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A complete understanding of the transcriptional regulation of developmental lineages requires that all
relevant factors be identified. Here, we have taken a proteomic approach to identify novel proteins associated
with GATA-1, a lineage-restricted zinc finger transcription factor required for terminal erythroid and
megakaryocytic maturation. We identify the Kriippel-type zinc finger transcription factor ZBP-89 as being a
component of multiprotein complexes involving GATA-1 and its essential cofactor Friend of GATA-1 (FOG-1).
Using chromatin immunoprecipitation assays, we show that GATA-1 and ZBP-89 cooccupy cis-regulatory
elements of certain erythroid and megakaryocyte-specific genes, including an enhancer of the GATA-1 gene
itself. Loss-of-function studies in zebrafish and mice demonstrate an in vivo requirement for ZBP-89 in
megakaryopoiesis and definitive erythropoiesis but not primitive erythropoiesis, phenocopying aspects of
FOG-1- and GATA-1-deficient animals. These findings identify ZBP-89 as being a novel transcription factor
involved in erythroid and megakaryocytic development and suggest that it serves a cooperative function with
GATA-1 and/or FOG-1 in a developmental stage-specific manner.

Lineage-specific transcription factors play essential roles in
development. However, most of these factors have relatively
small consensus DNA binding motifs, and by themselves, they
are not likely to account for high-fidelity lineage-specific gene
expression in higher organisms. Indeed, recent studies employ-
ing chromatin immunoprecipitation (IP) (ChIP) across ex-
tended loci or entire genomes show that only a small percent-
age of consensus binding sites, as defined by in vitro methods,
are occupied by a given transcription factor in vivo (4, 7).
Conversely, transcription factor chromatin occupancy has been
documented in regions containing only low-affinity sites (23).
Although chromatin accessibility likely plays a role in some of
this site selectivity, considerable evidence for combinatorial
transcription factor binding mechanisms exists. Therefore, a
more complete understanding of eukaryotic transcription fac-
tor binding in vivo requires that all relevant transcription fac-
tors for a given developmental lineage be identified.

GATA family transcription factors play essential roles in
diverse developmental settings. There are six known GATA
genes (GATA-1, -2, -3, -4, -5, and -6) in vertebrates, each
having distinct and, in some cases, overlapping patterns of
expression. All vertebrate GATA factors contain two closely
spaced zinc fingers, which share high amino acid sequence
conservation among the different members. The carboxyl zinc
finger mediates high-affinity binding to the consensus sequence
(T/A)GATA(A/G), whereas the amino zinc finger stabilizes
the interaction at certain double GATA sites (51).
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GATA-1 was first identified as being a protein that binds to
key DNA cis-regulatory elements within the a- and B-globin
loci in erythroid cells (18, 52). Since then, GATA-1 has been
shown to control the expression of many genes involved in
erythroid maturation and to be required for normal erythroid
development in vivo (19, 61). GATA-1 is also highly expressed
in megakaryocytic cells, the precursors of blood platelets,
where it controls the expression of multiple megakaryocyte-
specific genes (37). Mice containing a megakaryocyte-selective
GATA-1 deficiency have hyperproliferative megakaryocytes
that are blocked at a relatively late stage of maturation (48,
56). Acquired GATA-1 mutations that lead to the exclusive
production of a short isoform (GATA-1s) are highly associated
with a transient neonatal myeloproliferative disorder and sub-
sequent acute megakaryoblastic leukemia in children with
Down syndrome (38).

The amino zinc finger of GATA factors interacts with Friend
of GATA (FOG) proteins, a family of large multitype zinc
finger transcriptional cofactors (6). There are two known FOG
genes in mammals: FOG-1, which is expressed predominantly
within the hematopoietic system, and FOG-2, which is present
in most nonhematopoietic tissues. All six GATA factors bind
FOG-1 or FOG-2 in vitro. Like GATA-1" male mice
(GATA-1 is located on the X chromosome in mice and
humans), FOG-1"'" mice die between embryonic day 10.5
(E10.5) and E12.5 from severe anemia due to a block in
erythroid maturation at a proerythroblast-like stage (19, 53).
However, in contrast to GATA-1" animals, FOG-1"/" em-
bryos exhibit a complete failure of megakaryopoiesis. This
discrepancy is explained by the overlapping FOG-1-depen-
dent roles of GATA-1 and GATA-2, another hematopoietic
expressed GATA factor, during early stages of megakaryo-
poiesis (8).
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A direct physical interaction between GATA and FOG fam-
ily proteins is required for normal hematopoietic, cardiac, and
gonadal development in vivo (8, 10, 39, 50). Despite the critical
role that FOG proteins play in GATA factor function, their
mechanism of action remains incompletely understood. As of
yet, no sequence-specific, high-affinity DNA binding activity of
FOG proteins has been demonstrated, implying that they func-
tion via protein-protein interactions. ChIP studies demonstrate
the FOG-1 facilitation of GATA-1 chromatin occupancy in a
gene context-dependent manner (30, 40). However, the mech-
anisms underlying this activity and the basis for its site selec-
tivity are unknown.

In this study, we report the identification of ZBP-89, a Kriip-
pel-type GC-rich binding transcription factor, as a novel
GATA-1-associated protein and show that it is required for
normal megakaryocytic and definitive erythroid development
in vitro and in vivo. Gel filtration and coimmunoprecipitation
(co-IP) experiments suggest the participation of ZBP-89 in a
common complex with GATA-1 and FOG-1, and loss-of-func-
tion studies show phenocopying of ZBP-89 and FOG-1 defi-
ciency in early megakaryopoiesis. We propose that ZBP-89
plays a cooperative role with GATA-1 and FOG-1, contribut-
ing to a high-affinity, site-selective DNA binding complex.

MATERIALS AND METHODS

Plasmid construction. Standard recombinant DNA techniques were used for
all molecular cloning procedures (46). pEFBirA-V5-His was generated by in-
serting the cDNA for Escherichia coli birA into the BamHI/Xbal sites of pEF1/
V5-HisA (Invitrogen). The sequence 5'-CGCCAGCC-3' was inserted between
the BamHI site and the first codon to optimize translation in eukaryotic cells.
The biotin-tagging vector pEF-Biotag was created by cloning the BirA recogni-
tion coding sequence from pAN-4 (Avidity) (5'-GGGTCCGGCCTGAACGAC
ATCTTCGAGGCTCAGAAAATCGAATGGCACGAAGGCGCGCCGAGC
TCGAGGATC-3') into the Smal/BamHI sites of pEFFLAGpgkpuropA (25).
The ¢cDNA for murine GATA-1 was then subcloned into the BamHI/Xbal sites
to generate pEF-FLAG-Bio-GATA-1. For co-IP and mapping experiments, the
c¢DNA for rat ZBP-89 (34) or selected domains was cloned into the NotI/Xbal
sites of pEF1/V5-HisA (Invitrogen). ¢cDNAs encoding full-length murine
GATA-1, domains of murine GATA-1, or full-length human GATA-2 were
cloned into the BamHI/Xbal sites of pEF-FLAGpgkpuropA. For retroviral ex-
pression, the cDNA encoding rat ZBP-89 was cloned into the Mlul/Xhol sites of
MMP-HA-IRES-eGFP (5), and the enhanced green fluorescent protein (GFP)
(eGFP) cassette was exchanged with a puromycin resistance gene cassette from
pIRESpuro3 (Clontech).

Cell culture and transfection. Cell lines were cultured in 5% CO, at 37°C in
media specific to the cell line, all supplemented with 100 U/ml of penicillin-
streptomycin and 2 mM L-glutamine. The E14tg2A embryonic stem (ES) cell line
was maintained in ES medium (Dulbecco’s modified Eagle’s medium) supple-
mented with 15% fetal calf serum (HyClone), 10~* M 2-mercaptoethanol, 0.1
mM nonessential amino acids, 1% of nucleoside mix (100X stock; Sigma), and
1,000 U/ml recombinant leukemia inhibitory factor (Chemicon). COS-7 and
mouse erythroleukemia (MEL) cells were cultured in Dulbecco’s modified
Eagle’s low-glucose medium supplemented with 10% fetal calf serum. Erythro-
cyte differentiation of MEL cells was induced with 1.7% dimethyl sulfoxide.
L8057 cells were cultured as previously described (26) and induced to differen-
tiate with 50 nM 12-O-tetradecanoylphorbol-13-acetate (TPA; Sigma). G1E and
GI1ER cells were grown as previously described (21). B-Estradiol (Aldrich) was
added to the medium at a final concentration of 10~7 M for induction experi-
ments. L8057 and MEL cells (1 X 107 cells) were transfected with 20 pg of
unlinearized plasmid using a Gene-Pulser II (Bio-Rad) apparatus set at 280 V
and 975 wF. Stably transfected cells were selected with 0.5 mg/ml G418 and/or 2
pg/ml (L8057 cells) or 5 pg/ml (MEL cells) puromycin and cloned by limiting
dilution. COS-7 cells were transfected using FuGene 6 reagent (Roche) accord-
ing to the manufacturer’s protocol.

GATA-1 multiprotein complex purification and proteomic analysis. L8057 and
MEL clones stably expressing FLAG-biotin-tagged GATA-1 were induced with
TPA (50 nM) for 3 days (L8057) or dimethyl sulfoxide (1.7%) for 1 day (MEL),
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and crude nuclear extracts were prepared from ~1 X 10'° cells essentially as
described previously (12), except that mammalian protease inhibitor cocktail
(Sigma) was added to buffers A and C at a 1:100 dilution. Nuclear extracts were
immediately dialyzed against 50 volumes of BC139K buffer (139 mM KCl, 12
mM NaCl, 0.8 M MgCl,, 20 mM Tris-HCI [pH 7.9], 0.5% NP-40, 0.2 mM EDTA,
20% [vol/vol] glycerol, 1 mM dithiothreitol, 0.2 mM phenylmethylsulfonyl fluo-
ride, 0.1% mammalian protease inhibitor cocktail) at 4°C using a 10,000-molec-
ular-weight-cutoff dialysis cassette (Pierce). The dialysate was centrifuged twice
at 25,000 X g for 30 min at 4°C. Between 50 and 120 mg of total nuclear protein
was then precleared with protein A/G beads (Roche) for 1 h on a rotating wheel
at 4°C. The precleared supernatant was incubated with anti-FLAG M2-agarose
beads (Sigma) overnight (14 to 16 h) on a rotating wheel. The beads were
collected by centrifugation and washed four times with cold BC139K buffer on a
rotating wheel at 4°C for 15 min each. Bound material was eluted by incubating
beads in BC139K containing 0.1 mg/ml FLAG peptide (Sigma) for 90 min at 4°C
on a rotating wheel. Material from four successive elutions was pooled and
incubated with streptavidin-agarose beads (Invitrogen) for 14 to 16 h at 4°C on
a rotating wheel. The beads were washed as described above, transferred into
BC139 K buffer in which NaCl was substituted for KCI, and heated at 95°C to
100°C in Laemmli sodium dodecyl sulfate (SDS) sample buffer for 5 min. The
eluted material was concentrated using a YM-10 Centricon (Millipore) device
and resolved by SDS-polyacrylamide gel electrophoresis (PAGE) on 10% acryl-
amide gels running 2.5 cm into the separating gel. Proteins were visualized with
either silver or colloidal Coomassie blue stain (Invitrogen), and the lanes were
divided into three sections.

Excised acrylamide gel sections were cut into approximately 1-mm? pieces. Gel
pieces were then subjected to a modified in-gel trypsin digestion procedure (47).
Gel pieces were washed and dehydrated with acetonitrile for 10 min, followed by
the removal of acetonitrile. Pieces were then completely dried in a Speed-Vac.
Rehydration of the gel pieces was done with 50 mM ammonium bicarbonate
solution containing 12.5 ng/pl modified sequencing-grade trypsin (Promega) at
4°C. After 45 min, excess trypsin solution was removed and replaced with 50 mM
ammonium bicarbonate solution to just cover the gel pieces. Samples were then
placed in a 37°C room overnight. Peptides were later extracted by removing the
ammonium bicarbonate solution, followed by one wash with a solution contain-
ing 50% acetonitrile and 5% acetic acid. The extracts were dried in a Speed-Vac
(~1h) and then stored at 4°C until analysis. On the day of analysis, the samples
were reconstituted in 5 to 10 wl of high-performance liquid chromatography
solvent A (2.5% acetonitrile, 0.1% formic acid). A nanoscale reverse-phase
high-performance liquid chromatography capillary column was created by pack-
ing 5-pm Cg spherical silica beads into a fused silica capillary (100-wm inner
diameter by ~12-cm length) with a flame-drawn tip (41). After equilibrating the
column, each sample was loaded onto the column via a Famos autosampler (LC
Packings). A gradient was formed, and peptides were eluted with increasing
concentrations of solvent B (97.5% acetonitrile, 0.1% formic acid). As each
peptide was eluted, they were subjected to electrospray ionization and fed into an
LTQ linear ion-trap mass spectrometer (ThermoFinnigan). Eluting peptides
were detected, isolated, and fragmented to produce a tandem mass spectrum of
specific fragment ions for each peptide. Peptide sequences (and, hence, protein
identity) were determined by matching protein or translated nucleotide databases
with the acquired fragmentation pattern by the software program SEQUEST
(ThermoFinnigan) (17).

ZBP-89 antibody generation. Custom rabbit polyclonal antiserum was gener-
ated using a synthetic peptide corresponding to amino acids 1 to 14 of mouse
ZBP-89 (MNI DDK LEG LFL KC) coupled to keyhole limpet hemocyanin
(Sigma-Genosys). Protein A-purified immunoglobulin G (IgG) from the third
bleed was used for experiments reported here and is designated “N14.”

co-IP assays. For endogenous GATA-1 co-IP experiments, 3 to 5 mg of
nuclear extract protein was treated with DNase I (1 pg/ml), RNase A (1 pg/ml),
and ethidium bromide (50 wg/ml) and incubated with 25 to 50 pg of GATA-1 N6
(Santa Cruz) antibody on a rotating wheel at 4°C overnight. The next day, protein
G/A-Sepharose beads (Sigma) were added, and the suspension was incubated for
an additional 3 h at 4°C. The beads were washed four times in BC139K for 15
min and then heated at 95°C to 100°C in Laemmli SDS-PAGE buffer for 5 min.
Eluted material was used for Western blot analysis. For interaction mapping
studies, COS-7 cells were transiently cotransfected with 5 pg of plasmids ex-
pressing either FLAG- or V5-His-tagged protein constructs using FuGene 6
reagent (Roche) in 10-cm culture plates. Two days after transfection, nuclear
extracts were prepared, immunoprecipitated with anti-FLAG M2 agarose beads
(Sigma) as previously described (54), and processed for Western blot analysis.

Sephacryl S400 gel filtration chromatography. Crude nuclear extracts were
prepared from uninduced L8057 cells as previously described (12) and dialyzed
against 50 volumes of cold BC100 buffer (100 mM KCI, 12 mM NaCl, 0.8 M
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MgCl,, 20 mM Tris-HCI [pH 7.9], 0.2 mM EDTA, 20% [vol/vol] glycerol, 1 mM
dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride, 0.1% protease inhibitor
cocktail [Sigma]). The dialysate was centrifuged twice at 25,000 X g for 30 min
at 4°C. The final supernatant (~15 mg of total protein) was injected into a 5-ml
loop of a DuoFlow (Bio-Rad) fast protein liquid chromatography apparatus and
run over a HiPrep Sephacryl S400 26/60 column (Amersham Pharmacia Biotech)
in cold BC100 buffer at 0.5 ml/min with collection of 1-ml fractions. Molecular
mass standards were aldolase (177 kDa), catalase (240 kDa), ferritin (438 kDa),
and thyroglobulin (670 kDa).

Zebrafish morpholino experiments. Morpholino oligomers targeting the fol-
lowing zebrafish genes were synthesized by Gene Tools (Philomath, OR):
GATA-1 (5'-CTG CAA GTG TAG TAT TGA AGA TGT C-3'), FOG-1 (5'-
TCA TGT CCC CCT TAC CTC ACT GGC A-3"), ZBP-89 (5'-ATA TTA AAC
CTT TGC AGG C-3'), and ZBP-89 inverted sequence control (5'-CGG ACG
TTT CCA AAT TAT A-3'). Morpholinos at the following working concentra-
tions were microinjected into transgenic CD41-eGFP (32) fertilized zygotes at
the one-cell stage: 3 mM zfp148, 3 mM zfp148 inverted control, 0.3 mM FOG-1,
and 0.5 mM GATA-1. Injected embryos were analyzed for anemia by staining
with o-dianisidine at 3 days postfertilization (dpf) and for presence of eGFP-
positive cells at 4 dpf on a Nikon microscope equipped with a 10X objective
(numerical aperture, 1.4). Fluorescence images were acquired with an Orca IIER
charge-coupled-device camera (Hamamatsu). Electronic shutters and image ac-
quisition were under the control of Metamorph software (Molecular Devices).

For reverse transcription (RT)-PCR analysis, injected embryos were harvested
at ~4 dpf, and total RNA was isolated using the Qiagen RNA isolation kit.
c¢DNA was synthesized using oligo(dT), and PCR was carried out with primers
for EFla, GFP, CD41, and c-mpl, as previously described (32), or forward primer
5'-CAT CAC AGC GAA AGG GTT TT-3' and reverse primer 5'-CGC CTG
CAA AGA TTC TCA CT-3' for ZBP-89 using standard protocols. RT-PCR
products were resolved on a 2% agarose gel and transferred onto nylon. Hybrid-
ization of the nylon membrane with 3>P-kinased internal 19-mer oligonucleotides
for the respective genes was carried out using standard protocols. For ZBP-89
RT-PCR, [*?P]dCTP-incorporated PCR products were analyzed directly.

Generation of zbp89%/2! ES cell line and characterization. The parental wild-
type (WT) ES cell line E14tg2A and heterozygous ZBP-89 gene trap (GT) ES
cell clone XB878 were obtained from BayGenomics. ZBP-89"2! ES cells were
passaged on gelatin-treated plates and selected at high G418 concentrations (6 to
8 mg/ml) as previously described (36). G418-resistant clones were analyzed by
Southern blotting using EcoRV digestion and probed with a 600-bp DNA frag-
ment generated by PCR from E14tg2A genomic DNA using primers 5'-CAG
GCA TCA GAG CTG TCT-3' (forward) and 5'-GAA AGT CAC TGT GGA
TCT GG-3' (reverse), gel purified, and [*P]dCTP labeled using a random
primed labeling kit (Roche). For PCR genotyping, the WT allele was amplified
by WT forward primer 5'-GCC CGT CAT AAT TTA GGT TGT GTA A-3' and
WT reverse primer 5'-AGT GTT GAC ATG ATG CCC TGA GTG A-3'. The
GT allele was detected using the WT forward primer and a GT-specific reverse
primer (5'-AGC GGA TCT CAA ACT CTC CTC CTT C-3’). Quantitative
real-time PCR analysis of the GT allele from chimeric fetal liver was performed
using B-galactosidase-neomycin phosphotransferase/LacZ primer sets (forward
primer 5'-AAT CTC TAT CGT GCG GTG GT-3' and reverse primer 5'-CAG
CAG CAG CAG ACC ATT TT-3') and normalized to B-actin DNA levels using
forward primer 5'-TAA CAA TGG CTC GTG TGA CAA-3' and reverse primer
5'-AAG TTC AGT GTG CTG GGA GTC T. Relative levels were determined
and compared to those obtained from ZBP-8988! ES cells, which were set at
100%. For transcript analysis, total RNA was isolated using a Qiagen RNeasy
system, reverse transcribed with Superscript (Invitrogen), and amplified by PCR
using the primer pairs 5'-ATT GAC GAC AAA CTG GAA GG-3' (forward)
and 5'-AGG CTT CTC TCC ACT GTG AG-3’ (reverse) for exons 4 to 9 and
5'-TTC TTT CTC AAC TCA ACA GC-3' (forward) and 5'-TTA AGT GCA
TAC TGC AGT CC-3’ (reverse) for exons 3 and 4.

In vitro differentiation of mouse ES and fetal liver cells. Mouse ES cells were
differentiated in vitro into hematopoietic cells as previously described (59).
7ZBP-89 GT ES cells were maintained in 2 mg/ml of G418, and 2 X 10* cells were
seeded into 5 ml of embryoid body generation medium containing 25 ng/ml
interleukin-11 (IL-11) and 100 ng/ml stem cell factor (SCF). Embryoid bodies
were harvested on day 7 and dissociated, and 4.5 X 10 cells were plated onto 3
ml of methyl cellulose medium containing 2 U/ml erythropoietin (EPO), 100
ng/ml SCF, and 5 ng/ml thrombopoietin (TPO) for erythroid differentiation and
MegacultC (Stem Cell Technologies) medium containing 50 ng/ml TPO, 10
ng/ml IL-3, 20 ng/ml IL-6, and 50 ng/ml IL-11 for megakaryocyte differentiation.
Colonies were scored after 9 days (erythroid) or 12 days (megakaryocyte). Fetal
livers from E14.5 mouse embryos were harvested, processed into single-cell
suspensions, and cultured in vitro using Methocult (Stem Cell Technologies)
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medium containing cytokines for BFU-E (50 ng/ml SCF, 10 ng/ml IL-3, 10 ng/ml
IL-6, and 3 U/ml EPO) for 8 days or MegacultC (Stem Cell Technologies)
medium with cytokines for CFU-MK (50 ng/ml TPO, 10 ng/ml IL-3, 20 ng/ml
IL-6, and 50 ng/ml IL-11) for 10 days.

Retroviral infection. Vesicular stomatitis virus G-pseudotyped retroviral par-
ticles were generated via transient transfection of the stable packaging cell line
293 GPG with plasmid MMP-ZBP-89-IRES-Puro. ZBP-892"8! ES cells on gela-
tinized 96-well plates were incubated with concentrated retroviral supernatants
at a multiplicity of infection of ~2 to 3 in ES medium containing 8§ mg/ml
polybrene for 1 h at 4°C followed by 4 h at 37°C in 5% CO,. Cells were washed
and incubated in ES medium for 2 days, followed by selection in 2 pg/ml
puromycin on gelatinized plates.

Histology and cytology. Cytocentrifuge preparations were stained with May-
Grunwald-Giemsa according to standard procedures. Acetylcholinesterase
(AchE) staining was performed as previously described (27).

Generation and analysis of diploid/tetraploid chimeric mice. C57BL/6 blasto-
cyst-stage embryos were injected with 6 to 10 ZBP-89 GT ES cells and trans-
ferred to pseudopregnant females for further development as previously de-
scribed (19). For tetraploid complementation studies, 10 to 15 ZBP-898"¢t ES
cells were injected into tetraploid (4n) host blastocysts (14). Hemoglobin and
glucose phosphate isomerase (GPI) analyses were performed as described pre-
viously (42, 43), and densitometric analysis was carried out using a GS-800
calibrated densitometer (Bio-Rad) and Quantity One software.

ChIP assay. ChIP was performed essentially as previously described (40). A
total of 1 X 107 cells per IP were cross-linked at 5 X 10° cells/ml with 0.4%
formaldehyde (final concentration) for 10 min at room temperature. Antibodies
used were GATA-1 (N6; Santa Cruz), GATA-2 (H-116; Santa Cruz), and
ZBP-89 (N14). DNA-protein-antibody complexes were eluted from Sepharose
beads in 150 pl of elution buffer (1% SDS) at room temperature. For sequential
1P, the beads were eluted in 80 pl followed by fivefold dilutions in IP dilution
buffer (20 mM Tris-HCl, 2 mM EDTA, 150 mM NaCl, 1% Triton, 0.01% SDS)
to reduce the SDS concentration to 0.2% before proceeding with second anti-
body IP. Results were quantified using real-time PCR with Sybr green dye on an
iCycler system (Bio-Rad). A standard curve was generated from serial dilutions
of input sample for each primer pair. All PCR signals from IP samples were
referenced to their respective input standard curves.

PCR primer sequences used for ChIP are as follows: 5'-GGA GGG GAT
ATG GGG TAA GAG ACT-3’ (forward) and 5" CCA AGG CCA GCA AGA
AGA CAT-3' (reverse) for c-mpl, 5'-CAG GGA AGG TGA AAA GAA AAT
AAG-3' (forward) and 5'-TTG TAA TGC TGG TGT AAG TAA TGT-3'
(reverse) for B-Globin hypersensitive site 2 (HS2), 5'-TCC CTT ATC TAT GCC
TTC CCA G-3' (forward) and 5'-ATG AAG GGT GCC TCT AAG GAC A-3’
(reverse) for GATA-1 HS1, and 5'-TGA TGG CTT CTA CTA GGC ACA
CG-3' (forward) and 5'-GGC TTC ACT CCC AGG AAT GTA GG 3’ (reverse)
for GATA-1 upstream. All primer pairs produced a single product based on
melting-curve analysis.

All experiments involving mice and zebrafish were approved by the Animal
Care and Use Committees at Children’s Hospital Boston and Brigham and
Women’s Hospital.

RESULTS

Tandem affinity purification of GATA-1-containing com-
plexes. In order to gain further insight into GATA-1 regulation
during megakaryopoiesis, we purified GATA-1-containing
multiprotein complexes from murine L8057 megakaryoblastic
cells. These cells can be induced to differentiate by treatment
with the phorbol diester TPA (26). To aid in the purification,
we took advantage of a recently described technique for met-
abolic biotin tagging of recombinant proteins in mammalian
cells (11). L8057 clones that stably express the E. coli biotin
ligase birA alone or birA and recombinant GATA-1 containing
a 23-amino-acid birA recognition motif fused to its N terminus
were generated (Fig. 1A). We also included a FLAG epitope
amino terminal to the biotin tag to allow for a tandem affinity
purification procedure. Western blot analysis using anti-
GATA-1 antibody revealed endogenous GATA-1 protein in
nuclear extracts from both cell lines, as expected (Fig. 1B). In
cells coexpressing bird and the GATA-1 fusion protein, a sec-
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FIG. 1. Tandem affinity purification of "“AS"Bi° GATA-1 containing multiprotein complexes. (A) Schematic diagram of recombinant GATA-1
containing the amino-terminal FLAG peptide (black box) and the bir4 recognition sequence (gray box) (F-“*S"Pi°GATA-1). The biotin acceptor
lysine is indicated with an asterisk. BirA, E. coli biotin ligase. (B) Western blot (WB) analysis of nuclear extracts from L8057 clones stably
expressing bird alone or bird and F**SPi°GATA-1 probed with anti-GATA-1 antibody (left) or stripped and reprobed with streptavidin-
horseradish peroxidase (right). (C) Schematic diagram of tandem anti-FLAG immunoaffinity and streptavidin affinity purification. (D) Repre-
sentative silver-stained SDS-PAGE gel of copurified proteins. The expected position of GATA-1 is indicated by an arrow.

ond band with slightly slower mobility was observed, represent-
ing the larger, recombinant protein. Stripping and reprobing
the blots with a streptavidin-horseradish peroxidase conjugate
revealed a band corresponding to the recombinant GATA-1,
demonstrating in vivo biotinylation. We purposefully chose a
clone that expresses relatively low levels of recombinant
GATA-1 (less than the endogenous protein level) to minimize
potential perturbations that could arise from GATA-1 overex-
pression. Treatment of these cells with TPA showed no signif-
icant difference in maturation potential compared to that of
parental cells, indicating the absence of a dominant negative
effect of the tagged GATA-1 (data not shown).

Tandem anti-FLAG immunoaffinity and streptavidin affinity
purification was performed on crude nuclear extracts from
TPA-induced cells, and copurified proteins were separated by
one-dimensional SDS-PAGE (Fig. 1C and D). Little detect-
able protein was observed in the control lane (bir4 alone) after
silver staining. In contrast, an intense band corresponding to
GATA-1 was present in the experimental lane, along with
multiple additional bands. The entire lane was analyzed by
microcapillary liquid chromatography/tandem mass spectrom-
etry after in situ trypsinization, and proteins were identified
using SEQUEST software. The results of five independent
purifications are summarized in Table 1. As expected, GATA-1 and
several previously established interacting proteins (and their
associated factors) were identified. These include FOG-1 (54);
the entire NuRD complex, which binds to FOG-1 (24, 45);
SCL/TAL-1, Ldbl, and their interacting partners HTF4, SSBP-
1/3, and SSBP-2/4 (13, 58, 63); Runx-1 and its heterodimeric
partner CBF-B (16); Fli-1 (15); and SP1 (35).

ZBP-89 (zfp148/BERF-1/BFCOL1). In addition to the pre-
viously reported interacting proteins, we reproducibly isolated
peptides corresponding to the ZBP-89 protein (also called
zfp148, BERF-1, and BFCOI1) (see Fig. S1 in the supplemen-
tal material for peptide sequences). In separate experiments,
we also recovered ZBP-89 in GATA-1 multiprotein complex
purifications from induced MEL cells (Table 1). ZBP-89 is a
ubiquitously expressed transcription factor that contains a
cluster of four Kriippel-type zinc fingers, two basic domains,
an acidic domain, and a predicted PEST (proline, glutamic
acid, serine, and threonine) sequence (34) (Fig. 2A). Previ-
ous studies indicated that it binds with high affinity to GC-
rich DNA sequences (proposed consensus sequence of CC
[T/A]CCCCC) (2).

Validation of interaction between GATA-1 and ZBP-89.
Western blot analysis of the anti-FLAG-streptavidin affinity-
purified material using a previously established anti-ZBP-89
antibody (34) showed a band migrating at the expected posi-
tion for ZBP-89 (~105 kDa) in the experimental lane but not
in the control lane (Fig. 2B). We further validated the inter-
action between GATA-1 and ZBP-89 by IP experiments with
endogenous proteins in L8057 and MEL cells (Fig. 2C) and
recombinant proteins transiently expressed in COS-7 cells
(Fig. 2F to I). The interaction appears to be via protein-
protein contacts rather than through intervening DNA or
RNA, since the co-IP assays shown in Fig. 2D and E were
performed in the presence of 50 wg/ml of ethidium bromide
(28), DNase, and RNase. In addition, a non-DNA-binding
mutant of GATA-1 (GATA-1?°'*) (33) interacts with
ZBP-89 in L8057 cells (Fig. 2E).
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TABLE 1. Partial list of GATA-1-associated proteins identified by whole-lane mass spectrometry
No. of peptides obtained
Protein identity L8057 cells MEL cells in
Expt 14 Expt 2¢ Expt 3* Expt 4/ Expt 5> Total expt 17

GATA-1 18 11 12 11 18 61 7
FOG-1 39 37 29 11 124 2
SCL complex

SCL 7 7 1 12

HTF4 5 6 3 2 13

Ldbl 9 4 2 13

SSDBP2 3 1 1 1 5

SSDBP3 1 1

SSDBP1 1 1
NuRD complex

MBD2 2 2 5

MBD3 4 1 1 6

Mi-28 14 20 15 4 50

P66a 3 18 8 7

P66 11 12 9 1 29

HDAC1? 7 7 10 3 25 3

HDAC2 4 4 2 2 12 1

MTAI 10 16 10 1 41

MTA2 12 24 10 1 49

RbAp48¢ 8 9 9 3 4 23 1

RbAp46 2 4 4 3 11
Runx-1 4 1 1 3 12
Cbf-B 3 3
Fli-1 2 2
SP1 1 1
ZBP-89 3 1 3 2 9 2
Total proteins® 81 64 42 155 33 87
Total specific proteins” 58 37 20 93 13 33

¢ Tandem anti-FLAG immunoaffinity and streptavidin affinity purification.
® Single streptavidin affinity purification.

¢ Only selected bands were examined (i.e., not whole-lane analysis).

4 Peptides also found in controls.

¢ Total number of proteins identified in experiment (=1 peptide).

/Total number of specific proteins identified (>1 peptide) in experiment (i.e., proteins not identified in any control [BirA alone] sample).

The interaction domains of GATA-1 and ZBP-89 were
mapped using co-IP assays of epitope-tagged proteins tran-
siently expressed in COS-7 cells (Fig. 2F to I). These studies
identify the zinc finger domain of GATA-1 (amino acids 200
to 338) as the minimal region tested that is sufficient for the
GATA-1 interaction with ZBP-89. Given the high degree of
amino acid sequence homology within the zinc fingers of all
GATA family members, we also tested interactions with
full-length FLAG-tagged GATA-2 (Fig. 2G) and FLAG-
tagged GATA-3 (data not shown) and found binding above
background levels. Mapping studies of ZBP-89 show that a
region (amino acids 304 to 793) outside of its zinc finger
domain is necessary and sufficient for GATA-1 binding (Fig.
2H and I).

If ZBP-89 and GATA-1 exist in a stable complex, one would
expect them to comigrate on gel filtration chromatography. As
shown in Fig. 2J, ZBP-89 migrates as a major peak centered
between the 440-kDa and 669-kDa markers, corresponding to
a “shoulder” region of the GATA-1 elution pattern. This pro-

file almost exactly mirrors that of FOG-1, consistent with the
formation of a subcomplex involving ZBP-89, GATA-1, and
FOG-1. Since the mapping studies indicate that ZBP-89 binds
to the zinc finger region of GATA-1, which includes the
FOG-1 binding domain, we tested whether ZBP-89 binds
GATA-1 via FOG-1. In support of this, we were able to coim-
munoprecipitate ZBP-89 and FLAG-tagged FOG-1 expressed
in COS-7 cells, which do not express GATA-1 (Fig. 2G). On
the other hand, a mutant GATA-1 molecule with impaired
FOG-1 binding (GATA-1Y2%%) (9) interacts with ZBP-89 in
L8057 cells, despite the lack of detectable FOG-1 recovery in
the same coimmunoprecipitated material (Fig. 2D and E).
These data suggest that ZBP-89 may make independent con-
tacts with both GATA-1 and FOG-1.

Functional analysis of ZBP-89 in hematopoietic develop-
ment. Next, we performed morpholino-mediated gene knock-
down experiments in zebrafish embryos to probe the functional
significance of ZBP-89 in hematopoiesis. These assays utilized
CD41-eGFP transgenic fish, which express eGFP within the
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FIG. 2. Physical interaction between GATA-1 and ZBP-89. (A) Schematic diagram of ZBP-89 showing acidic, basic, zinc finger, and
predicted PEST domains. (B) Western blot analysis using anti-ZBP-89 antibody (gift of Juanita Merchant) of input (5%) and eluates from
anti-FLAG-streptavidin tandem affinity-purified material. (C) co-IP of endogenous GATA-1 and ZBP-89 from L8057 or MEL cells. IP was
carried out using a rat IgG control or anti-GATA-1 antibody, and Western blotting was performed using anti-ZBP-89 antibody (N14). A band
corresponding to the IgG heavy chain is indicated. (D) Schematic diagram of constructs used in panel E. (E) Western blot analysis of input
(5%) or tandem affinity-purified (anti-FLAG followed by streptavidin) material from induced L8057 cells stably expressing birA alone or birA4
and FEAG-BI)GATA- ], FEAG-BIOGATA-1 V205G or FLAG-BIoGATA-12%P and probed with anti-ZBP-89, anti-FOG-1, or anti-GATA-1. Nuclear
extracts were treated with DNase, RNase, and ethidium bromide. (F) Schematic diagram of constructs used in panel G. (G) Co-IP of ZBP-89"3
transiently coexpressed with ™“*SVector, F"*SGATA-1 truncation mutants, "“*SGATA-2, or F**SFOG-1 in COS-7 cells. Nuclear extracts were
immunoprecipitated with anti-FLAG antibody, and copurified proteins were analyzed by Western blotting (WB) with anti-V5 antibody.



VoL. 28, 2008

thrombocyte lineage (equivalent to mammalian megakaryo-
cytes and platelets) and more weakly in early multipotent
hematopoietic progenitors (32). As shown in Fig. 3A, injection
of a splice-site-directed ZBP-89 morpholino (panel c), but not
an inverted sequence control (panel b), results in a marked
reduction in the number of GFP-positive cells compared to
those of uninjected animals (panel a). RT-PCR analysis of
whole embryos confirms decreased mRNA levels of ZBP-89,
eGFP, and CD41 compared to those of controls (Fig. 3B). In
addition, levels of a second thrombocyte marker, c-mpl, were
also reduced, suggesting a loss of the entire lineage rather than
a specific effect on CD41 promoter activity. Importantly, mor-
pholinos directed against FOG-1, but not GATA-1, phenocopy
the loss of GFP-positive cells (Fig. 3A, d and e). Given the
known compensatory FOG-1-dependent roles of GATA-1 and
GATA-2 in early megakaryopoiesis (8), this suggests that ZBP-89
functionally interacts with FOG-1 and/or both GATA-1 and
GATA-2.

As in mammals, erythroid development in zebrafish occurs
in distinct waves, with an early primitive stage characterized by
the expression of unique globin genes followed by a later de-
finitive stage. The stage assessed in our morpholino experi-
ments corresponds to primitive erythropoiesis. As shown in
Fig. 3A, no significant difference in erythroid development, as
assessed by staining for hemoglobinized cells with o-dianisidine
(benzidine), was observed in the ZBP-89 morphants compared
to controls (panels f to h). In contrast, morpholino knockdown
of GATA-1 and FOG-1 results in markedly reduced benzidine
staining (Fig. 3A, i and j). Thus, ZBP-89 is either dispensable
for primitive erythropoiesis or functional at low levels.

Disruption of ZBP-89 in murine ES cells by GT insertion.
We next examined the requirement for ZBP-89 in mammalian
hematopoiesis using a murine GT ES clone available from
BayGenomics (clone XB878). In this clone, the GT vector has
inserted between exons 4 and 5 of the ZBP-89 locus (Fig. 4A).
This is predicted to generate a fusion protein consisting of the
first 111 amino acids of ZBP-89 linked to the B-galactosidase—
neomycin phosphotransferase marker gene. Eighty-six percent
of the full-length ZBP-89 coding sequence would be lost, in-
cluding all four zinc fingers. We confirmed the insertion site by
5" rapid amplification of cDNA ends (data not shown) and
Southern blot analysis (Fig. 4B) and generated homozygous
ZBP-89 GT (ZBP-898"2") ES cell clones by selection in high
G418 concentrations (Fig. 4B). RT-PCR analysis using primers
specific for full-length ZBP-89 mRNA transcripts (exons 4 to
9) shows about a 50% reduction of levels in heterozygous cells
compared to those of the WT and barely detectable levels in
homozygous cells (Fig. 4C). The small amount of residual WT
transcripts may be due to low-level splicing around the GT
vector. Lastly, we generated “rescued” cells by retrovirally ex-
pressing ZBP-89 in the ZBP-898“8' ES cells. Western blot
analysis using a polyclonal antibody raised against an amino-
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terminal epitope (amino acids 1 to 14) shows a nearly complete
loss of the ZBP-89 protein in ZBP-898"8" cells and nearly WT
levels in the retrovirally rescued cells (Fig. 4D). Heterozygous
cells have ZBP-89 levels similar to those of WT ES cells (see
Discussion). As expected, our antibody detected increasing
levels of the ZBP-89—f-galactosidase-neomycin phosphotrans-
ferase GT fusion product (“gt-zbp89,” with a predicted molec-
ular mass of ~160 kDa) in the ZBP-898"* and ZBP-89&Ve!
cells, respectively.

In vitro differentiation of ZBP-895V%* ES cells. Two-step in
vitro differentiation of the ES cells was performed to examine
the requirement for ZBP-89 during definitive hematopoiesis.
As shown in Fig. 4E and F, there is a marked reduction of
visibly hemoglobinized colonies from the ZBP-898V¢' ES cells
compared to those of the WT, despite plating equal numbers
of cells. Cytospin and May-Grunwald-Giemsa stainings show
mature erythroid forms in the WT cultures but cells that ap-
peared to be blocked at a stage similar to that reported for
GATA-1 and FOG-1 deficiency (53, 59) in the ZBP-892"&"
ES-derived cultures (Fig 4E, d and e, black arrows). Under
megakaryocyte growth conditions, we observed a marked re-
duction in megakaryocyte colony formation, as detected by
histochemical staining for AchE, a marker of murine mega-
karyocytes (Fig. 4E, g and h). Importantly, the retroviral ex-
pression of ZBP-89 rescues both erythroid and megakaryocyte
developmental blocks, ruling out a defect unrelated to the
ZBP-89 loss in the GT ES cells (Fig. 4E, c, f, and i, and F). We
conclude that ZBP-89 is required for definitive erythropoiesis
and megakaryopoiesis in vitro.

Requirement for ZBP-89 in vivo. ZBP-89 GT mice were
generated to examine the requirement of ZBP-89 in vivo. No
significant differences in growth, fertility, or hematologic indi-
ces were apparent in heterozygous animals compared to WT
littermates (data not shown). However, we failed to recover
any live-born homozygous GT animals among 35 offspring of
heterozygous parent matings, consistent with an embryonic
lethal phenotype (see Table S1 in the supplemental material).
We next examined embryos of different gestational ages. At
E8.5, homozygous animals were recovered and phenotypically
indistinguishable from heterozygous and WT animals. How-
ever, by E10.5, all homozygotes were dead, as defined by the
lack of a heartbeat at the time of dissection (Fig. 5A). Al-
though some variability in phenotype was observed, all ho-
mozygotes were significantly growth retarded and markedly
pale and contained an open neural tube. Yolk sac vasculature
was disorganized in some cases and either lacked visible red
blood cells or contained small pools of primitive erythrocytes.
Only dead, resorbing homozygous embryos were observed at
E12.5, and none were recovered at E16.5. Taken together,
these data indicate that the loss of ZBP-89 results in embryonic
lethality between ES8.5 and E10.5.

Inputs (5%) are shown. (H) Schematic diagram of constructs used in panel I. (I) co-IP of ZBP-89"* truncation mutants transiently coexpressed
with F'AGGATA-1 in COS-7 cells. Nuclear extracts were immunoprecipitated using anti-FLAG antibody, and copurified proteins were analyzed
by Western blotting with anti-V5 antibody. Inputs (5%) are shown. (J) Sepharcryl-S400 gel filtration chromatography of nuclear extracts from
uninduced L8057 cells. Western blot analysis with anti-GATA-1, anti-FOG-1, or anti-ZBP-89 antibodies of every fifth fraction is shown. Elution

positions of molecular mass standards are indicated.
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FIG. 3. Transient knockdown of ZBP-89 expression in CD41-
eGFP transgenic zebrafish embryos (A, a to e) Fluorescent microscopy
images of uninjected CD41-eGFP transgenic zebrafish embryos at 4
dpf or those injected at the one-cell stage with ZBP-89 control (in-
verted sequence), ZBP-89, GATA-1, or FOG-1 antisense morpholinos
(MO). The white arrows indicate GFP-positive thrombocytes. The
asterisks show autofluorescent chromatophore pigment cells along the
dorsum of some fish. (f to j) o-Dianisidine (benzidine) stains of ze-
brafish embryos injected at the one-cell stage with the indicated mor-
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Tetraploid complementation analysis. Many of the defects
present in the ZBP-898"2* embryos resemble those due to pla-
cental insufficiency. In order to test this, tetraploid comple-
mentation experiments were carried out. In 6 out of 10 animals
generated by this method, we observed live embryos at E9.5 to
E10.5 that were well grown and hemoglobinized and that con-
tained grossly normal vasculature and closed neural tubes (Fig.
5B). In these cases, the entire embryo proper was derived from
the ZBP-898"¢' ES cells based on LacZ staining and RT-PCR
analysis. These results indicate that the early gross develop-
mental defects of ZBP-8988' embryos are most likely due to
deficiencies in placental function. Consistent with this, immu-
nohistochemical analysis of WT placenta showed robust
ZBP-89 expression (see Fig. S3 in the supplemental material).
Recovery of abundant, normal-appearing erythrocytes from
E10.5 tetraploid complementation embryos provides further
evidence that ZBP-89 is dispensable for primitive erythropoi-
esis (Fig. 5B). Despite the fact we could rescue some of the
early lethality phenotype, we did not observe any live embryos
by E12.5 to E13.5 (data not shown). This may be due to other
abnormalities in the embryo, and this limits our ability to use
tetraploid complementation to assess ZBP-89’s role during
definitive hematopoiesis.

Analysis of ZBP-898"#' chimeric mice. We therefore turned
to chimeric mouse analysis. Cells derived from the GT ES cells
can be selected using G418 since they express a neomycin
resistance gene. In the first set of studies, we pooled E14.5 fetal
liver cells from nine chimeric embryos. Allele-specific PCR and
quantitative real-time PCR for LacZ DNA indicated an aver-
age of ~25% ZBP-892"¢derived cells in this preparation (Fig.
5C). Control “chimeric” animals were derived using WT donor
ES cells. Fetal liver cells from the control animals generated
large, well-hemoglobinized colonies with mature erythroid
cells after culture for 8 days in semisolid medium with EPO,
IL-3, IL-6, and SCF in the absence of G418 (Fig. 5D and E). As
expected, the inclusion of =1 mg/ml G418 resulted in a nearly
complete loss of colony formation. In contrast, numerous col-
onies grew from the ZBP-898"&" chimeric fetal liver prepara-
tions in the presence of 1 or 2 mg/ml G418, representing
exclusively ZBP-8988'derived cells. The total number of col-
onies was 29% * 5.9% (n = 3) and 32% * 3.2% (n = 3) of
those generated in the absence of G418, respectively. This is
close to the expected frequency of ZBP-898"&-derived cells in
the starting population based on the quantitative LacZ PCR
analysis (~25%). If ZBP-89 were dispensable for erythroid
maturation, we would therefore expect about 30% of the num-
ber of hemoglobinized colonies in the presence of =1 mg/ml
G418 compared to those grown in its absence. However, we
observed fewer (16% = 1.2% at 1 mg/ml [n = 3] and 17% =
5.3% at 2 mg/ml [n = 3]; P < 0.01), consistent with impaired
erythroid development. Cytospin and May-Grunwald-Giemsa

pholinos and examined at 3 dpf. Positive cells are brown/red (black
arrows). (B) RT-PCR analysis for eGFP, CD41, c-mpl, ZBP-89, and
EFla expression in 4-dpf CD41-eGFP transgenic embryos either un-
injected or injected with control or ZBP-89 morpholinos. A Southern
blot of PCR products is shown, except for ZBP-89, which represents
the [**P]dCTP-incorporated PCR product.
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FIG. 4. In vitro differentiation of ZBP-89 GT ES cells. (A, left) Schematic representation showing the GT vector insertion site within the
ZBP-89 locus. SA, splice acceptor site; B-geo, B-galactosidase—neomycin phosphotransferase; PA, polyadenylation sequence. Positions of EcoRV
restriction sites and the probe used for Southern blot analysis in B are indicated as arrows and a horizontal bar, respectively. (Right) Predicted
protein products generated from WT and GT alleles. (B) Southern blot analysis of WT, ZBP-898"*, and ZBP-892"¢" ES cell genomic DNA digested
with EcoRV and hybridized with the probe shown in panel A. (C) RT-PCR analysis of WT, ZBP-898V*, and ZBP-898"¢' ES cells using primer sets
that detect full-length ZBP-89 mRNA transcripts only (top) or both full-length and GT mRNA transcripts (bottom). (D) Western blot analysis of
nuclear extracts from WT, ZBP-898"" and ZBP-89¢"' ES cells, and ZBP-898"8" ES cells retrovirally expressing ZBP-89 using anti-ZBP-89 (N14)
(top) or antiactin (bottom) antibodies. Expected migration positions of endogenous ZBP-89 and the ZBP-89-GT fusion product (gt-ZBP-89) are
indicated. (E) Two-step in vitro differentiation of WT parental ES cells, ZBP-898"¢' ES cells (gt/gt), or ZBP-898"¢' ES cells retrovirally expressing
ZBP-89 (gt/gt + ZBP-89). (a to f) Secondary plating carried out under definitive erythropoiesis conditions (EPO, SCF, and TPO for 9 days). (a
to c¢) Photographs of representative culture dishes. Macroscopically visible red colonies are indicated by white arrows. (d to f) May-Grunwald-
Giemsa stains of pooled cytospun cells. The black arrow indicates proerythroblast-like cells. (g to i) Secondary plating carried out under
megakaryocytic growth conditions (MegacultC with TPO, IL-3, IL-6, and IL-11 for 12 days) and stained for AchE activity (orange/brown). Cells
are counterstained with Harris” hematoxylin (blue). (F) Quantitation of red (hemoglobinized) colonies observed after erythroid in vitro differ-
entiation for each of the genotypes. Equal numbers of starting cells (4.5 X 10° cells) were plated. Counts are displayed as the means of three
cultures * standard errors of the means.

staining of the residual cells shows many mast cells and some the presence of G418 compared to cultures without G418,
early erythroid forms (Fig. 5D). Likewise, there was poor consistent with a requirement for ZBP-89 in fetal liver
megakaryocyte colony formation (AchE-positive cells) in the megakaryocyte development (Fig. 5F).

ZBP-898¢! chimeric fetal liver cell preparation incubated in We also examined the contribution of ZBP-898&' ES cells to
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circulating erythrocytes in adult chimeric mice. In this case,
cells derived from the donor GT ES and WT host cells can be
distinguished based on strain differences in hemoglobin iso-
forms, which migrate differently by electrophoresis. Although
coat color can be used as a gauge of chimerism, we determined
the level of bone marrow chimerism by measuring the relative
abundance of strain-specific isoforms of the enzyme GPI from
peripheral blood granulocytes. As shown in Fig. 5G and H,
eight chimeric animals showed a significantly reduced contri-
bution to hemoglobin levels from the ZBP-8987&" donor cells
compared to what would be expected based on GPI isoform
analysis (average of 64% lower than expected; P < 0.01). We
conclude that ZBP-89 plays a functional role in definitive ery-
throid and megakaryocyte development in vivo.

Occupancy of gene regulatory elements by both ZBP-89 and
GATA-1. Lastly, we examined several candidate GATA-1
genomic binding sites for ZBP-89 occupancy by ChIP assays.
As shown in Fig. 6A, significant enrichment for both GATA-1
and ZBP-89 was observed at an enhancer element upstream of
the GATA-1 gene itself (GATA-1 HS1) in induced L8057 and
MEL cells. This region is located ~3.5 kb upstream of the
hematopoietic-specific transcriptional start site (IE) and con-
tains a functionally important GATA consensus binding site,
an E-box element, and several phylogenetically conserved con-
sensus ZBP-89 binding sequences located —56, +74, and +90
bp away from the GATA binding site (57). Control ChIP
assays examining a region ~2 kb upstream, which lacks GATA
and ZBP-89 consensus binding sequences, show only back-
grounds levels of PCR amplification. Sequential ChIP assays in
which chromatin fragments were first immunoprecipitated with
anti-ZBP-89 antibody and the eluted material was then immu-
noprecipitated with anti-GATA-1 antibody (or vice versa)
demonstrate simultaneous cooccupancy of this element by
ZBP-89 and GATA-1 (Fig. 6B). ZBP-89 and GATA-1 chro-
matin occupancy was also detected at DNase I HS2 of the
murine B-globin locus control region in induced MEL cells and
the c-mpl promoter in induced L8057 cells (Fig. 6C).

In order to provide mechanistic information on how ZBP-89
and GATA-1 might cooperate in hematopoietic differentia-
tion, we examined ZBP-89 occupancy at GATA-1 HS1 in G1E
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cells, a genetically engineered GATA-1" murine erythroid cell
line that is arrested at a proerythroblast-like stage (60). As
shown in Fig. 6D, significant enrichment for ZBP-89 was ob-
served even in the absence of GATA-1. However, we cannot
exclude GATA factor-independent binding since GATA-2 is
present at this site in these cells. These results also show that
ZBP-89 chromatin occupancy occurs at early stages of ery-
throid development, at least at the locus examined. Genetic
complementation of these cells with an inducible form of
GATA-1 shows relatively stable ZBP-89 occupancy at GATA-1
HS1 as GATA-1 binding occurs and the cells mature (see Fig. S4
in the supplemental material).

DISCUSSION

In this study, we identify the Kriippel-type zinc finger tran-
scription factor ZBP-89 as being a novel component of GATA-
1-FOG-1 multiprotein complexes and show that it plays a
functional stage-specific role in erythroid and early megakaryo-
cyte development in vivo. Moreover, we show the cooccupancy
of ZBP-89 and GATA-1 at key cis-regulatory regulatory ele-
ments of certain erythroid cell- and megakaryocyte-specific
genes in hematopoietic cells. These findings indicate a possible
role for ZBP-89 in determining GATA factor binding site
selectivity in vivo through the formation of multiprotein com-
plexes with extended DNA binding specificity and affinity (Fig.
6E). Stabilization of such a complex by FOG-1, as our data
suggest, could explain FOG-1’s previously observed role in the
context-dependent facilitation of GATA factor occupancy.

Potential role of ZBP-89 in globin gene regulation. In hu-
mans, the different B-globin-like genes are located in a cluster
on chromosome 11 arranged in the order of their developmen-
tal expression. Key cis-acting DNA regulatory elements within
an upstream locus control region and the globin gene-proximal
promoters that are required for high-level and developmen-
tally appropriate globin gene expression have been identified.
These contain ~250-bp core regions that include clusters of
binding sites for three major regulatory proteins: GATA, NF-
E2, and “CACCC”-interacting factors. A variety of proteins
have been shown to bind “CACCC”-type motifs, including SP1

FIG. 5. Analysis of ZBP-89 GT mice. (A) Photographs of representative E10.5 ZBP-89*"¢' and ZBP-89¢"¢' murine embryos. (a to ¢) Embryos
with yolk sac in place. (d to f) Embryos without yolk sac. Black arrows indicate yolk sac blood vessels. White arrows show open neural tubes (see
Fig. S2 in the supplemental material for additional images). (B) Tetraploid complementation analysis. (a) Photograph of a representative E10.5
ZBP-898"8' embryo generated by tetraploid complementation. (b) LacZ staining of embryo and yolk sac. (c) Allele-specific genomic PCR from
control ES cells or tetraploid complementation embryo proper (gt/gt). Positions of WT and GT products are indicated. (d) May-Grunwald-Giemsa
stains of yolk sac blood. (C to F) ZBP-892¢/WT (diploid) chimeric embryo analysis. (C, top) Conventional PCR of WT and GT alleles showing
the relative contribution of ZBP-898¢" cells in pooled E14.5 fetal liver cells used in panels D to F. Note that there is lower PCR efficiency for the
GT allele, as indicated by the analysis of ZBP-898** ES cells. (Bottom) Quantitative real-time PCR analysis of samples shown in the top panel
using primers specific to the GT LacZ gene. Levels are displayed relative to those obtained from ZBP-8982" ES cells (set at 100% GT cells) after
normalization to genomic B-actin DNA levels. (D) May-Grunwald-Giemsa stains of BFU-E colonies from WT or chimeric (GT/WT) E14.5 fetal
livers cultured in 0, 0.5, 1.0, or 2.0 mg/ml G418. Double arrows indicate mature erythroid cells, and single arrows show immature erythroid
precursors. (E) Number of total (gray bars) and red (hemoglobinized) (white bars) colonies from fetal liver cultures presented in panel D and graph
showing expected (if ZBP-89 were dispensable) versus observed data. Cultures were performed in triplicate and are displayed as the means *
standard errors of the means. (F) AchE stains of CFU-Mk from WT or pooled chimeric (GT/WT) E14.5 fetal liver cells cultured in the absence
or presence of 2 mg/ml G418. Cells are counterstained with Harris’ hematoxylin. (G to H) Adult chimeric mouse analysis. (G) Peripheral blood
granulocyte GPI electrophoresis (top) and matched peripheral erythrocyte hemoglobin electrophoresis from eight adult chimeric mice (a to h). The
estimated percent donor chimerism based on coat color is indicated. (H, left) Densitometric analysis of data in panel G showing percent chimerism
based on granulocyte GPI isoform versus erythrocyte hemoglobin isoform abundances. (Right) Graph showing means of the eight animals *
standard errors of the means, with difference in expected (based on GPI isoform abundance) and observed (based on hemoglobin isoform
abundance) data indicated.



2686 WOO ET AL.

A

El Control (GATA-1)
GATA-1
Control (ZBP-89)
[ ZBP-89

P<0.05*

Relative Unit

| Upstream  GATA-1 HS1] | Upstream  GATA-1 HS1|
Erythroid MEL Megakaryocytic L8057
C 0.06 P=0.06 E Control (GATA-1) D
3 GATA-1
Control (ZBP-89) 0.50-
004 I]l [ ZBP-89
£ 5
g 2
B ©
¢ ¢

GATA CC(A/T)CCCCC

Upstream

MoL. CELL. BIOL.

0.0025+
Bl Upstream
0.0020 [ GATA-1 HS1
‘£ 0.0015
=)
[
>
£ 0.0010
©
14
0.0005+
0.0000-
1stIP: RatlgG GATA-1 Rabbit IgG  ZBP-89
2nd IP: ZBP-89 ZBP-89 GATA-1 GATA-1

B Control (GATA-1)
Control (ZBP-89, GATA-2)
= GATA-1

[ zBP-89

B3 GATA2

GATA1 HS1

FIG. 6. Chromatin occupancy by ZBP-89 and GATA-1. (A) Quantitative real-time PCR ChIP analysis of ZBP-89 and GATA-1 chromatin
occupancy at GATA-1 HS1 (57) in induced MEL and L8057 cells. Control antibodies are rat IgG for GATA-1 and preimmune IgG for ZBP-89.
“Upstream” refers to the site ~2 kb 5’ to GATA-1 HS1, which is devoid of consensus GATA and ZBP-89 binding sites. PCR signals are related
to a standard curve of input chromatin and are displayed as relative units. Asterisks indicate statistically significant differences (P = 0.05).
(B) Sequential ChIP of ZBP-89 and GATA-1 at GATA-1 HSI in induced MEL cells. Antibodies used for the first and second IP steps are
indicated. Rabbit IgG refers to ZBP-89 preimmune IgG. (C) ChIP assays for GATA-1 and ZBP-89 at murine -globin locus HS2 in induced MEL
cells and the c-mpl promoter in induced L8057 cells. (D) ChIP assays for GATA-1, ZBP-89, and GATA-2 at GATA-1 HS1, or the upstream control
region, in G1E cells. (E) Model of the cooperative DNA binding multiprotein complex involving GATA-1 or GATA-2, FOG-1, and ZBP-89.

and members of the X-KLF family, such as erythroid Kriippel-
like factor (EKLF). However, the full complement of proteins
that bind these elements in vivo is unknown. Li and colleagues
previously characterized a “CACCC” box in the proximal pro-
moter of the human vy-globin gene and showed that it is re-
quired for y-globin gene expression during definitive, but not
primitive, stages of erythropoiesis in transgenic mice (31).
However, the responsible transactivating factor(s) has yet to be
identified. The “CACCC” motif comprises the core ZBP-89
consensus binding site. Our data showing ZBP-89 chromatin
occupancy of the murine B-globin HS2 region, its physical
association with GATA-1, and its stage-specific requirement
during definitive but not primitive erythropoiesis suggest that it
may be another “CACCC” binding protein involved in globin
gene regulation.

Two other recent reports support the hypothesis of a role for
ZBP-89 in globin gene regulation. Brand and colleagues iso-
lated multiprotein complexes involving the NF-E2 p45 het-

erodimeric partner MafK in uninduced and induced MEL cells
and identified components using a quantitative proteomic
technique (3). They found that in uninduced cells, MafK as-
sociates predominantly with the transcriptional repressor
Bachl, the cofactor HET/SAF-B, and the NuRD and SWI/
SNF complexes. However, in induced cells, MafK preferen-
tially associates with NF-E2 p45, ZBP-89, SP2 and/or SP4,
Ldb-1, p75, and the TIP coactivator complex. In fact, the rel-
ative enrichment for ZBP-89 in induced versus uninduced
MEL cells is about an order of magnitude greater than that for
any other component. Vernimmen and colleagues examined
ZBP-89 binding in the murine a-globin locus in MEL cells and
found high-level occupancy at HS8 and low-level occupancy at
the proximal promoter (55).

Interplay between GATA-1, ZBP-89, and SP/X-KLF family
proteins. In addition to the globin genes, the codistribution of
functionally important “CACCC” motifs and GATA binding
sites has been observed in cis-regulatory elements of a large
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array of erythroid cell-specific genes, including erythroid pyru-
vate kinase; glycophorins A, B, C, and E; erythropoietin re-
ceptor; porphobilinogen deaminase; glutathione peroxidase; and
GATA-1 (20, 57). Functionally codistributed GATA and GC-
rich (SP1-type) binding sites have also been identified in cis-
regulatory elements of megakaryocyte-specific genes such as
allb, glycoprotein VI, and c-mpl. Both EKLF and SP1 physi-
cally interact and synergize with GATA-1 in transcriptional
reporter assays (35). ZBP-89 has also been reported to het-
erodimerize with SP1 (64). Therefore, a complex interplay
between ZBP-89, other members of the SP/X-KLF family, and
GATA factors during erythroid and megakaryocytic differen-
tiation may exist.

Potential role of ZBP-89 in GATA-1 gene regulation. Guyot
and colleagues also examined ZBP-89 chromatin occupancy at
GATA-1 HS1 (22). As we found, they detected significant
ZBP-89 enrichment at this site as well as at the GATA-1
proximal promoter (IE) and a +3.5-kb enhancer element in
L8057 cells. These findings suggest that ZBP-89 may play a
direct role in regulating GATA-1 expression levels.

ZBP-89 mechanisms of action. Like many transcription fac-
tors, ZBP-89 can act either as a transcriptional activator or as
a repressor depending on promoter and cell type context. Pro-
posed mechanisms for its repressive function include antago-
nism of the potent transcriptional activator SP1 (64) and re-
cruitment of histone deacetylases (62). In terms of activation,
ZBP-89 has been shown to interact with the transcriptional
coactivator p300 (1). Our kinetic data, along with the findings
of Vernimmen et al. (55), indicate that ZBP-89 occupies chro-
matin at relatively early stages of erythroid maturation. Re-
cruitment of p300 by ZBP-89 may therefore facilitate the
“opening” of the local chromatin structure during differentia-
tion, allowing access to additional factors.

Essential roles of ZBP-89 in vivo. Although our loss-of-
function studies show a clear role for ZBP-89 in definitive
erythroid and megakaryocytic development, we did observe the
production of small numbers of mature cells. The presence of
low levels of residual ZBP-89 in our experimental systems
and/or a potential overlapping functional role of ZBP-99, a
widely expressed ZBP-89 family member that binds similar
DNA sequences in vitro (29), could account for an incomplete
phenotype.

Takeuchi and colleagues reported previously that heterozy-
gosity with respect to ZBP-89 results in infertility due to a
defect in primordial germ cell development (49). It was there-
fore surprising that we easily obtained germ line transmission
of the heterozygous ZBP-89 GT allele. Possible explanations
for this discrepancy include (i) a dominant negative effect of
the allele created by Takeuchi and colleagues, which is pre-
dicted to generate a carboxyl-truncated ZBP-89 molecule re-
taining the first three, and part of the fourth, zinc fingers and
(ii) rescue of the germ cell defect by low levels of residual
ZBP-89 in our experiments. The generation of additional
gene-targeted alleles should help distinguish these possibilities.

Posttranslational regulation of ZBP-89 levels. ZBP-89 is
predicted to contain a PEST domain. Such motifs target pro-
teins for rapid proteolytic degradation and are often contained
in highly regulated proteins (44). Several observations suggest
that ZBP-89 protein levels may be regulated by posttransla-
tional mechanisms, likely mediated through its PEST domain.
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First, ZBP-898* ES cells have the same ZBP-89 protein level
as WT ES cells despite having ~50% of their mRNA levels
(Fig. 4). Second, retroviral expression of ZBP-89 in the ZBP-
89s¥8 ES cells results in protein levels identical to those of WT
ES cells, which seems unlikely unless a regulatory mechanism
was placing a limit on steady-state protein levels. Third, the
overexpression of ZBP-89 appears to be quite toxic in hema-
topoietic cell lines and primary cells (T. Moran and A. B.
Cantor, unpublished observation). Fourth, the deletion of a
carboxyl-terminal portion of ZBP-89, which includes the pre-
dicted PEST domain, results in about a 10-fold increase in
protein levels when expressed in 293T cells compared to full-
length ZBP-89, despite equivalent mRNA levels (Y. Schindler
and A. B. Cantor, unpublished observation). Thus, mecha-
nisms that modulate putative PEST-mediated protein decay
may play important roles in regulating ZBP-89 activity and,
consequently, its effects on hematopoietic differentiation.
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ADDENDUM IN PROOF

After acceptance of our study, we realized that we failed to refer-
ence the work of Li et al. (X. Li, J. W. Xiong, C. S. Shelley, H. Park,
and M. A. Arnaout, Development 133:3641-3650, 2006). This group
performed zebrafish morpholino knockdown experiments and murine
ES cell overexpression studies to demonstrate a role for ZBP-89 in the
generation of the hematopoietic lineage. In contrast to our work, this
group found that morpholino-mediated knockdown of ZBP-89 expres-
sion in zebrafish embryos resulted in nearly complete loss of primitive
erythropoiesis, in addition to the reduction during definitive hemato-
poiesis which was observed in both studies. The reason for the dis-
crepancy is not clear. There are several differences in technique that
could potentially account for the disparate observations. One is the
different morpholino constructs used. Li et al. utilized a morpholino
construct that targets the translation start site (atgMO) of ZBP-89,
whereas we used a morpholino targeting the splice donor site in exon
5 (resulting in an altered protein terminating before all four zinc
fingers). Although it is not known whether maternal ZBP-89 tran-
scripts are present in developing zebrafish embryos, an atgMO would
inhibit translation of both maternally and zygotically derived ZBP-89
mRNA transcripts, whereas a splice site-targeted morpholino would
disrupt only zygotically derived ZBP-89 mRNA transcripts. This could
account for a more severe phenotype with the atgMO used by Li et al.
However, the authors state that they also used a morpholino targeting
the splice donor site in exon 8 (resulting in an altered protein termi-
nating after the second zinc finger) and observed a similar phenotype,
although these data are not shown. A second possibility is differences
in the degree of ZBP-89 gene knockdown. It is possible that Li et al.
achieved a greater overall reduction of ZBP-89 expression than we did
in our experiments. We analyzed our ZBP-89 morphant embryos by
RT-PCR and found markedly reduced levels of ZBP-89 full-length
mRNA transcripts, although some residual expression remained (Fig.
3). Li et al. did not present data documenting their degree of ZBP-89
knockdown, so it is difficult to compare results. A third possibility is the
timing of analysis. Li et al. analyzed their zebrafish embryos for he-
moglobinized cells at 48 hours postfertilization (hpf), whereas we an-
alyzed our embryos at 72 hpf. It is possible that dilution of the injected
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morpholinos by 72 hpf could have resulted in a less severe phenotype,
although the loss of thrombocytes that we observed was evident at
96 hpf.

In addition to the zebrafish experiments, our study included in vivo
loss-of-function studies with mice using a ZBP-89 gene trap allele. The
tetraploid complementation experiments shown in Fig. 5 support our
conclusion that ZBP-89 is dispensable, or least functional at low levels,
for primitive erythropoiesis. (As we discuss in the paper, the ZBP-89
gene trap allele produces low levels of full-length ZBP-89 mRNA
transcripts, likely due to splicing around the gene trap vector.)
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