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Abstract
Objective—We investigated the role of CCAAT enhancer-binding protein-α (C/EBPα) during
zebrafish embryonic blood development.

Methods—Whole-mount mRNA in situ hybridization was performed to determine the spatio-
temporal expression pattern of zebrafish cebpa in developing hematopoietic progenitors. A deletion
mutation of cebpa (zD420), which mimics the human dominant-negative mutations of C/EBPα, was
transfected into CV1 cell line to evaluate its transcriptional activity in vitro and injected into zebrafish
embryos at the one- to two-cell stage to examine its effects on primitive hematopoiesis during early
zebrafish development.

Results—Zebrafish cebpa is expressed in the anterior and posterior lateral plate mesoderm at 12
hours postfertilization, along with scl, pu.1 and gata1 in developing hematopoietic progenitors. In
vitro, the deletion mutation of cebpa (zD420) prevents expression of the full-length protein, allowing
the expression of truncated isoforms from internal translational initiation sites. As in the human, the
truncated zebrafish C/ebpα proteins did not activate the expression of known target granulocytic
genes, and in fact, suppressed transactivation that was induced in vitro by the full-length protein.
Forced expression of the zD420 mRNA in zebrafish embryos led to an expansion of primitive
erythropoiesis, without a discernible effect on granulopoiesis.

Conclusion—Expression of the truncated isoforms of cebpa alters the developmental pattern of
hematopoietic progenitor cells during embryogenesis.
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In the mammalian hematopoietic system, the CCAAT/enhancer-binding protein α (C/EBPα,
encoded by the CEBPA gene) functions as a critical regulator of granulocytic differentiation.
CEBPA is strongly expressed in granulocyte/monocyte progenitors (GMPs) of human and
rodent bone marrow and is specifically upregulated during granulocytic differentiation [1-4].
Induced expression of CEBPA in GMPs can initiate granulocytic differentiation along with
simultaneous inhibition of monocytic maturation [2,5]. Mice lacking the CEBPA gene also
lack mature granulocytes and show an accumulation of myeloblasts in blood and bone marrow
[6]. Additionally, murine hematopoietic transplantations of wild-type cells expressing the
BCR-ABL oncogene results in myeloid leukemia, while the transplantation of CEBPA null
cells expressing this oncogene developed erythroleukemia [7].

Heterozygous mutations in CEBPA were recently found in cases of acute myeloid leukemia
(AML) [8]. These mutations affect the amino terminus and eliminate expression of the 42-kDa
full-length, wild type C/EBPα protein, but do not affect a 30-kDa isoform initiated further
downstream. This truncated protein inhibits DNA binding of the wild-type C/EBPα, and, thus,
inhibits transactivation of key granulocytic target genes in a dominant-negative manner [8,9].
Despite major advances in understanding the biochemical properties of C/EBPα, the roles of
this transcription factor and its dominant-negative isoform in early blood development and
AML remain largely unknown.

Emerging evidence suggests that the zebrafish might provide a useful model for elucidating
the regulatory functions of mammalian C/EBPα during primitive hematopoiesis. Zebrafish
orthologues of many key transcriptional factors necessary for mammalian hematopoietic
development have been identified, suggesting a conserved genetic program regulating
vertebrate hematopoiesis [10,11]. The zebrafish system affords several advantages for this
analysis, including external embryonic development and optical clarity, which allow direct
visualization of the hematopoietic process. In the fish, hematopoiesis begins in two
anatomically and functionally distinct regions: the anterior and posterior -lateral plate
mesoderm (A- and P-LPM) [12-14]. Cell fate mapping experiments at the shield stage of
development show that P-LPM arises from the most ventral region opposite the embryonic
organizer (or shield) [15,16]. Cells in the P-LPM migrate medially in an anterior-to-posterior
wave to form the intermediate cell mass (ICM, or “ventral” mesoderm) [10,17]. P-LPM/ICM
is the major site of primitive erythropoiesis, with gata1 being exclusively expressed in this
region during somitogenesis [10,18]. However, the expression of granulocyte-specific genes,
such as pu.1 and mpo [12,19] in the posterior ICM prior to the onset of circulation (less than
24 hpf) suggests that P-LPM/ICM may also maintain a level of granulopoietic activity, during
early development of the zebrafish hematopoietic system. During gastrulation, A-LPM arises
in a region closer to the shield than to the ventral end destined to become P-LPM/ICM [12]
and unlike P-LPM, appears to be exclusively occupied by cells that express granulocytic genes,
such as pu.1[12], mpo [19], c/ebp1 [20] and l-plastin [14]. Despite these spatially-restricted
gene expression patterns, recent studies in the zebrafish have determined that both the A- and
P-LPM contain bipotential cells, similar to the common myeloid progenitor cells in mammalian
hematopoiesis, with the ability to differentiate into either erythroid or myeloid cells [21].

The rapid development of granulopoiesis in the A-LPM and its coexistence with erythropoiesis
in the P-LPM region of zebrafish embryos prompted us to study the functions of zebrafish C/
ebpα and its dominant-interfering isoforms in vertebrate blood development. We show here
that cebpa is coexpressed with scl, gata1 and pu.1 in the hematopoietic progenitors in the P-
LPM of embryos at 12 to 16 hours postfertilization (hpf). Forced expression of dominant-
interfering C/ebpα isoforms induced an expansion of primitive erythropoiesis in the P-LPM
and ectopic erythropoiesis in the A-LPM, without a discernible effect on granulopoiesis in both
the A- and P-LPM. These results suggest that the aberrant expression of truncated forms of C/
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ebpα can interfere with the development of embryonic hematopoietic progenitors and drive
them to adopt an erythroid cell fate.

Materials and methods
Fish care

Zebrafish maintenance, breeding and staging were performed as described previously [22,
23].

Cloning and mapping
Messenger RNA was extracted and isolated from zebrafish adult kidney, and degenerate PCR
was used to amplify a 383-bp fragment of zebrafish cebpa. An adaptor-ligated SMART cDNA
library was then constructed by using the kidney mRNA for 5’ and 3’ RACE (rapid
amplification of cDNA ends) to obtain the cDNA of full-length cebpa. Radiation hybrid
mapping was performed with the Goodfellow zebrafish T51 panel. Primer pairs were designed
from the 3’UTR of zebrafish cebpa using OILGO 6 software (forward primer: 5’-
GGTAAAATCATGCCCATTAGCTGC-3’; reverse primer: 5’-
CGGAGCGAGCTTGACTTTTGAA-3’). Zebrafish putative orthologues were identified by
the “reciprocal best hit” method, as described previously [24].

Whole-mount mRNA in situ hybridization and single-embryo RT-PCR
Antisense probes were generated from the 1.8-kb fragment of the 3’ RACE product of the
cebpa gene. The synthesis of RNA probes and hybridizations were performed as described
previously [19]. Double in situ hybridization assays were performed with digoxigenin- and
fluorescein-labeled probes and developed with the chromagenic substrates BCIP/NBT and Fast
Red, as described previously [19]. For single-embryo RT-PCR, an individual embryo injected
with either zD420 or GFP mRNA was rinsed twice with PBS and transferred into an RNase-
free tube containing 100 μl of Trizol (GIBCO) and 5 μl glycogen (Ambino). Extracted total
RNA was diluted in 10 μl of RNase-free water. One microliter of total RNA was used as a
template and one-step RT-PCR (Qiagen) was performed in a volume of 25 μl. Intron-spanning
primers were designed with PRIMER 3 software. Primer sequences of zebrafish genes are:
gata1 (F: ATTATTCCACCAGCGTCCAG and R: CCACTTCCACTCATGGGACT); α-
hemaglobin (F: TTGTCTACCCCCAGACCAAG and R: AGAGCCAGAGCTGAGAGGAA)
and β-actin (F: CCCAGACATCAGGGAGTGAT and R: CACCGATCCAGACGGAGTAT).
The PCR conditions were as follows: 50°C, 30 min; 95°C, 15min; 28 cycles of 94°C, 30 s; 60°
C, 30 s; 72°C, 1 min; then 72°C, 10 min; 4°C stored.

Constructs
The wild type, full-length cebpa gene (zWT), defined by Sac I/Xho I, was subcloned into either
the pCS2+ or PBK vector. Site-directed mutagenesis was performed with the zWT to delete
the third base of the triplet TTC encoding the conserved phenylalanine at amino acid position
65 of zebrafish C/ebpα. The resultant deletion mutant was designated zD420. zWT-GFP and
zD420-GFP were generated by in-frame fusion of the gene encoding green fluorescent protein
(GFP) with the 3’ end of the zWT and zD420 open reading frame.

Electrophoretic mobility shift assay
The zWT and zD420 proteins (both GFP-tagged and untagged) were translated in vitro with
the reticulocyte system (Promega). To compare translation efficiencies, we performed parallel
reactions in the presence of 35S-labeled methionine, and separated protein products on a 12%
SDS-polyacrylamide gel. The binding reaction was performed as described previously [8]. The
sequence of the human GCSFR promoter oligonucleotide (bp −57 to −38, with C/EBPα binding
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site underlined) was 5’-AAGGTGTTGCAATCCCCAGC-3’. GFP monoclonal antibody
(0.2ul; Clontech) was used in electrophoresis supershift experiments performed on a 4%
polyacrylamide gel at 10V/CM in 1×TBE buffer.

Immunoblotting
CV1 cells (5×105) were transfected with expression plasmid (1 μg) using Lipofectamine
(Gibco). Twenty-four hours after transfection, the cells were lysed in RIPA buffer (1×PBS,
1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 100 μg/ml PMSF, 1 μg/ml aprotinin), and
protein extracts were diluted 1:1 with Laemmli sample buffer (Bio-Rad), fractionated on 10%
SDS-polyacrylamide gels and transferred to nitrocellulose membranes. The blots were blocked
in 1×TBS, 5% nonfat milk and 0.05% Tween-20 at room temperature for 30 minutes, followed
by incubation with a 1:1,000 dilution of either a mouse monoclonal anti-GFP antibody
(Clontech) or a rabbit polyclonal antiserum against zebrafish C/ebpα (using a peptide fragment,
‘N’-GIFRQLPDGSFVKAMGNCA-‘C’, that represented the last 20 amino acids 268-288 of
zebrafish C/ebpα as an antigen source) at room temperature for 1 hour. The blots were then
washed with TBST. After incubation with an anti-mouse or -rabbit IgG-horseradish peroxidase
(HRP)-conjugated secondary antibody (diluted at 1:2,000) at room temperature for 45 minutes,
the blots were visualized with an ECL kit (Santa Cruz) according to the manufacturer’s
protocol.

Transactivation assay
CV1 cells (2×104) were seeded to 24-well dishes and transfected using Lipofectanin (Gibco)
with reporter plasmid (200 ng; tetramer of the CEBP site of human GCSFR inserted into the
promoterless luciferase vector pTK81-luc), the CMV-LacZ construct (40 ng), and selected C/
ebpα expression plasmids (60 ng). Luciferase assays were carried out at 24 hours post-
transfection according to the manufacturer’s instruction (Dual-luciferase reporter assay,
Promega). Luciferase activities were normalized for transfection efficiency using the
cotransfected CMV-LacZ construct and chemiluminescent reporter assay kit (to detect β-
galactosidase [TROPIX]). All transactivation experiments were repeated three times with two
different versions of each plasmid (cloned in CMV-containing pCS2 and PBK vector). The
expression of C/ebpα protein was detected by Western blotting using either anti-GFP or rabbit
antiserum against the zebrafish C/ebpα protein.

Microinjection
Capped mRNAs were transcribed from a NotI-linearized plasmid (zWT and zD420, cloned in
pCS2) using SP6 RNA polymerase (Message Machine, Ambion), purified by phenol-
chloroform extraction, dissolved in DEPC-treated water and quantified with a
spectrophotometer.

Histology
Embryos to be sectioned were rinsed briefly in PBS twice and fixed in 4% paraformaldehyde
(PFA) overnight at 4°C prior to paraffin sectioning. Sections were stained with hematoxylin
and eosin. After in situ hybridization, the embryos were rehydrated and embedded in 3%
sucrose overnight at 4° C before cryostat sectioning. Sections were counterstained with Eosin
(Sigma) and photographed.

Results
Structural features of the zebrafish cebpa orthologue

The full-length cDNA sequence of the zebrafish cebpa orthologue has been reported previously
[25]. We obtained cebpa genomic P1-artificial clones (PACs) by screening the zebrafish
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genomic PAC library, and sequenced the 5-kb genomic sequence that comprised the entire
cebpa open reading frame. As in other species, the mRNA of the full-length zebrafish cebpa
gene was transcribed from a single exon containing a highly conserved upstream open reading
frame (u-ORF), followed by a spacer of seven nucleotides in the 5’-untranslated region (Figure
1A, top). Comparison of the zebrafish C/ebpα protein with its human, mouse, bovine, chicken,
frog, and xenopus counterparts revealed several conserved regions, including a C-terminal
domain consisting of a DNA-binding nuclear localization signal and leucine zipper
dimerization region (LZ) and two transactivation domains (AD1 and 2) at the N-terminus
(Figure 1A, bottom), which reportedly possess transactivation potential [26].

Radiation hybrid (RH) mapping found the cebpa gene in a chromosome fragment between
z3076 and z5563 on zebrafish chromosome 7, which is syntenic with the human and mouse
CEBPA loci (data not shown). These results indicate that zebrafish cebpa is a bona fide
structural orthologue of mammalian CEBPA, with the exception of an important structural
divergence. In mammals (human, mouse and bovine), a single internal translational initiation
site (ATG) encodes a 30-kDa dominant-interfering protein isoform, residing between AD1 and
AD2 (Figure 1A, bottom), whereas, in zebrafish three such sites were found in the same reading
frame within the AD2 domain (a, b and c in Figure 1B).

Internal translation initiation sites direct the synthesis of truncated isoforms
In human AML cases, deletion of cytosine 395 of the human CEBPA cDNA (hD395; Figure
1A, bottom) abolishes expression of the full-length (42-kDa) protein and promotes the
expression of a 30-kDa isoform. This truncated protein blocks the DNA-binding activity of
wild-type C/EBPα, and the transactivation of granulocytic target genes, in a dominant-
interfering manner [8]. To determine whether the three potential internal initiation sites of the
zebrafish cebpa gene (proteins a, b and c; Figure 1B) direct protein synthesis, we deleted the
evolutionarily conserved cytosine 420 (corresponding to the cytosine 395 in human CEBPA
cDNA) of the cebpa cDNA (zD420; Figure 1B, bottom). While the in vitro translation of the
wild-type cebpa expression plasmid (designated zWT) resulted in expression of four C/ebpα
proteins, one full-length (36 kDa) and three isoforms, only the three shorter isoforms were
obtained with the zD420 expression plasmid (Figure 1C, left panel). In vitro translation of
green fluorescence protein (GFP)-tagged zWT and zD420 (zWT-GFP and zD420-GFP)
expression plasmids yielded the same results (Figure 1C, right panel), indicating that fusion
with GFP did not affect the translation of these protein isoforms in vitro.

Truncated zebrafish C/ebpα proteins show decreased binding to the CEBP site in the human
GCSFR promoter

Binding of the C/EBPα protein to the functional region (-57 to -38) of the human granulocyte
colony-stimulating factor receptor (GCSFR) gene is required for granulocytic differentiation
[27]. Therefore, we performed gel-shift and supershift assays to assess the ability of truncated
and full-length zebrafish C/ebpα proteins to bind to the human GCSFR promoter. Proteins
obtained from in vitro translation (Figure 1C) of zWT expression plasmid displayed strong
DNA binding, while those from the zD420 expression plasmid showed markedly decreased
binding activity (Figure 1D, lanes 8-9). The results indicate that truncated C/ebpα isoforms
lose most of their ability to bind to the human GCSFR promoter, consistent with the previous
observation for human hWT and hD395 [8]. Decreased DNA binding activity was also
observed for zD420-GFP proteins, although it was not as pronounced as that for zD420 proteins
(Figure. 1D, lane 4 and lane 6).

Truncated proteins suppress transactivation by full-length C/ebpα
We next investigated transactivation by full-length and truncated C/ebpα proteins binding
through a CCAAT site in the human GCSFR promoter in transfected CV1 cells (lack
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endogenous C/EBPα protein). Both GFP-tagged and untagged zWT and zD420 expression
plasmids were transiently transfected into CV1 cells. Immunoblotting with either GFP antibody
(for the GFP-tagged proteins) or a rabbit antiserum against C/ebpα (for untagged proteins)
detected the full-length and truncated proteins (Figure 2A, top panels). The result indicated
that the zD420 mutation results in expression of the three truncated isoforms initiated further
downstream.

The zWT and zWT-GFP proteins stimulated luciferase transactivation 3.5- and 5-fold above
background, while the zD420 and zD420-GFP expressed proteins were the same as GFP
controls (Figure 2A). As a control, full-length C/ebpα proteins failed to activate the mutated
GCSFR promoter (data not shown). To test for dominant interfering activity, we transfected a
constant amount of zWT (60 ng) plasmid with an increasing amount of zD420 plasmid. A 1:1
ratio of mutant to wild-type plasmid reduced the luciferase expression by 30%, while a 2:1
ratio reduced it by more than 50% (Figure 2B). Increasing amounts of the truncated proteins
were demonstrated by Western analysis (Figure 2B, top).

Spatial and temporal expression of cebpa during embryogenesis
The zebrafish cebpa expression pattern in developing embryos was evaluated by in situ
hybridization analysis. The gene was first detected in the yolk syncytial layer at 50% epiboly
at 5.3 hours postfertilization (hpf) (Figure 3A, arrowheads). By 12 hpf, cebpa activity was
detected in two stripes along the lateral plate mesoderm in both the anterior and posterior
regions of the embryo (A- and P-LPM, Figure 3B,C). By 13 hpf, the A-LPM cebpa+ cells began
to migrate medially, converging to the mid-line by 17 hpf, and subsequently dispersed over
the surface of the yolk cell (Figure 3C,E, top). In the P-LPM between 12-17 hpf, cebpa+ cells
converged medially in an anterior-to-posterior wave, resulting in a single stripe in the position
of the ICM (Figure 3C). The cebpa expression decreased by 20 hpf (Figure 3C, bottom) and
is largely gone by 24 hpf in the ICM (Figure 3E, top). The cebpa+ cells in the gut primordium,
between the rostral and caudal LPM, could be detected at 13 hpf and has converged towards
the midline by 20 hpf (Figure 3C, arrowheads). By 48 hpf, LPM-derived cebpa+ cells were
reduced overall, with a few positive cells remaining on the yolk cells (Figure 3D, arrow). At
that time, cebpa expression was observed in the developing liver and gut (Figure 3D, star and
arrowhead), in accordance with previous observations [25].

The cloche (clom39) mutant lacks the capacity for hematopoiesis and vasculogenesis due to an
as-yet-unidentified mutation upstream of the early hematopoietic transcription factor scl [28].
Embryos homologous for the clom39 allele show loss of most hematopoietic gene expression
at 24 hpf, including gata1 and α-globin [29]. Unlike the normal expression pattern of cebpa
and α-globin in wild type or heterozygous cloche siblings (Figure 3E, top, red and black
arrows), neither gene was expressed in the regions normally containing hematopoietic cells of
the homozygous clom39 embryos (Figure 3E, bottom), although cebpa expression remained
unaffected in the gut (Figure 3E, arrowheads). These results indicate that cebpa was specifically
expressed in blood cells of developing embryos.

Colocalization of cebpa with blood markers in developing zebrafish hematopoietic
progenitor cells

The spatial and temporal distribution of cebpa mRNA transcripts in the A- and P-LPM during
zebrafish embryogenesis correlates with the described expression patterns of scl and pu.1 in
the A-LPM [12,30] and scl, pu.1 and gata1 in the P-LPM [17]. Two-color in situ hybridization
analysis confirmed that cebpa and scl expression are coexpressed in a lateral subset of cells of
both the P- (Figure 4A) and A-LPM (data not shown) at 12 hpf. However, unlike some scl+
cells in the A-LPM, none of the cebpa+ cells contribute to the developing central nervous
system (data not shown).
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Colocalization of cebpa with pu.1 mRNA transcripts was observed at 12.5 hpf in the A-LPM
(Figure 4B, left panels) and P-LPM (Figure 4B, right panels) after the onset of pu.1 expression.
Both cebpa and pu.1 are coexpressed with gata1 in the same cells of the P-LPM through 16
hpf (Figure 4C, and data not shown). At 22 hpf, most of the cebpa+ cells also expressed pu.1
in cells dispersed on the yolk (Figure 4D, yellow arrows), but some pu.1+ cells did not express
cebpa (Figure 4D, red arrows). Coexpression of cebpa with the granulocyte-specific gene
mpo was assayed and most of the mpo-positive cells expressed cebpa (Figure 4E, yellow
arrows), consistent with its required role in mammalian granulopoiesis. Because cebpa is
expressed earlier in the development of myeloid cells than mpo, it is not surprising that mpo
was not expressed in all cebpa+ cells (Figure 4E, black arrows).

Dominant-interfering cebpa enhances erythropoiesis in P-LPM
The colocalization of the hematopoietic transcription factors cebpa, gata1, pu.1 and scl in the
P-LPM of 12-16 hpf embryos led us to test the consequence of misexpressing the dominant-
interfering isoform, zD420, in living zebrafish. Injection of zD420 mRNA into one-cell stage
embryos resulted in a striking expansion of gata1-expressing cell at 16 hpf in the P-LPM
(Figure 5B, arrow), compared to controls (Figure 5A, Table 1). Interestingly, ectopic
expression of gata1 was observed in cells located medially to the P-LPM in some of the
zD420-injected embryos (Figure 5B, arrowhead), as well as in cells on the anterior yolk of
nearly all zD420-injected embryos (Figure 5D, arrowheads). Such ectopic expression was
absent in normal embryos (Figure 5A,C). The increased gata1 expression in the P-LPM reflects
an expansion of erythropoietic progenitors, and this results in enhanced erythropoiesis as
demonstrated by the increased expression of α-hemaglobin in the 22-hpf precirculation
embryos (Figure 5E,F).

At 26 hpf, half of the zD420-injected embryos exhibited an abnormally expanded posterior
blood island (EPBI) at the posterior end of the ICM (Figure 5G,H, red arrow, Table 1). Each
EPBI contained increased gata1-expressing cells compared to controls (Figure 5I,J).
Consistently, analyses of the expression of gata1 and α-globin genes by semi-quantitative RT-
PCR in single-embryo level showed that the transcripts of gata1and α-globin in zD420-injected
embryo increased twice more than that in control GFP-injected embryo (Figure 5K). We do
not believe that the EPBI was caused by abnormal development of the vasculature or a block
in circulation, as both of these processes appeared to be normal at this stage of development
(data not shown). Surprisingly, myeloid cell development appeared normal in the zD420-
injected embryos, as indicated by the normal expression pattern of granulocyte- and monocyte-
specific genes such as mpo and l-plastin, respectively, at 26 hpf (data not shown). These
findings would be unexpected if the zD420-encoded proteins were functioning in vivo as a
dominant negative protein in hematopoietic progenitors, because loss of Cebpa in the mouse
results in a loss of granulopoiesis [6]. However, opposing data from in vitro studies indicate
that the expression of a dominant negative CEBPA in murine bone marrow cells does not block
granulocyte differentiation [9]. Thus our results suggest a gain-of-function activity due to the
aberrant expression of truncated forms of cebpa in hematopoietic progenitors in vivo, which
stimulates GATA-1 expression and results in ectopic erythropoiesis. Since pu.1 expression is
not affected in zD420-injected embryos, it is likely that pu.1 acts upstream or parallel to
cebpa, which is consistent with recent observations showing that pu.1 is required for normal
embryonic zebrafish myelopoiesis and may regulate the myelopoietic expression of cebpa
[21].

Discussion
The translationally regulated expression of critical transcription factors plays a pivotal role in
determining hematopoietic cell fate [31,32]. For example, expression of the full-length human
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SCL protein drives uncommitted hematopoietic cells toward the megakaryocyte lineage, while
truncated isoforms (generated by an alternative translation initiation mechanism) favor the
erythroid lineage [32]. In patients with Down’s syndrome-related acute megakaryocytic
leukemia, mutations that introduce a stop codon within the first coding exon of GATA1 abolish
the 50-kDa full-length GATA1 protein, but permit an alternative 40-kDa isoform to be
expressed from a downstream initiation site [33,34]. A similar mechanism generates truncated
isoforms of C/EBPα that contribute to the molecular pathogenesis of AML [9].

Despite the importance of translational control mechanisms in the regulation of hematopoiesis,
it is surprising that expression of truncated C/ebpα isoforms causes an expansion of primitive
erythropoiesis activity during zebrafish development. Unfortunately, we are not able to assess
the effects of the truncated isoform on definitive hematopoiesis, because of the technical
limitation of the mRNA injections. The primitive erythroid expansion in the posterior of the
embryo in the experiments using mutant cebpa mRNA encoding only truncated protein may
be in part result of the inhibition of full-length C/ebpα function. In the livers of Cebpa-null
mice, a fourfold increase in Epo receptor mRNA is detected [35]. Induced expression of C/
EBPα in primary human CD34+ cells blocks - erythropoiesis through the downregulation of
inhibitor of differentiation-1 (ID1), a transcriptional repressor known to interfere with
erythrocyte differentiation [36]. Zebrafish cebpa is co-expressed with gata1 and scl in subsets
of progenitors during embryonic primitive hematopoiesis (Figure 4) and recent studies in the
zebrafish have demonstrated that, as in mammals, mature erythroid and myeloid cells arise
from a common myelo-eyrthroid progenitor cell (MEP) [21]. Induction of human CD34+ bone
marrow cells towards different hematopoietic lineages resulted in corresponding changes in
gene expression; erythroid differentiation correlated with expression of SCL and GATA1 while
myeloid cells expressed C/EBPα and PU.1 [37]. Thus, it is possible that dominant-interfering
inhibition of wild-type C/ebpα function in these scl+ hematopoietic stem cells or MEP cells
could favor erythroid progenitor proliferation and differentiation by increasing the expansion
of gata1 expressing cells. Alternatively, overexpression of truncated forms of C/ebpα may act
through as-yet-undefined gain of function mechanisms to promote erythropoiesis, as has been
shown recently for truncated forms of GATA-1 and their actions in promoting abnormal
megakaryopoiesis in genetically engineered mice [34].

In contrast to its effect on erythropoiesis, the truncated C/ebpα isoform appears to have only
limited influence on the differentiation of granulocytes, as indicated by the appropriate number
of cells expressing mpo in embryos injected with zD420 mRNA. It remains possible that wild-
type C/ebpα is incompletely inhibited by the truncated C/ebpα isoform or that parallel pathways
mediated by pu.1 compensate for the loss of cebpa function. Unfortunately, we were not able
to study the effects of either overexpressing or knocking-down full-length C/ebpα in zebrafish
embryos. Because forced expression of full-length cebpa mRNA, even in low concentrations
(less than 50 pg/per embryo), caused embryonic death during gastrulation prior to the onset of
hematopoiesis. Furthermore, four different morpholinos against different sites of C/ebpα
around the ATG do not cause detectable blood phenotypes, although at higher doses leading
to ventralized monsters (Dr. John Kanki, unpublished data). We are not allowed to design
alternative morpholino against a splice site because of C/ebpα being a single exon.

Our results provide novel evidence for the involvement of alternatively translated C/ebpα
proteins in the control of erythroid development. Given the previously observed antagonism
between PU.1 and GATA1 proteins [21,38] and the loss of PU.1 function in erythroleukemia
[39], our results suggest that full length C/ebpα may also be involved antagonistically in the
Gata1-associated pathway of blood development. Deregulation of normal C/ebpα translation
is already known to contribute to AML, and our studies in zebrafish expressing dominant-
interfering C/ebpα suggest that this gene should also be examined in erythroleukemia.
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Figure 1.
Deficiency of dominant-interfering C/ebpα isoforms in binding to human GCSFR promoter
DNA. (A) Structural conservation of CEBPA gene during evolution. The deleted cytosine at
position 395 of human CEBPA gene (referred to as hD395) is underlined (bottom). u-ORF,
upstream of open reading frame; nt, nucleotides; AD1, transactivation domain 1; AD2,
transactivation domain 2; LZ, lucine zipper; UTR, untranslated region. Black arrow denotes
the translational initiation site that encodes the full-length 42-kDa C/EBPα (referred to as
hWT), while gray arrow denotes the in-frame, internal initiation site that encodes a dominant-
interfering, 30-kDa N-terminal truncated isoform. (B) Schematic diagram of full-length
(zWT) and alternative (zD420) isoforms of zebrafish cebpa gene. The deleted cytosine
homologue at position 420 of zebrafish cebpa (zD420) is underlined. Black arrow denotes the
translational initiation site that encodes the full-length C/ebpα protein (36-kDa, zWT). Gray
arrows mark three putative, in-frame internal initiation sites (a, b and c). (C) Proteins translated
in vitro in the presence of 35S-labeled methionine from zWT and mutant zD420 (left panel), as
well as GFP-tagged zWT and zD420 (right panel) expression plasmids. (D) Comparison of the
ability of in vitro translated zD420 mutant proteins (lanes 6 and 9) and zWT proteins (lanes 4
and 8) to bind to the CEBP site of the human GCSFR promoter. Human wild type (hWT, lane
2) and mutant (hD395, lane 3) proteins served as positive controls. Also indicated are specific,
unlabeled competitor oligonucleotides (self, lanes 10-13) used in 100-fold molar excess,
unprogrammed lysates used for in vitro translation (UN, lane 14) and GFP antibody (anti, lanes
5 and 7) or nonspecific antibody (non S.anti, sheep anti-mouse IgG, lane 15) used as a negative
control for supershift experiments. ss, supershift; C/ebpα, shifted band.
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Figure 2.
Transactivation potential of truncated C/ebpα isoforms versus wild-type protein. (A) CV1 cells
were transiently cotransfected with 60 ng of each indicated expression plasmid, with CMV-
lacZ plasmid (lacZ, 40 ng) and with luciferase reporter plasmid (luc, 200 ng), which contains
a tetramer of the CEBP site of the human GCSFR promoter. Transactivation results (bottom)
of the luciferase assay are compared with that of the pCS2+GFP expression vector alone
(“GFP”=1.0) and were normalized for transfection efficiency by measuring β-galactosidase
activity from the cotransfected lacZ plasmid. The bars denote mean (± SD) values for three
repetitions. Western analysis of transfected CV1 cells (top) were performed in parallel to detect
the expression of wide-type and mutated C/ebpα proteins using either an mouse monoclonal
antibody against GFP or an rabbit antiserum against zebrafish C/ebpα. (B) CV1 cells were
transiently transfected with 60 ng of GFP-tagged zWT and increasing amounts of GFP-tagged
zD420 plasmids. Total amounts of transfected plasmids were 420 ng (otherwise, pCS2 plasmid
was added). The proteins were detected in parallel by Western blots (top) from parts of the
lysates used for luciferase assay.
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Figure 3.
Spatio-temporal expression of cebpa during zebrafish embryogenesis. (A) At the 50%-epiboly
stage (5.3 hpf), expression of cebpa is first detected in the yolk syncytial layer (YSL) at the
margin of the blastoderm (top, arrowhead). Cells expressing cebpa are seen in a representative
section across the YSL (bottom. arrowhead). (B) At the 6-somite stage (12 hpf), cebpa
expression can be seen as distinct stripes, one is located in the anterior lateral plate mesoderm
and the other in the posterior lateral plate mesoderm (A-LPM and P-LPM, arrows). (C)
Dynamic expression of cebpa in cells of A- and P-LPM during the segmentation period (stages
12 to 20 hpf). (D) At 48 hpf, expression of cebpa can been observed in anterior myeloid cells
(arrow), liver (star) and developing gut primordium (arrowhead). (E) At 24 hpf, detection of
cebpa (white arrow for myeloid cells; white arrowhead for gut) and α-hemoglobin (red arrow)
in wild-type sibling (top) as well as the cloche mutant (clom39, bottom). Note that the cloche
mutant lacks both cebpa and α-hemoglobin in hematopoietic cells, but maintains the gut
expression of cebpa. Panels A, B, D and E are lateral views, anterior to the left in B, D and E,
with animal pole up in A. Panel C shows dorsal views of flat-mounted embryos, anterior to
the left.
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Figure 4.
Analysis of cebpa coexpression with other blood markers. Two-color in situ hybridization gene
expression analysis in wild-type embryos (flat mount, anterior to the left; dorsal views in A,
B, C and lateral views in D, E). Fast Red labeling of blood markers (RITC filter set), is shown
at the bottom of panels A, B, C and to the right in panels D, E. (A) Cells expressing cebpa
(black) and scl (red) in the P-LPM of a 12 hpf embryo. (B) Cells expressing cebpa (black) and
pu.1 (red) in the A-LPM (left) and P-LPM (right) of a 12.5-hpf embryo. (C) Expression of
cebpa (black) and gata1 (red) in the P-LPM of a 16-hpf embryo. (D) Cells coexpressing
cebpa and pu.1 (yellow arrows) in the anterior yolk sac of a 22-hpf embryo. Red arrows denote
the cells expressing pu.1 only. (E) Colocalization of cebpa with mpo is marked with yellow
arrows in the anterior yolk sac of a 24-hpf embryo. Black arrows indicate cells expressing
cebpa only.
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Figure 5.
Effects of dominant-interfering cebpa on primitive erythropoiesis. (A,B) Expression of
gata1 detected by whole-mount mRNA in situ in P-LPM of zD420- and control (GFP) mRNA-
injected embryos (16 hpf, dorsal view with head to the left). Red arrow in B denotes gata1-
positive cells in the P-LPM, while the arrowhead represents ectopic cells expressing gata1.
(C,D) Expression of gata1 in the anterior part of the zD420- and control mRNA-injected
embryos (16 hpf; left embryo, ventral view; right embryo, dorsal view). Note that ectopic
gata1 positive cells (arrowheads) are detected only in zD420-injected embryos. The head is
indicated (h) as a point of reference. (E,F) Expression of α-hemaglobin detected in the ICM
of the zD420- and control mRNA-injected embryos (22 hpf, dorsal view). (G,H) Morphology
of 26-hpf embryos. Arrow in H denotes an expanded posterior blood island (EPBI). (I,J)
Expression of gata1 detected by whole mount mRNA in situ hybridization in 26-hpf embryos.
Arrow in J denotes gata1-positive cells in the EPBI. (K) Single-embryo RT-PCR analyses of
zebrafish gata1, α-hemaglobin and β-actin genes in GFP and zD420 mRNA-injected embryos
at 22 hpf. Similar results were repeated three times with separate embryos injected with GFP
and zD420 mRNA.
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Table 1

RNA injection studies

mRNA E-gata1a (16 h) Ant.Ec-gata1b (16 h) EPBIc (24 h)

Control (GFP) 0/ 26 (0.0 %) 0/ 26 (0.0 %) 1/82 (1.2 %)

zD420 30/30 (100 %) 30/30 (100 %) 40/90 (44%)

a
Expanded gata1 expression.

b
Anterior Ectopic gata1 expression.

c
Expanded posterior blood island.
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