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The commitment of multipotent cells to particular developmental pathways requires specific changes in their
transcription factor complement to generate the patterns of gene expression characteristic of specialized cell
types. We have studied the role of the GATA cofactor Friend of GATA (FOG) in the differentiation of avian
multipotent hematopoietic progenitors. We found that multipotent cells express high levels of FOG mRNA,
which were rapidly down-regulated upon their C/EBP�-mediated commitment to the eosinophil lineage.
Expression of FOG in eosinophils led to a loss of eosinophil markers and the acquisition of a multipotent
phenotype, and constitutive expression of FOG in multipotent progenitors blocked activation of
eosinophil-specific gene expression by C/EBP�. Our results show that FOG is a repressor of the eosinophil
lineage, and that C/EBP-mediated down-regulation of FOG is a critical step in eosinophil lineage
commitment. Furthermore, our results indicate that maintenance of a multipotent state in hematopoiesis is
achieved through cooperation between FOG and GATA-1. We present a model in which C/EBP� induces
eosinophil differentiation by the coordinate direct activation of eosinophil-specific promoters and the removal
of FOG, a promoter of multipotency as well as a repressor of eosinophil gene expression.
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In the vertebrate hematopoietic system, the generation
of the different blood cell types from hematopoietic stem
cells is ongoing throughout life. This process is con-
trolled by an intricate network of transcription factors
that both regulate cellular decisions and control the ex-
pression of genes characteristic of the different lineages.
Each lineage contains a specific complement of tran-
scription factors that generate the gene expression pat-
tern characteristic of the cell type. Elucidating the
mechanisms by which these expression patterns are gen-
erated and maintained is crucial to understanding how
the diverse cell types of the hematopoietic system are
formed. Myeloid cell types (neutrophil granulocytes and
macrophages) are characterized by the expression of
PU.1 and C/EBP transcription factors, which regulate
most myeloid-specific promoters (for review, see Tenen
et al. 1997), as well as the absence of GATA-1 expres-
sion. The latter is important, as GATA-1 is a negative

regulator of PU.1 activity (Zhang et al. 1999; Nerlov et
al. 2000), and the ectopic expression of GATA-1 in my-
eloid cells leads to their loss of myeloid gene expression
and acquisition of a thrombocytic/multipotent (at high
GATA-1 levels) or eosinophil phenotype (at intermediate
GATA-1 levels) (Visvader et al. 1992; Kulessa et al.
1995). The eosinophil lineage is characterized by simul-
taneous expression of GATA-1 and C/EBP factors, and
functionally important binding sites for these factors are
found in the eosinophil-specific EOS47 and major basic
protein promoters (McNagny et al. 1998; Yamaguchi et
al. 1999). The requirement of C/EBP�, C/EBP�, and PU.1
for the correct development and function of neutrophil
granulocytes and macrophages has been demonstrated
by knockout experiments in mice (Scott et al. 1994;
Tanaka et al. 1995; McKerscher et al. 1996; Zhang et al.
1997). In addition, mice lacking the C/EBP� transcrip-
tion factor have no mature eosinophils (Zhang et al.
1997); so far, the requirement for C/EBP� or GATA-1
during eosinophil differentiation has not been addressed
genetically.

To address the role of PU.1 and C/EBP proteins in he-
matopoietic lineage commitment, we have taken advan-
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tage of an in vitro differentiation system based on the
transformation of chicken blood island cells by the E26
leukemia virus, which encodes the Gag–Myb–Ets fusion
protein. This system yields clonal multipotent progeni-
tor populations (called MEPs for Myb–Ets progenitors)
capable of differentiation along the thrombocytic, ery-
throid, eosinophil, and granulocyte/macrophage lineages
(Graf et al. 1992; Kraut et al. 1994; Frampton et al. 1995;
Rossi et al. 1996b). Consistent with the genetic data, in
vitro myeloid and eosinophil lineage commitment of
MEPs can be achieved through forced expression of PU.1
and C/EBP, respectively (Müller et al. 1995; Nerlov and
Graf 1998; Nerlov et al. 1998). In the case of PU.1, my-
eloid lineage commitment correlates with the ability of
PU.1 to down-regulate GATA-1 expression (Nerlov and
Graf 1998), whereas the molecular mechanism by which
C/EBP induces the differentiation of MEPs into eosino-
phils is unclear.

MEPs, as well as their counterpart multipotent my-
eloid/erythroid progenitors isolated from chicken bone
marrow, are characterized by their expression of the
MEP21 and gpIIb-IIIa antigens and lack of myeloid/eo-
sinophil lineage-specific markers (Graf et al. 1992;
Frampton et al. 1995; McNagny et al. 1997; Ody et al.
1999). The MEP21 and gpIIb-IIIa antigens are also highly
expressed on cells of the thrombocytic lineage, and
MEPs resemble thromboblasts. The recent finding that
the GATA-1 cofactor Friend of GATA (FOG) is required
for the development of the thrombocytic lineage at a
very early stage (Tsang et al. 1998) led us to examine the
role of FOG in the generation of MEPs and their differ-
entiation. The FOG protein contains nine zinc fingers, at
least two of which are capable of binding to the amino-
terminal zinc finger (NF) of GATA-1 (Tsang et al. 1997;
Fox et al. 1998, 1999; Crispino et al. 1999). This interac-
tion is necessary for the ability of GATA-1 to promote
terminal erythroid differentiation (Crispino et al. 1999),
and GATA-1 and FOG cooperate to induce a megakaryo-
cytic phenotype in the 416B myeloid cell line (Tsang et
al. 1997).

Here we find that MEPs express high levels of FOG
mRNA, whereas their myeloid and eosinophil deriva-
tives express very low levels. Induction of eosinophil
differentiation of MEPs through activation of a condi-
tional allele of C/EBP� leads to loss of FOG expression
as well as MEP markers, and up-regulation of EOS47,
an eosinophil-specific surface antigen. EOS47 induc-
tion was prevented by constitutive expression of FOG
in MEPs prior to induction of C/EBP�, demon-
strating that loss of FOG expression is a prerequisite
for eosinophil gene expression. FOG blocks the activa-
tion of the EOS47 promoter by GATA-1. Finally, ectopic
expression of FOG in the 1A1 eosinophil cell line led to
down-regulation of EOS47, Mim-1, and C/EBP� expres-
sion and up-regulation of MEP markers. These results
show that modulation of GATA-1 activity through re-
moval of FOG provides a developmental switch in he-
matopoiesis, and indicate that this is part of the mecha-
nism by which C/EBP� induces eosinophil differen-
tiation.

Results

The GATA-1 N-finger is required for reprogramming
of myeloid cells into MEPs

The ability of GATA-1 to reprogram HD50M myelo-
blasts into eosinophils and MEPs (Kulessa et al. 1995)
provides an assay for the function of GATA-1 domains in
the establishment of these cell types and was used to test
the role of the highly conserved zinc fingers of GATA-1.
Expression vectors encoding the neomycin resistance
gene and wild-type GATA-1 (pNEO–GATA-1) or deriva-
tives in which the amino-terminal zinc finger (mutNF)
or carboxy-terminal zinc finger (mutCF) had been mu-
tated by replacement of two of the zinc-coordinating cys-
teines with alanine (Fig. 1A), as well as the empty pSFCV
vector, were transfected into HD50M myeloblasts. The
phenotype of the resulting neomycin-resistant clones
was determined by indirect immunofluorescence and
flow cytometry (IF/FC) analysis of lineage-specific anti-
gen expression (MEP21 for MEPs, EOS47 for eosinophils,
and MYL51/2 for myeloblasts). The results are shown in
Figure 1B. Wild-type GATA-1 expression converted the
HD50M cells into either MEPs or eosinophils, as re-
ported previously (Kulessa et al. 1995). Mutation of the
CF (leading to loss of GATA-1 DNA-binding activity)
completely abolished the abilty of GATA-1 to reprogram
HD50M cells. Interestingly, although mutation of the
NF did not impair the reprogramming into eosinophils,
no MEP clones were observed, suggesting that a function
harbored in the NF was required for establishment of the

Figure 1. Effect of zinc finger mutations on myeloblast repro-
gramming by GATA-1. (A) Schematic drawing of GATA-1 and
the two mutants with disrupted Zn-fingers. (B) Phenotypes of
HD50M clones transfected with pNEO–GATA-1 or derivatives
carrying mutations in either of the GATA-1 zinc fingers. The
clones were picked, expanded, and characterized by IIF using
monoclonal antibodies against lineage-specific surface antigens.
The number of clones with MEP, eosinophil, and myeloblast
phenotype is indicated.
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MEP phenotype. The NF is dispensable for specific DNA
binding, but has been shown to bind the FOG protein
(Tsang et al. 1997). Therefore, we tested whether the
mutation introduced into this finger abolished interac-
tion between GATA-1 and FOG in GST pull-down as-
says, and found that mutation of the NF blocked the
GATA-1–FOG interaction (data not shown). This was
consistent with observations published previously
(Tsang et al. 1997) and indicated a role for FOG in the
GATA-1-mediated conversion of myeloid cells to a mul-
tipotent phenotype. Although the up-regulation of en-
dogenous GATA-1 in reprogrammed myeloblasts (Ku-
lessa et al. 1995) prevents determination of the expres-
sion levels of the exogenously supplied GATA-1
proteins, we have found previously that mutations in the
NF and CF of GATA-1 do not affect protein stability
(Nerlov et al. 2000). Therefore, we do not believe that
this is a factor in the effects observed by mutation of
GATA-1.

MEPs, but not eosinophils or myeloid cells, express
high levels of FOG

The expression of FOG in chicken hematopoietic cell
types was determined. First, we cloned a partial chicken
FOG cDNA by PCR from an MEP cDNA library and
used it to probe a Northern blot of erythroid, multipo-
tent, eosinophilic, and myeloid cell lines (Fig. 2). The
result showed the highest expression of FOG in the
HD50 MEP cell line. Significant FOG expression was
seen in HD3 and HD37 erythroid cells, whereas FOG
mRNA was very low or absent in 1A1 and HD50/4.8E
eosinophils, as well as HD57M and HD50/4.8M myelo-
blasts. The FOG expression pattern was thus consistent
with a role for FOG in establishing the MEP phenotype.

FOG induces eosinophils to acquire a multipotent
phenotype

To address the role of cooperation between GATA-1 and
FOG in establishment of the multipotent MEP pheno-

type, we expressed FOG in 1A1 eosinophils (which con-
tain GATA-1, but no FOG) and in HD57M myeloblasts
(which express neither GATA-1 nor FOG). The two cell
lines were transfected with the pEF–HAFOG–PGKpuro
vector, expressing murine FOG tagged with the HA epi-
tope and conferring puromycin resistance, or the corre-
sponding empty vector (pEF–HA–PGKpuro). The pheno-
type of puromycin-resistant clones was determined by
IF/FC as in Figure 1. Whereas no effect of FOG expres-
sion was observed in the HD57M myeloblasts (Fig.
3A,B), FOG-expressing 1A1 clones showed a dramatic
change in phenotype compared with control clones, as
exemplified by the 1A1–FOG3 and 1A1–FOG20 clones
(Fig. 3C); they lost expression of the eosinophil-specific
EOS47 antigen and expressed the MEP marker MEP21
(Fig. 3C). In addition, they had down-regulated expres-
sion of C/EBP� compared with the parental 1A1 cells,
had lost expression of the myeloid/eosinophil-specific
Mim-1 protein (Fig. 3D), and acquired an MEP morphol-
ogy (Fig. 3E). The MEP26 MEP marker was also up-regu-
lated, whereas no expression of the MYL51/2 and MHC
II myeloid antigens was observed (data not shown).
These data indicated that FOG expression is incompat-
ible with eosinophil gene expression and leads to a con-
version of 1A1 eosinophils to an MEP phenotype. Be-
cause the 1A1 cell line was derived from myeloblasts
through enforced GATA-1 expression (Kulessa et al.
1995) this, along with the failure of GATA-1mutNF to
induce MEP formation in myeloblasts, further supported
the notion that cooperation between GATA-1 and FOG
is important for the generation of MEPs. The ability of
wild-type GATA-1 to directly induce the conversion of
myeloid cells to an MEP phenotype in the absence of
exogenously supplied FOG therefore raised the question
of whether this involved up-regulation of endogenous
FOG expression. We compared the expression of endog-
enous FOG in HD50 MEPs with that in 1A1 eosinophils,
1A4 MEPs (obtained by ectopic GATA-1 expression in
myeloid cells; Kulessa et al. 1995), and the 1A1–FOG3
and 1A1–FOG20 clones by Northern blot analysis (Fig.
3F). This analysis showed that MEPs obtained both by
GATA-1 overexpression in myeloid cells and by FOG
expression in eosinophils expressed endogenous FOG at
a level similar to that of the HD50 MEP cell line, and had
down-regulated expression of C/EBP�. The up-regulation
of endogenous FOG expression was thus a hallmark of
the MEP phenotype. Finally, these results also indicated
that induction of an MEP phenotype could be obtained
through cooperation between GATA-1 and endogenous
FOG.

FOG represses the eosinophil-specific EOS47 promoter

The down-regulation of eosinophil-specific genes upon
expression of FOG in 1A1 cells led us to examine the
molecular mechanism involved. The EOS47 promoter is
a well-characterized eosinophil-specific promoter that is
cooperatively activated by C/EBP and GATA-1, as well
as Myb and Ets-1/Fli-1, (McNagny et al. 1998; Fig. 4A).
We tested the wild-type and mutNF alleles of GATA-1

Figure 2. Expression of FOG in chicken hematopoietic cell
lines. A Northern blot was prepared from poly(A)+ RNA of the
following chicken cell lines: HD3, HD37 (erythroid); HD50
(MEP); 1A1, HD50/4.8E (eosinophil); HD50/4.8M and HD57M
(myeloid). The blot was probed sequentially with 32P-labeled
chicken FOG cDNA (top) and chicken GAPDH cDNA (bottom)
and signals detected by PhosphorImaging. The positions of the
bands corresponding to the two mRNAs are indicated by ar-
rows.
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for their ability to activate the EOS47 promoter, as well
as their subsequent repression by FOG, in a transient
cotransfection experiment in Q2bn fibroblasts (Fig. 4B).
This analysis showed that both wild type and GATA-
1mutNF could activate the EOS47 promoter, although
the latter was somewhat less efficient (see Discussion).
Simultaneous expression of FOG repressed activation by
wild type, but not mutNF GATA-1, which indicated that
FOG expression leads to repression of the EOS47 pro-
moter, most likely through interaction with the
GATA-1 NF. To test whether this was also true on the
endogenous EOS47 promoter, we used HD57M myelo-
blasts expressing a fusion between GATA-1 and the hor-
mone-binding domain of the human estrogen receptor
(GATA–ER). These cells have a normal myeloblast phe-
notype in the absence of �-estradiol (�E), but when es-
trogen is added, myeloid antigens are down-regulated
and the eosinophil-specific EOS47 antigen is expressed
(Kulessa et al. 1995; Nerlov et al. 2000). HD57M-GATA–
ER cells were transfected with the pEF–HAFOG–PGK-
puro expression vector and the resulting puromycin-

resistant clones were analyzed for FOG expression by
Western blotting (Fig. 4C). Four FOG-expressing clones,
as well as a resistant control clone expressing no FOG
protein, were chosen for further analysis. As expected
from the above results, FOG expression induced no
change in lineage-specific antigen expression compared
with the parental HD57M–GATA–ER cells in the ab-
sence of �E (Fig. 4D; top). However, upon �E activation
of the GATA-1–ER fusion protein, expression of FOG
blocked the induction of EOS47 expression, whereas
down-regulation of the myeloid MYL51/2 and MHC II
antigen was still observed (Fig. 4D, bottom; data not
shown). HD57M–GATA–ER clones with high FOG ex-
pression (FOG7, FOG15) showed a lesser degree of
EOS47 up-regulation than a clone with lower FOG levels
(FOG8) (Fig. 4E; EOS47 up-regulation given as a percent
of that observed in the parental HD57M–GATA–ER
cells) indicating a correlation between repression of the
EOS47 promoter and FOG expression. The nonexpress-
ing FOG2 control clone behaved indistinguishably from
the parental HD57–GATA–ER cells. Therefore, these ex-

Figure 3. Ectopic expression of FOG in
the myeloid cell line HD57M and the eo-
sinophilic cell line 1A1. (A) Phenotype of
FOG expressing myeloblast cell lines de-
termined by IF/FC. The HD57M parental
cell line is compared with the FOG-
expressing clones HD57M FOG26 and
HD57M FOG41. The graphs show the
fluorescence intensity (log scale) ob-
tained after staining with the indicated
monoclonal antibodies plotted against
the cell number (linear scale). (B) West-
ern blot of lysates from the cell lines ana-
lyzed in A. Equal amounts of cellular
protein were run on a 7.5% SDS–poly-
acrylamide gel and Western blotting was
performed with the 12CA5 monoclonal
antibody, detecting the HA tag on the
FOG protein. The band corresponding to
FOG is indicated. A nonspecific band
(NS) served as a control for equal loading.
(C) The surface antigen expression on
the 1A1 eosinophil cell line, a 1A1 cell
line stably transfected with the pEF–
HA–PGKpuro vector (1A1 control), the
HD50 MEP cell line, and two FOG-
expressing 1A1 clones (1A1–FOG3 and
1A1–FOG20) was analyzed as in A. (D)
Western blot of lysates from the cell
lines analyzed in C. Proteins were sepa-
rated by 10% SDS-PAGE and a Western
blot sequentially probed with the follow-
ing antibodies: 12CA5 (anti-HA-tag; a),
anti-chicken C/EBP� (b), anti-chicken
Mim-1 (c), and anti-�-tubulin (d). The ar-
rows indicate the positions of the bands corresponding to the antigens. (E) May-Gruenwald-Giemsa staining of 1A1 eosinophils,
1A1–FOG3 cells, and HD57 MEPs, as indicated. (F) Expression of endogenous FOG in MEPs derived by ectopic GATA-1 and FOG
expression. A Northern blot of total RNA from HD50 MEPs, 1A1 eosinophils, 1A4 MEPs, and the 1A1–FOG3 and 1A1–FOG20 cell
lines was sequentially probed with 32P-labeled cDNA for chicken FOG (a), chicken C/EBP� (b), and chicken GAPDH (c), and signals
detected by PhosphorImaging. The positions of the bands corresponding to the mRNAs are indicated by arrows.
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periments indicate that FOG is able to repress the activ-
ity of the eosinophil-specific EOS47 promoter, most
likely through direct interaction with GATA-1 bound to
the promoter.

FOG is down-regulated during C/EBP�-mediated
eosinophil lineage commitment of multipotent
progenitors

The differentiation of MEPs along the eosinophil lineage
can be efficiently induced by the C/EBP� transcription
factor (Müller et al. 1995; Nerlov et al. 1998). Therefore,
we tested the effect of C/EBP� on FOG expression in
MEPs. HD57 MEP cells expressing an estrogen-inducible

C/EBP� allele (C/EBP�–ER clone 3 (previously desig-
nated HD57–NF-M–ER clone 3; Müller et al. 1995), as
well as nonexpressing HD57 control cells (clone 12),
were subjected to �E treatment and their expression of
MEP21 antigen, EOS47 antigen (Fig. 5A), and FOG and
GATA-1 mRNA (Fig. 5B) determined by IF/FC and
Northern blotting, respectively. The result showed no
change in MEP21, EOS47, GATA-1, or FOG expression
in the control clone 12 cells, whereas FOG mRNA was
rapidly down-regulated in C/EBP�–ER-expressing clone
3 cells, preceding up-regulation of EOS47 expression.
The expression of GATA-1 was not altered by C/EBP�–
ER activation during this time course (Fig. 5B). To cor-
relate the down-regulation of FOG expression to eosino-

Figure 4. FOG represses the eosinophil-specific EOS47 promoter through the NF of GATA-1. (A) Schematic representation of the
positions of transcription factor binding sites present in the chicken EOS47 promoter (from McNagny et al. 1998). (B) Activation of the
EOS47 promoter by GATA-1 and repression by FOG. The EOS47/-152-LUC reporter (1.0 µg) was cotransfected with pRSV–�Gal (0.25
µg) into Q2bn fibroblasts. Expression vectors for Ets-1 (pCRNCM–cEts-1, 0.1 µg), c-Myb (pCRNCM–cMyb, 0.1µg), GATA-1 (pSPCMV–
GATA-1, 0.3 µg), mutNF GATA-1 (pSPCMV–GATA-1mutNF, 0.3 µg), FOG (pEF–HAFOG–EFpuro, 0.5 µg), or equivalent amounts of
the corresponding empty vectors (pCRNCM; pSPCMV; pEF–HA–PGKpuro, lanes indicated with −) were added as indicated. After 48
hr, luciferase and �-galactosidase activities were measured, and the luciferase activity normalized to the �-galactosidase activity. The
basal promoter activity was arbitrarily assigned a value of one. Three independent transfections were carried out for each effector
combination and standard deviations are indicated by the error bars. (C) The HD57–GATA–ER cell line was transfected with the
pEF–HAFOG–PGKpuro expression vector and stable clones expressing FOG identified (HD57–GATA–ER FOG7, FOG8, FOG15, and
FOG16). These, as well as a control nonexpressing clone (FOG2), were subjected to Western blot analysis as in Fig. 3B. Note that the
expression level of clone 8 (lane 3) is lower than that of the other HA–FOG-expressing clones (the nonspecific band [NS] served as a
control for equal loading). (D) HD57M GATA-1–ER clones not expressing (parental control and FOG2 clone) or expressing FOG (FOG7,
FOG8, FOG15, and FOG16 clones) were induced with 0.1 µM �E for 36 hr (bottom) or left uninduced (top). Cells were analyzed for
expression of the indicated antigens as in Fig. 3A. (E) The up-regulation of EOS47 antigen expression in D is given as a percent of that
observed in the parental HD57M GATA–ER clone.
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phil lineage commitment, we generated pools of primary
MEPs transformed by the E26–�ER virus expressing the
C/EBP�–ER fusion (Nerlov et al. 1998), as well as control
MEPs transformed by wild-type E26 virus. These pools
were subjected to �E treatment. After 0, 1, 2, and 3 d, two
aliquots were removed. One was used for preparation of
total RNA for Northern analysis, and one was washed
extensively in �E-free medium and replated in the ab-
sence of �E. After a total of 6 d in culture, the replated
cells were analyzed for EOS47 expression to determine
the degree of eosinophil lineage commitment at the time
of �E removal (Fig. 5C). FOG mRNA down-regulation
was observed after 1 d of C/EBP�–ER induction, and was
complete after 3 d (Fig. 5D). Concomitant with FOG
down-regulation, we observed the up-regulation of
mim-1 expression, which is an eosinophil/myeloid-spe-
cific marker (Kulessa et al. 1995). In contrast, GATA-1
expression remained constant over this time course. The
slower kinetics of FOG mRNA down-regulation com-
pared with the HD57–C/EBP�–ER cell line may reflect
the somewhat lower levels of C/EBP�–ER in the primary
MEPs. Eosinophil lineage commitment was significant
after two days and most cells were committed after three
days. FOG mRNA down-regulation thus coincided with
eosinophil lineage commitment, consistent with re-
moval of FOG being a prerequisite for eosinophil differ-
entiation to take place.

FOG down-regulation is required for C/EBP�-mediated
induction of eosinophil gene expression in
multipotent progenitors

To address this issue directly, we stably expressed FOG
in HD57M–C/EBP�–ER clone 3 cells by transfection
with the pEF–HAFOG–PGKpuro expression vector and
tested the resulting clones for their ability to up-regulate
EOS47 gene expression upon �E induction. Two FOG-
expressing clones (�ER3–FOG1 and �ER3–FOG7) were
compared with the parental cell line (�ER3) and a non-
expressing control clone (�ER3–FOG2), which showed
that although both �ER3 and �ER3–FOG2 cells strongly
up-regulated EOS47 expression (35% and 78% EOS47-
positive cells after four days of induction, respectively)
EOS47 expression for the FOG-expressing clones was
only 5% and 2%, respectively (Fig. 6b). However, FOG
expression was insufficient to maintain expression of
MEP21, which was down-regulated in all C/EBP�–ER-
expressing clones (Fig. 6a), indicating the existence of
additional C/EBP� targets involved in the maintenance
of the MEP phenotype. No expression of the myeloid
marker MYL51/2 was observed in any of the clones
(Fig.6c), indicating that the inability of the HD57–C/
EBP�ER cells to express eosinophil-specific genes did not
divert them toward a myeloid fate. We conclude that
down-regulation of FOG coincides with and is a prereq-

Figure 5. Down-regulation of FOG
mRNA during eosinophil differentiation.
(A) Cells from the C/EBP�–ER-expressing
HD57 clone 3, and the nonexpressing
HD57 clone 12 were induced with 1.0 µM
�-estradiol, and EOS47 expression deter-
mined by IIF after 1, 2, and 3 d of induc-
tion. Expression is given as percent of an-
tigen-positive cells. No EOS47 expression
was observed in the absence of �E in either
clone (data not shown). (B) A Northern
blot of total cellular RNA harvested at the
timepoints in A was hybridized sequen-
tially to probes for chicken FOG, chicken
GATA-1, and chicken GAPDH. Results
were analyzed by PhosphorImaging. (C)
Primary MEPs were obtained by infection
of yolk-sac blood island cells with the
E26–WT and E26–�ER viruses. After phe-
notyping to identify pure MEP populations
(MEP21+, MEP26+, EOS47−, MYL51/2−,
MHC II−), four to six clones for each con-
struct were pooled. The pooled cells were
left untreated or exposed to �E (1 µM final
concentration). After 1, 2, and 3 d, one ali-
quot was removed for total RNA prepara-
tion (see D), and one aliquot washed free of
�E and replated. A total of 6 d after induc-
tion, EOS47 antigen expression of the re-
plated cells was determined by IIF, and
plotted as a function of the time cells were
exposed to �E (days). No change in antigen expression was observed in the absence of �E (data not shown). (D) A Northern blot of total
RNA prepared as outlined in C was hybridized sequentially to probes for chicken FOG, chicken GATA-1, mim-1, and chicken
GAPDH. Results were analyzed by PhosphorImaging.
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uisite for the C/EBP�-mediated up-regulation of eosino-
phil-specific gene expression in MEPs.

Discussion

FOG is a C/EBP�-regulated inhibitor of eosinophil
gene expression

In the hematopoietic system, FOG has been shown to
play an essential role in the maturation of erythroid cells
and in the early development of the thrombocytic lin-

eage (Tsang et al. 1998). Here we find that FOG is highly
expressed in chicken multipotent hematopoietic pro-
genitors (MEPs), but not in their derived myeloid and
eosinophil cells, similar to the expression pattern ob-
served in mammals (Tsang et al. 1997; Yamaguchi et al.
1999). We demonstrate that down-regulation of FOG in
multipotent hematopoietic precursors is an essential
step in their C/EBP�-mediated differentiation along the
eosinophil lineage, as constitutive FOG expression in
MEPs prevents C/EBP� from activating eosinophil-spe-
cific gene expression. We show that FOG is an inhibitor
of eosinophil-specific genes, as introduction of FOG into
eosinophils reprograms these to a multipotent pheno-
type, up-regulating MEP markers and down-regulating
EOS47, C/EBP�, and Mim-1, all markers of the eosino-
phil lineage. Analysis of the eosinophil-specific EOS47
promoter indicated that this is due to the ability of FOG
to repress promoter activity when recruited to a pro-
moter by GATA-1, as repression was not seen upon mu-
tation of the GATA-1 NF, although other effects result-
ing from the mutation of the NF cannot be ruled out.
This result is consistent with the previous findings that
FOG can inhibit GATA-1-mediated activation of the eo-
sinophil-specific major basic protein (MBP) promoter
(Yamaguchi et al. 1999) and that the GATA-1–FOG in-
teraction is required for FOG to inhibit GATA-1 trans-
activation (Fox et al. 1999). The EOS47 and MBP are the
most well-characterized eosinophil-specific promoters,
and both of these are cooperatively activated by C/EBP
and GATA-1 (McNagny et al. 1998; Yamaguchi et al.
1999). Therefore, these results suggest a model in which
C/EBP� (and likely C/EBP� as well; Nerlov et al. 1998)
coordinately activates and derepresses eosinophil-spe-
cific genes by binding to C/EBP sites on their promoters
and by down-regulating FOG expression, allowing coop-
erative activation through C/EBP and GATA sites (Fig.
7A). It is interesting to note that Deconinck et al. (2000)
observed that expression of high levels of FOG had an
inhibitory effect on erythroid differentiation in Xenopus
embryos, possibly by blocking the differentiation of pre-
cursor cells, which indicates that modulation of FOG
levels may be relevant for several hematopoietic lin-
eages, and suggests that distinct levels of FOG expres-
sion are required in different developmental scenarios.
We also found that murine FOG and FOG-2 have effects
similar to those of Xenopus FOG on blood cell differen-
tiation and embryonic development in Xenopus em-
bryos, indicating a high degree of conservation of FOG
function among vertebrates, and supporting the rel-
evance of the effects we observe when expressing murine
FOG in chicken cells.

Regulation of FOG by C/EBP: developmental
consequences

The six vertebrate GATA factors are all essential for em-
bryonic development (Tsai et al. 1994; Pandolfi et al.
1995; Fujiwara et al. 1996; Kuo et al. 1997; Molkentin et
al. 1997; Morissey et al. 1998; Reiter et al. 1999), and
modulation of their activity by the FOG and FOG-2 pro-

Figure 6. FOG inhibits C/EBP�-mediated induction of eosino-
phil gene expression. HD57-C/EBP�-ER clone 3 cells were
transfected with the pEF–HAFOG–PGKpuro vector and the re-
sulting puromycin-resistant clones analyzed for FOG expres-
sion by Western blot analysis (not shown). Two FOG-expressing
(FOG1 and FOG7) and a nonexpressing control clone (FOG2)
were further analyzed. These cell lines, along with the parental
HD57-C/EBP�-ER clone 3 cells, were induced with 1 µM �E or
left untreated, and their expression of surface markers analyzed
after 1, 2, and 4 d of exposure to �E. The results for MEP21 (a),
EOS47 (b), and MYL51/2 (c) are shown, and are given as the
percentage of cells staining positive. MEP26 and MHC II stain-
ing gave results similar to those for MEP21 and MYL51/2, re-
spectively.
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teins is likely to be of general significance for develop-
mental processes in several tissues, including blood,
heart, brain, gut, and the germ line (Tsang et al. 1997,
1998; Svensson et al. 1999; Tevosian et al. 1999). Here
we report the first example of a developmental decision
that is governed by modulation of GATA factor activity
through regulation of FOG expression. The involvement
of C/EBP proteins in the differentiation of many different
cell types further suggests that the down-regulation of
FOG expression by C/EBP may be relevant for develop-
mental decisions in other GATA factor-expressing tis-
sues. One example is the ovary, in which loss of C/EBP�
leads to failure of granulosa cells to mature appropriately
with subsequent lack of proper ovulation and female ste-
rility (Sterneck et al. 1997). Studies on the regulation of
the steroidogenic acute regulatory protein (StAR) pro-
moter in primary granulosa cells has revealed that it is
coordinately activated by GATA-4 and C/EBP� (Silver-

man et al. 1999). C/EBP� protein is absent from naive
granulosa cells, but can be induced by treatment
with follicle-stimulating hormone (FSH). Importantly,
whereas GATA-4 is constitutively present, the activity
of the GATA site on the StAR promoter is increased
upon FSH stimulation, consistent with the removal of a
repressor of GATA activity, such as FOG, when C/EBP�
protein is induced (Silverman et al. 1999). Although no
data addressing FOG regulation in granulosa cells are
presently available, these results suggest that a mecha-
nism similar to that observed in hematopoietic progeni-
tors may operate in early granulosa cell differentiation.
Therefore, other developmental scenarios may exist in
which differentiation takes place through the induction
of C/EBP on a poised background of GATA and FOG
expression, which could be a more general mechanism
for committing GATA-expressing cells to a specific de-
velopmental fate.

Lineage commitment by controlled collapse:
PU.1 versus GATA and C/EBP versus FOG

Two lines of evidence suggest that GATA-1 and FOG
cooperate in the establishment of a multipotent MEP
phenotype. First, expression of FOG leads to MEP forma-
tion in GATA-1-expressing eosinophils, but not in
GATA-1-negative myeloblasts. Secondly, a GATA-1
molecule deficient in FOG interaction failed to induce
MEPs when introduced into myeloblasts. Whereas mu-
tation of the NF may affect GATA functions other than
FOG interaction (and the impaired activation potential
of GATA-1mutNF on the EOS47 promoter suggests that
this is the case), these results nevertheless indicate that
collaboration between GATA-1 and FOG is important
for maintaining a multipotent phenotype. PU.1 induces
myeloid differentiation of MEPs, correlating with its
ability to down-regulate GATA-1 expression (Nerlov and
Graf 1998). Here we find that FOG is down-regulated
during C/EBP�-mediated eosinophil differentiation of
MEPs. In this case, GATA-1 expression is maintained
and a C/EBP +GATA no FOG configuration results, as
illustrated in Figure 7B. In the case of PU.1-mediated
myeloid commitment, loss of GATA-1 is followed by
up-regulation of C/EBP� (Nerlov and Graf 1998), which
in turn may down-regulate FOG, leading to the well-
known C/EBP +PU.1 no GATA configuration of myeloid
cell types. High C/EBP expression is maintained in the
presence of GATA-1 (in eosinophils) or FOG (in FOG-
expressing myeloblasts), but not when both are present
(in MEPs), suggesting that the combined action of FOG
and GATA-1 is required for the suppression of C/EBP
expression, as was observed in FOG-expressing 1A1
clones and MEPs derived from myeloid cells by GATA-1
overexpression (in which endogenous FOG expression
was up-regulated). We have found previously that high
levels of PKC activity specifically induces eosinophil lin-
eage commitment of MEPs (Graf et al. 1992; Rossi et al.
1996a), and C/EBP� is induced under these conditions
(C. Nerlov, unpubl.), indicating that PKC signaling can
overcome the repression of C/EBP� expression in MEPs.

Figure 7. (A) Model for the induction of eosinophil-specific
genes by C/EBP, as exemplified by the EOS47 promoter. In the
MEPs, the EOS47 gene is inactive because of the absence of
C/EBP, and the presence of FOG, which inhibits the activity of
GATA-1 bound to the promoter (indicated by blunt-ended line).
Upon induction of C/EBP, FOG is down-regulated, and the
C/EBP site occupied (arrow), leading to the synergistic activa-
tion of the EOS47 promoter by GATA-1 and C/EBP. (B) Lineage
determination by controlled collapse of the MEP phenotype. See
text for explanation.
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Low levels of PKC activity, on the other hand, induce
mostly myeloid differentiation (Rossi et al. 1996a). The
fate of the MEP is thus determined by the manner in
which it exits the multipotent state, and this may de-
pend on extracellular signaling, suggesting that specific
developmental programs can be initiated in multipotent
cells through elimination of one of the factors involved
in maintaining multipotency, commitment being, in ef-
fect, a controlled collapse of the multipotent state.
Knowledge of the factors maintaining a multipotent
state may thus help in the elucidation of the regulatory
events that commit cells to specific fates. The inability
of constitutive FOG expression to maintain the expres-
sion of MEP-specific genes upon C/EBP� induction sug-
gests that factors in addition to FOG and GATA-1 are
required for maintenance of the MEP phenotype, and
current efforts are directed toward identifying these.

Materials and methods

DNA constructs

The following plasmids have been described previously:
pCRNCM–Ets-1, pCRNCM–c-Myb, and pCRNCM expression
vectors (Lim et al. 1992); pSPCMV–GATA-1, pSPCMV–GATA-
1mutNF, and pSPCMV (McNagny et al. 1998; Nerlov et al.
2000); the EOS47 promoter construct pEOS47/-152-LUC (Mc-
Nagny et al. 1998); the pRSV–�gal internal control plasmid
(Frampton et al. 1996); the E26–WT and E26–�ER proviral con-
structs (Nerlov et al. 1998); the retroviral vector pSFCV (control)
and its derivatives pNEO–GATA-1 and pNEO–GATA-ER (Fu-
erstenberg et al. 1990; Briegel et al. 1993; Kulessa et al. 1995).
The FOG expression plasmid pEF–HAFOG–PGKpuro, encoding
mouse FOG amino-terminally tagged with the HA epitope,
was kindly provided by Dr. Alice Tsang (Harvard Medical
School, Boston, MA). Its corresponding control vector (pEF–HA–
PGKpuro) was generated by excising the FOG cDNA with
BamHI.

PCR cloning

A partial chicken FOG mRNA was cloned from plasmid DNA
excised from an HD50 MEP �-Hybrizap (Stratagene) cDNA li-
brary (C. Nerlov, unpubl.) by nested PCR with primers on the
basis of homology between FOG and FOG-2 (Tsang et al. 1997;
Svensson et al. 1999; Tevosian et al. 1999). The first reaction
was performed with Pfu polymerase (Stratagene) and the degen-
erate primers 5�-GAGATCYTGGCSSAAGAT and 5�-GCGYG-
SKGCRCAGTARTA. The nested PCR was performed with Taq
polymerase (Roche) and the primers 5�-GCYACGTGCTTT-
GAGTGY and 5�-GATGTTRCARGCYTCRCA. The resulting
390-bp product was cloned into pCR2.1-TOPO using the TOPO
TA cloning kit (Invitrogen) and sequenced. Sequence alignment
using the ClustalW software showed 48% identity of the pre-
dicted amino acid sequence with murine FOG and 30% with
murine FOG-2, indicating that the clone represented chicken
FOG.

Cell lines and culture conditions

The origin of the cell lines for transfections and as sources of
RNA have been described previously as HD3 erythroblasts
(Beug et al. 1982), HD37 erythroblasts and HD57 MEPs (Metz
and Graf 1991); HD50 multipotent cells and HD57M myelo-
blasts (Graf et al. 1992), 1A1 eosinophils and 1A4 MEPs (Kulessa

et al. 1995). The HD50/4.8E line was derived from the HD50
line after treatment with 20 nM TPA and 0.1 µg/mL of iono-
mycin and subsequent subcloning, and the myeloblast line
HD50/4.8M spontaneously arose from HD50/4.8E. The
C/EBP�–ER-expressing HD57–NF-M–ER clone 3 and nonex-
pressing control clone 12 have been described (Müller et al.
1995). All cells were grown at 37°C and 5% CO2 in blastoderm
medium (McNagny and Graf 1997). Medium for HD57M,
HD50/4.8M, HD50/4.8E, and 1A1 cells was supplemented with
∼10 U/mL of recombinant chicken myelomonocytic growth fac-
tor (cMGF; Leutz et al. 1989). Q2bn fibroblasts were grown at
37°C and 5% CO2 in DMEM supplemented with 8% FBS and
2% chicken serum (GIBCO BRL).

Transfections

Transient transfections of Q2bn cells and reporter assays were
performed as described (Frampton et al. 1996) with 1 µg of
pEOS47/-152-LUC reporter and 250 ng of pRSV–�Gal plasmid
as internal reference. HD57 MEP cells and HD57M myeloblasts
were stably transfected by electroporation as described (Kulessa
et al. 1995). 1A1 cells were transfected using 2 µl of DMRIE-C
(GIBCO BRL) per 5 × 105 cells as described by the manufacturer.
Stable clones were selected in 2% Methocel (Fluka) containing
blastoderm medium with 1.6 mg/mL G418 (Geneticin, GIBCO-
BRL; for cells transfected with pNEO–GATA-1 and derivatives)
or 0.5 µg/mL puromycin (Sigma; for cells transfected with pEF–
HAFOG–PGKpuro and pEF–HA–PGKpuro). Resistant colonies
were picked 10–14 d after transfection and expanded in selective
medium. Production of and infection with recombinant E26
virus was performed as described (McNagny and Graf 1997).
C/EBP�–ER and GATA–ER fusions were induced by addition of
�-estradiol to the medium to a final concentration of 1.0 µM and
0.1 µM, respectively.

Cell staining and flow cytometry

The cells were stained with monoclonal antibodies described
earlier (MYL51/2: Kornfeld et al. 1983; c1a anti MHC II: Ewert
et al. 1984; EOS47, MEP21, MEP26: McNagny et al. 1997), and
phenotyped by indirect IF/FC on a Becton-Dickinson FACSCali-
bur. Cytospins were fixed in methanol and May-Grünwald-
Giemsa stained (Hema Gurr, BDH).

RNA preparation and Northern blotting

Total cellular RNA was prepared according to Chromczynski
and Sacchi (1987). Poly(A)-enriched RNA was made using the
Oligotex mRNA kit (Qiagen). RNA was separated on 1.2%
formaldehyde-agarose gels, transferred to Biodyne B membranes
(GIBCO BRL) by capillary blotting, and probed with cDNA la-
beled by random priming with [�-32P]dCTP (3000 Ci/mmole;
Amersham-Pharmacia) and RAD-Prime (GIBCO BRL), and pu-
rified on a Nick column (Amersham-Pharmacia). The following
cDNAs served as probes: chicken GAPDH cDNA (Dugaiczyk et
al. 1983); chicken GATA-1 (Briegel et al. 1993), mim-1 (Ness et
al. 1989), chicken C/EBP� (formerly NF-M; Katz et al. 1993),
chicken FOG (this study).

Western blotting

Cells were lysed as described (Kulessa et al. 1995), the debris
separated by centrifugation at 4°C, the extracts fractionated by
SDS-PAGE, and blotted onto a PVDF membrane (Immobilon-P,
Millipore). Blocking was in Tris-buffered saline (20 mM Tris-
HCl at pH 7.6, 137 mM NaCl) with 0.1% Tween 20 (TBS-T), and
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1% nonfat dry milk. Primary antibodies were: rabbit anti-
chicken C/EBP� (formerly anti-NF-M; Katz et al. 1993; kindly
provided by Dr. A. Leutz, Max Delbruck Center for Molecular
Medicine, Berlin, Germany) used at a 1:1000 dilution; affinity-
purified rabbit anti-Mim-1 antibody (Ness et al. 1989) (1:300
dilution), mouse anti-�-tubulin monoclonal antibody (clone
DM 1A, Sigma) (1:300 dilution), and mouse anti-HA epitope
monoclonal antibody (clone 12CA5; Roche) (1:5000 dilution).
Secondary antibodies were horseradish peroxidase-conjugated
anti-rabbit immunoglobulin and anti-mouse immunoglobulin
(Amersham-Pharmacia) as appropriate, both 1:5000 in TBS-T.
Immunodetection was performed by enhanced chemilumines-
cence (ECL, Amersham-Pharmacia) as recommended by the
manufacturer.
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