion was much weaker than with PU.1 (Fig. 3F). The
weak interaction of Spi-B with GATA-1 points to a high
degree of specificity in the interaction between PU.1 and
GATA-1. The observed interactions of GATA and Ets
family members with PU.1 and GATA-1, respectively,
are consistent with the mapping of the interaction sites
on PU.1 and GATA-1 to their respective DNA-binding
regions. The significance of such interactions remains to
be determined (see Discussion).

PU.1 inhibits GATA-1-dependent transcriptional
activity

On the basis of the well-established function of GATA-1
as a transcription factor that promotes expression of
many erythroid-expressed genes (Shivdasani and Orkin
1996), and our earlier finding that PU.1 can inhibit MEL
cell erythroid differentiation (Rao et al. 1997), the obser-
vation that PU.1 and GATA-1 interact could suggest that
PU.1 is able to inhibit GATA-1-mediated transcriptional

activation. To test this possibility we performed cotrans-
fection assays in NIH-3T3 cells and HeLa cells with
three different reporter constructs containing either syn-
thetic (M1a, Fig. 4A,B and aD3; Fig. 4C) or natural (p45
NF-E2; Fig. 4D) GATA-1-dependent promoters. The p45
NF-E2 promoter requires the synergistic action of
GATA-1 and FOG as a cofactor (Tsang et al. 1997). Co-
expression of PU.1 along with GATA-1 led to a marked
reduction in GATA-1-mediated transactivation of all
three reporters. Inhibition by PU.1 was dose dependent.
With the natural p45 NF-E2 promoter, the largest
amount of PU.1 expression plasmid used led to a reduc-
tion in the stimulation by GATA-1 plus FOG to the
basal activitiy of the promoter (Fig. 4D). The effect of
PU.1 is specific for GATA-1-mediated transactivation as
coexpression of PU.1 did not affect another reporter that
is activated by a GAL4–Sp1 fusion protein (Fig. 4E); PU.1
also did not affect the basal activity of each reporter.
Furthermore, inhibition was not seen in cotransfections
with the PU.1 cDNA in the antisense configuration
(PU.1-AS; Fig. 4A). Immunoblotting of extracts from
transfected cells showed that coexpression of PU.1 did
not reduce the level of GATA-1 protein produced in the
transfected cells (Fig. 4A,C insets). Coexpression of the
carboxy-terminally deleted PU.1 protein that does not
interact with GATA-1 failed to inhibit GATA-1-medi-
ated transactivation. Deletion of the PU.1 PEST region,
which does not affect interaction with GATA-1, also
does not affect the ability of PU.1 to repress GATA-1-
mediated transactivation. Interestingly, deletion of a

Figure 2. PU.1 and GATA-1 interact in vivo. (A) Nuclear extracts from 293 cells transfected with expression vectors encoding either
PU.1 or both PU.1 and GATA-1 were prepared and immunopreciptated with an anti-GATA-1 antibody as described in Materials and
Methods. Immunoprecipitates were analyzed by SDS–PAGE and immunoblotting with the indicated antibodies. An immunoblot of
15% of the amount of extract that was immunoprecipitated is shown (Input). Arrowheads indicate the positions of the immunode-
tected proteins. The asterisked (*) arrowhead indicates the position of Ig chains, which are used in immunoprecipitation. (B) Nuclear
extracts of MEL cells were prepared and immunoprecipitated with either anti-GATA-1 (a-GATA-1) and anti-p16 (a-control) antibodies
or anti-PU.1 (a-PU.1) and anti-cyclin E (a-control) antibodies as described in Materials and Methods. Input lanes are shown as in A,
except that 3% of the extract was analyzed for the immunoprecipitation of PU.1 and Western of PU.1 lane. Analysis of immunopre-
cipitates and other details were as in A. (C, D) Analysis of the effect of mutations in GATA-1 (C) and PU.1 (D) on the GATA-1–PU.1
interaction in vivo. Whole cell extracts from 293 cells transfected with expression vectors encoding the indicated GATA-1 and PU.1
proteins (see Fig. 3B,D) were immunoprecipitated and analyzed as in A. Input lanes are shown as in A.
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portion of the PU.1 amino-terminal transactivation do-
main resulted in a loss in the ability to repress GATA-
1-mediated transactivation. In fact, we observed a con-
sistent, approximately twofold stimulation of GATA-1-
mediated transactivation when this PU.1 mutant was
coexpressed with GATA-1 (Fig. 4B,C). The mutant PU.1
proteins were produced at levels comparable to or greater
than that of full-length PU.1 as determined by anti-HA
immunoblotting of HA-tagged proteins (Fig. 4B inset).
Furthermore, like wild-type PU.1, the three types of mu-
tant PU.1 molecules are able to localize in the nucleus,
as determined by immunoblotting of nuclear and cyto-
plasmic extracts of transfected cells (not shown). Thus,
repression of GATA-1 by PU.1 requires both the car-
boxy-terminal DNA-binding region and the amino-ter-
minal transactivation domain of PU.1.

Both the DNA-binding and transactivation domains
of PU.1 are required for blocking erythroid
differentiation

Treatment of MEL cells with several chemical agents

that cause the cells to reinitiate terminal erythroid dif-
ferentiation leads to a very rapid decline in PU.1 levels.
Previously, we showed that transfection of the cells with
an expression construct that constitutively produces
PU.1, even in the presence of differentiation inducers,
causes a block to differentiation (Rao et al. 1997). Having
determined that the interaction between PU.1 and
GATA-1 requires an intact PU.1 DNA-binding domain,
and that repression of GATA-1 requires both that do-
main and the transactivation domain, we sought to de-
termine whether these regions of PU.1 are also needed
for its ability to block MEL cell differentiation. We pre-
pared stable MEL cell transfectants expressing either an
epitope-tagged (HA) PU.1 protein or tagged, mutant PU.1
proteins containing deletions in the DNA-binding do-
main or the transactivation domain. Stable MEL cell
transfectants expressing wild-type and mutant proteins
were identified by immunoblotting with an anti-HA an-
tibody (Fig. 5). Transfectants expressing amounts of the
mutant proteins similar to or greater than that of wild-
type PU.1 were then tested for their ability to undergo
differentiation and form benzidine-positive, hemoglo-

Figure 3. The PU.1–GATA-1 interaction is mediated by the zinc finger region of GATA-1 and the Ets region of PU.1. Binding of
35S-labeled PU.1 to wild-type and mutant GST–GATA-1 fusion proteins (A, left), or 35S-labeled wild-type and mutant GATA-1 proteins
to GST–PU.1 (A, middle and far right), or 35S-labeled wild-type and mutant PU.1 proteins to GST–GATA-1 (C) was tested as described
in Fig.1. GST–GUK is a GST fusion protein of the human LIN2A guanylate kinase. (B,D) Schematic diagram of the mutant proteins
used for the binding studies in A and C, respectively. The positions of amino acid residues at the termini of regions present in the
mutant proteins are shown above the diagrams. (TAD) transactivation domain; (PEST) region rich in PEST residues; (DBD) DNA-
binding domain. Binding of 35S-labeled GATA-1, GATA-2, and GATA-3 to GST or GST–PU.1 (E) or 35S-labeled PU.1, Fli-1, and Spi-B
to GST or GST–GATA-1 (F) was tested as described in Fig. 1.
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binized cells in response to hexamethylene bisacetamide
(HMBA), an inducer of differentiation. Transfectants
that did not express any detectable wild-type or mutant-

tagged PU.1 were used as controls; these control trans-
fectants differentiated well. Transfectants expressing
wild-type PU.1 were blocked completely for differentia-
tion, whereas clones expressing the mutant proteins
were fully capable of differentiating (Table 1). On the
other hand, deletion of the PEST region did not affect the
ability of PU.1 to block MEL cell differentiation (F. Rad-
parvar and A.I. Skoultchi, unpubl.). These results indi-
cate that both regions of PU.1 required for repressing
GATA-1-mediated transcription are also necessary for
the activity of PU.1 in blocking differentiation.

GATA-1 relieves a block to erythroid differentiation
imposed by PU.1

As mentioned above, during chemically induced reini-
tiation of MEL cell differentiation PU.1 levels decline
rapidly. We described previously (Rao et al. 1997) and in
the preceding section, MEL cell transfectants that ex-
press PU.1 constitutively even in the presence of differ-

Figure 4. PU.1 inhibits GATA-1-dependent transcriptional activity with synthetic and natural promoters. M1a–GH reporter (15 ng)
with and without either 150 ng (A) or 60 ng (B) of pXM–GATA-1 were cotransfected with pEBB or the indicated amounts (nanograms)
of pEBB expression constructs encoding PU.1, reverse transcripts of PU.1 (AS–PU.1), or the indicated PU.1 mutants (see Fig. 3D) into
NIH 3T3-cells as described in Materials and Methods. (C) aD3-LUC reporter (15 ng) with and without 30 ng of pXM–GATA-1 were
cotransfected with pEBB or the indicated amounts of plasmids as in B into HeLa cells. (D) p45 NF-E2-GH reporter (10 ng) with and
without 100 ng of pXM–GATA-1 and 100 ng pMT2–FOG were cotransfected with pEBB or the indicated amounts pEBB–PU.1 into
NIH-3T3 cells as in A. (E) UAS–LUC reporter (100 ng) were cotransfected into NIH-3T3 with and without 100 ng of SP6–GAL4–Sp1
and 180 ng of pEBB–PU.1. The levels of growth hormone (A,B,D) or luciferase activity (C,E) were determined 48 hr after transfection
as described in Materials and Methods. (Insets in A,B,C) The immunoblots with anti-GATA-1 antibody (A,C) and anti-HA antibody
(B) of cell extracts corresponding to the indicated transfected samples. Arrowheads indicate the positions of GATA-1 and HA-tagged
full-length and mutant PU.1 proteins; the asterisked (*) arrowhead indicates a nonspecific band detected with anti-HA antibody in 293
extracts. Numbers represent the average of at least two independent transfections. Error bars represent the S.E.M.. Each type of
experiment was performed between three and seven times with two or three different DNA preparations and produced similar results.

Figure 5. Detection of wild-type and mutant epitope-tagged
PU.1 proteins in MEL cell transfectants. MEL cells were trans-
fected with expression constructs encoding both resistance to
puromycin and an influenza hemagglutinin (HA)-epitope tagged
wild-type or mutant PU.1 proteins as described in Materials and
Methods. Puromycin resistant clones were isolated and
screened for expression of PU.1 proteins by immunoblotting of
cell extracts with anti-HA antibody. The levels of PU.1 proteins
(arrowhead) in two representative clones of each type of PU.1
transfectant are shown. PU.1-DDBD–HA is deleted for residues
201–272 and PU.1–DTAD–HA is deleted for residues 33–100
(see Fig. 3D).
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entiation inducers. These cells are blocked from differ-
entiating in response to inducers, attributable to the
presence of exogenous PU.1. We wondered whether the
differentiation block specifically imposed by PU.1 in
these transfectants could be relieved by providing the
cells with additional GATA-1. We transfected one such
PU.1-transfectant (PU.1 clone 605; Rao et al. 1997) a sec-
ond time with a construct expressing a conditionally ac-
tive form of GATA-1, achieved by fusing GATA-1 coding
sequences to the ligand-binding domain of the human
estrogen receptor (ER). The GATA-1/ER fusion protein
is activated for GATA-1 dependent transcription in the
presence of estrogen (Tsang et al. 1997). Supertransfec-
tants of the clone 605 expressing the GATA-1/ER fusion
protein were identified by immunoblotting. These trans-
fectants were studied for their ability to differentiate in
response to various treatments. Like the parental clone
605 cells, the supertransfectants exhibited a block to dif-

ferentiation in response to HMBA, producing <10% ben-
zidine-positive, hemoglobinized cells when cultured for
5 days in HMBA (Fig. 6A–C). However, when these cells
were treated with HMBA in the presence of estrogen
they produced large numbers of differentiated cells,
whereas the combination of HMBA and estrogen did not
increase the percentage of differentiated cells in the pa-
rental clone 605 line above that observed with HMBA
alone. The capacity of the 605 line to differentiate in
response to HMBA was restored by GATA-1/ER in the
presence of estrogen to levels comparable to individual
clones of MEL cells. Moreover, we found that the pres-
ence of GATA-1/ER in these cells rendered them able to
differentiate with estrogen treatment alone, without the
need for HMBA (Fig. 6B,C). Thus, relief of the block to
differentiation in the erythroleukemia cells appears to
require only sufficient levels of active GATA-1. We hy-
pothesize that the combination of HMBA and estrogen
may induce more of the cells to differentiate than estro-
gen alone because HMBA may cause a reduction in ex-
pression of the endogenous PU.1 gene, effectively in-
creasing the amount of active GATA-1. Whereas treat-
ment of the clone 605 line with HMBA and estrogen led
to only minimal accumulation of globin mRNA, differ-
entiation induced in the GATA-1/ER supertransfected
lines by HMBA plus estrogen led to a marked increase in
globin mRNA levels (Fig. 6D), comparable to that in-
duced in MEL cells by HMBA and other agents.

An important aspect of the differentiation program in-
duced in MEL cells by HMBA and other treatments is
that, in addition to expression of many erythroid-specific
markers, the cells undergo terminal cell division (Marks
et al. 1987). This property can be studied by observing
the proliferation of individual cells in semisolid media
such as in plasma clots. Cells undergoing differentiation
exhibit limited proliferative capacity and give rise to
small colonies consisting of a maximum of 32–64 cells,
whereas undifferentiated cells proliferate extensively
and produce very large colonies consisting of hundreds or
thousands of cells. Previously, we showed that PU.1
blocks HMBA-induced terminal cell division (Rao et al.
1997), allowing PU.1 transfectants like clone 605 to form
large colonies in plasma clots after HMBA treatment
(Fig. 6E). We tested the proliferation of GATA-1/ER
transfectants treated with HMBA, estrogen, or both
agents by plasma clot assays. As shown in Fig. 6F treat-
ment with estrogen alone or estrogen and HMBA caused
the cells to lose their proliferative capacity and form
many small colonies, whereas when treated with HMBA
alone they retained their ability to divide extensively
and produced only very large colonies. On the other
hand, treatment of the 605 parental line with estrogen or
estrogen and HMBA did not lead to production of many
small colonies showing that the proliferation capacity of
the cells is not affected by estrogen in the absence of
GATA-1/ER (Fig. 6E). We conclude that the differentia-
tion program restored in the PU.1-blocked line by
GATA-1/ER includes terminal cell division.

The foregoing results suggest that the relative levels of
PU.1 and GATA-1 determine whether or not the eryth-

Table 1. Response of MEL cell transfectants to HMBA

treatment

Clonea

Percent benzidine-
positive cellsb

day 3 day 5

PU.1–HA expressors
35 0 0
39 0 0
51 0 2
64 0 1

PU.1–HA nonexpressors
12 74 100
15 74 93

PU.1–DDBD–HA expressors
29 90 91
44 76 90
49 95 N.D.
51 74 90

PU.1–DDBD–HA nonexpressors
25 90 92
43 62 90

PU.1–DTAD–HA expressors
37 91 N.D.
40 93 100
41 92 100
50 81 N.D.

PU.1–DTAD–HA nonexpressors
54 100 N.D.
60 95 N.D.

MEL 84 93

(N.D.) Not determined.
aExpression levels of wild-type and mutant PU.1 proteins in
representative transfectants are shown in Fig. 5. Clones indi-
cated as nonexpressors did not produce any detectable epitope-
tagged protein on immunoblots like that shown in Fig. 5. Simi-
lar results were obtained with 6–10 additional clones in each
transfection.
bCells were treated with 5 mM HMBA for the indicated times,
and the percent hemoglobinized, benzidine-positive cells was
determined as described in Materials and Methods.
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roleukemia cells undergo terminal differentiation. To
determine whether this is also true during normal eryth-
ropoiesis we studied the effects of PU.1 and GATA-1 on
erythropoiesis in Xenopus embryos. In Xenopus, blood is
derived from blastomeres that contribute to ventral me-
soderm, and the first erythrocytes differentiate in the
‘blood island’ located along the ventral midline of 2-day-
old embryos. The ventral blastomeres can be distin-
guished by the four-cell stage; the dorsal/ventral axis is
established at fertilization after cortical rotation leading
to the differential localization of maternal dorsal deter-
minants (and pigment) that are separated physically by
the second cleavage plane. Therefore, proteins can be
expressed ectopically during blood development by in-
jecting fertilized eggs or specific cleavage stage ventral
blastomeres with mRNA or DNA expression plasmids.
RNA encoding PU.1 was synthesized in vitro and in-
jected into developing Xenopus embryos. Embryos devel-
oped normally after injecting both blastomeres of a two-
cell embryo with 125 pg of reverse-strand (control) PU.1
RNA, as shown by typical benzidine staining of blood
island regions in such embryos (arrow in Fig. 7A). In
contrast, injection of 125 pg of PU.1 RNA led to a sub-
stantial block in primitive erythropoiesis, as shown by a

lack of benzidine staining regions, except for occasional
small patches of stained cells (Fig. 7B). These embryos
also displayed defects unrelated to hematopoiesis in the
developing dorsal axis, seen first as an uneven neural
plate (not shown) and resulting in abnormally shaped
tails. To test whether PU.1 expressed specifically in the
blood island region was responsible for the defect in
erythropoiesis, PU.1 RNA or control RNAs were in-
jected into both ventral blastomeres of four-cell em-
bryos. Injection of as much as 1 ng of reverse strand PU.1
RNA into ventral blastomeres had no effect on hemoglo-
bin production (Fig. 7C). Embryos injected with 125 pg of
PU.1 RNA displayed a lack of differentiated erythro-
cytes, but appeared otherwise normal (Fig. 7D).

An advantage of the Xenopus system is that erythro-
poiesis also can be analyzed by culturing embryo ex-
plants isolated from the presumptive ventral margin
zone (VMZ) that contains the blood progenitors. To test
whether ectopic PU.1 expression can inhibit erythropoi-
esis in isolated explants, 25 pg of a plasmid encoding
PU.1 or the empty vector were injected into both blas-
tomeres of two-cell embryos. Injected plasmids are not
transcribed until the midblastula transition. At the be-
ginning of gastrulation, VMZ explants containing primi-

Figure 6. Restoration of hemoglobinization and terminal growth arrest in PU.1-transfected MEL cells by a GATA-1/ER fusion
protein. MEL cells (broken line) and PU.1-transfected MEL cells, clone 605 (A) and two representative GATA-1/ER supertransfectants
of clone 605, clones 12 (B) and 13 (C) (solid lines), were grown without (l) or with 5 mM HMBA (m), 5 mM HMBA with 10−7

M

b-estradiol (d) or 10−7
M b-estradiol (j). At the indicated times, the percentage of hemoglobinized cells was determined by benzidine

staining as described in Material and Methods. Similar results were obtained with four other GATA-1/ER supertransfectants. (D)
Clone 605 and clone 12 were treated for 72 hr with 10−7

M b-estradiol, 5 mM HMBA, or both as indicated above the panel. b-Globin
mRNA levels were determined by Northern blot hybridization of total cellular RNA with 32P-labeled b major globin DNA. The lower
panel shows the ethidium bromide-stained gel before transfer. MEL cells (broken line) and cells of clones 605 (E) and clone 13 (F) (solid
lines) were cultured as in A for the indicated times and plated in plasma clots with b-estradiol as described in Materials and Methods.
After 7 days clots were removed, fixed, and stained with hematoxylin and the percentage of colonies with <50 cells was determined
by microscopy. At least 200 colonies were counted for each determination.
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tive erythroid progenitors were isolated and allowed to
develop in culture. At various times, explants were har-
vested and lysates were analyzed for globin by immuno-
blotting (Fig. 7E). By 48 hr, when globin was detected in
control explants, there was significantly less globin in
the explants injected with the PU.1 expression plasmid.
By 80 hr, the control explants expressed abundant globin,
whereas those expressing ectopic PU.1 were negative for
globin. PU.1 appears to inhibit transcription of the glo-
bin gene as determined by RT–PCR experiments for glo-
bin mRNA (not shown). Globin production also was
blocked in isolated VMZ explants after injecting 250 pg
of PU.1 RNA into the two ventral blastomeres at the
four-cell stage (Fig. 7F, lanes 1,5). In this case, coinjection
of 100 pg of RNA encoding Xenopus GATA-1 is suffi-
cient to rescue erythropoiesis, assayed by globin produc-

tion (Fig. 7F, lane 2). Rescue of blood island development
in whole embryos coinjected with PU.1 and GATA-1
RNA into ventral blastomeres also was demonstrated by
benzidine staining (data not shown). These results indi-
cate that the relative levels of PU.1 and GATA-1 can
determine the outcome of erythroid differentiation dur-
ing normal development.

Discussion

Previous studies with MEL cells and other cell culture
models showed that PU.1 can block terminal erythroid
differentiation. To understand the mechanism by which
PU.1 interferes with erythroid differentiation, we inves-
tigated potential interactions between PU.1 and several
erythroid-specific transcription factors. Among the fac-
tors tested, GATA-1 showed very strong binding with
PU.1. Our results show that PU.1 and GATA-1 interact
directly both in vitro and in vivo and that the interaction
leads to repression of GATA-1-mediated transcriptional
activation. Furthermore, we show that PU.1 and
GATA-1 oppose each other’s biological activities in both
normal and leukemic erythroid cells. Our results suggest
that PU.1 and GATA-1 can antagonize each other’s ac-
tions by binding to one another and altering some aspect
of their functions as transcription factors.

Mechanism of PU.1-mediated repression of GATA-1

The results reported here show that PU.1 binds to the
zinc finger region of GATA-1. This region of GATA-1
has been shown to bind DNA (Martin and Orkin 1990). It
also participates in interactions with several other pro-
teins. Most of these proteins, including FOG (Tsang et al.
1997), CREB-binding protein (CBP; Blobel et al. 1998),
EKLF, and Sp1 stimulate GATA-1 transcriptional activa-
tion. However, two examples of repression of GATA fac-
tors have been described that involve interactions with
the finger region. Inhibition of a Drosophila GATA ho-
molog, Pannier, by U-shaped occurs through interaction
with the amino finger (Haenlin et al. 1997). Inhibition of
GATA-1 by the estrogen receptor appears to involve both
the zinc finger region and another region of GATA-1
(Blobel et al. 1995). However, the mechanisms underly-
ing stimulation or repression of GATA-1 activity by
binding of these various proteins to the zinc finger region
are not known.

Several different mechanisms can be envisaged for
how binding of PU.1 to the finger region inhibits
GATA-1 transcriptional activity. Any proposed mecha-
nism must account for our finding that the transactiva-
tion domain of PU.1 is required for its ability to inhibit
GATA-1-dependent transcription, as well as for blocking
MEL cell differentiation, although not for binding to
GATA-1. This finding makes it unlikely that PU.1 re-
presses GATA-1 activity by simply preventing its bind-
ing to DNA or required cofactors that also bind to the
GATA-1 zinc finger region. Consistent with this view,
GATA-1 has been reported to be associated with target

Figure 7. PU.1 inhibits and GATA-1 restores erythroid differ-
entiation in Xenopus embryos and explants. (A–D) Shown are
representative 2.5-day Xenopus embryos following benzidine
staining to visualize primitive erythropoiesis in the ventral
blood island region (indicated by arrows in A and C). The em-
bryos were injected with 125 pg reverse-strand control RNA (A)
or mRNA encoding PU.1 (B) in both blastomeres at the two-cell
stage. Embryos shown in C (1 ng) and D (125 pg) had been
injected similarly, except that the mRNA was targeted into the
two ventral blastomeres at the four-cell stage. (E,F) Globin ex-
pression in VMZ explants was analyzed by Western blotting
using a monoclonal antibody to embryonic a-globin. (E) Ex-
plants were cultured for the times (in hr) indicated above the
lanes. Lysates were derived from embryos injected into both
blastomeres at the two-cell stage with 25 pg of either a control
(C) CMV expression plasmid, or the same plasmid containing
the PU.1 cDNA (PU). The lysate in lane WE was from an un-
injected 80-hr whole embryo. Each sample contains proteins
from six VMZ explants, derived from two independent experi-
ments. (F) For each sample lysates were prepared from 10 VMZ
explants isolated from embryos previously injected at the four-
cell stage with RNA into both ventral blastomeres. Embryos
were injected with various combinations of PU.1, GATA-1, re-
verse-strand PU.1 (PU.1rs), or a frameshift mutant form of
GATA-1 that encodes a nonfunctional protein (G1fs). To con-
trol for any nonspecific effects of RNA injection, a total of 350
pg mRNA was injected into each blastomere, supplemented
with PU.1rs or G1fs as required. (Lane 1) 250 pg PU.1 + 100 pg
G1fs; (lane 2) 250 pg PU.1 + 100 pg GATA-1; (lane 3): 250 pg
GATA-1 + 100 pg G1fs; (lane 4): 250 pg PU.1rs + 100 pg G1fs;
(lane 5) the same as lane 1 from an independent experiment.
(Lower) Coomassie Blue staining of the gel demonstrates equal
loading of total protein for each lane.
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DNA sites (Strauss et al. 1992; Reddy and Shen 1993) and
several cofactors (Osada et al. 1995; Tsang et al. 1997;
Blobel et al. 1998) in MEL cells despite the presence of
high levels of PU.1. Furthermore, we found that CBP and
FOG binding to GATA-1 was not diminished in the pres-
ence of excess PU.1 in vitro (N. Rekhtman and A.I.
Skoultchi, unpubl.). Taken together, these results sug-
gest that GATA-1 may be able to assemble with associ-
ated proteins on DNA even in the presence of PU.1.

We suggest that a more likely mechanism involves
association of PU.1 with the assembled GATA-1 protein
complex on DNA and repression of its activity. In this
model binding to the GATA-1 finger region is mediated
by the PU.1 Ets domain, whereas the PU.1 transactiva-
tion domain would be needed to recruit other protein
factors or to inhibit activities necessary for transcrip-
tional activation. In this context, it may be relevant that
the transactivation domain of PU.1 has been reported to
interact with both the retinoblastoma protein (RB) and
TATA-binding protein (TBP) (Hagemeier et al. 1993).
Tethering of RB to promoters through protein–protein
interactions has been implicated in transcriptional re-
pression (Weintraub et al. 1995). Alternatively, or in ad-
dition, the transactivation domain of PU.1 might contact
TBP and cause inhibition of transcription initiation by
GATA-1. Although PU.1 has most often been shown to
stimulate transcription of target genes containing PU.1-
binding sites, a few instances have been reported in
which PU.1 represses transcription (Borras et al. 1995;
Lopez-Rodriguez and Corbi 1997).

Because the reporter constructs used in the current
work do not contain PU.1 consensus-binding sequences
in the vicinity of the GATA-1-binding sites, our results
indicate that repression of GATA-1 activity by PU.1 can
occur without PU.1 binding to DNA. It seems likely that
in these experiments PU.1 is tethered through its strong
interaction with GATA-1. However, it is quite possible
that in some cases repression of GATA-1 activity by
PU.1 occurs on genes containing binding sites for both
proteins. Consistent with this notion, GATA-1 and PU.1
sites have been found in close proximity in the transcrip-
tional regulatory regions of two erythoid-specific genes
(Galson et al. 1993; Nemoto et al. 1996).

Mechanism of PU.1-mediated block to differentiation
in erythroleukemia

The results reported here show that PU.1 has the capac-
ity to block erythroid differentiation in both MEL cells
and Xenopus embryos, and that in both situations in-
creasing the amount of GATA-1 relative to PU.1 relieves
the block and restores the differentiation process. These
results suggest that GATA-1 is the principal target of the
PU.1-mediated block to differentiation in the erythroleu-
kemic cells. However, our results do not exclude other
actions of PU.1 in the erythroleukemia.

A recently identified PU.1 target gene that is clearly
relevant to erythroleukemia is another ets family mem-
ber gene fli-1. The fli-1 locus has been shown to be the
preferred viral integration site in SFFV-independent

erythroleukemias induced in newborn mice by F-MuLV,
the helper component of Friend virus (Ben-David et al.
1991). Fli-1 transcription is stimulated by PU.1 and Fli-1
can also block MEL cell differentiation (Starck et al.
1999). Therefore, fli-1 may be an effector gene, down-
stream of PU.1. Interestingly, the fli-1 promoter con-
tains, in addition to multiple PU.1-binding sites, a
GATA-1 site (Starck et al. 1999). Thus, Fli-1 expression
could be modulated by GATA-1, although the role of the
GATA-1 site in the fli-1 promoter is not clear at present.
It is also noteworthy that we found that Fli-1 and
GATA-1 interact in vitro, albeit weakly compared to
PU.1 and GATA-1. Fli-1 binding to GATA-1 might am-
plify the affect of PU.1 on GATA-1.

Another possible mechanism of the PU.1-mediated
block to erythroid differentiation might involve the
binding of PU.1 to other erythroid transcription factors.
Results presented here show that in vitro PU.1 can also
bind to GATA-2 and EKLF. EKLF is an erythroid-specific
factor that is required for expression of b-globin (Shiv-
dasani and Orkin 1996) and possibly other genes in ery-
throid cells. Binding of PU.1 to EKLF, although much
weaker than to GATA-1, could have similar conse-
quences in inhibiting erythroid gene expression. How-
ever, we think that GATA-2 is unlikely to be involved in
the PU.1-mediated block to differentiation in MEL cells
because these cells have only very low levels of GATA-2
mRNA (Leonard et al. 1993). Other proposed targets of
interaction with PU.1 in MEL cells include an RNA-
binding protein p54nrb (Hallier et al. 1996), a potential
splicing factor TLS (Hallier et al. 1998), and steroid hor-
mone and vitamin receptors (Gauthier et al. 1993), but
the contributions of such interactions to the differentia-
tion block remain to be evaluated.

The results reported here also show with PU.1-blocked
MEL cell transfectants, that simply shifting the balance
in favor of GATA-1 by supertransfecting with a gene
encoding a conditionally active GATA-1 not only re-
stores hemoglobin synthesis but also the ability to un-
dergo terminal cell division. We have performed similar
experiments in MEL cells containing the GATA-1/ER
fusion protein but without an exogenous PU.1 gene and
found that estrogen treatment alone can induce 80–90%
of the cells to undergo differentiation and terminal cell
division. (F. Radparvar and A.I. Skoultchi, unpubl.).
These findings suggest that it may be possible to reverse
uncontrolled proliferation in tumor cells by introducing
into them a single gene encoding the transcription factor
that normally regulates their differentiation process.

Do PU.1 and GATA factors interact during normal
development?

Although the results reported here clearly show that
PU.1 can interact with several GATA factors in vitro and
that PU.1 and GATA-1 interact in vivo in erythroleuke-
mia cells, we do not know whether these interactions
occur during normal development. The question as to
whether PU.1 and GATA factors interact during normal
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development may be basic to our understanding of lin-
eage commitment in the hematopoietic system.

Current views of lineage commitment processes sug-
gest that such decisions require both increased expres-
sion of lineage-specific genes as well as decreased expres-
sion of other genes that are not needed in or are not
compatible with individual differentiation programs
(Cross and Enver 1997). The results described here using
the Xenopus embryo system show that PU.1 and
GATA-1 can antagonize each others actions in normal
erythropoiesis. Thus, if PU.1 and GATA-1 are normally
expressed in early hematopoietic progenitors, their rela-
tive levels could regulate lineage commitment decisions.
It seems likely that PU.1 and GATA-1 are coexpressed in
certain hematopoietic cells as their mRNAs have been
detected in early erythroid precursors and also in multi-
potent progenitors (Cheng et al. 1996). The two proteins
were also detected in mature mast cells (Henkel and Bro-
lon 1994). An even more likely possibility for interaction
during normal development may be between PU.1 and
GATA-2. GATA-2 is expressed more widely than
GATA-1 and it is thought that GATA-2 functions very
early in hematopoietic cell development and prolifera-
tion (Shivdasani and Orkin 1996). Studies of GATA-2
null mice and embryonic stem (ES) cells support this
view, indicating that GATA-2 may be needed for genera-
tion of many, if not all, hematopoietic progenitors (Tsai
et al. 1994). Thus a functional interaction could occur
between PU.1 and GATA-2 in erythroid, myeloid, or
lymphoid lineage determination.

Finally, it should be noted that the consequences of
PU.1–GATA factor interactions need not always result
in inhibition of target promoter function. In at least one
instance, PU.1 and GATA factors were shown to collabo-
rate to stimulate transcription of a target gene contain-
ing adjacent PU.1 and GATA binding sites (Henkel and
Brown 1991). Both PU.1 and GATA-2 have the capacity
to block terminal erythroid differentiation. This could
suggest that these two factors interact and collaborate to
stimulate cell division in early erythroid progenitors.
The association of PU.1 and GATA factors in hemato-
poietic cells and the consequences of such interactions
remains to be determined.

Materials and methods

In vitro protein interaction studies

Glutathione S-transferase fusion proteins were prepared by
standard procedures. Purity of the GST fusion proteins was ana-
lyzed by boiling proteins for 5 min in Laemmli sample buffer [60
mM Tris (pH 6.8), 2% SDS, 100 mM DTT, 10% glycerol, 0.001%
bromphenol blue], separating by SDS-PAGE and Coomassie
Blue staining. The concentration of each purified GST fusion
protein was estimated by comparison to several amounts of
bovine serum albumin also present on the gels. The GST fusion
protein constructs included GATA-1 and GATA-1 mutants,
PU.1 kindly provided by Y.K. Fung (USC, Los Angeles) and GUK
a gift from R.A. DePinho (Dana Farber Cancer Institute, Boston,
MA).

[35S]Methionine-labeled proteins were prepared by in vitro

transcription/translation using a coupled TnT reticulocyte ly-
sate system (Promega). Plasmids used included pGEM-PU.1
(Rao et al. 1997) for full-length PU.1, PU.1(DDBD) constructed
by cloning the KpnI fragment from pGEM–PU.1 into the KpnI
site of pBluescript (pBSK, Stratagene), PU.1(DPEST) (Klemsz and
Maki 1996) subcloned in EcoRI site of pBSK, pBKS–PU.1(DNN)
called here DTAD, (DNP), (DNS) (Klemsz and Maki 1996) kindly
provided by M.J. Klemsz, pBSK-GATA-1(DN) (Blobel et al. 1998)
a gift from G.A. Blobel, GATA-1(DC) and GATA-1(Dfingers)
generated by subcloning the respective coding sequences de-
rived from pXM–GATA-1(DC) (Martin and Orkin 1990) and
pGEX-2T–GATA-1–Dfingers (Merika and Orkin 1995) into
pBSK, p45 NF-E2 (Andrews et al. 1993) and FOG (Tsang et al.
1997) generated by subcloning the respective coding sequences
into the pBSK vector, pL28-Spi-B, kindly provided by D.G.
Tenen (Beth Israel Deaconness Medical Center, Boston, MA);
pBKS-Fli-1, a kind gift of A. Bernstein (Mount Sinai Hospital,
Toronto, Canada); pPET8C–GATA-1, GATA-2, and GATA-3
and pBSK–EKLF generously provided by M. Merika.

GST fusion proteins (2 µg) immobilized on beads and
amounts of 35S-labeled proteins quantitated by fluorography
were mixed in 400 µl of EBC buffer [120 mM NaCl, 1 M Tris-HCl
(pH 8), 0.5% NP-40, 1 mM ZnCl2, protease inhibitors] and in-
cubated for 2 hr at 4°C. The total amount of glutathione Seph-
arose used in each binding reaction was kept constant by adding
an appropriate amount of beads without bound proteins. Beads
were washed five times with EBC buffer. The concentration of
NaCl in the final wash was increased to 500 mM. The bound
proteins were released from the beads by boiling for 5 min in 40
µl of sample buffer and analyzed by SDS-PAGE followed by
fluorography.

To generate proteins free of the GST moiety, 10 µg of purified
GST fusion proteins immobilized on beads were treated with
0.1 µg of thrombin (Sigma) for 30 min at room temperature.
Beads with uncleaved proteins were removed by centrifugation
and the supernatants were incubated with fresh beads to remove
any contaminating uncleaved proteins.

In vivo protein interaction studies

Clone DS19 MEL cells and 293 cells were grown as described
previously (Rao et al. 1997). Nuclei were isolated as described by
Andrews and Faller (1991) and nuclear extracts were prepared by
lysis of nuclei by sonication in 50 mM HEPES (pH 7.5), 150 mM

NaCl, 1 mM EGTA, 1 mM EDTA, 1 mM DTT, 0.1% Tween 20,
10% glycerol, protease inhibitors. Whole cell extracts were pre-
pared by treating cells with EBC buffer. 293 cells were trans-
fected by the calcium phosphate precipitation method with
pEBB expression vectors (Rao et al. 1997) encoding PU.1 and
PU.1 mutants and pXM expression vectors encoding GATA-1
(Tsai et al. 1989) and GATA-1 mutants (Martin and Orkin 1990).
GATA-1(Dfingers) was subcloned into the pEBB vector. Whole
cell or nuclear extracts were prepared after 48 hr as above. Pro-
tein concentrations in the extracts were measured by the Brad-
ford assay (BioRad). MEL cell extracts (600 µg) and 293 cell
extracts (400 µg) were used in the immunoprecipitations.

For immunoprecipitation of GATA-1, 50 µl of Protein
A–Sepharose beads (Pharmacia) were preincubated with 8 µl of
anti-GATA-1 antibody N6 (Santa Cruz) and 2 µl of monoclonal
anti-rat antibody (Sigma) overnight. As a control, 8 µl of mouse
monoclonal anti-p16 antibody (DCS-50.1/A7; NeoMarkers) and
2 µl of anti-rat antibody were used. For immunoprecipitation of
PU.1, 50 µl of protein A–Sepharose beads and 15 µl of anti-PU.1
antibody T21 (Santa Cruz) or 15 µl of a control anti-cyclin E
antibody M-20 (Santa Cruz) were used. Antibody-saturated
beads were collected and incubated with nuclear extracts for 2
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hr. Beads were washed five times and bound proteins were re-
leased and analyzed by SDS-PAGE and immunoblotting with
the appropriate antibodies.

Transactivation assays

NIH-3T3 and HeLa cells were cultured as above. Twenty-four
hours before transfection 7 × 104 cells were plated in each well
of 12-well plates. Cells were transfected by the Lipofectamine
Plus method (GIBCO BRL) as recommended by the manufac-
turer in the presence of 5% serum. The total amount of DNA
was maintained at 450 ng/well by adding the appropriated
amount of empty pEBB vector DNA. Growth hormone produc-
tion was measured by radioimmunoassay (Nichols Institute Di-
agnostics) on 100 µl (10%) of the culture medium. Luciferase
production was measured on equal amounts of protein from
whole cell extracts with the Promega Luciferase Assay system.

Constructs used in the reporter assays included M1a-
GH (Martin and Orkin 1990), p45 NF-E2-GH, pMT2-FOG
(Tsang et al. 1997), aD3-LUC (Evans and Felsenfeld 1991),
(UAS)5E1BTATA–LUC (Watanabe et al. 1996), pEBB–PU.1,
pEBB–AS–PU.1 (Rao et al. 1997), pXM–GATA-1 and SP6–GAL4-
Sp1 (Sif and Gilmore 1994).

Preparation and analysis of MEL cell stable transfectants

MEL cells (clone DS19) or cells of the PU.1–MEL transfectant
(EF1a-PU.1 clone 605) were transfected as described previously
(Rao et al. 1997). Selection with 5 µg/ml puromycin (MEL) or 5
µg/ml puromycin and 1 mg/ml G418 (clone 605) was initiated
after 24 hr. Antibiotic-resistant clones were expanded and
cell extracts were analyzed by immunoblotting. Benzidine
staining, Northern blot hybridization for globin mRNA with
[a-32P]dCTP-labeled pCA11, provided by W. Zimmer (Univer-
sity of South Alabama, Mobile), and plasma clot assays were
performed as described previously (Rao et al. 1997).

Expression constructs for HA epitope-tagged PU.1 proteins
were constructed by subcloning PU.1 cDNA fragments into a
modified pEBB vector. The vector pEBB-HA-puro was generated
by blunt-end ligation of the SalI fragment of pPGK-Puro into
HindIII-digested pEBB-HA, kindly provided by G. Cheng (Uni-
versity of California, Los Angeles). PU.1–DTAD–HA and PU.1–
DPEST–HA were prepared by substitution of the BamI–KpnI
fragment of pEBB–PU.1–HA-puro with the mutated inserts from
pBKS-DNN and pBSK–DPEST, respectively. PU.1–DDBD–HA
was created by digestion of PU.1–HA with KpnI and NotI, filling
in with Klenow and self-ligation. pEBB–GATA-1/ER-puro was
constructed by subcloning GATA-1/ER into the pEBB-puro vec-
tor constructed as above.

Immunoblotting

Proteins separated by SDS-PAGE were transferred to nitrocel-
lulose or PVDF membranes. Membranes were incubated with
1:500 dilution of either rat monoclonal anti-GATA-1 antibody
N6 or 1:5000 dilution of mouse monoclonal anti-HA antibody
12CA5 (Boehringer Mannheim) or 1:300 dilution of rabbit poly-
clonal anti-PU.1 antibody T21 followed by incubation with ei-
ther 1:8000 dilution of HRP-conjugated anti-mouse antibody
(Sigma) or 1:3500 dilution of HRP-conjugated anti-rabbit anti-
body (Santa Cruz). HRP activity was detected using the en-
hanced chemiluminescence (ECL) system (Amersham).

Xenopus embryos and explants

Xenopus laevis eggs obtained from gonadotropin-induced fe-
males were fertilized in vitro. Dejellied embryos were placed

into 0.1× MBS/5% Ficoll solution and injected with 4.5 pL of
RNA or plasmid solution into blastomeres at the two-cell stage.
Alternatively, four-cell stage embryos with an obvious pigment
shift and precisely oriented cleavage planes were chosen to tar-
get injections into the two presumptive ventral blastomeres.
Embryos were allowed to recover for several hours and then
were cultured at room temperature in 0.1× MBS. Globin pro-
duction was analyzed in whole embryos by benzidine staining.
In some cases, when the dorsal lip was first visible at stage 10
1/4, VMZ explants were cut and incubated in 1× MMR for 56 hr
or as indicated. Protein lysates were made by homogenizing
explants in 10 µl of SDS sample buffer/explant and equal ex-
plant equivalents were electrophoresed in 17.5% acrylamide/
3M urea SDS gels before blotting. The l4-26 mAb specific for
embryonic a-globin chains was a kind gift of Dr. C. Katagiri.
HRP-conjugated secondary antibodies were detected using ECL
(Amersham).

The cDNAs encoding murine PU.1 or Xenopus GATA-1 were
cloned into the SP64T transcription vector and mRNA was
transcribed in vitro using SP6 polymerase. Control RNAs were
transcribed from a plasmid containing the PU.1 cDNA in the
reverse orientation (PU.1rs) or a frameshift mutant form of the
GATA-1 cDNA that encoded a non-DNA-binding truncated iso-
form (Glfs). RNA was quantified by UV spectrometry and qual-
ity was analyzed before injection by gel electrophoresis and in
vitro translation.
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