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The transcription factor GATA-1 and its cofactor
FOG-1 are essential for the normal development of
erythroid cells and megakaryocytes. FOG-1 can
stimulate or inhibit GATA-1 activity depending on
cell and promoter context. How the GATA-1-FOG-1
complex controls the expression of distinct sets of gene
in megakaryocytes and erythroid cells is not under-
stood. Here, we examine the molecular basis for the
megakaryocyte-restricted activation of the allb gene.
FOG-1 stimulates GATA-1-dependent ollb gene
expression in a manner that requires their direct
physical interaction. Transcriptional output by the
GATA-1-FOG-1 complex is determined by the
hematopoietic Ets protein Fli-1 that binds to an adja-
cent Ets element. Chromatin immunoprecipitation
experiments show that GATA-1, FOG-1 and Fli-1 co-
occupy the ollb promoter in vivo. Expression of
several additional megakaryocyte-specific genes that
bear tandem GATA and Ets elements in their pro-
moters also depends on the physical interaction
between GATA-1 and FOG-1. Our studies define a
molecular context for transcriptional activation by
GATA-1 and FOG-1, and may explain the occurrence
of tandem GATA and Ets elements in the promoters
of numerous megakaryocyte-expressed genes.
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Introduction

Development of hematopoietic cell lineages is controlled
by both tissue-restricted and widely expressed transcrip-
tion factors. The related erythroid and megakaryocytic cell
lineages are derived from a common progenitor cell and
express an overlapping set of lineage-restricted transcrip-
tion factors, including GATA-1 and the GATA-1 cofactor,
Friend of GATA-1 (FOG-1). However, how these factors
control the expression of distinct sets of genes in different
lineages is an unresolved question.

GATA-1 is a zinc finger transcription factor that is
expressed in erythroid cells, megakaryocytes, mast cells
and eosinophils (Weiss and Orkin, 1995). Functional
GATA elements are present in the proximal promoters
of virtually all erythroid- and megakaryocyte-restricted
genes examined. Gene targeting studies revealed that
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GATA-1 is required for the normal maturation of both
erythroid and megakaryocytic cells (Pevny et al., 1991,
1995; Fujiwara et al., 1996; Shivdasani et al., 1997).
FOG-1 was identified based on its ability to specifically
bind the N-terminal zinc finger of GATA-1 (Tsang et al.,
1997). The expression pattern of FOG-1 resembles that of
GATA-1, with the highest levels observed in erythroid
cells and megakaryocytes. Mice lacking FOG-1 display an
erythroid differentiation block similar to that observed in
GATA-1-deficient mice (Tsang et al., 1998), providing
in vivo evidence that these factors function in the same
transcriptional pathway. While FOG-1 deficiency virtually
ablates the development of the megakaryocytic lineage
(Tsang et al., 1998), megakaryocytes lacking GATA-1 are
increased in number, but do not differentiate normally
(Shivdasani et al., 1997; Vyas et al., 1999). Recent studies
showed that the FOG-1-interacting transcription factor
GATA-2 can partially compensate for the loss of GATA-1,
thus explaining the less dramatic phenotype in GATA-1
null megakaryocytes (Chang et al., 2002). The importance
of direct physical interaction between GATA-1 and
FOG-1 is illustrated by the observation that point muta-
tions in the N-terminal zinc finger of GATA-1 that disrupt
FOG-1 binding lead to defective erythropoiesis and
megakaryopoiesis (Crispino et al., 1999; Nichols et al.,
2000; Chang et al., 2002). In transient transfection assays,
FOG-1 can repress or activate GATA-1 activity depending
on cell and promoter context. For example, while FOG-1
stimulates GATA-1 activity on the p45 NF-E2 gene
promoter, which is active in erythroid cells and mega-
karyocytes (Tsang et al., 1997), it represses GATA-1
activity on the erythroid-specific EKLF and transferrin
receptor II promoters, as well as on a synthetic GATA-1-
dependent promoter (Fox er al., 1999; Kawabata et al.,
2001). There are also examples where other GATA-
dependent promoters are repressed by members of the
FOG family that are present in various tissues and diverse
organisms (Fossett and Schulz, 2001).

The requirement for GATA-1 and FOG-1 for normal
erythroid and megakaryocytic differentiation and the
dependence of their function on their direct interaction
appear at odds with the observation that FOG-1 represses
GATA-1 activity on numerous promoters in transfection-
based assays. The studies presented here using the
megakaryocyte-restricted allb gene promoter reveal a
molecular context that specifies synergistic gene activation
by GATA-1 and FOG-1.

The ollb gene, which encodes the o integrin chain of
the platelet fibrinogen receptor alllb/B3, has long served as
a model for understanding the molecular basis of high
level, megakaryocyte-specific gene expression. Transient
transfection and transgenic mice studies showed that
~900 bp of allb promoter upstream sequence are sufficient
to direct megakaryocyte-specific expression of a linked
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reporter (Uzan et al., 1991; Prandini et al., 1992; Block
et al., 1994; Tronik-Le Roux et al., 1995). Two pairs of
GATA and Ets consensus binding motifs in the 5’-flanking
region of the ollb gene contribute to high level, tissue-
specific expression (Uzan et al., 1991; Prandini et al.,
1992). Neighboring GATA and Ets elements have been
identified in numerous megakaryocyte-specific regulatory
regions and are viewed as hallmarks of megakaryocyte-
expressed genes. Yet, how these elements function in
concert is not understood. While GATA-1 can bind both
ollb GATA elements in vitro (Romeo et al., 1990) and,
besides GATA-2, is probably the major GATA-binding
activity in these cells, the nature of the Ets-binding
proteins is more complex. Thus, Ets-1, Ets-2 and Fli-1, but
not PU.1 (Spi-1), can bind in vitro to the Ets site closest
to the transcriptional start site (TSS), whereas PU.1, but
not Fli-1 or Ets-1, can bind to the distal Ets element
(Lemarchandel et al., 1993; Zhang et al., 1993;
Doubeikovski et al., 1997). Transient expression studies
in non-megakaryocytic cell lines have shown that
GATA-1 can stimulate the expression of a reporter gene
containing 75 bp of the proximal ollb promoter
(Lemarchandel et al., 1993). More recently, it was
shown that stably expressed GATA-1 and FOG-1 co-
operated during the activation of the ollb promoter in
heterologous cells (Gaines et al., 2000). However, it
remained unresolved whether activation resulted from
direct occupation of the allb regulatory elements by both
GATA-1 and FOG-1, and whether it required physical
interaction between them.

To elucidate the basis for megakaryocyte-specific
expression of a GATA-1-dependent gene, our studies
focused on the regulation of the allb promoter. We found
that activation of this promoter by GATA-1 and FOG-1 is
dependent on their direct physical interaction and requires
the presence of a specialized Ets element. This Ets
element, when placed next to an isolated GATA site,
enabled GATA-1/FOG-1 synergy. The hematopoietic Ets
protein Fli-1 binds to this site and stimulates GATA-1/
FOG-1-dependent transcription. Finally, in vivo expres-
sion of several megakaryocyte-restricted genes, whose
promoters contain GATA and Ets elements, depends on
direct interaction between GATA-1 and FOG-1. These
studies suggest that cooperativity between GATA-1,
FOG-1 and Fli-1 is important for establishing and/or
maintaining the megakaryocytic cell lineage.

Results

Physical interaction between GATA-1 and FOG-1 is
required for allb promoter activation

To examine the molecular mechanism by which GATA-1
and FOG-1 activate expression of the megakaryocyte-
restricted allb gene, we performed transient transfection
studies using the alllb promoter fused to the human growth
hormone reporter gene. Expression of GATA-1 alone led
to 5- and 8-fold activation of the murine and rat allb
promoters, respectively (Figure 1A), consistent with
previous reports (Lemarchandel et al., 1993; Gaines
et al., 2000). While expression of FOG-1 alone had little
or no effect on reporter activity, co-expression of GATA-1
and FOG-1 activated these promoters 45- (murine) and
30-fold (rat) (Figure 1A). Control western blots showed

5226

|_| Nane
GATA-1
7] FoG-1

B catA-1 & FOGA

50

40+

304

Fold activation

204

10+

Al

mallb-946
GATA—'|:| N —

rollb-912

501

30

Fold activation

GATRVE = == = oF
GATA-1V2OsG; — —  _  _
FOG-1: —
FOG-1S708R; —  — 4  —

P+ 0+
|
4L

N+ B |

= | = |

Fig. 1. Dependence of ollb promoter activation on physical interaction
between GATA-1 and FOG-1. (A) Activities of mouse (m, 946 bp) and
rat (r, 912 bp) oallb promoters in transiently transfected NIH-3T3 cells.
GATA-1 and FOG-1 were co-expressed as indicated. Promoterless
human growth hormone (GH) reporter and the synthetic GATA-1-
dependent M1o reporter served as controls. Means = SE are shown.
Lower panel: anti-GATA-1 western blot. (B) Experiments were
performed as in (A) using the mouse allb promoter.

that FOG-1 did not alter the expression of GATA-I1,
indicating that the effects of GATA-1 and FOG-1 are due
to functional synergy at the ollb promoter (Figure 1A).
When assayed on a synthetic reporter gene construct that
contains a single GATA element (M10o; Martin and Orkin,
1990), FOG-1 repressed GATA-1 activity ~3-fold, similar
to the findings of a previous report (Fox et al., 1999).
These results suggest that the ollb promoter contains a
functional element(s) that leads to stimulation of GATA-1
activity by FOG-1 and is absent in M1aL.

To determine whether FOG-1 function is mediated
directly through GATA-1 or through other transcription
factors bound at the ollb promoter, we examined whether
the observed functional synergy requires direct interaction



between GATA-1 and FOG-1. To this end, we utilized
mutant versions of GATA-1 and FOG-1 that alter their
association. GATA-1V205G contains a point mutation in the
N-terminal zinc finger of GATA-1 that diminishes FOG-1
binding without affecting its ability to bind DNA (Crispino
et al., 1999). This mutation impairs the ability of GATA-1
to trigger terminal differentiation of GATA-1-dependent
proerythroblasts (Crispino ef al., 1999). A mutation at the
same residue of GATA-1 was identified in male patients
with X-linked dyserythroblastic anemia and thrombo-
cytopenia (Nichols et al., 2000). FOG-1579R contains a
single amino acid substitution in its sixth zinc finger that
restores binding to GATA-1V2056, Expression of FOG-
1S706R in erythroid cells expressing GATA-1V205C rescues
GATA-1-dependent erythroid differentiation (Crispino
et al., 1999). Both wild-type GATA-1 and GATA-1V2056
alone activated the ollb promoter with similar efficiencies
(Figure 1B). However, FOG-1 stimulated the activity of
GATA-1V205G gubstantially less than wild-type GATA-1,
indicating that physical interaction between GATA-1 and
FOG-1 is required for their synergy. To rule out the
possibility that GATA-1V2056 has additional defects
unrelated to its impaired FOG-1 interaction, we examined
the effects of co-expressed FOG-1579R on allb promoter
activity. The results show that FOG-1579R digplayed
strong transcriptional synergy with GATA-1V205G com-
parable to that seen with their wild-type counterparts
(Figure 1B). These findings demonstrate the importance of
direct interaction between GATA-1 and FOG-1 during
activation of the allb gene promoter in vivo.

FOG-1 and GATA-1 occupy the proximal allb
promoter region in vivo

The above studies indicate that GATA-1 and FOG-1
regulate the expression of the ollb gene by binding to its
promoter region. To demonstrate that both GATA-1 and
FOG-1 occupy this region in vivo in an appropriate cellular
context, we performed chromatin immunoprecipitation
(ChIP) assays, using the murine megakaryocytic cell line
Y10, which expresses endogenous cllb, GATA-1 and
FOG-1 (Ishida et al., 1993; data not shown). Antibodies
against GATA-1 and FOG-1, but not isotype-matched
control antibodies, immunoprecipitated chromatin that
was enriched for proximal ollb promoter sequences
(=110 bp to +226 bp) (Figure 2). As a negative control, a
more distal ollb promoter domain, between —3.3 and
—3.6 kb upstream of the allb TSS which does not contain a
GATA-1-binding site, was not enriched. As an additional
control, the promoter region of the housekeeping gene
GAPDH, which is not regulated by GATA-1 (Tsang et al.,
1998), was not bound by GATA-1 or FOG-1 (Figure 2).
These results show that GATA-1 and FOG-1 specifically
contact the domain of the allb promoter that contains a
functionally important GATA element, supporting the
hypothesis that transcriptional activation of the ollb gene
is mediated directly by a GATA-1-FOG-1 complex
in vivo.

60 bp of allb upstream sequence are sufficient to
mediate GATA-1/FOG-1 synergy

To identify the minimal region of the ollb promoter
sufficient for mediating synergistic activation by GATA-1
and FOG-1, we examined a series of 5” to 3’ deletion
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Fig. 2. Occupancy of the ollb promoter by GATA-1 and FOG-1
in vivo. ChIP assays using the murine megakaryocytic cell line Y10,
anti-FOG-1 and anti-GATA-1 antibodies or isotype-matched control
antibodies. Purified DNA fragments were amplified by PCR with pri-
mers specific for the proximal mouse odlb promoter (—110 to +226 bp)
and, as control, a distal region lacking GATA and Ets elements (-3.3 to
-3.6 kb). The GATA-1-independent housekeeping gene GAPDH served
as control. One of three independent experiments is shown.
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Fig. 3. Sixty base pairs of upstream region are sufficient for GATA-1/
FOG-1 synergy. Promoter constructs containing the indicated lengths of
upstream region were analyzed as in Figure 1.

constructs in transiently transfected NIH-3T3 cells. The
results revealed that a construct spanning from —60 to
+32 bp displayed GATA-1/FOG-1 synergy comparable
with that observed with the full-length promoter (Figure 3).
This region contains functional, phylogenetically con-
served GATA and Ets elements, suggesting that these sites
might be sufficient for transcriptional synergy by GATA-1
and FOG-1.

Specificity of the Ets element determines
transcriptional output by GATA-1 and FOG-1

To determine the cis-acting elements that confer activation
by GATA-1 and FOG-1, we compared the allb promoter
with the M1a promoter, where FOG-1 inhibits GATA-1
activity (Figure 1A; Fox et al., 1999). We noted that the
MIlo promoter contains an Ets element positioned at
the same distance from the GATA site as that found in the
allb promoter (Figure 4A). However, the M1a and allb
Ets elements differ from each other in the nucleotides
flanking the core 5’-GGA-3" sequence (Figure 4A). These
nucleotide differences are predicted to alter Ets binding
specificity (Graves and Petersen, 1998). To examine
whether the ollb Ets motif determines GATA-1/FOG-1
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Fig. 4. The odlb Ets element can mediate GATA-1/FOG-1 synergy on
a synthetic promoter construct. (A) Sequence alignment of allb in the
60 bp construct and in the M1o. GATA and Ets elements. (B) Insertion
of the allb Ets element into Mla leads to activation of GATA-1 by
FOG-1. G, GATA-1-binding site; E, Ets-binding site; U, 5-UTR.
Means = SE are shown.

activity, we replaced the Mla Ets element with that
derived from the allb gene. Remarkably, the presence of
the allb Ets element converted FOG-1 from an inhibitor to
an activator of GATA-1 activity (Figure 4B). Substitution
of the Mlow 5 -untranslated region (5-UTR) with that
derived from allb further increased GATA-1 and FOG-1
synergy (Figure 4B). Thus, these data suggest that the ollb
Ets site is sufficient to convert FOG-1 from a GATA-1
repressor into a co-activator, and that additional sequences
in the ollb regulatory region contribute to maximal
activation of GATA-1 by FOG-1.

Fli-1 can bind to the callb Ets element

in vitro and in vivo

Given the importance of the Ets element during GATA-1-
and FOG-1-mediated transcription, we used electro-
phoretic mobility shift assays (EMSAs) to characterize
the protein(s) that bind to the olllb and M1a Ets elements.
Using nuclear extracts from NIH-3T3 cells, protein
complexes with distinct mobilities were observed that
showed little or no cross-competition (Figure 5A), sug-
gesting that these elements bind different members of the
Ets protein family. When Y10 cell extracts were used for
the EMSA, an additional, faster moving complex was
detected with the ollb Ets probe (Figure 5B). This
complex was undetectable with NIH-3T3 cell extracts
(Figure 5A) or when the M1a. Ets element was used as
probe (Figure 5B). This suggests that at least one Ets factor
binds in both a site- and a tissue-specific manner.

The Ets family protein Fli-1 is a likely candidate for this
Ets-binding activity since recombinant Fli-1 can bind the
proximal ollb Ets element in vitro, and this element
matches a consensus Fli-1-binding site (Zhang et al., 1993;
Mao et al., 1994; Szymczyna and Arrowsmith, 2000).
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Fig. 5. Selective binding of Fli-1 to the allb Ets element. (A) ollb and
Mla Ets elements bind distinct Ets proteins. EMSA using nuclear
extracts from NIH-3T3 cells. Note that there is little or no cross-compe-
tition between the ollb and Mloa Ets elements. (B) Nuclear extracts
from Y10 cells (left panel) and fetal liver-derived primary megakaryo-
cytes (right panel) were used. Anti-Fli-1 (oFli-1), but not control (ctr),
antibodies reacted with a band (thick arrow), resulting in a supershift
(thin arrow).

Moreover, Fli-1 is essential for the normal development
of the megakaryocytic lineage (Hart er al., 2000;
Spyropoulos et al., 2000; Kawada et al., 2001). To test
directly whether Fli-1 is the megakaryocyte-specific Ets-
binding protein, we added anti-Fli-1 antibodies to the
EMSA reaction. The results show that anti-Fli-1 anti-
bodies supershifted the megakaryocyte-specific band, but
not the other Ets-binding activities (Figure 5B). In
contrast, anti-Ets-1, anti-Ets-2 and anti-PU.1 antibodies
did not alter the mobility of this band (data not shown). To
determine whether Fli-1 DNA-binding activity is present
in primary megakaryocytes, fetal liver cells were expan-
ded in culture in the presence of thrombopoietin (TPO),
leading to enrichment of megakaryocytes up to 80% of the
total population of cells as determined by acetylcholines-
terase (AChE) staining (data not shown). Nuclear extracts
from these cells yielded protein complexes similar to those
found in Y10 cells, and included a protein that specifically
reacted with anti-Fli-1 antibodies (Figure 5B). However,
anti-Fli-1 antibodies consistently supershifted only a
fraction of this complex, suggesting that other mega-
karyocyte-expressed Ets family members also bind the
ollb Ets element (Figure 5B).
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Fig. 6. Occupancy of the ollb promoter by Fli-1 in vivo. ChIP assays
using Y10 cells, rabbit and mouse anti-Fli-1 antibodies or isotype-
matched control antibodies. Primer pairs were the same as in Figure 2.
The GAPDH gene served as control.

To determine whether Fli-1 occupies the ollb promoter
in vivo, we performed ChIP assays, using Y10 cells. Two
anti-Fli-1 antibodies, but not isotype-matched control
antibodies, immunoprecipitated chromatin that was en-
riched for proximal ollb promoter sequences (—110 bp to
+226 bp) (Figure 6). In contrast, a more distal domain,
between —3.3 and —3.6 kb upstream of the ollb transcrip-
tion initiation site, was not enriched. These results show
that Fli-1 binds in vivo to the proximal ollb promoter and
suggest that Fli-1 is a strong candidate Ets factor that
mediates transcriptional synergy by GATA-1 and FOG-1.

Fli-1 mediates GATA-1/FOG-1 synergy at the

allb promoter

To determine whether Fli-1 can mediate transcriptional
synergy by GATA-1 and FOG-1, we performed transient
transfection assays but, to avoid interference by endo-
genous Ets proteins, we used an ollb reporter gene
construct in which the Ets element had been replaced with
a GAL4-binding site (pGL2-allb100). While GATA-1
alone weakly activated this construct, FOG-1 co-expres-
sion failed to augment GATA-1 activity, consistent with a
requirement for an Ets protein activity for ollb gene
expression (Figure 7). We then generated a construct in
which the N-terminal 274 amino acids of Fli-1, lacking the
DNA-binding domain, were fused to the DNA-binding
domain of the yeast transcription factor GAL4 (GALA4-
Fli-1). When GAL4-Fli-1 was co-expressed together with
GATA-1 and FOG-1, transcriptional activation was
restored (Figure 7). In contrast, expression of only the
GAL4 DNA-binding domain failed to activate this reporter
in the presence of GATA-1 and FOG-1. Control western
blots showed that neither FOG-1 nor GAL-4 fusion
proteins altered GATA-1 expression (data not shown).
These results suggest that Fli-1 is sufficient to mediate
transcriptional activation by GATA-1 and FOG-1. The
effects of Fli-1 were specific since a construct containing
only amino acids 1-194, which lacks an important protein
interaction domain required for Fli-1 activity (Watson
et al., 1997) was ineffective (Figure 7). To assess whether
other Ets family proteins can substitute for Fli-1, we
examined a construct in which the N-terminal 160 amino
acids of the myeloid/lymphoid Ets protein PU.1 were
fused to GAL4. The GAL4-PU.1 construct is functional,
since it was used previously to activate gene expression in
a myeloid-specific fashion (Maitra and Atchison, 2000). In
addition, we generated a construct in which GAL4 was
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Fig. 7. Fli-1 mediates GATA-1/FOG-1 synergy on the allb promoter.
Inset: schematic of the assay. The reporter construct contained 100 bp
of odlb promoter upstream region in which a GAL4-binding site was
substituted for the Ets element. GAL4 fusion constructs were co-
expressed as indicated.

fused to the lymphoid Ets factor Spi-B. Both GAL4-PU.1
and GAL4-Spi-B failed to activate the ollb promoter in
the presence of GATA-1 and FOG-1, indicating that the
effects of Fli-1 are specific (Figure 7; data not shown).

Interaction between GATA-1 and FOG-1 is
required for the expression of multiple
megakaryocyte-specific genes in vivo

The frequent presence of tandem GATA- and Ets-binding
sites in the regulatory regions of megakaryocyte-expressed
genes has been noted previously (reviewed by Kaluzhny
etal.,2001). To determine whether the expression of other
megakaryocyte-specific genes also depends on a physical
interaction between GATA-1 and FOG-1, we analyzed
megakaryocytes derived from in vitro differentiated
murine embryonic stem (ES) cells and compared them
with those derived from ES cells in which the GATA-1
gene had been replaced with the FOG-1-binding-defective
GATA-1V2056 through homologous recombination (Chang
et al., 2002). ES cells were differentiated into embryoid
bodies (EBs) in the presence of TPO to increase the
number of megakaryocytes. AChE staining demonstrated
that ~15% of the cells were megakaryocytes in both wild-
type and mutant cultures (data not shown). Total RNA
from these EBs was analyzed for allb gene expression by
quantitative RT-PCR. The results show that allb levels in
GATA-1V205G-containing megakaryocytes were reduced
to 16% when compared with their wild-type counterparts,
consistent with a requirement for the GATA-1-FOG-1
interaction for allb gene expression in vivo (Figure 8). To
determine whether other megakaryocyte-restricted genes
similarly depend on the GATA-1-FOG-1 complex, we
measured mRNA levels of the c-mpl, p45 NF-E2, GPIX,
PF4 and PBP genes. Remarkably, GATA-1V2%G-contain-
ing megakaryocytes displayed a substantial reduction in
the mRNA levels of p45 NF-E2, c-mpl and GPIX,
but not of PF4 and PBP (Figure 8), indicating that the
GATA-1-FOG-1 interaction is required for the expression
of many, but not all, megakaryocyte-specific genes.
Normal expression of the megakaryocyte-specific chemo-
kines PF4 and PBP demonstrates that the GATA-1V205G
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Fig. 8. In vivo dependence of megakaryocyte-specific gene expression
on physical interaction between GATA-1 and FOG-1. Total RNA was
isolated from megakaryocyte-enriched EBs derived from in vitro differ-
entiated wild-type or GATA-1V2056 mutant ES cells. mRNA levels of
the indicated genes were determined using quantitative RT-PCR.
Expression levels in GATA-1V2956 mutant cells were normalized for
HPRT expression and plotted as a percentage of wild-type levels. The
myeloid-expressed integrin gene oL served as additional control.

mutation did not simply abrogate megakaryocyte devel-
opment. Instead, these results indicate that a subset
of megakaryocyte-restricted genes is independent of a
GATA-1-FOG-1 complex.

Activity of GATA-1 and FOG-1 on megakaryocytic
gene promoters

Previous studies have shown that GATA-1 and FOG-1
synergistically activate the p45 NF-E2 promoter, similar to
what we observed with the allb promoter (Tsang er al.,
1997). Therefore, we wanted to determine whether
additional megakaryocytic gene promoters were also
targets of GATA-1 and FOG-1. Specifically, we asked
whether promoters of genes that are affected by the
GATA-1V2056 mutation are activated by GATA-1 and
FOG-1, and, conversely, whether genes that are expressed
normally in GATA-1V205G_containing megakaryocytes are
independent of FOG-1. The c-mpl gene promoter has
functionally important GATA- and Ets-binding elements
within its first 100 bp of upstream sequence (Deveaux
et al., 1996). Therefore, we transfected a luciferase
reporter gene construct driven by 100 bp of murine
c-mpl promoter sequence into NIH-3T3 cells together with
plasmids expressing GATA-1 and/or FOG-1. While
GATA-1 alone activated the reporter gene 7-fold, co-
expression of FOG-1 increased promoter activity up to
20-fold (Figure 9). In contrast, 222 bp of the murine
PF4 promoter (Ravid et al., 1991; Minami et al., 1998),
containing important GATA- and Ets-binding elements,
showed activation by GATA-1, and but no further
activation upon FOG-1 co-expression (Figure 9). Instead,
FOG-1 repressed GATA-1 activity 6-fold, similar to what
has been observed with the Mla reporter gene.
Preliminary results (not shown) further suggest that the
PBP promoter is also not activated by GATA-1 and
FOG-1. Together with the results obtained using the allb
and p45 NF-E2 promoters, these data establish a
correlation between gene activation by GATA-1 and
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Fig. 9. GATA-1- and FOG-1-dependent activation of select megakaryo-
cytic gene promoters. Transient transfection studies were performed as
in Figure 1, with reporter gene constructs containing 100 bp of the
murine c-mpl promoter or 222 bp of murine PF4 promoter. A pro-
moterless (pGL2) vector served as negative control.

FOG-1 in transfection-based assays and sensitivity to the
GATA-1V2056 mutation in megakaryocytes.

Discussion

GATA-1 and FOG-1 cooperate during the differentiation
of megakaryocytes and erythroid cells (Tsang et al., 1997;
Crispino et al., 1999; Nichols et al., 2000; Chang et al.,
2002). FOG-1 binds to the N-terminal zinc finger of
GATA-1, thereby modulating GATA-1 activity. The
effects of FOG proteins on the transcriptional activities
of GATA factors are determined by the cell type and the
context of cis-regulatory elements present at a given
promoter. To understand better the molecular basis for
cooperative transcriptional activation by GATA-1 and
FOG-1, we examined the effects of GATA-1 and FOG-1
on the allb gene promoter. We found that FOG-1 strongly
increases GATA-1 activity on the ollb promoter in a
fashion that requires direct physical interaction. ChIP
assays showed that GATA-1 and FOG-1 co-occupy this
promoter in megakaryocytes in vivo, indicating that the
actions of GATA-1 and FOG-1 are direct. Deletion
analysis showed that 60 bp of the proximal promoter
plus sequences containing the 5-UTR were sufficient for
full activation by GATA-1 and FOG-1 in NIH-3T3 cells.
Remarkably, gain-of-function experiments, using syn-
thetic promoter constructs, revealed that the mere presence
of a specialized Ets element is sufficient to convert FOG-1
from a GATA-1 inhibitor into a co-activator. These
findings provide a molecular explanation for the frequent
occurrence of neighboring GATA and Ets elements in
megakaryocyte-restricted genes.

Fli-1 probably functions at the proximal ollb Ets
element in vivo for several reasons. First, recombinant
and cellular Fli-1 proteins bind to this site in vitro (Zhang
et al., 1993) (Figure 5B), consistent with the observation
that the sequences flanking the proximal core Ets ele-
ment match the Fli-1 consensus binding site perfectly
(Zhang et al., 1993; Mao et al., 1994; Szymczyna and
Arrowsmith, 2000). Secondly, ChIP experiments showed
that Fli-1 binds the ollb promoter in vivo in a
megakaryocytic cell line (Figure 7). Thirdly, when fused



to GAL4, Fli-1 but not PU.1 and Spi-B can mediate
transcriptional activation by GATA-1 and FOG-1.
Fourthly, mice homozygous for a Fli-1 null mutation
display altered megakaryocytic proliferation and differen-
tiation (Hart er al., 2000; Spyropoulos et al., 2000;
Kawada et al., 2001). Finally, forced expression of Fli-1 in
K562 cells augments allb expression (Athanasiou et al.,
1996), and Fli-1 can activate the allb promoter in transient
transfection assays (Bastian er al., 1999). However, it is
likely that other Ets proteins might function at this site as
well since anti-Fli-1 antibodies supershifted only part of
the Ets protein complex that co-migrated with Fli-1 in
primary megakaryocytes. Furthermore, transcriptional
activation of the allb promoter by FOG-1 and GATA-1
was observed in NIH-3T3 cells, which do not express
detectable amounts of Fli-1. Thus, select members of the
large and diverse Ets protein family might substitute for
Fli-1 function in non-hematopoietic tissues. Moreover,
functional redundancy among Ets family proteins might
explain the normal expression in Fli-1 null mice of several
megakaryocytic genes that contain functional Ets elements
in the regulatory regions, including c-mpl and oldIb (Hart
et al., 2000).

Through analysis of various Ets elements, we note that
even when sequences do not match the Fli-1 consensus
sequence, they might still be able to mediate activation by
Fli-1. For example, based on sequence alone, the Ets sites
in the GPIbaw and GPIX promoters would be predicted to
be poor binding sites for Fli-1. Yet both promoters are
activated by Fli-1 and, in the case of GPIX, activation has
been shown to depend on its Ets element (Bastian et al.,
1999). Therefore, promoter architecture appears to be
critical for mediating transcriptional activation by Fli-1. In
accordance with this interpretation, recruitment of Fli-1
but not PU.1 to the allb promoter via GAL4-binding sites
led to activated transcription together with GATA-1 and
FOG-1. These results suggest that megakaryocyte-specific
promoter activity is determined by both the nucleotide
sequence of the Ets-binding site and distinct domains
within the bound Ets factor.

The above studies indicate that the proximal promoter
region is sufficient for GATA-1- and FOG-1-dependent
transcription, but they raise questions regarding the role of
the distal conserved GATA and Ets sites between positions
—457 and —506 bp upstream of the TSS. While both tandem
GATA/Ets sites have enhancer activity, the distal enhancer
is active in both erythroid and megakaryocytic lineages
(Prandini ez al., 1992), indicating that it is not the critical
determinant for megakaryocyte-specific expression of the
ollb gene. Furthermore, the distal Ets element does not
conform to the Fli-1 consensus binding site. Indeed, PU.1,
which has a substantially diverged DNA-binding domain
and different binding site preference, has been shown
to bind this Ets element (Doubeikovski et al., 1997).
Megakaryocytes derived from PU.1-deficient ES cells
expressed the ollb gene normally, showing that PU.1 is
not essential for ollb expression (Zhang et al., 1997). As
appears to be the case for the proximal Ets site at —35 bp,
it is possible that multiple Ets family members can bind
and promote ollb expression through the distal Ets
element. The identity of these Ets proteins remains to be
determined.

Control of allb expression by GATA-1 and FOG-1

Direct physical interaction between GATA-1 and
FOG-1 is required for allb expression in transfected
cells and in ES cell-derived megakaryocytes, since a point
mutation in GATA-1 that disrupts FOG-1 binding leads to
loss of gene activation. Megakaryocytes bearing the
GATA-1V2056 mutation express reduced levels of add-
itional megakaryocyte-restricted genes, including c-mpl,
p45 NF-E2 and GPIX, indicating that these genes are also
regulated by the GATA-1-FOG-1 complex in vivo. In the
cases of c-mpl and p45NF-E2, we and others (Tsang et al.,
1997) have shown that GATA-1 and FOG-1 can activate
these genes in transfection-based assays, supporting a
model in which GATA-1 and FOG-1 control these genes
directly. It is important to note that the PF4 and PBP genes,
which are expressed at late stages of megakaryocytic
differentiation (Lepage et al., 2000), were unaffected by
the GATA-1V2056 mutation. This indicates that reduced
expression of ollb, c-mpl, p45 NF-E2 and GPIX is not
simply the result of failed megakaryopoiesis, but instead
reflects differences in GATA-1/FOG-1 dependence be-
tween distinct sets of genes. It is of note that the Ets
elements in the upstream region of the c-mpl and GPIX
genes have been shown to bind to Fli-1 in vitro (Deveaux
et al., 1996; Bastian et al., 1999). Our observation that PF4
expression is independent of the GATA-1-FOG-1 inter-
action suggests alternative mechanisms of PF4 gene
regulation. It is worth pointing out that the rat and
human proximal PF4 promoters differ, with the human
gene lacking a GATA-1 consensus element (Eisman et al.,
1990). Furthermore, the PF4 Ets elements do not conform
to Fli-1 consensus sites, suggesting that other Ets proteins
might regulate this gene. It is also possible that GATA-1
performs FOG-1-independent functions at this gene, or
that GATA-2, which is expressed in megakaryocytes and
also binds FOG-1 (Tsang et al., 1997), might substitute for
GATA-1. At the PBP gene, no functional GATA-1-
binding sites have been identified, and GATA-1 did not
activate the PBP promoter in transient transfection assays
(M.Poncz, unpublished observation). Remarkably, all
examined megakaryocyte-specific genes that were af-
fected by the GATA-1V29C mutation had regulatory
regions that could be activated by GATA-1 and FOG-1
in transfection assays. In contrast, the promoters of the PF4
and PBP genes that were insensitive to the GATA-1V2056
mutation could not be activated by GATA-1 and FOG-1.

Our results are consistent with findings in patients with
mutations in the N-terminal finger GATA-1 residues
V205, G208 or D218 (Nichols et al., 2000; Freson et al.,
2001; Mehaffey et al., 2001). These patients exhibit
different degrees of macrothrombocytopenia, bleeding
diathesis and dyserythropoiesis. Among these GATA-1
mutations, V205M is the most severe. Patients carrying the
V205M mutation were anemic and severely thrombo-
cytopenic. Their bone marrows contained numerous
dysplastic megakaryocytes, consistent with an essential
role for the GATA-1-FOG-1 complex in megakaryo-
poiesis and platelet production. Since these patients
had undergone bone marrow transplantation, the levels
of various megakaryocyte-specific genes could not be
measured.

It is instructive to compare our results with those
obtained from megakaryocytes that express markedly
reduced levels of wild-type GATA-1 as a result of a
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targeted mutation in the GATA-1 regulatory region
(Shivdasani et al., 1997; Vyas et al., 1999). While the
GATA-1V205G cells showed widespread, but not universal
defects in megakaryocytic gene expression, the GATA-1-
deficient megakaryocytes displayed reduced expression of
all genes examined, including c-mpl, p45 NF-E2, allb and
PF4. This more generalized decrease could be interpreted
to reflect a general defect of megakaryocytic maturation.
Alternatively, genes whose expression is diminished in
the GATA-1-deficient but not in the GATA-1V205G cells,
might be regulated in a GATA-1-dependent, but FOG-1-
independent, fashion. In addition, the degree to which
GATA-2 might compensate for impaired GATA-1 acti-
vity might vary between GATA-1V295G-containing and
GATA-1-deficient megakaryocytes.

The frequent presence of GATA and Ets elements in
megakaryocyte-expressed genes is indicative of the
generality of our observations. This list of genes with
functional GATA and Ets sites in their regulatory regions
includes odlb, c-mpl, GPIba,, GPV and GPIX, some of
which are early markers of megakaryocytic development
(Lepage et al., 2000). Thus, we speculate that the
GATA-1, FOG-1 and Fli-1 cooperativity is critical during
the formation and/or maintenance of the megakaryocytic
lineage. However, in the case of the p45 NF-E2 gene, it
remains an open question whether GATA-1/FOG-1-
mediated activation requires the presence of an Ets
element, since transactivation experiments were per-
formed on reporter gene constructs containing 7 kb of
upstream region (Tsang et al., 1997).

The mechanism by which Fli-1 exerts its effects on
GATA-1 and FOG-1 remains to be determined. It is
possible that Fli-1 forms specific contacts with FOG-1,
thereby altering its conformation or promoting or inter-
fering with additional protein contacts. It is also possible
that Fli-1 communicates directly with GATA-1, although
published studies showed relatively poor Fli-1-GATA-1
interaction in vitro (Rekhtman et al., 1999). We found that
amino acids 194-274 of Fli-1 were essential for its
function in the GAL4 recruitment assays. This region
contains a domain from amino acids 231 to 248 that is
similar to the B-box present in select Ets proteins,
including SAPla and ELKI1, but not in Ets-1, Ets-2 and
PU.1 (Watson et al., 1997). This domain has been shown
to mediate contacts with other proteins to form higher
order protein complexes on certain regulatory regions
(Watson et al., 1997). It is possible that other Ets proteins
containing this domain might also be able to mediate
GATA-1/FOG-1 synergy. This domain might aid in
positioning the GATA-1-FOG-1 complex at the promoter
in a way that is favorable for transcriptional activation.
Alternatively, it might aid in replacing co-repressor
complexes similar to what is observed in nuclear hormone
receptors upon ligand binding (McKenna and O’Malley,
2002).

In summary, our work sheds new light on the mechan-
ism by which megakaryocyte-specific gene expression is
accomplished, providing new insights into the GATA-Ets
signature motif found in the promoter regions of numerous
megakaryocytic genes. In addition, we identified Fli-1 as a
tissue-specific Ets-binding protein that converts FOG-1
from a repressor into a GATA-1 co-activator. The
implications of these findings might extend to genes
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controlled by GATA and FOG proteins in diverse tissues,
including erythroid cells, lymphoid cells and the heart.
Thus, we speculate that transcriptional regulators that
cooperate with GATA factors in non-megakaryocytic cells
might serve the same function as Fli-1 in megakaryocytes,
which is to determine transcriptional output of GATA—
FOG complexes.

Materials and methods

Plasmid constructs
The 912 bp rat allb promoter—growth hormone reporter construct has
been described (Block et al., 1994). Mouse olIb promoter constructs were
generated by PCR, and introduced between Bg/II and HindIII sites of the
luciferase reporter vector pGL2-basic (Promega). The 946 bp mouse odlb
promoter was cloned into the human growth hormone-based vector
pOGH (Nichols Institute Diagnostics) using the same restriction sites.
The M1a. promoter (Martin and Orkin, 1990) was introduced into pGL2.
Segments of 100 and 222 bp of the murine c-mpl and PF4 promoters,
respectively, were subcloned into pGL2. In the pGL2-ollb100 bp
construct, the proximal Ets element between —32 and -50 bp was
substituted with a single GAL4-binding site (5-GCGGAGTAC-
TGTCCTCCGA-3’) by overlapping PCR (Block e al., 1994). All PCR-
based constructs were sequenced.

pXM-GATA-1, pXM-GATA-1V29G, pMT2-FOG-1, pMFG-FOG-
15706R " GAL4-PU.1!-160 and pCMX-GAL4 have been described (Martin
and Orkin, 1990; Tsang et al., 1997; Crispino et al., 1999; Maitra and
Atchison, 2000). FOG-157%R wags subcloned into pMT?2 at the EcoRlI site.
pCMX-GAL4-FLI-1'-27* and pCMX-GAL4-FLI-1!-19* were made by
PCR and introduced into the GAL4 fusion expression vector pCMX.

Cell lines

NIH-3T3 cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM). Murine Y10 cells (Ishida et al., 1993) were maintained in F-12
Nutrient Mixture (Invitrogen). All media contained 100 U/ml penicillin,
100 U/ml streptomycin, 2 mM L-glutamine and 10% fetal calf serum.

DNA transfection, reporter gene assay and western blotting
Cells were transfected with the calcium phosphate precipitation method.
The total amount of transfected DNA was kept constant in all samples.
After 48 h, luciferase activity was determined using commercial reagents
(Promega). Growth hormone activity was assayed with a Nichols
Diagnostic Institute kit.

In vitro ES cell differentiation, RNA extraction and semi-
quantitative RT-PCR analysis

Wild-type and mutant TL-1 ES cell lines containing the GATA-1V2056
substitution have been described (Chang et al., 2002). ES cells were
differentiated into EBs as previously described using 100 ng/ml
recombinant mouse TPO (R&D Systems) (Zhang et al., 1997).
Megakaryocytes in the EBs were identified by their distinct morphology
and by their staining with AChE. Total cellular RNA was prepared using
RNA STAT-60 reagent (TEL-TEST). The following sets of murine sense/
antisense primers were used for RT-PCR: odIb (GGCTGGAGCACACC-
TATGAGCT; GCTCAACCTTGGGAGGCT); p45 NF-E2 (ACGTGG-
ACATGTACCCAGTGG; GCCACCTTGTTCTTGCCCCGT); c-mpl
(ACCAAGGTCCCTGGAGCG; AGGAGGCTGGGTTCCACTT);
GPIX (AGGCCCTGTACCTGCCAGTCC; GCCCAGCTCATAA-
CCTGTCAGCT); PF4 (GTCCAGTGGCACCTCTTGA; AATTGA-
CATTTAGGCAGCTGA); PBP (GCCTGCCCACTTCATAACCTC;
GGGTCCAGGCACGTTTTTTG); integrin oy, (GATCTGTACTACCT-
CATGGATCTC; GCAACTTGCATTATGGCATCCAGC); and HPRT
(TCCAGAACTAGGACACCTGC; GCTGGTGAAAAGGACCTCT).
PCRs were performed in the presence of 1 uCi of [0-3?P]dCTP, separated
on a polyacrylamide gel, and band intensities measured by Phosphor-
imager analysis.

Chromatin immunoprecipitation assays

ChIP assays were performed as described (Forsberg et al., 2000) using
anti-GATA-1 (N6, Santa Cruz), mouse anti-Fli-1 (C-19, Santa Cruz),
rabbit anti-Fli-1 (PharMingen) and affinity-purified rabbit anti-FOG-1
serum raised against amino acids 11-25 of mouse FOG-1. The following
modifications were carried out: DNA—protein—antibody complexes were
recovered by eluting twice with 100 pl of 0.1 M NaHCO; and diluted with



TE buffer (10 mM Tris—=HCI pH 7.4, 1 mM EDTA) to 400 ul total
volume. PCRs were performed for 26 cycles at 94°C for 20 s, 52°C for
30 s, 72°C for 45 s in the presence of [0-32P]dCTP using the following
primer pairs: ollb —-110 bp to +226 bp region (GTCGACGTCTA-
GAGGCTATTG; CTCTTAACGCCCATATGTCCT); odlb -3.3 to
-3.6 kb region (TGTGAGTCCCTGCCTGCCATT; TCTAGAGCAGGT-
TAAGCCCAG); and GAPDH (ACCACAGTCCATGCCATCAC;
TCCACCACCCTGTTGCTGTA). PCR products were separated on a
5% TBE polyacrylamide gel and quantitated by phosphorimager analysis.

Fetal liver cultures

Day 13 fetal livers from C57Blk6 mice were differentiated into
morphologically mature megakaryocytes as described (Vyas et al.,
1999). AchE staining was performed after 5 days in culture with 100 ng/
ml recombinant mouse TPO; cells were stained for AChE.

Electrophoretic mobility shift assays

A 0.2 ng aliquot (~10° c.p.m.) of a [y-32P]dATP- (Amersham) labeled
probe was incubated with 10 pg of nuclear extract. The sequence of the
allb Ets probe was TAAGCTGAAACTTCCGGTGGTGGGAAC, and
that of the MloEts probe was TAAGGATCAGCTTCCTCGAGC-
GACCTT. A 2 ng aliquot of the indicated antibodies: anti-FLI-1 (C19),
anti-Ets-1 (N-276), anti-Ets-2 (C-20) and anti-PU.1 (T-21) (Santa Cruz
Biotechnology) was added to nuclear extracts for 20 min prior to the
addition of the probe.
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