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Balanced and precisely controlled processes between self-renewal and differentiation of hematopoietic stem cells
(HSCs) into all blood lineages are critical for vertebrate definitive hematopoiesis. However, the molecular
mechanisms underlying the maintenance and differentiation of HSCs have not been fully elucidated. Here, we
show that zebrafish Ddx46, encoding a DEAD-box RNA helicase, is expressed in HSCs of the caudal hemato-
poietic tissue (CHT). The number of HSCs expressing the molecular markers cmyb or T-cell acute lymphocytic
leukemia 1 (tal1) was markedly reduced in Ddx46 mutants. However, massive cell death of HSCs was not
detected, and proliferation of HSCs was normal in the CHT of the mutants at 48 h postfertilization. We found
that myelopoiesis occurred, but erythropoiesis and lymphopoiesis were suppressed, in Ddx46 mutants. Con-
sistent with these results, the expression of spi1, encoding a regulator of myeloid development, was maintained,
but the expression of gata1a, encoding a regulator of erythrocyte development, was downregulated in the
mutants. Taken together, our results provide the first genetic evidence that zebrafish Ddx46 is required for the
multilineage differentiation of HSCs during development, through the regulation of specific gene expressions.

Introduction

It has been well noted that the processes involved in
vertebrate hematopoiesis during development consist of

two evolutionarily conserved steps: primitive hematopoiesis
followed by definitive blood formation [1–3]. In the definitive
hematopoiesis stage, all blood lineages arise from self-
renewing hematopoietic stem cells (HSCs), and hematopoie-
sis derived from HSCs persists for the lifetime of vertebrates
[1–3]. In recent years, zebrafish has been used as an excellent
vertebrate system for studying hematopoiesis during devel-
opment [4,5]. In the definitive hematopoietic wave of zebra-
fish embryos, HSCs originate from the ventral wall of the
dorsal aorta (VDA) in the aorta-gonad-mesonephros (AGM)
region [2–4]. These HSCs then migrate to an intermediate
hematopoietic site, the caudal hematopoietic tissue (CHT),
and then further toward the kidney or the thymus, which are
definitive hematopoietic or lymphopoietic organs, respec-
tively, in adult zebrafish [2–4].

Several lines of genetic evidence have revealed that at least
two transcription factors, cMyb and Runt-related transcrip-
tion factor 1 (Runx1), have been implicated in the initiation,
maintenance, and/or differentiation of HSCs during verte-
brate development [5–14]. Studies on murine and human

hematopoietic cell lines have shown that the cmyb proto-
oncogene, encoding a transcription factor, is expressed
mainly in HSCs, and its expression is downregulated in
differentiated hematopoietic cells [5]. In addition, studies in a
mouse model have suggested that cMyb plays critical roles
in HSC maintenance and differentiation during development
[6–8]. Consistent with observations that have been made in
mice, zebrafish cmyb mutants have defects in definitive he-
matopoiesis, suggesting that cMyb function is evolutionarily
conserved [9,10]. On the other hand, runx1 is expressed in
the VDA of mouse and zebrafish embryos [11,12], and ana-
lyses of Runx1 knockout mice and zebrafish mutants have
revealed that Runx1 is required for the emergence of HSCs at
the beginning of definitive hematopoiesis [5,13,14]. In con-
trast to these 2 factors, analyses of mutant animals have
shown that the T-cell acute lymphocytic leukemia 1 (Tal1;
also known as Scl) gene, encoding a basic-helix-loop-helix
transcription factor, is required for both hematopoietic and
endothelial development [1,2,5]. Further, in vitro experi-
ments using mouse embryonic stem cells revealed that Tal1
plays critical roles in both hemogenic endothelium popula-
tion generation and definitive hematopoietic specification
[15]. Further, the function of Tal1 is upstream of Runx1 in
definitive hematopoiesis [15]. The molecular mechanisms
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underlying the initiation, maintenance, and differentiation of
HSCs, however, remain to be elucidated.

DExD/H-box proteins belong to an evolutionarily con-
served family of RNA helicases [16,17]. The DExD/H-box
RNA helicases are known to function in all aspects of RNA
metabolism such as pre-mRNA splicing, rRNA biogenesis,
and transcription by using the energy derived from ATP
hydrolysis [16,17]. By genetic screening using zebrafish,
two DExD/H-box genes, Ddx18 and Dhx8, have been iden-
tified thus far as novel genes that are essential for hemato-
poiesis [18,19]. A recent study has reported that Ddx18 is
required for primitive hematopoiesis through the regulation
of p53-dependent G1 cell-cycle arrest [18]. Moreover, a se-
quence variation in human DDX18, which acts as a domi-
nant-negative, was identified in samples from patients
with acute myeloid leukemia [18]. A more recent report
showed that a mutation in Dhx8, a zebrafish orthologue of
the yeast splicing factor Prp22, led to defects in cell division,
pre-mRNA splicing, and primitive hematopoiesis [19].
However, the requirement and function of the DExD/H-box
RNA helicases in hematopoiesis are still largely unknown in
vertebrates.

Our previous study has shown that Ddx46, a member of
the DEAD-box RNA helicase family, is required for the de-
velopment of digestive organs and the brain, possibly by
regulating pre-mRNA splicing [20]. Here, we show zebrafish
Ddx46 expression in HSCs during development. Moreover,
we investigated the phenotype of a zebrafish Ddx46 mutant
in definitive hematopoiesis, and we report the function of
Ddx46 in HSC differentiation during development.

Materials and Methods

Ethics statement

All animal experiments were conducted according to rel-
evant national and international guidelines ‘‘Act on Welfare
and Management of Animals’’ (Ministry of Environment of
Japan). Ethics approval from the Hiroshima University An-
imal Research Committee (HuARC) was not sought since
this law does not mandate protection of fish.

Maintenance and staging of zebrafish

Adult zebrafish and zebrafish embryos were maintained
as described by Westerfield [21]. Embryos were incubated in
1/3 Ringer’s solution (39 mM NaCl, 0.97 mM KCl, 1.8 mM
CaCl2, and 1.7 mM HEPES, pH 7.2) at 28.5�C and staging
was performed as described by Kimmel et al. [22]. The Ddx46
allele hi2137 was isolated during an insertional mutagenesis
screening (http://web.mit.edu/hopkins/group11.html) [23],
and the Ddx46hi2137/ + fish was obtained from the Zebrafish
International Resource Center.

Generation of Tg(tal1:EGFP) fish

Approximately 8 kb of the 5¢ upstream sequence of tal1
[24,25] was polymerase chain reaction (PCR)-amplified from
zebrafish genomic DNA. The amplified tal1 promoter, EGFP,
and SV40 poly(A) were placed in the pT2KXIGDin vector
that has Tol2 transposable elements [26]. Microinjection of
Tol2-based plasmid DNA was performed as described pre-
viously [26].

Whole-mount in situ hybridization,
immunohistochemistry, detection of cell death,
and genotyping

Single and double whole-mount in situ hybridizations were
performed as described previously [21,27], and riboprobes were
prepared according to previously published methods. To detect
apoptotic cells, we performed TUNEL staining using an in situ
Cell Death Detection Kit (Roche Diagnostics) according to the
manufacturer’s instructions. In addition to TUNEL staining, we
performed acridine orange staining for apoptosis detection. Live
larvae were stained with 10mg/mL of acridine orange [acridine
orange hemi (zinc chloride) salt; Sigma] in 1/3 Ringer’s solution
for 15 min, and then washed thrice with 1/3 Ringer’s solution
for 5 min each. To evaluate cell proliferation, we performed
whole-mount immunohistochemistry as described previously
[21]. Mouse monoclonal anti-proliferating cell nuclear antigen
(PCNA) antibody (Sigma) and Alexa Fluor� 594 goat anti-
mouse IgG antibody (Invitrogen, Life Technologies Corp.) were
used as primary and secondary antibodies, respectively. The
stained embryos/larvae were embedded in 0.5% low melting
temperature agarose in 1/3 Ringer’s solution and imaged on an
Olympus FV1000-D confocal microscope. Following the whole-
mount in situ hybridization, TUNEL staining, or immunohis-
tochemical staining, Ddx46hi2137/hi2137 mutants were confirmed
by genotyping as described previously [20].

mRNA and DNA injections

The pCS2 + vector carrying a cDNA fragment encoding
Ddx46, EGFP, or Tol2-transposase [26] was used in this
study. Capped mRNA was synthesized using an SP6
mMESSAGE mMACHINE (Ambion, Life Technologies
Corp.). For the overexpression experiments, Ddx46 or EGFP
mRNA (320 pg each) was injected at the one-cell stage.

For phenotypic rescue experiments of GATA-binding
protein 1a (gata1a) [28], Tol2-mediated transgenesis was
performed as described previously [29]. At the one-cell stage,
12.5 pg of pT8.1gata1D 3-EGFP (pT-EGFP), which contained
the promoter region of gata1a and EGFP, or pT8.1gata1D 3-
FLgata1 (pT-FLgata1), which contained the promoter region
of gata1a and FLAG-tagged gata1a, was co-injected with
25 pg of Tol2-transposase mRNA [29].

Quantitative real-time PCR

Total RNA was prepared using TRIzol (Invitrogen, Life
Technologies Corp.) from the tails of 50 combined samples of
the 3 days postfertilization (dpf) control (con) or Ddx46hi2137/

hi2137 mutant larvae that were identified morphologically or
molecularly. Con larvae were sibling wild-type (WT) or
Ddx46hi2137/ + larvae, and they had normal phenotypes.
DNase-treated RNA (750 ng) was reverse transcribed with
random 9-mer priming and reverse transcriptase XL (AMV)
(TaKaRa). Quantitative PCR (qPCR) for spi1 (also known as
pu.1) [30] and gata1a was performed in triplicate using the
Thermal Cycler Dice� Real Time System, SYBR� Premix Ex
Taq� (TaKaRa Bio, Inc.), and total RNA prepared as de-
scribed above, according to the manufacturer’s instructions.
The amplified signals were confirmed to be a single band by
gel electrophoresis, and they were normalized to the signals
of zebrafish 18S rRNA. The primers used were as follows:
gata1a, 5¢-GGCTAGTTCACTCCATGATC-3¢ and 5¢-CTCAG
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AGCTGGAGTAGAAAG-3¢; spi1, 5¢-ATGTGGAGTCCAGCC
ATTTC-3¢ and 5¢-TTGTGAGGGTAACACACCGA-3¢; 18S
rRNA, 5¢-CCGCTAGAGGTGAAATTCTTG-3¢ and 5¢-CAG
CTTTGCAACCATACTCC-3¢.

Reverse transcription-PCR analysis of splicing

Reverse transcription (RT)-PCR was performed using total
RNA prepared as described above to monitor the splicing of
spi1, gata1a, and cmyb. The primer pairs and detailed PCR
conditions used to amplify each of these genes are listed in
the Supplementary Tables S1 and S2 (Supplementary Data
are available online at www.liebertpub.com/scd).

Results

Ddx46hi2137/hi2137 mutants have defects in definitive
hematopoiesis but not primitive hematopoiesis

We have previously shown that Ddx46hi2137/hi2137 mutants
have defects in the formation of digestive organs and the brain
[20]. In the course of the phenotypic analyses of Ddx46hi2137/

hi2137 mutants, we also found that the expression of hemato-
poietic markers was downregulated in the mutants. At 22
hours postfertilization (hpf), the expression of the primitive
hematopoietic markers tal1, LIM domain only 2 (lmo2) [31],
gata1a, hemoglobin beta embryonic-3 (hbbe3) [32], and mye-
loid-specific peroxidase (mpx) [33] was normal in Ddx46hi2137/

hi2137 mutants (Fig. 1A–J). On the other hand, the expression of
the HSC markers tal1, runx1, and cmyb was markedly reduced
in Ddx46hi2137/hi2137 mutants at 3 dpf (Fig. 1K–P). These results
indicate that definitive hematopoiesis, but not primitive he-
matopoiesis, was defective in the mutants.

To confirm that the loss of Ddx46 is responsible for the ob-
served phenotype in definitive hematopoiesis, we compared
the expression pattern of Ddx46 with that of cmyb in the CHT.
Ubiquitous expression of Ddx46 in the AGM and CHT was
observed at 2 dpf (Fig. 2A), and dotted expression of Ddx46 was
found in the CHT at 3 dpf (Fig. 2B, C). At 4 dpf, the dotted
expression pattern of Ddx46 in the CHT was similar to the
expression pattern of cmyb (Fig. 2D, E). Moreover, the expres-
sion of both genes overlapped in the CHT, as analyzed by
double whole-mount in situ staining (Fig. 2F), indicating that
Ddx46 is expressed in the HSCs at 4 dpf. We next examined
whether rescue was achieved by the overexpression of Ddx46
mRNA. The expressions of cmyb and tal1 were rescued in the
Ddx46 mRNA-injected Ddx46hi2137/hi2137 mutants (cmyb, 19 of 21
Ddx46 mRNA-injected mutants were rescued; tal1, 19 of 22
Ddx46 mRNA-injected mutants were rescued; Fig. 3C, F),
compared with that in the EGFP mRNA-injected Ddx46hi2137/

hi2137 mutants (cmyb, 0 of 26 EGFP mRNA-injected mutants
were rescued; tal1, 0 of 21 EGFP mRNA-injected mutants were
rescued; Fig. 3B, E) at 3 dpf. The overlapping expression of
Ddx46 and cmyb in the CHT and data from the rescue experi-
ments clearly indicate that the defects in definitive hematopoi-
esis in Ddx46hi2137/hi2137 mutants are caused by the loss of Ddx46.

Expression of molecular markers for HSCs
decreases in Ddx46hi2137/hi2137 mutants without
cell death or cell growth defects

Previous studies on zebrafish and mouse development
showed that HSCs originate from the VDA in the AGM, and

FIG. 1. Definitive, but not primitive, hematopoiesis is de-
fective in Ddx46hi2137/hi2137 mutants. (A–J) The expression of
primitive hematopoietic markers, tal1, lmo2, gata1a, hbbe3,
and mpx, and definitive hematopoietic markers, tal1, runx1,
and cmyb was examined by whole-mount in situ hybridiza-
tion at 22 hpf and 3 dpf, respectively. All are lateral views,
anterior to the left. The expression of tal1, lmo2, gata1a, hbbe3,
and mpx was indistinguishable between Ddx46hi2137/ + (tal1,
n = 9/9; lmo2, n = 11/11; gata1a, n = 9/9; hbbe3, n = 12/12; mpx,
n = 16/16) and Ddx46hi2137/hi2137 embryos (tal1, n = 9/9; lmo2,
n = 9/9; gata1a, n = 7/7; hbbe3, n = 10/10; mpx, n = 7/7) at 22
hpf (A–J). In contrast, the number of cells expressing tal1,
runx1, and cmyb in Ddx46hi2137/hi2137 larvae (tal1, n = 6/6;
runx1, n = 9/9; cmyb, n = 11/11) was markedly reduced
compared with that in Ddx46hi2137/ + larvae (tal1, n = 8/8;
runx1, n = 11/11; cmyb, n = 13/13) at 3 dpf (arrowheads in K–
P). Scale bars represent 100 mm. tal1, T-cell acute lymphocytic
leukemia 1; hpf, hours postfertilization; lmo2, LIM domain
only 2; hbbe3, hemoglobin beta embryonic-3; mpx, myeloid-
specific peroxidase; dpf, days postfertilization. Color images
available online at www.liebertpub.com/scd
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they then migrate to the CHT [2–4]. To determine when
definitive hematopoiesis was affected in Ddx46hi2137/hi2137

larvae, we next counted the number of cmyb-expressing
HSCs at 36 hpf, 48 hpf, and 3 dpf. The number of cmyb-
expressing HSCs was indistinguishable between Ddx46hi2137/ +

(Fig. 4A, G) and Ddx46hi2137/hi2137 larvae (Fig. 4B, G) at 36
hpf. In contast, the number of cmyb-expressing HSCs in the
CHT, but not in the AGM, at 48 hpf and in both the AGM
and CHT at 3 dpf was lower in Ddx46hi2137/hi2137 larvae (Fig.
4D, F, G) than in Ddx46hi2137/ + larvae (Fig. 4C, E, G). To
exclude the possibility that the formation of the VDA is af-
fected in Ddx46hi2137/hi2137 mutants, we examined the ex-
pressions of runx1 and kinase insert domain receptor like
(kdrl; also known as flk1) [31], an endothelial marker, in the
VDA at 48 hpf. The expression of these genes was normal in
the mutants at this stage (Supplementary Fig. S1). These re-
sults suggest that the emergence of HSCs from the VDA is
normal, but the expression of cmyb, a molecular marker for
HSCs is not maintained in Ddx46hi2137/hi2137 mutants.

Possible explanations for the reduction of tal1-, runx1-, or
cmyb-expressing HSCs in Ddx46hi2137/hi2137 larvae are the
upregulation of cell death or the downregulation of cell
proliferation. We first examined cell death of HSCs in the
AGM and CHT from 36 hpf to 4 dpf by TUNEL analysis and
acridine orange staining because massive apoptosis was
observed in digestive organs and the brain of Ddx46hi2137/

hi2137 larvae at 3 dpf, and these larvae cannot survive beyond
5 dpf [20]. From 24 hpf to 4 dpf, increased cell death was not
detected in the AGM or CHT of the Ddx46hi2137/hi2137 larvae
(Fig. 5 and Supplementary Fig. S2, and data not shown)
compared with that in the Ddx46hi2137/ + larvae. We next
examined cell proliferation using the Ddx46hi2137; Tg(ta-
l1:EGFP) transgenic line. Confocal images of the anti-PCNA
immunostaining and EGFP fluorescence indicated that the
proliferation of tal1-expressing HSCs was indistinguishable
between Ddx46hi2137/ + and Ddx46hi2137/hi2137 larvae at 48 hpf
(Fig. 6). It was very difficult to estimate cell proliferation of
HSCs after 2.5 dpf because the EGFP fluorescence and the
number of EGFP + cells were profoundly reduced in
Ddx46hi2137/hi2137 larvae at these stages (Supplementary Fig.
S3). These results indicate that the reduction of tal1-expressing
HSCs in Ddx46hi2137/hi2137 larvae is not caused by the upre-
gulation of cell death in the AGM and CHT or by the
downregulation of cell proliferation of HSCs at 48 hpf.

Myelopoiesis occurs, but erythropoiesis
and lymphopoiesis are suppressed in the CHT
of Ddx46hi2137/hi2137 mutants

An alternative possibility for the reduction of HSCs in
Ddx46hi2137/hi2137 larvae is that the multipotency of HSCs may
be lost, and premature differentiation of HSCs to blood lin-
eages may occur in Ddx46hi2137/hi2137 mutants. To test this
hypothesis, we examined the expression of various molecu-
lar markers for definitive hematopoiesis by whole-mount in
situ hybridization. The expression of an erythroid marker
hemoglobin alpha embryonic-1 (hbae1) [32] was markedly
reduced in Ddx46hi2137/hi2137 mutants at 3 dpf (Fig. 7A, B). We
further found that the expression of lymphoid makers,
IKAROS family zinc finger 1 (ikzf1) [34] and recombination
activating gene 1 (rag1) [35], was lost in the thymus of
Ddx46hi2137/hi2137 mutants at 4 dpf (Fig. 7C–F). However, the
expression of forkhead box N1 (foxn1) [36], a thymus epi-
thelial marker, was indistinguishable between Ddx46hi2137/ +

and Ddx46hi2137/hi2137 larvae (Fig. 7G, H), indicating that thy-
mus formation is normal in these mutants. Next, we tested the
expression of myeloid markers such as lymphocyte cytosolic

FIG. 2. Ddx46 expression in HSCs. The expression of Ddx46
and cmyb in wild-type larvae was examined by whole-mount in
situ hybridization at 2, 3, and 4 dpf. All are lateral views, anterior
to the left. (A-C) Ddx46 is ubiquitously expressed in the AGM
(arrowheads in A) and CHT (arrow in A) at 2 dpf (n = 6/6) and is
specifically expressed in the CHT (boxed area in B) at 3 dpf (n = 6/
6). The boxed area in (B) is shown enlarged in (C). (D, E) The
transcripts of both genes (Ddx46, n = 11/11; cmyb, n = 9/9) were
detected in the CHT at 4 dpf. (F) Double whole-mount in situ
staining showed that the expression domains of Ddx46 (blue) and
cmyb (red) overlapped in the CHT (arrows) (n = 7/7) at 4 dpf. Scale
bars represent 50mm. HSCs, hematopoietic stem cells; AGM,
aorta-gonad-mesonephros; CHT, caudal hematopoietic tissue.
Color images available online at www.liebertpub.com/scd
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FIG. 3. Expression of cmyb and tal1 in Ddx46hi2137/hi2137 mutants is rescued by overexpression of Ddx46 mRNA. (A–F) The
expression of cmyb and tal1 was examined by whole-mount in situ hybridization at 3 dpf. All are lateral views, anterior to the
left. The number of cmyb- or tal1-expressing HSCs in the EGFP mRNA-injected Ddx46hi2137/hi2137 larvae (cmyb, 0 of 26 EGFP
mRNA-injected mutants were rescued; tal1, 0 of 21 EGFP mRNA-injected mutants were rescued) was markedly lower than
that in the EGFP mRNA-injected Ddx46hi2137/ + larvae (cmyb, n = 17/17; tal1, n = 16/16) at 3 dpf (A, B, D, E). The over-
expression of Ddx46 mRNA was able to rescue the number of cmyb- or tal1-expressing HSCs in Ddx46hi2137/hi2137 larvae (cmyb,
19 of 21 Ddx46 mRNA-injected mutants were rescued; tal1, 19 of 22 Ddx46 mRNA-injected mutants were rescued) at 3 dpf (B,
C, E, F). Scale bars represent 100mm. Color images available online at www.liebertpub.com/scd

FIG. 4. Number of cmyb-expressing
cells decreases in Ddx46hi2137/hi2137

mutants. (A–G) The expression of
cmyb was examined by whole-
mount in situ hybridization at 36
hpf, 48 hpf, or 3 dpf. All are lateral
views, anterior to the left. The
number of cmyb-expressing HSCs in
the AGM (arrowheads) and CHT
(arrows) was counted at 36 hpf, 48
hpf, and 3 dpf (G). At 36 hpf, the
number of cmyb-expressing HSCs in
the AGM (arrowheads) was indis-
tinguishable between Ddx46hi2137/ +

and Ddx46hi2137/hi2137 larvae (A, B,
G). In contrast, the number of cmyb-
expressing HSCs in the CHT (ar-
rows), but not in the AGM (arrow-
heads), at 48 hpf (C, D, G) and in
both the AGM (arrowheads) and
CHT (arrows) at 3 dpf (E, F, G) of
Ddx46hi2137/hi2137 larvae was signifi-
cantly reduced compared with that
of Ddx46hi2137/ + larvae. Ddx46hi2137/

+ larvae: n = 13/13 (36 hpf), n = 18/
18 (48 hpf), n = 13/13 (3 dpf);
Ddx46hi2137/hi2137 larvae: n = 9/9 (36
hpf), n = 14/14 (48 hpf), n = 11/11 (3
dpf). Black dotted lines in (C–F) in-
dicate the boundary between the
AGM and CHT. Error bars repre-
sent the standard error. *P < 0.01 by
the Student’s t-test. Scale bars rep-
resent 100 mm. Color images avail-
able online at www.liebertpub.com/
scd
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plastin 1 (lcp1) [37] and mpx. In contrast to the erythroid and
lymphoid markers, myeloid markers were not reduced in
Ddx46hi2137/hi2137 mutants at 3 dpf (Fig. 7I–L). To exclude the
possibility that the reduction of erythroid and lymphoid
markers was not caused by the deficiency of Ddx46, we ex-
amined the results of the rescue experiments. We found that
hbae1 and ikzf1 expression was partially rescued by Ddx46
mRNA overexpression (Supplementary Fig. S4 and data not
shown). Together, these results suggest that HSCs have de-
fects in multilineage differentiation in Ddx46hi2137/hi2137 mu-
tants: they were able to differentiate to the myeloid fate, but
differentiation to the erythroid or lymphoid fate was sup-
pressed in the mutants.

Reduction of gata1a expression leads
to erythropoiesis defects in Ddx46hi2137/hi2137 mutants

Because recent articles have reported that the cross-
antagonistic interactions between Gata1a and Spi1 tran-
scription factors are critical for deciding the differentiation to
the erythroid or myeloid fate [2,4,5,38], we examined the
expression of these genes in Ddx46hi2137/hi2137 mutants at 3

dpf (Fig. 8A–E). Analyses of in situ hybridization and qPCR
revealed that although gata1a expression was significantly
reduced, spi1 expression was maintained in the mutants (Fig.
8A–E). To test whether the deficiency of erythropoiesis was
caused by the reduction of gata1a in Ddx46hi2137/hi2137 mu-
tants, we carried out rescue experiments. Because phenotypic
rescue of vlad tepes (vlt), a zebrafish gata1a mutant, was not
achieved by overexpression of gata1a mRNA [39], we tried to
use an efficient transient rescue method using the Tol2
transposable element [29]. We found that the expression of
an erythroid marker, hbae1, was partially rescued by this
Tol2-mediated transgenesis method at 3 dpf (Supplementary
Fig. S5). These results suggest that the suppression of
erythropoiesis in Ddx46hi2137/hi2137 mutants was due to the
reduction of gata1a expression.

Ddx46hi2137/hi2137 mutants have defects
in pre-mRNA splicing in the hematopoietic cells

We have previously reported that pre-mRNA splicing of
specific genes is defective in Ddx46hi2137/hi2137 mutants [20];
hence, we examined the pre-mRNA splicing of gata1a and

FIG. 5. Cell death is not
upregulated in the CHT of
Ddx46hi2137/hi2137 mutants. (A–
F) Confocal microscopic
images of dead cells (red) de-
tected by the TUNEL method
at 48 hpf, 3 dpf, or 4 dpf. All
are lateral views, anterior to
the left. The white, boxed re-
gions show an area of the
CHT. (G) The number of la-
beled cells in the white, boxed
regions (A–F) was counted.
The number of dead cells in
the CHT was indistinguish-
able between Ddx46hi2137/ +

and Ddx46hi2137/hi2137 larvae at
48 hpf, 3 dpf, and 4 dpf.
Ddx46hi2137/ + larvae: n = 7/7
(48 hpf), n = 5/5 (3 dpf),
n = 5/5 (4 dpf); Ddx46hi2137/

hi2137 larvae: n = 5/5 (48 hpf),
n = 6/6 (3 dpf), n = 8/8 (4
dpf). Error bars represent the
standard error. Scale bars
represent 75 mm. Color ima-
ges available online at www
.liebertpub.com/scd

ZEBRAFISH DDX46 IN HEMATOPOIETIC STEM CELLS 2537



spi1 by RT-PCR in this study. The RT-PCR analyses showed
that although the unspliced mRNAs of gata1a were retained,
the pre-mRNA splicing of spi1 was normal in Ddx46hi2137/

hi2137 mutants at 3 dpf (Fig. 8F–I). It is possible that the de-
fects in pre-mRNA splicing lead to the reduction of gata1a
expression and suppression of erythropoiesis in Ddx46hi2137/

hi2137 mutants. In addition to gata1a and spi1, we tested the
pre-mRNA splicing of cmyb to examine the effect in HSCs.
Similarly to gata1a, the unspliced mRNAs of cmyb were re-
tained in Ddx46hi2137/hi2137 mutants at 3 dpf (Fig. 8J, K),
suggesting that the defects in pre-mRNA splicing may affect
the multilineage differentiation of HSCs.

Discussion

Status of HSCs in Ddx46hi2137/hi2137 mutants

Although the expression of molecular markers for HSCs,
such as tal1, runx1, or cmyb, was markedly reduced and
proliferation of the HSCs was normal at 48 hpf, massive cell
death of HSCs was not detected in Ddx46hi2137/hi2137 mutants.
There are several possibilities to explain the status of HSCs in
Ddx46hi2137/hi2137 mutants. One possible explanation is that,
although the differentiation of HSCs is restricted to myeloid

fate at the beginning of definitive hematopoiesis (around 30
hpf), the ability of differentiation to myeloid fate is lost at
later stages, probably due to the reduction of tal1, runx1, and
cmyb expressions in Ddx46hi2137/hi2137 mutants at 3 dpf. Since
previous studies have reported that Cmyb could regulate the
expression of tal1 and runx1 in zebrafish and mouse HSCs,
respectively [9,40], it is possible that splicing defects in cmyb
result in the reduction of tal1 and runx1 expressions in HSCs
of Ddx46hi2137/hi2137 mutants. Another possibility is that HSCs
continue to produce myeloid cells without the expressions of
tal1, runx1, and cmyb during definitive hematopoiesis in
Ddx46hi2137/hi2137 mutants. Alternative possibility is that
HSCs are lost, and they prematurely differentiate into mye-
loid cells. In both scenarios, the number of lcp1- or mpx-
expressing myeloid cells should be increased in the mutants
throughout definitive hematopoiesis. Since we have not an-
alyzed the expression of molecular markers for myeloid cells
at the beginning of definitive hematopoiesis, it is interesting
to examine spi1 expression in Ddx46hi2137/hi2137 mutants at
around 30 hpf. However, we showed that there was no
striking difference in the number of myeloid cells between
Ddx46hi2137/ + and Ddx46hi2137/hi2137 larvae at 3 dpf (Fig. 7).
Therefore, it is possible that the proliferation of the
HSCs is reduced after 2.5 dpf. Unfortunately, due to the

FIG. 6. Cell proliferation is not
downregulated in the CHT of
Ddx46hi2137/hi2137 mutants at 48 hpf.
(A–D) Confocal microscopic images
of EGFP fluorescence (green) and
anti-PCNA (red) whole-mount im-
munostaining of the CHT in
Ddx46hi2137/ + ;Tg(tal1:EGFP) and
Ddx46hi2137/hi2137;Tg(tal1:EGFP) lar-
vae at 48 hpf. All are lateral views,
anterior to the left. Merged single-
slice images of cells expressing
EGFP (HSCs) and PCNA (prolifer-
ating cells). The boxed areas in (A)
and (B) are shown enlarged in (C)
and (D), respectively. (E) Quantifi-
cation of the experiments in panels
(C) and (D) was performed by
plotting the ratio of EGFP + and
PCNA + cells (yellow) to the total
number of EGFP + cells (green and
yellow). No significant difference be-
tween Ddx46hi2137/ + ;Tg(tal1:EGFP)
and Ddx46hi2137/hi2137;Tg(tal1:EGFP)
larvae was observed. Cells were
counted from four single slices from
four embryos for each condition.
Error bars represent the standard
error. The scale bar represents
20 mm. PCNA, proliferating cell nu-
clear antigen. Color images avail-
able online at www.liebertpub.com/
scd

2538 HIRABAYASHI ET AL.



downregulation of EGFP fluorescence at 3 dpf, it was very
difficult to evaluate the proliferation of HSCs using the
Tg(tal1:EGFP) line (Supplementary Fig. S3). In contrast to
tal1, the number of cmyb-expressing cells is higher than that
of tal1-expressing cells during definitive hematopoiesis; this
finding could be related to the fact that mouse cmyb is ex-
pressed in HSCs and progenitor cells [5]. In addition, cmyb-

expressing cells are still present in Ddx46hi2137/hi2137 mutants
at 3 dpf (Fig. 4G). Therefore, it may be important to analyze
the cell proliferation after 2.5 dpf by using the cmyb:EGFP
transgenic line. Currently, the presence of HSCs in
Ddx46hi2137/hi2137 mutants remains unknown because molec-
ular markers of HSCs for maintenance and differentiation,
except tal1, runx1, and cmyb, have not yet been reported in
zebrafish. Further studies will therefore be necessary to
identify the key target genes affected by the loss of Ddx46
function for the maintenance and differentiation of HSCs.

Role of pre-mRNA splicing factors in hematopoiesis

Because pre-mRNA splicing of gata1a and cmyb, but not
spi1, is defective in Ddx46hi2137/hi2137 mutants (Fig. 8), it is
possible that aberrant pre-mRNAs lead to reduced gata1a
and cmyb expressions. Our results suggest that pre-mRNA
splicing is associated with hematopoiesis in zebrafish. Re-
cently, numerous studies using whole-exome sequencing
revealed that recurrent mutations in spliceosome subunits
have been implicated in hematopoietic malignancies [41–44].
The 4 genes encoding spliceosome components, U2 small
nuclear RNA auxiliary factor 1 (U2AF1; also known as
U2AF35), splicing factor 3B subunit 1 (SF3B1), U2AF1-related
protein (ZRSR2; also known as Urp), and serine/arginine-
rich splicing factor 2 (SRSF2), are frequently mutated in
chronic lymphocytic leukemia (CLL) and/or myelodysplas-
tic syndrome (MDS) [41–44]. It is well known that these 4
components are involved in the initial steps of pre-mRNA
splicing for the establishment of spliceosome complexes E
and A: U2AF1 and SRSF2 bind to the 3¢ splice acceptor site of
the pre-mRNA: ZRSR2 interacts with U2AF1 and a serine/
arginine-rich SR protein: and SF3B1, which is a component of
the U2 small nuclear ribonucleoprotein (U2snRNP), binds to
the branch point sequence of the pre-mRNA [45,46]. These
results suggest that the initial steps of pre-mRNA splicing are
closely related to hematopoietic malignancies in mammals.

Yeast DExD/H-box proteins, Sub2, Prp5, Prp28, Brr2,
Prp2, Prp16, Prp22, and Prp43, act in specific steps of the
splicing cycles to catalyze RNA–RNA rearrangements and
RNP remodeling [16,17]. Among these, it has been deter-
mined that Saccharomyces cerevisiae Prp5 (a yeast orthologue
of vertebrate Ddx46) and human DDX46 are able to interact
with U2snRNP [16,17,47]. These reports, combined with the
splicing factor studies in hematopoietic malignancies, sug-
gest that the 4 splicing components (U2AF1, SF3B1, ZRSR2,
and SRSF2) and Ddx46 play critical roles in the initial steps of
pre-mRNA splicing, and these factors may function in the
maintenance and/or differentiation of HSCs. Although re-
current mutations in DDX46 have not yet been reported in
patients with CLL and/or MDS by whole-exome sequencing,
it is possible that mutations in DDX46 cause hematopoietic
malignancies.

Control of hematopoiesis by DExD/H-box
RNA helicases

A recent report has revealed that Dhx8, a zebrafish or-
thologue of the yeast splicing factor Prp22, is involved in pre-
mRNA splicing and is required for primitive hematopoiesis
[19]. In contrast to Prp5/Ddx46, the function of yeast Prp22
is critical for spliceosome disassembly when splicing

FIG. 7. Myelopoiesis occurs, but erythropoiesis and lym-
phopoiesis are suppressed in Ddx46hi2137/hi2137 mutants. (A–
L) The expression of molecular markers for erythrocytes,
lymphocytes, myelocytes, and a thymus epithelium was ex-
amined by whole-mount in situ hybridization at 3 and 4 dpf.
Lateral views, anterior to the left (A, B, I–L). Dorsal views,
anterior to the top (C–H). The expression of a definitive
erythroid marker hbae1 was markedly reduced in Ddx46hi2137/

hi2137 larvae at 3 dpf (arrowheads in A, B) (Ddx46hi2137/hi2137

larvae, n = 7/7; Ddx46hi2137/ + larvae, n = 9/9). The expression
of lymphoid markers, ikzf1 (Ddx46hi2137/hi2137 larvae, n = 9/9;
Ddx46hi2137/ + larvae, n = 9/9) and rag1 (Ddx46hi2137/hi2137 lar-
vae, n = 9/9; Ddx46hi2137/ + larvae, n = 7/7), was lost in
Ddx46hi2137/hi2137 larvae (black arrows in C–F), whereas the
expression of a thymus epithelial marker foxn1 was indis-
tinguishable between Ddx46hi2137/ + (n = 7/7) and Ddx46hi2137/

hi2137 larvae (n = 9/9) at 4 dpf (white arrows in G, H). In
contrast, the expression of myeloid markers, lcp1
(Ddx46hi2137/hi2137 larvae, n = 8/8; Ddx46hi2137/ + larvae, n = 8/
8) and mpx (Ddx46hi2137/hi2137 larvae, n = 12/13; Ddx46hi2137/ +

larvae, n = 8/8), was maintained in Ddx46hi2137/hi2137 larvae at
3 dpf (arrowheads in I–L). Scale bars represent 100 mm. hbae1,
hemoglobin alpha embryonic-1; ikzf1, IKAROS family zinc
finger 1; rag1, recombination activating gene 1; foxn1, fork-
head box N1; lcp1, lymphocyte cytosolic plastin 1. Color
images available online at www.liebertpub.com/scd
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FIG. 8. Expression and pre-mRNA splicing of gata1a, but not spi1, are defective in Ddx46hi2137/hi2137 mutants. (A–D) The
expression of gata1a and spi1 was examined by whole-mount in situ hybridization at 3 dpf. All are lateral views, anterior to
the left. The expression of gata1a in the CHT of Ddx46hi2137/hi2137 larvae (n = 10/10) was markedly reduced compared with that
of Ddx46hi2137/ + larvae (n = 10/10) (arrowheads in A, B). In contrast, spi1 expression in the CHT of Ddx46hi2137/hi2137 larvae
(n = 10/10) was maintained compared with that of Ddx46hi2137/ + larvae (n = 9/9) (arrowheads in C, D). Scale bars represent
100 mm. (E) Relative expression of gata1a and spi1 genes in control (con) larvae compared with that in Ddx46hi2137/hi2137 larvae
at 3 dpf, by qPCR. Although no significant difference of spi1 expression was found between con and Ddx46hi2137/hi2137 larvae,
gata1a expression in Ddx46hi2137/hi2137 larvae was significantly lower than that in con larvae. *P < 0.01 by the Student’s t-test.
Error bars represent the standard error. (F–K) Schematic drawings of the gata1a, spi1, and cmyb pre-mRNA regions analyzed
for splicing (boxes, exons; lines, introns; arrows, primers) (F, H, J). The splicing status of gata1a, spi1, or cmyb pre-mRNA was
monitored by RT-PCR with the primers indicated in schemes (F), (H), or ( J), respectively. The reverse primer for gata1a or spi1
mRNA was designed within the intron (F, H). The forward primer for cmyb crosses the exon14/intron14 boundary ( J).
Unspliced gata1a or cmyb mRNA was retained at a higher level in Ddx46hi2137/hi2137 mutant (mut) larvae than in con larvae
(arrowhead in G = 290 bp; arrowhead in K = 156 bp). In contrast, the level of unspliced spi1 mRNA was indistinguishable
between the mut larvae and con larvae (arrowheads in I = 219 bp). Unspliced PCR products were verified by sequencing. + RT
refers to the validation reaction itself, and - RT represents the respective control reaction without reverse transcriptase. 18S
rRNA is a loading control. Control larvae were sibling WT or Ddx46hi2137/ + larvae, and they had normal phenotypes. qPCR,
quantitative polymerase chain reaction; RT, reverse transcription. Color images available online at www.liebertpub.com/scd
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reactions have been completed [16,17]. Although both Ddx46
and Dhx8 are maternal genes and are ubiquitously expressed
during early somitogenesis, Dhx8 mutants, but not
Ddx46hi2137/hi2137 mutants, showed defects in primitive he-
matopoiesis. One possible explanation for this phenotypic
difference between Ddx46hi2137/hi2137 and Dhx8 mutants is
that the function of Ddx46 is not necessary for primitive
hematopoiesis and is specific for the control of HSC differ-
entiation in zebrafish larvae. Alternatively, it is possible that
because maternal transcripts of Ddx46 or maternally derived
Ddx46 proteins are more stable than those of Dhx8, defects in
primitive hematopoiesis are rescued in Ddx46hi2137/hi2137

mutants. Further studies will be needed to elucidate the
detailed mechanisms that lead to hematopoiesis deficiencies
and related diseases that are caused by DExD/H-box RNA
helicases and/or splicing factors.
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