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FOG family zinc finger proteins play essential roles in development through physical interaction with GATA
factors. FOG-1, like its interacting partner GATA-1, is required for normal differentiation of erythroid and
megakaryocytic cells. Here, we have developed a functional assay for FOG-1 based on its ability to rescue
erythroid and megakaryocytic maturation of a genetically engineered FOG-1~'" cell line. We demonstrate that
interaction through only one of FOG-1’s four GATA-binding zinc fingers is sufficient for rescue, providing
evidence against a model in which FOG-1 acts to bridge multiple GATA-binding DNA elements. Importantly,
we find that distinct regions of FOG-1 differentially influence erythroid versus megakaryocyte maturation. As
such, we propose that FOG-1 may modulate the fate of a bipotential erythroid/megakaryocytic precursor cell.

GATA proteins comprise a family of zinc finger transcrip-
tion factors that recognize the DNA consensus sequence (T/
A)GATA(A/G) and play essential roles in diverse develop-
mental processes (for a review, see reference 27). GATA-1, -2,
and -3 are involved in hematopoietic development, whereas
GATA-4, -5, and -6 play roles in nonhematopoietic tissues.
GATA-1, the founding member of this family, is expressed
abundantly in erythroid, megakaryocytic, eosinophilic, mast,
and multipotential cells within the hematopoietic system (6,
36). DNA-binding elements for GATA-1 have been identified
in the promoters and enhancers of virtually all erythroid- and
megakaryocyte-specific genes studied (29, 42). Gene targeting
in mice has established that GATA-1 plays an essential role in
both erythropoiesis and megakaryopoiesis. GATA-1 knock-out
mice die at day 10.5 of gestation due to severe anemia with
arrest in erythroid maturation at a proerythroblast-like stage
(10). GATA-1" megakaryocytes hyperproliferate and fail to
complete their maturation (28, 41).

The FOG (for Friend of GATA) family of proteins com-
prises a novel class of multitype zinc finger nuclear polypep-
tides that interact physically with GATA factors and likewise
serve essential functions in development. FOG-1, the founding
member of this family, was identified through a yeast two-
hybrid screen in which the amino zinc finger of GATA-1 was
employed as bait (38). The gene for FOG-1 encodes a 998-
amino-acid polypeptide with nine predicted zinc fingers. Four
of these zinc fingers (fingers 1, 5, 6, and 9) individually are able
to mediate an interaction with GATA-1 (9). FOG-1 is ex-
pressed abundantly in erythroid and megakaryocytic cells and
coexpressed with GATA-1 during embryonic development
(38). FOG-1"/" mice die in mid-embryonic gestation (10.5 to
11.5 days postcoitum) from severe anemia with an arrest in
erythroid maturation at a stage similar to that observed with
the GATA-1" mice (37). This has provided genetic evidence
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that FOG-1 and GATA-1 function through a common pathway
in erythroid development. However, unlike the GATA-1"
mice, these mice failed to produce any megakaryocytes, sug-
gesting that FOG-1 also has a GATA-1-independent role in
early megakaryopoiesis.

Crispino et al. have shown that a point mutant of GATA-1
with reduced binding to FOG-1 fails to rescue erythropoiesis
from a GATA-1-deficient cell line (3). A similar point muta-
tion in humans leads to severe congenital dyserythropoietic
anemia and thrombocytopenia (22). Such patients have an
overabundance of abnormal megakaryocytes resembling
GATA-1- megakaryocytes. Taken together, these findings
demonstrate that a direct physical interaction between
GATA-1 and FOG-1 is critical for normal erythropoiesis as
well as late stages of megakaryopoiesis.

A second mammalian member of the FOG family (FOG-2)
is expressed predominantly in heart, brain, lung, and gonadal
tissues (33, 19, 31). FOG-2"'~ mice exhibit severe defects in
cardiac development characterized by a thin ventricular myo-
cardium, common atrioventricular valve, the tetralogy of Fallot
malformation, and defective coronary vasculature leading to
embryonic lethality (34, 32). Knock-in mice harboring a FOG
noninteracting substitution in GATA-4, one of the heart-ex-
pressed GATA factors, display a remarkably similar constella-
tion of defects (4, 18, 20, 33). Thus, interactions between mem-
bers of the FOG and GATA families are essential for multiple
developmental processes. These interactions have also been
conserved during evolution, as demonstrated by the ability of
the Drosophila FOG orthologue u-shaped to heterodimerize
with and negatively regulate the Drosophila GATA factors
pannier and serpent (5, 8, 11).

While a FOG-GATA interaction is critical for many GATA
factor activities, the mechanism behind this requirement re-
mains unknown. Here, we have developed a cellular assay for
FOG-1 function based on the ability of retrovirally expressed
FOG-1 to rescue erythropoiesis and megakaryopoiesis from a
bipotential FOG-1"/~ hematopoietic cell line. We have ex-
ploited this assay for structure-function analysis of FOG-1. We
demonstrate that interaction with GATA-1 through a single
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GATA-binding zinc finger is sufficient for rescue activity, dis-
favoring a simple model in which FOG-1 acts to bridge mul-
tiple GATA-binding DNA elements. Importantly, we show
that distinct domains of FOG-1 differentially influence ery-
throid versus megakaryocytic maturation. Based on these find-
ings, we propose that FOG-1 may modulate the fate of a
bipotential precursor cell to differentiate along an erythroid or
megakaryocytic pathway.

MATERIALS AND METHODS

Fluorescein isothiocyanate- or phycoerythrin-conjugated anti-murine CD34,
c-Kit, TER-119, CD41, Mac-1, Gr-1, and CD19 were purchased from BD
PharMingen, Inc. Antihemagglutinin (anti-HA), anti-GATA-1 (N6), and anti-
FOG-1 (A-20) antibodies were purchased from Santa Cruz Biotechnology, Inc.
Preparation of anti-FOG-1 antisera has previously been described (38). All
chemical reagents were purchased from Sigma Co. (St. Louis, Mo.) unless spec-
ified otherwise. The NIH 3T3 hph-HOXI11 retroviral producer cell line was a
generous gift from Robert Hawley.

Generation of FOG-1""" cell line. The generation of FOG-1"/~ embryonic
stem (ES) cells has already been described (37). Hematopoietic in vitro differ-
entiation of the FOG-1"/" ES cells was performed based on previously described
procedures (15). Briefly, gel-adapted FOG-17/~ ES cells were grown to about 25
to 50% confluency in IMDM containing 15% preselected fetal calf serum, 100-
U/ml penicillin-streptomycin, 12-pl/liter monothioglycerol, and 1,000-U/ml leu-
kemia inhibitory factor. The cells were trypsinized, and 5 x 10* cells were plated
into each of three 100-mm petri dishes containing 10 ml of differentiation
medium (IMDM, 7.5% fetal calf serum [HyClone], 7.5% plasma-derived serum,
2 mM glutamine, 0.004% [vol/vol] monothioglycerol, 50-p.g/ml ascorbic acid, 5%
protein-free hybridoma medium, 100-U/ml penicillin-streptomycin, 5-ng/ml in-
terleukin 11 [IL-11], 50-ng/ml kit-ligand). The cells were incubated for 7 days at
37°Cin 5% CO, without a change of media. The resulting embryoid bodies were
pooled and disaggregated by treatment with trypsin-EDTA and passage through
a 20-gauge needle. The disaggregated cells were cocultivated with irradiated
(3,000 rads) 90 to 100% confluent NIH 3T3 hph-HOXI11 retroviral producer
cells in 100-mm tissue culture dishes containing 10 ml of infection medium
(IMDM, 15% fetal calf serum [FCS], 100-U/ml penicillin-streptomycin, 2 mM
glutamine, 10-ng/ml IL-3, 2-ng/ml IL-6, 5-ng/ml IL-11, 50-ng/ml kit-ligand for 3
days at 37°C in 5% CO, (12). The cells growing in suspension were plated into
methylcellulose containing 15% FCS and 10-ng/ml IL-3 at low density. Well-
separated clones were picked, expanded, and maintained in FOG-1"/" growth
medium (IMDM, 15% FCS, 100-U/ml penicillin-streptomycin, 2 mM glutamine,
10-ng/ml IL-3) at 37°C in 5% CO..

Immunophenotyping of FOG-1~'~ cells. FOG-1"/" clone 4 cells were immu-
nostained following standard procedures using fluorescein isothiocyanate- or
phycoerythrin-conjugated anti-murine CD34, c-Kit, Ter119, CD41, Macl, Gr-1,
CD19, or isotype-matched control antibody. The cells were washed in phosphate-
buffered saline and analyzed on a FACScalibur flow cytometer. The percentage
of fluorescent cells was calculated using FACscan software.

Histocytochemistry. Cells (0.5 X 10° to 1 X 10°) were washed three times in
phosphate-buffered saline, cytocentrifuged, and stained for either hemoglobin
(24) or acetylcholinesterase (AChE) (14) as previously described. For each
sample, >1,000 cells were evaluated for benzidine or AChE activity, respectively.

Western blot analysis. Nuclear extracts were prepared from the cells as pre-
viously described (1). Between 7.5 and 30 pg of total protein (determined by
Bio-Rad microassay; catalog no. 500-0006) was electrophoresed on 7.5% poly-
acrylamide gels and transferred to nitrocellulose following standard procedures.
The blots were probed with anti-murine FOG-1 polyclonal antisera (1:1,000
dilution) (38), anti-murine FOG-1 (A-20) (1:1,000 dilution), anti-HA (1:1,000
dilution), or anti-murine GATA-1 (N6) (1:500 dilution) antibodies, washed ex-
tensively in Tris-buffered saline—0.05% Tween 20, incubated with horseradish
peroxidase-conjugated anti-rabbit immunoglobulin G (IgG), anti-rat IgG, or
a-goat IgG antibodies, and developed using the ECL detection system (Amer-
sham).

Northern blot analysis. Total RNA was isolated from FOG-1""/" cells 8 days
after infection with retrovirus (6 days after sorting for green fluorescent protein
[GFP]) using Trizol reagent following the manufacturer’s instructions (Gibco-
BRL). RNA (20 pg of total RNA/lane) was fractionated on 1% agarose-form-
aldehyde gels, transferred to Hybond-C extra (Amersham Life Science) mem-
branes, and hybridized to the appropriate radiolabeled cDNA probes.
Quantitation was performed using a phosphorimager (Molecular Dynamics).
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FOG-1 mutant construct cloning. Each FOG-1 construct was cloned into the
murine myeloproliferative (MMP) retroviral vector (17) between the viral ATG
and an internal ribosome start site (IRES)-GFP element. The 5’ ends of all
constructs are identical, with an HA tag immediately following the viral ATG. All
recombinant DNA work was done using standard techniques. Each cloning
junction and region cloned by PCR (with Pfu [Stratagene]) was sequenced.
Details of plasmid constructions and oligonucleotide sequences are available
upon request.

Production of high-titer retroviruses. Vesicular stomatitis virus G protein-
pseudotyped retroviral particles were generated via transient transfection of the
stable packaging cell line 293 GPG and concentrated by centrifugation as pre-
viously described (25). Standard precautions were taken in handling the retro-
viral supernatants, and all media and instruments that were in contact with the
supernatants were treated appropriately to inactivate viruses.

Retroviral infection, sorting, and culture of the FOG-1=/~ cells. FOG-1"/~
cells (107) were incubated with the appropriate retroviral supernatants at a
multiplicity of infection of approximately 2 to 3 in FOG-1"/~ growth medium
containing 8 pg of Polybrene/ml for 2 h at 0°C followed by 4 h at 37°C in 5% CO,.
The cells were washed and incubated in FOG-1"/~ growth medium for 2 days.
GFP+ cells were isolated by two sequential rounds of fluorescence-activated cell
sorting (FACS) using a Beckman-Coulter high-speed sorter. Analysis of the final
sorted cells demonstrated that they were typically >98% GFP+. The sorted cells
were centrifuged and resuspended in 5 ml of FOG-17/~ growth medium con-
taining 2-U/ml human erythropoietin and 1% (vol/vol) recombinant human
thrombopoietin tissue culture supernatant (39). The cells were incubated for 6
days at 37°C in 5% CO, and expanded as necessary when the media changed to
an orange color (typically on the third day after FACS).

Semiquantitative RT-PCR. Total RNA was isolated from 2 X 10° cells 6 days
after sorting for GFP expression using Trizol reagent and following the manu-
facturer’s instructions. cDNA was prepared by incubating the RNA with mouse
mammary tumor virus reverse transcriptase (MMTV-RT) in 1X reaction buffer
(Gibco-BRL), nucleotides, cloned RNase inhibitor (Promega), and oligo dT)5 at
42°C for 1 h in a total volume of 40 pl. PCRs were performed with 2 ul of the
cDNA preparation using Taq polymerase, nucleotides, [**P]dCTP, and hypoxan-
thine phosphoribosyl transferase (HPRT) (5'-CACAGGACTAGAACACCTG
C-3'" and 5'-GCTGGTGAAAAGGACCTCT-3'), and von Willebrand factor
(VWF) (5'-CCTTCAATGGATCCCAGTCCAAGGAGGAGG-3' and 5'-GTTC
TAGACTCAAGCTTCTGGATCTGTGTG-3') oligonucleotides (23) and 0.5 .l
of Perfectmatch (Stratagene) in a total volume of 50 wl in 0.2-ml thin-walled
PCR tubes. The tubes were heated at 95°C for 3 min and then cycled for 1 min
at 94°C, 1 min at 55°C, and 1.5 min at 72°C. After 18, 20, 22, 24, and 26 cycles,
5-ul aliquots were removed and stored at 4°C. The samples were electrophoresed
on 6% polyacrylamide gels, dried, and exposed to Kodak Bio-max film. Quan-
titation was performed using a PhosphorImager (Molecular Dynamics).

RESULTS

Generation of FOG-1"' cell line. To develop a cell-based
assay of FOG-1 function, we first generated a hematopoietic
cell line lacking expression of FOG-1 (outlined in Fig. 1A).
Murine FOG-1"/" ES cells were differentiated in vitro to pro-
duce hematopoietic progenitor cells (15, 37). After 7 days of
primary differentiation, embryoid body cells were immortal-
ized by retroviral expression of HOX-11. Cells were cloned in
methylcellulose. A single, representative clonal line was chosen
for further studies (hereafter referred to as FOG-1"'" cells).

FOG-1""" cells are 1L-3 dependent and grow in continuous
suspension culture as either single cells or clusters with a dou-
bling time of ~36 to 48 h. As expected, FOG-1 is not detected
in nuclear extracts of these cells by immunoblotting, whereas
GATA-1 is expressed and stable (Fig. 1B). FOG-1""" cells
exhibit primitive morphology with irregularly lobulated nuclei,
prominent nucleoli, and basophilic cytoplasm (Fig. 1C, panel
a). Many cells display cytoplasmic blebbing at their cell borders
and contain cytoplasmic vacuoles and violaceous granules. On
immunophenotyping, FOG-1"" cells express the progenitor
surface marker c-kit, the early erythroid marker Ter-119, and
the megakaryocytic marker CD41 (GP IIb) but only weakly



4270 CANTOR ET AL. MoL. CELL. BIOL.

A . diﬁErggtﬁoatigi ‘ HOX-11 :.: :. /' ®
[ ] \

FOG-1 -/- Embrg;’aid Immortalized ’
ES Cell Bo Hemgte".zlfsomtlc Cell Lines
§ 8
D
= I
B : = C FOG-- +FOG-1  + Vector
CREGCENG] L
28 ¢ "a°"4’0i‘“*‘- -
== -FOG .“ e ."’
- E s ey e ' o, o
- a-GATA-1 ® of o "N e
- ‘ T »! X9
;3, " P -
il r ek ’
Je Lo ¢
o 5 . g L a5 R
D w BT B N F.g,fdft ’?ff"hk'_‘ P
©38 5 L g Ak '
= L Q) ' 4 . "»:"‘ v 9
B @ b ORI & A 3 h
lobin B LS " | - y )
fold e b Ly S BT 5 o .
increase ™ T ©@ o ey - - o
@ e > vl . _
& band3 2 - . "~ " -~ "
il [t f i
Saabanan (-actin -
+V8%tor mg
E +FOG _ +Control _ F Y 40 ,:.;0.8
o T 4#PCR go 30 F 605
PRYIRE PRYIKR CYCLES gg 20 Q 504
’_
- - <« VWF ';ga 10 - gO.Z s
- s88 <« HPRT O o B
=
2 4 6 8 n 2 4 6 8
DAYS (post sort) ©) DAYS (post sort)

FIG. 1. FOG-1-mediated rescue of erythroid and megakaryocytic terminal maturation of a FOG-1"/~ hematopoietic cell line. (A) Schematic
depiction of derivation of the FOG-17/" cell line. (B) Western blot analysis of nuclear extracts from uninfected FOG-1"" cells or FOG-1""" cells
infected with vector alone or FOG-1 cDNA packaged retroviruses. The blots were probed with a polyclonal antibody against FOG-1 and then
stripped and reprobed with an antibody against GATA-1. (C) Comparison of the morphology of uninfected FOG-1"/" cells (a, b, and ¢) with those
infected with retroviruses encoding FOG-1 cDNA (d, e, and f) or vector alone (g, h, and i) by May-Grunwald-Giemsa (MG/G) staining (a, d, and
g), benzidine (BZD) (o-dianisodine) staining (b, e, and h), or AChE staining (c, f, and i). Hemoglobinized cells stain a dark brown color with BZD,
and megakaryocytes develop an orange color with AChE staining. Small and large arrows indicate maturing erythrocytes and megakaryocytes,
respectively, in panel d. Original magnification, X1,000 (panels a, d, and g) or X400 (remaining panels). (D) Northern blot analysis for erythroid
markers B-globin and band 3 from retrovirally infected cells. The cDNA encoding a GFP/Cre fusion was used as a negative control. The fold
increase in the signal compared to the uninfected FOG-1""" cells and normalized to the B-actin loading controls is shown below each panel.
(E) Semiquantitative RT-PCR analysis for the megakaryocyte marker vWF or ubiquitously expressed HPRT in cells rescued with FOG-1 cDNA
or a control plasmid (GFP/Cre fusion). (F). Time course of erythroid and megakaryocytic maturation of rescued cells transduced with vector
(shown in red) or FOG-1 (shown in blue). The percentages of BZD+ cells and total AChE enzymatic activity (normalized to uninfected cells) are
indicated. Day zero of the time course represents the day the cells were sorted for GFP expression (2 days following retroviral infection). The
results represent those of two independent experiments. OD 414 nm, optical density at 414 nm.
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express the granulocyte/macrophage markers Gr-1 and Mac-1;
the progenitor marker CD34 and the B lymphoid marker
CD19 are not detectable (data not shown). RT-PCR analysis
demonstrated the presence of mRNA transcripts for the he-
matopoietic factors GATA-1, GATA-2, EKLF, NF-E2 p45,
and PU.1 (data not shown).

In contrast to early markers of erythroid/megakaryocytic
lineage cells, practically no expression of mature erythroid or
megakaryocytic markers was detected. Only 0.6% * 0.1% of
the cells stained positively with benzidine (o-dianosidine), a
reagent that identifies hemoglobinized cells (Fig. 1C, panel b).
Northern blot analysis failed to detect significant amounts of
mRNA transcripts for either B-globin or the erythroid mem-
brane anion transporter, band 3 (Fig. 1D). Likewise, histo-
chemical and RT-PCR analysis failed to detect significant ex-
pression of the megakaryocyte marker AChE (Fig. 1C, panel c)
or vWF (Fig. 1E, control panel), respectively. Based on these
data, we conclude that the FOG-1""" cells represent hemato-
poietic cells of the erythroid/megakaryocytic lineage arrested
in their terminal maturation at a precursor stage.

Retroviral expression of FOG-1 rescues erythroid and
megakaryocytic terminal differentiation. To validate use of the
immortalized FOG-1"/" cells for functional studies, we in-
fected cells with FOG-1-expressing retrovirus and assessed ter-
minal maturation. The FOG-1 cDNA followed by an IRES and
the cDNA encoding GFP was inserted into an MMP-based
retroviral vector (17). High-titer retroviral supernatants were
generated using a vesicular stomatitis virus glycoprotein pack-
aging cell line. Two days following infection, GFP-expressing
cells were isolated by two sequential rounds of FACS to re-
cover cells that were >98% GFP+ (data not shown). GFP+
cells were then incubated in growth medium containing
IMDM, 15% FCS, IL-3, erythropoietin, and thromobopoietin.
A progressive increase in the percentage of benzidine-positive
cells was observed, reaching a maximum of 35 * 3.9% on day
5 following FACS (Fig. 1C, panel e, and Fig. 1F). This corre-
lated with the appearance of maturing erythroid cells (Fig. 1C,
panel d, small arrow) and 33- and 86-fold increases in the
mRNA levels for 3-globin and band 3, respectively (Fig. 1D).
FOG-1 protein was readily detected in the rescued cells by
Western blot analysis using an anti-FOG-1 antibody (Fig. 1B).
In contrast, only 0.8% = 0.6% of cells infected with vector
alone containing retrovirus stained with benzidine after 5 days
of culture, and these cells lacked morphological evidence of
maturation (Fig. 1C, panels g and h, and Fig. 1F) or significant
accumulation of B-globin or band 3 mRNA transcripts (Fig.
1D). Cells rescued with a control nuclear protein (a fusion
protein between GFP and Cre recombinase) also failed to
undergo significant terminal erythroid maturation (Fig. 1D).
After 5 days of culture, the percentage of benzidine-positive
cells from the rescued FOG-1"'" cells declined, likely repre-
senting overgrowth of the culture from nondifferentiating cells
(Fig. 1F).

Total AChE enzymatic activity from the pool of cells rescued
with FOG-1, but not the vector alone, also increased progres-
sively over the course of the incubation, reaching a maximum
level 3 days following FACS (Fig. 1F). This correlated with the
appearance of large cells with multilobed nuclei and cytoplas-
mic AChE staining consistent with mature megakaryocytes
(maximum, 13% = 1.6%) (Fig. 1C, panels d [large arrow] and
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f). The rescued cells also accumulated mRNA transcripts for
the megakaryocyte-specific marker VWF to levels 30-fold
greater than those for controls (Fig. 1E). Taken together, these
data indicate that the FOG-1"'" cell line represents an ery-
throid/megakaryocytic bipotential precursor cell blocked in its
terminal maturation in a FOG-1 dependent manner.

A FOG-1-GATA interaction is required for rescue of the
FOG-17'" cell line. GATA-1 requires a physical interaction
with FOG-1 in order to serve its essential function in erythro-
poiesis and late megakaryopoiesis (3, 22). We therefore exam-
ined whether FOG-1’s ability to rescue erythroid and
megakaryocyte terminal maturation of the FOG-1""" cell line
likewise requires interaction with GATA-1. Four of FOG-1’s
nine zinc fingers (fingers 1, 5, 6, and 9) can individually mediate
a physical interaction with GATA-1 (9). These interactions
depend on a critical tyrosine residue immediately preceding
the final cysteine in each of their zinc fingers. Substitution of
alanine for this tyrosine markedly impairs each finger’s ability
to bind GATA-1 (9).

To test dependence of erythroid and megakaryocytic matu-
ration on FOG-1-GATA-1 interaction, we expressed a mutant
form of FOG-1 containing tyrosine-to-alanine substitution in
all four GATA-binding zinc fingers (m1,5,6,9). This mutant
failed to rescue terminal erythroid maturation of the FOG-
17/~ cells (Fig. 2B, panels a to c). Only 2.0% * 0.7% of the
cells became benzidine positive, which was similar to the level
obtained with viruses generated from the vector alone or GFP/
Cre control constructs (0.6% = 0.1% and 2.2% = 0.3%, re-
spectively), compared to 26% * 1.2% of the wild-type FOG-1
rescued cells. Similarly, levels of mRNA transcripts for B-glo-
bin or band 3 were minimally increased compared to wild-type
rescue (Fig. 2C). Western blot analysis confirmed that the
m1,5,6,9 construct was expressed at least as well as the wild-
type molecule (Fig. 2F), and indirect immunofluorescence
demonstrated appropriate nuclear localization (data not
shown). These data provide evidence that a direct physical
interaction between FOG-1 and a GATA factor is necessary
for FOG-1-mediated erythroid rescue of the FOG-1"/" cells.

Comparison of the phenotypes of FOG-1 and GATA-1
knock-out mice indicates that FOG-1 plays a GATA-1-inde-
pendent role in early megakaryopoiesis (37). To test this
model, we examined the ability of the m1,5,6,9 molecule to
rescue megakaryocyte differentiation. Surprisingly, this mole-
cule failed to rescue megakaryocyte maturation any better than
erythroid development. (Fig. 2B, panels h to j, and Fig. 2D and
E). These data imply that FOG-1 requires an interaction with
a GATA factor for its role in early megakaryopoiesis, but this
presumably occurs through a GATA factor other than
GATA-1 (see Discussion, below).

Mutant FOG-1 molecules capable of binding to GATA-1
through only a single zinc finger can rescue both erythropoi-
esis and megakaryopoiesis. The cis-acting regulatory regions
of many erythroid and megakaryocytic-specific genes contain
multiple GATA-binding sites, often situated in both promoter
and enhancer elements and at considerable distance from each
other (27, 42). The presence of multiple GATA-binding fingers
in FOG-1 suggests that it might act as a molecular bridge
between these elements, bringing regulatory elements into
proximity of the promoter region through a DNA looping
mechanism. To examine this model, we expressed various



A v Ty c

m 1,5,6,9
m 5,6,9
m 1,6,9
m 1,5,9
m1,5,6

S
ms,e9 MMy B “ p-globin

foldincrease ~ S ~3 & 2+

m1,5,6 dmnjx]]]]]] ® 8% pand3

T oOWwoMmhkN
-

T3] < o™
Benzidine % AChE % m g-actin
' -

3
o
=
w
Vector

S 2 2
3] 0.6 + .09 ?’- D
1]
3 a
-l % LUE
IR 2% b o 62195
Vo s 2% o '’ <5172
E'NSAYEIS 26112 YOG " 13216 w3y
£ ..;-. x - X N ':—:LIJ 0.8
e b i 5%8'2
o ¥¢ Eﬁo.z
o]
) 20407 . 13405 5 = = o I
E® | i 8% Vi = =
c J E > — E E E E
T BB 3 =
R N (S o 80
B S0 AN 20:17 [ S ANPYAT 39101 T WT
E Adanig &, it 5 us o9
s .. d g S8 40 m1,5,9
& N AP . L] Ly = * e = msrslg
S TR o P " ol S8 20 m1,6,9
< * 25464 a‘__é‘a.'-':ag S 51408 u;.&’, m1eg
o o “’ e ! E e’
" e 5% 1 * W P8 2 A
# PCR CYCLES
=». #
S‘ L 12127 = g’m o o ©
E b S Yo duy
L = S EEEEEE
..'- o e gmes e o-HA

29+0.6

m1,5,6

FIG. 2. GATA-binding requirements for FOG-1-mediated rescue of erythropoiesis and megakaryopoiesis. (A) Schematic representation of
mutant FOG-1 constructs. Darker shaded boxes represent GATA-binding zinc fingers. Black diagonal lines indicate substitution of alanine for the
tyrosine residue that immediately precedes the final cysteine of each zinc finger structure. (B) Benzidine and AChE stains of FOG-1"/" cells
rescued with each of the mutant constructs. Original magnification, X400. (C) Northern blot analysis for B-globin and band 3 from the FOG-1"/~
cells rescued with each of the mutant constructs. The fold increase in signal for each construct relative to the vector-alone control and normalized
to the B-actin samples is shown below each panel. (D) Total AChE enzymatic activity from cells rescued with each of the mutant constructs. Total
ACHE activity was measured in triplicate from 5 X 10° of the rescued cells. Basal activity measured from uninfected FOG-1"'" cells was subtracted,
and the data are displayed relative to the wild-type construct. (E) Semiquantitative RT-PCR analysis of cells rescued with each of the mutant
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products were separated by polyacrylamide gel electrophoresis, and the labeled bands were quantified using a PhosphorImager. The data are
displayed as vWF signal normalized to the HPRT control signal. (F) Western blot analysis of rescued cells for expression of mutant constructs.
Nuclear extracts were prepared from a portion of the rescued cells 1 day after sorting for GFP expression. Equivalent amounts of total protein
were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotted with an anti-HA antibody.
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FOG-1 molecules containing the tyrosine-to-alanine substitu-
tions (as described above) in three of four GATA-binding zinc
fingers and examined their ability to rescue the FOG-1""~
cells. As shown in Fig. 2, several combinations of triple mutants
were able to rescue both erythroid and megakaryocyte termi-
nal differentiation to levels considerably above those attained
by the quadruple mutant (m1,5,6,9). The m5,6,9 mutant, which
leaves only zf1 available for binding to GATA-1, rescued ery-
throid differentiation as well as the wild type (Fig. 2B, panels b
and d, and C). The m1,5,9 molecule, which leaves only zf6
available for binding to GATA-1, was also highly active in
rescue of megakaryocyte differentiation (Fig. 2D and E). With
only a single, intact GATA-binding zinc finger available, bridg-
ing of two GATA-binding DNA elements by these molecules
would not be possible. Therefore, these findings provide evi-
dence against a simple DNA looping model of FOG-1’s mech-
anism of action.

Although each of the triple mutants rescues FOG-1""" cells,
significant differences were observed among the mutants. In-
teraction through either zfl or zf6 led to more substantial
rescue, in general, than interaction through either zf5 or zf9;

zf5 (m1,6,9) exhibited intermediate activity, whereas zf9
(m1,5,6) was less active (Fig. 2). This indicates that interactions
through different GATA-binding zinc fingers of FOG-1 are not
functionally equivalent.

Lack of essential domain of FOG-1 outside of its GATA-
binding zinc fingers required for rescue of erythroid matura-
tion. As a cofactor for GATA-1, FOG-1 might recruit tran-
scriptional activators to the GATA-1-DNA complex through
interaction with a specific protein domain. To examine this
possibility, we tested deletion mutants of FOG-1 spanning the
entire molecule for rescue activity. As shown in Fig. 3, no
region (other than a GATA-binding zinc finger) is strictly
required for rescue activity of erythroid differentiation (as as-
sessed by the production of benzidine-positive cells). Even the
construct with the lowest activity (AF2-4, AF7-C) rescued
erythropoiesis ~15-fold above vector alone and 5-fold above
the m1,5,6,9 construct. The instability of expressed single
FOG-1 fingers (or single fingers fused to a control nuclear
protein) has precluded the assessment of whether a simple
interaction between FOG-1 and GATA-1 is sufficient for pro-
moting erythroid maturation.
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FIG. 4. Amino terminus of FOG-1 is required for rescue of terminally differentiated megakaryocytes. (A) Schematic representation of
constructs. (B) AChE stains of FOG-1""" cells rescued with the mutant FOG-1 constructs. Original magnification, x600. (C) Fold increase in the
number of AChE+ cells compared to the wild type for each of the constructs. The data have been categorized for small, medium, and large cells.
(D) Semiquantitative RT-PCR for vVWF mRNA from FOG-1"/" cells rescued with each of the mutant constructs. The data have been normalized
to the HPRT controls included in each sample. (E) Western blot analysis from nuclear extracts prepared from FOG-17/" cells rescued with the
different N-terminal deletion constructs using an antibody directed against the C terminus of FOG-1 (Santa Cruz Biotechnology; A-20) (right
panel) or the HA epitope (left panel). Equivalent amounts of total protein were loaded into each lane for sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. The migration of molecular mass standards is indicated. (F) Percentage of benzidine-positive cells from FOG-1"'" cells
rescued with each of the mutant constructs. Error bars represent = standard error of the mean. (G) Northern blot analysis for 8-globin and band
3 mRNAs from FOG-1"/" cells rescued with each construct. The fold increase in signal (after normalization to the B-actin control) relative to
vector alone is shown beneath each panel.

Deletion of an amino-terminal region impairs FOG-1’s abil-
ity to rescue terminal megakaryocyte maturation. In contrast
to the lack of an essential domain required for erythroid res-
cue, deletion of the amino terminus of FOG-1 markedly im-
paired ability to rescue terminal megakaryocyte maturation.
Expression of a construct lacking amino acids 1 to 254 (AN
254) led to a fivefold increase in the number of AChE-positive

cells compared to the wild-type construct (Fig. 4A to C). Yet,
the resulting cells were small, lacked multilobulated nuclei,
exhibited a nuclear AChE staining pattern, and contained
about fivefold fewer mRNA transcripts for the terminal mat-
uration marker vWF than megakaryocytes rescued with the
wild-type construct (Fig. 4B, panels b and ¢, and D). Similar
findings were observed with a construct lacking amino acids 1



VoL. 22, 2002

to 144 (AN 144) (Fig. 4A to C), further localizing this activity
to the extreme amino terminus of FOG-1. The differences in
rescue activity were not due to differences in expression levels
as determined by Western blot analysis (Fig. 4E). Remarkably,
these deletions had no appreciable effect on rescue of ery-
throid maturation (Fig. 4F and G).

Deletion of zfl to zf4 enhances FOG-1’s ability to rescue
terminal megakaryocyte but not erythroid maturation. In the
course of our deletional analysis of FOG-1, we observed that
the deletion of zinc fingers 1 to 4 (amino acids 257 to 384) of
FOG-1 led to enhanced rescue of megakaryocyte maturation.
As shown in Fig. 5B (panels b and c), the number of AchE-
positive cells rescued with the AF1-4 versus the wild-type con-
struct was enhanced (42% = 2.0% versus 13% * 1.2%); in
addition, many of these cells were large and, hence, mature in
appearance. This correlated with a 2.3-fold = 1.2-fold increase
in total AchE enzymatic activity and ~2-fold increase in the
number of VWF transcripts (Fig. 5D and E). Again, these
differences were not related to expression levels of the variant
FOG-1 molecules (Fig. 5C). In the same transduction experi-
ments the extent of erythroid rescue by these contructs was
indistinguishable from that with wild-type controls, either in
terms of benzidine-positive cells (24% * 2.0% versus 26% =
1.2% for AF1-4 and wild type, respectively) or mRNA tran-
scripts for B-globin and band 3 (Fig. SF). Thus, the effects of
N-terminal deletions of FOG-1 appear to be lineage restricted.

To define further the domain responsible for enhanced
megakaryocyte rescue, we also evaluated constructs lacking zf1
or zf2 to zf4 by themselves (Fig. 5A). Zinc fingers 2 to 4 were
treated as a single domain since these are closely-spaced,
C,H,-type zinc fingers and likely function as a unit. As shown
in Fig. 5D and E, these deletions yielded only very modest
effects. We conclude, therefore, that zf1 and zf2 to zf4 may act
synergistically to restrict FOG-1’s activity in rescuing
megakaryopoiesis.

DISCUSSION

Lineage-specific transcription factors play essential roles in
hematopoiesis, as in many other developmental systems. In
addition to their DNA interactions, protein-protein interac-
tions of these factors modulate positive or negative functions
(26). Here, we have developed an in vivo functional assay for
the essential GATA-1 cofactor FOG-1 and have used it to
probe FOG-1’s activity in promoting erythroid and megakaryo-
cytic differentiation pathways. Our results tend to disfavor a
model in which FOG-1 acts as a molecular bridge between
multiple GATA DNA-binding sites found in the cis-acting
regulatory sequences of erythroid and megakaryocytic genes.
We observe, however, that distinct subdomains of FOG-1 dif-
ferentially modulate its ability to rescue erythroid versus
megakaryocytic differentiation in this assay. These findings
provide new insight into the complexity of lineage control by
GATA-1 and FOG-1 and suggest that precise features of their
interaction determine the developmental fate of a bipotential
erythroid/megakaryocytic precursor cell.

Generation of immortalized cell lines from gene-targeted
murine ES cells. Rather than relying on artificial cellular con-
texts in which to examine the contribution of FOG-1 to
GATA-1’s transcriptional activities, we sought to develop a
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cellular rescue assay for erythroid and megakaryocytic differ-
entiation. To this end, we employed retrovirally expressed
Hox-11 to immortalize hematopoietic progenitors (12, 13) gen-
erated in vitro from FOG-1"'" ES cells. Hox-11-immortalized
cells retain characteristics of distinct lineages, including some
with multipotentiality (16). Moreover, Hox-11-transformed
cell lines retain growth factor dependency and some capacity
to spontaneously differentiate. These properties warrant the
use of Hox-11-immortalized cells for functional analysis, such
as that described here.

Requirement for a FOG-1:GATA interaction. Prior evidence
establishes a critical role for direct physical interaction of
FOG-1 with GATA-1 in both erythroid and megakaryocytic
differentiation. GATA-1 mutants with reduced affinity for
FOG-1 fail to rescue erythroid terminal maturation of
GATA-1" cells (3). Moreover, Nichols et al. have recently
reported a family with congenital dyserythropoietic anemia
and thrombocytopenia whose affected members harbor a sim-
ilar missense mutation in their GATA-1 gene (22). In the
present study, we have examined the converse question: does
FOG-1 require a GATA factor interaction for its activity in
erythropoiesis and megakaryopoiesis?

A FOG-1 mutant with reduced affinity for GATA-1 (by
substitution of alanine for a key tyrosine residue present in
each of the four GATA-binding zinc fingers [m1,5,6,9]) failed
to rescue terminal erythroid maturation of the FOG-1""" cells.
Though one might argue that this effect is due to changes in the
molecule unrelated to the loss of interaction with GATA-1, we
believe this is unlikely since mutant FOG-1 molecules contain-
ing three of the substitutions in all combinations (m5,6,9,
m1,6,9, m1,5,9, and m1,5,6) retained activity. Our data further
support a model in which direct physical interaction between
GATA-1 and FOG-1 is critical for erythroid maturation.

In vitro and in vivo studies have shown that GATA-1 plays
an essential role relatively late, rather than early, in mega-
karyocytic development (28, 41). GATA-1 megakaryocytes hyper-
proliferate and express the early marker AChE but fail to un-
dergo proper endomitosis or express normal levels of terminal
megakaryocyte markers (41). In contrast, megakaryopoiesis is
absent in FOG-1""" mice (37). Based on these observations, it
has been proposed that FOG-1 serves a GATA-1-independent
role in early megakaryopoiesis (37). Surprisingly, however, we
find that a mutant FOG-1 molecule with impaired binding to
GATA-1 (m1,5,6,9) also fails to rescue even early megakaryocytic
cells (no AChE-positive cells). This finding implies that FOG-1
requires interaction with another GATA factor in early
megakaryopoiesis. A possible candidate is GATA-2, which is
highly expressed in multipotential hematopoietic cells and early
megakaryocytes (21, 40). Prior work indicates, though, that
GATA-2 is dispensable for megakaryocyte formation (35).
Hence, it remains possible that GATA-1 and GATA-2 play over-
lapping FOG-dependent roles in early megakaryopoiesis. Studies
are currently under way to test this hypothesis.

Models of FOG-1’s mechanism of action. Virtually all eryth-
rocyte- and megakaryocyte-expressed genes contain GATA
DNA-binding sites in both their promoters and enhancer ele-
ments (27). Since a single FOG-1 molecule can potentially
bind more than one GATA-1 molecule, FOG-1 might function
as a molecular bridge between distant GATA-1-DNA com-
plexes (9). This could bring distal enhancer elements into prox-
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FIG. 6. Models of FOG-1’s lineage-selective roles in erythropoiesis and megakaryopoiesis. Model for the lineage-selective effects of distinct
regions of FOG-1. For erythroid differentiation, a simple interaction between GATA-1 and FOG-1 is both necessary and sufficient to drive
erythroid maturation from a bipotential precursor cell. For megakaryocytic differentiation, activity provided by the amino terminus of FOG-1
(shown in magenta), in addition to an interaction with GATA-1, is required. Further complex control serving to restrict megakaryocyte
differentiation may be provided by interaction between an unknown factor (shown in green) and zinc fingers 1 to 4 of FOG-1.

imity of the promoter through DNA looping, a mechanism
invoked in models of enhancer-promoter interactions (for a
review, see reference 2). Our data tend to argue against this
model of FOG-1’s action in its simplest form in that mutant
FOG-1 molecules capable of binding only a single GATA-1
molecule rescue erythropoiesis and megakaryopoiesis nearly as
well as the wild-type FOG-1 (Fig. 2). Although it is possible
that the tyrosine-to-alanine substitutions do not completely
disrupt the FOG-1-GATA-1 interaction, we feel that this is an
unlikely explanation, since a FOG-1 mutant containing substi-
tutions in all four GATA-binding zinc fingers is virtually inac-
tive. Looping mediated by FOG-1 might yet occur if FOG-1
proteins were to dimerize. At present, there are no data in
support of this possibility.

We then began to explore other possible mechanisms by
which FOG-1 might influence GATA-1 function. Previously
we hypothesized that FOG-1 either provides a transactivation
function itself or recruits a transactivator to the GATA-1-
DNA complex (43). According to this model, one would an-
ticipate being able to define specific domains, other than the
zinc fingers themselves, required for FOG-1 function. In con-
trast, however, we observe that no domain (other than a
GATA-binding zinc finger) is required for rescue of terminal
erythroid maturation. Although it is conceivable that this
merely reflects functional redundancy in the molecule, we con-
sider this possibility unlikely given the extensive and overlap-
ping deletions tested. In addition, the degree of amino acid
sequence conservation between FOG-1 and FOG-2 outside of

the zinc fingers is relatively low, yet FOG-2 rescues erythroid
maturation of the FOG-1""" cell line (33).

These findings suggest an alternative possibility—that is,
physical interaction between FOG-1 and GATA-1 is by itself
sufficient to activate GATA-1. The instability of single FOG-1
zinc finger polypeptides in the FOG-1""" cells precludes a
present test of this model. If direct interaction were sufficient,
how could the binding of FOG-1 to GATA-1 influence GATA-
1’s function? One possibility is that binding by FOG-1 elicits an
allosteric change in GATA-1 such that its transcriptional ac-
tivity is enhanced. Alternatively, FOG-1 might displace or pre-
vent a transcriptional corepressor molecule from binding to
GATA-1. Indirect support for the latter model might be sug-
gested by the earlier work of Evans and Felsenfeld, who re-
ported that GATA-1’s transcriptional activity is dampened in
erythroid cells compared to activity in nonhematopoietic cells
().

Lineage selectivity mediated by different domains of FOG-1.
Erythroid and megakaryocytic cells are thought to arise from a
common bipotential precursor cell, but the molecular mecha-
nism(s) underlying this cell fate decision remains unknown
(29). The ability of exogenously expressed FOG-1 to rescue
both erythroid and megakaryocytic terminal maturation of
FOG-1""" cells has enabled us to examine FOG-1’s possible
role in this process. Unexpectedly, we found that distinct do-
mains differentially influence rescue of erythroid versus
megakaryocytic maturation. Namely, the amino-terminal do-
main of FOG-1 was required for full megakaryocyte matura-
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tion but dispensable for erythroid differentiation. A similar
region in FOG-2 mediates GATA-4-dependent transcriptional
repression of a cardiac reporter gene in transient transfection
experiments (30). Thus, it may be that FOG-1-mediated tran-
scriptional repression of selected target genes (such as eryth-
roid-specific genes) is required for megakaryocyte maturation.

Removal of a region encompassing zinc fingers 1 to 4 actu-
ally enhances FOG-1’s ability to rescue terminal megakaryo-
cyte maturation without affecting erythroid differentiation.
This implies that this region may normally serve to selectively
restrict megakaryocyte development from multipotent precur-
sors. Zinc fingers 2 to 4 are closely spaced, C,H,-type fingers,
features that suggest a DNA-binding function. Such activity
could explain lineage selectivity if it were to influence FOG-
1-GATA-1 function at different target genes. However, as of
yet, no sequence-specific high-affinity DNA binding activity of
FOG proteins has been detected (A. P. Tsang, S. G. Tevosian,
and S. H. Orkin, unpublished observation). Instead, it may be
that this region (in conjunction with zf1) is involved in protein-
protein interactions. Further studies are in progress to examine
this possibility.

Our results demonstrate that distinct subdomains of FOG-1
differentially influence GATA-1-dependent erythroid and
megakaryocyte differentiation. These findings raise the possi-
bility that FOG-1 may participate in fate decisions of the
erythroid/megakaryocytic precursor (Fig 6). In this model, in-
teraction with GATA-1 by itself promotes erythroid differen-
tiation, whereas interaction in conjunction with activity pro-
vided by a critical domain in the FOG-1 amino terminus
promotes megakaryocyte differentiation. Further complex con-
trol may be mediated by binding of an unknown factor to zinc
fingers 1 to 4 (or a GATA factor to zfl and some unknown
factor to zinc fingers 2 to 4) which normally acts to repress
megakaryocyte differentiation. Further studies are aimed at
exploring these possibilities. It will also be of interest to deter-
mine whether our findings on FOG-1 have functional corre-
lates in other developmental systems which rely on FOG pro-
teins.
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