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Background: Ventral specification is regulated by Smad1-, Smad5-, and/or Smad9-mediated bone morphogenetic protein
(BMP) signaling.
Results: Double knockdown instead of single knockdown of smad1 and smad9 induces dorsalization, which cannot be rescued
by smad5 overexpression.
Conclusion: smad1 and smad9 act redundantly and downstream of smad5 to mediate ventral specification.
Significance: The regulation network and cooperative roles of BMP R-Smads in early development are clarified.

Bone morphogenetic proteins (BMPs) are multifunctional
growth factors that play crucial roles during embryonic devel-
opment and cell fate determination. Nuclear transduction of
BMP signals requires the receptor type Smad proteins, Smad1,
Smad5, and Smad9. However, how these Smad proteins cooper-
ate in vivo to regulate various developmental processes is largely
unknown. In zebrafish, it was widely believed that the mater-
nally expressed smad5 is essential for dorso-ventral (DV) pat-
terning, and the zygotically transcribed smad1 is not required
for normal DV axis establishment. In the present study, we have
identified zygotically expressed smad9, which cooperates with
smad1 downstream of smad5, to mediate zebrafish early DV pat-
terning in a functional redundant manner. Although knockdown
of smad1 or smad9 alone does not lead to visible dorsalization,
double knockdown strongly dorsalizes zebrafish embryos,
which cannot be efficiently rescued by smad5 overexpression,
whereas the dorsalization induced by smad5 knockdown can
be fully rescued by overexpression of smad1 or smad9. We
have further revealed that the transcription initiations of
smad1 and smad9 are repressed by each other, that they are
direct transcriptional targets of Smad5, and that smad9, like
smad1, is required for myelopoiesis. In conclusion, our study
uncovers that smad1 and smad9 act redundantly to each
other downstream of smad5 to mediate ventral specification
and to regulate embryonic myelopoiesis.

The transforming growth factor � (TGF-�) family plays cru-
cial roles in regulating diverse cellular and developmental pro-
cesses, such as cell proliferation, differentiation, and migration
and embryonic pattern formation. Signaling by members of the
TGF-� superfamily is transduced by Smad proteins, which are

classified into three subfamilies: the receptor-regulated Smads
(R-Smads),2 the common mediator Smad (Co-Smad), and the
inhibitory Smad (I-Smad) (1, 2). Among the R-Smad subfamily
members, Smad2 and Smad3 mediate the TGF-�/activin path-
ways, whereas Smad1, Smad5, and Smad9 (also known as
Smad8) transduce the bone morphogenetic protein (BMP)
pathway (3, 4). BMPs consist of the largest subgroup within the
TGF-� superfamily. In early development of vertebrates, BMPs
are required for the dorso-ventral (DV) axis formation during
gastrulation and embryonic hematopoiesis (5, 6).

The three BMP R-Smads share an extremely high degree of
homology, and their cellular function is transducing BMP
signaling. Consistent with this notion, much evidence shows
that they have overlapping functions during development. In
zebrafish and Xenopus, misexpression of either smad1 or
smad5 in the embryo induces ventral fates (7–9). In chicken,
the functions of Smad1 and Smad5 are largely interchangeable
during spinal cord neurogenesis (10). In mammals, Smad1,
Smad5, and Smad9 are believed to function redundantly in
transducing the anti-Mullerian hormone signal and mediating
regression of the Mullerian duct in males (11). In addition,
Smad1 and Smad5 function redundantly in the apical ectoder-
mal ridge and ventral ectoderm (12), in endochondral bone
formation and in controlling tumor cell migration to distant
locations (13, 14).

However, accumulating evidence suggests that BMP
R-Smads are not always interchangeable in development. In
zebrafish, smad1 and smad5 were believed to have distinct
functions in regulating early DV patterning, and the previous
results from loss-of-function and gain-of-function studies even
led to controversial conclusions. For instance, smad5 mutants
(such as sbn�/�) or morphants are strongly dorsalized (15–18),
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demonstrating that smad5 is essentially required for early DV
patterning. In contrast, effective loss of function of smad1 does
not cause any phenotype of dorsalization (19), although over-
expression of smad1 strongly ventralizes zebrafish embryos as
does smad5 overexpression (9). This implies that smad1 itself is
not essential for zebrafish DV axis establishment. On the other
hand, overexpression of smad1 rather than smad5 leads to
complete rescue of zebrafish mutants of bmp2b (9), suggesting
that smad1 might be a direct mediator for ventral specification
in the bmp2b null condition. Ectopic overexpression of smad5
just after midblastula transition can rescue the sbn�/� dorsal-
ized embryos, whereas no rescue effects could be observed if the
exogenous smad5 is forced to express only during gastrulation
(17). Besides, the expression of non-neuroectoderm-specific
gata2 is mediated by Smad5 and completely independent of
Smad1 before the gastrula stage, whereas at later stages, its
expression is dependent upon Smad1 instead of Smad5 (20).
These findings suggest that Smad5 acts before gastrulation and
is not required during gastrulation in DV patterning. Neverthe-
less, how other non-Smad5 BMP R-Smads contribute to the
patterning of DV axis in zebrafish remains largely unknown.
Also, smad1 and smad5 are shown to play distinct roles in
embryonic hematopoiesis in zebrafish (19).

In this study, we focus on how smad1, smad5, and smad9 are
differentially regulated and how they cooperatively contribute
to early development of zebrafish. We identify a zygotically
expressed smad9 (previously named smad8) in the zebrafish
genome. The tempo-spatial expression pattern of smad9 dur-
ing embryogenesis is similar to that of smad1. Although the
smad9 or smad1 knocked down embryos are not dorsalized,
double knockdown of smad1 and smad9 leads to strong dorsal-
ization, which cannot be rescued by smad5 overexpression. By
contrast, overexpression of either smad1 or smad9 can fully
rescue the dorsalized defects in smad5 morphants. Moreover,
the transcriptional onsets of smad1 and smad9 are suppressed
by each other, and Smad5 binds to the promoter regions and
activates the promoter activities of smad1 and smad9. Alto-
gether, our study reveals that smad1 and smad9 act redun-
dantly and downstream of smad5 in regulating zebrafish DV
patterning.

EXPERIMENTAL PROCEDURES

Animals—Zebrafish (Danio rerio) of the AB strain were
raised in the China Zebrafish Resource Center (CZRC, Wuhan,
China), maintained according to the Zebrafish Book (21), and
staged as previously described (22). The experiments involving
zebrafish were performed under the approval of the Institu-
tional Animal Care and Use Committee of the Institute of
Hydrobiology, Chinese Academy of Sciences.

Molecular Cloning and Construct Generation—According to
the GenBankTM accession number NM_001004014, full-length
zebrafish smad9 cDNA was amplified from the gastrula cDNA
pool by reverse transcription PCR (RT-PCR), using a set of
primers, 5�-GGAATTCGAAACAACCCGAATCTCCTG-3�
(P1) and 5�-CCGCTCGAGGTGTCTTGCGTGGCTATG-
AAG-3� (P2). The PCR products were cloned into the EcoRI-
XhoI sites of the pCS2� expression vector and subjected to se-
quencing. To generate a Smad9-EGFP fusion protein expression

construct, smad9 cDNA was amplified using P1 and 5�-GGG-
GTACCTTGGACACCGAGGAAATGGGG-3� (P3) and
cloned into the EcoRI-KpnI sites of the pEGFPN1 vector (Clon-
tech). To generate Smad9-EGFP fusion expression construct
that lacks the smad9 morpholino (MO) binding site, 5�-GGA-
ATTCATGCACTCCTCTACCTCCATC-3� (P4) and P3 were
used for PCR amplification, and the PCR products were cloned
into the pEGFPN1. To generate a smad5 expression construct
in which the smad5 MO binding site is mutated, 5�-CGGGAT-
CCATGACAAGTATGAGCTCCTTATTTTCCTTCACCA-
GCCCG-3� and T3 primer (5�-ATTAACCCTCACTAA-
AGGGA-3�) were used to amplify mutated smad5 from
pCS2�_zsmad5, and the PCR products were subcloned into the
BamHI-EcoRI sites of pCS2�. The coding sequences of smad1,
smad4, smad5, and smad9 were amplified and subcloned into
pHAM, pCMVTag2B, and pCMVTag3C constructs to
generate HA-, FLAG-, and Myc-tagged fusion constructs. The
putative promoter region of smad1 was amplified from the
zebrafish genomic DNA using the primers 5�-TTTTACCTTC-
AGAACTGCCTTAATCCATC-3� (P5) and 5�-GAGCCATT-
CACAAACGTGTCAGTAGTAATCTCA-3� (P6), and that of
smad9 was amplified with 5�-GCAACTATTAAGAAAACAT-
TGCACGGAT-3� (P7) and 5�-AACTTACTTATGTGGTTG-
AAAACGCTCC-3� (P8). The PCR products were cloned into
pGL3-Basic (Promega) to generate constructs for the luciferase
assay.

MO and mRNA Injections—Antisense MOs (Gene Tools,
LLC) were designed to complement the translation start sites of
smad9 (smad9 MO, 5�-TCGTGAGACGGGTTGATTTTA-
AATC-3�) and smad1 (smad1 MO, 5�-GGAAAAGAGTGAG-
GTGACATTCATT-3�). smad1 MO has only one base shift
compared with the previously published smad1 MO (19). MO
used for knockdown of smad5 was as described previously (16).
To make synthetic capped RNA encoding smad1, smad5,
smad9, bmp2b, bmp4, bmp7, and dominant negative BMP rec-
eptor 1a (DNBR1a), pCS2�-based constructs containing the
corresponding cDNA were linearized by NotI, and mRNA was
synthesized using the sp6 mMessage mMachine kit (Ambion).
For microinjection, embryos were injected with mRNA and
morpholinos of interest at the 1-cell stage as described previo-
usly (23).

RNA Isolation, Semiquantitative RT-PCR, and Quantitative
RT-PCR—Total RNA was extracted from embryos and organs
with TRIzol reagent following the manufacturer’s manual
(Invitrogen). 1 �g of total RNA was used to generate cDNA with
first strand Moloney murine leukemia virus reverse transcrip-
tase (Invitrogen) and oligo(dT)20 RT primer. The cDNA was
then used in a polymerase chain reaction (PCR) accordingly:
95 °C for 5 min; 95 °C for 30 s, 58 °C for 30 s, and 72 °C for 40 s
for specific cycles; and 72 °C for 10 min. Primers and amplifica-
tion cycles for each primer pair used were as follows: smad1,
5�-AGAGGTGTATGCCGAATGTTTG-3� (forward) and 5�-
CCATCTGGGTGAGGACTTTATC-3� (reverse), 26 cycles;
smad5, 5�-AAAACACCCGTCGCCACATC-3� (forward) and
5�-AGCCCATCATTACGAGACAGAA-3� (reverse), 22 cyc-
les; and smad9, 5�-GAAGGCTCCAGGTGTCTCAT-3� (for-
ward) and 5�-GAAGCGGTTCTTGTTGTTTG-3� (reverse), 26
cycles. An ef1a-specific primer pair (forward, 5�-TCACCCTG-
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GGAGTGAAACAGC-3�; reverse, 5�-ACTTGCAGGCGATG-
TGAGCAG-3�) was used for PCR as an internal control (24).
For quantitative PCR, the amplification was performed on a
CFX96TM real-time PCR detection system (Bio-Rad) according
to the manufacturer’s instructions. Primers for smad5 were 5�-
CTTTGAGGCCGTCTATGAGC-3� (forward) and 5�-GGGT-
GCTTGTCACATCTTGT-3� (reverse). A pair of �-actin prim-
ers (forward, 5�-CGAGCAGGAGATGGGAACC-3�; reverse,
5�-CAACGGAAACGCTCATTGC-3�) was used as the internal
control (25).

Luciferase Reporter Assay—To analyze the putative pro-
moter activities of smad1 and smad9 in different genetic back-
ground, the relative luciferase activities were determined by the
Dual-Luciferase reporter assay system as described previously
(26). Each embryo was coinjected with smad1 promoter-luc or
smad9 promoter-luc (described previously) and a constitu-
tively expressed TK-Renilla luciferase construct (Promega).
These embryos were subsequently injected with the indicated
RNA or morpholino samples. When the embryos developed to
shield stage, sets of 30 embryos were lysed, the luciferase activ-
ity was measured with a Promega luminometer, and relative
luciferase activity was calculated as described (27). Assays were
performed in triplicates, and the average values and the stan-
dard variations were calculated. A p value less than 0.05 was
considered statistically significant.

Cycloheximide Treatment—Embryos were cultured in fish
medium containing 50 �g/ml protein synthesis inhibitor cyclo-
heximide (CHX) from 2 h postfertilization (hpf) until the
embryos were fixed for whole-mount in situ hybridization (28).

Whole-mount in Situ Hybridization—Whole-mount in situ
hybridization (WISH) was performed using digoxigenin (DIG)-
labeled antisense RNA probes and anti-DIG alkaline phospha-
tase-conjugated antibody as described (29). pCS2� vectors con-
taining smad1, smad5, and smad9 were digested with HindIII,
and the antisense RNA probes were synthesized with T7 RNA
polymerase (Promega). Molecular markers for analyzing DV
patterning were cyp26a (30), foxi1 (31), sizzled (32), and ved
(33). Antisense probes of l-plastin and mpx (34 –36) were used
to analyze the myelopoiesis in zebrafish development.

Chromatin Immunoprecipitation—Chromatin immunopre-
cipitation (ChIP) assays were performed with a ChIP assay kit
(Upstate Biotechnology) as described with some modifications
(37). Briefly, 2000 embryos were injected with 300 pg/embryo
HA-smad5 mRNA or HA-sv40 mRNA. Immunoprecipitation
was carried out using anti-HA antibody (Santa Cruz Biotech-
nology, Inc.). The relative amounts of smad1 or smad9
upstream region in immunoprecipitated chromatin and input
control were measured using quantitative PCR described pre-
viously. The primers specific for the smad1 upstream region
were 5�-AAACATGCACTCTAGCCTTCG-3� (forward) and
5�-GTAGCCAACTCAATCTGGGAC-3� (reverse). For the
smad9 promoter region, primers were 5�-GAGTATTGTTAC-
GTTCCCCTGCAG-3� (forward) and 5�-CGCGGATGGATA-
CACTTCGA-3� (reverse). The exon of ribosomal protein rpl5b
was served as a negative control, and the primers were 5�-GGG-
GATGAGTTCAATGTGGAG-3� (forward) and 5�-CGAACAC-
CTTATTGCCAGTAG-3� (reverse) as described (38).

Cell Culture, Transfection, Immunoblotting, and Co-immuno-
precipitation—HEK293T cells were grown in Dulbecco’s modified
Eagle’s medium (Invitrogen) plus 10% fetal bovine serum
(Hyclone). DNA transfection into HEK293T cells was performed
using Vigofect (Vigorous). Immunoprecipitation and immuno-
blotting were performed as described (39). The FLAG-tagged pro-
teins were immunoprecipitated from cell lysates using agarose-
conjugated anti-FLAG antibody (Santa Cruz Biotechnology).
Antibodies against HA tag, FLAG tag, and Myc tag were pur-
chased from Sigma-Aldrich and Santa Cruz Biotechnology.

RESULTS

smad1 Genetically Interacts with smad5 in Zebrafish DV
Patterning—Previous studies have shown that, although
ectopic expression of smad1 led to strong ventralization of
zebrafish (9, 40), knockdown of smad1 did not give an obvious
dorsalization phenotype (19). This is distinct from zebrafish
smad5, whose gain of function ventralized the embryos and
whose loss of function strongly dorsalized the embryos (17, 18).
Because both Smad1 and Smad5 are widely believed to be the
major transducers of the ventralizing BMP signals, we further
asked whether smad1 carries ventralization activity intrinsi-
cally and whether smad1 genetically interacts with smad5 in
DV patterning. First of all, we injected in vitro transcribed
enhanced green fluorescent protein (egfp) mRNA into 1-cell
stage zebrafish embryos. These embryos developed normally
and showed normal expression of DV patterning-related genes,
so we used uninjected embryos as controls for subsequent anal-
ysis. As shown in Fig. 1B, when smad1 mRNA was injected into
zebrafish zygotes, the injected embryos were strongly ventral-
ized, as characterized by an expansion of ventral posterior tis-
sues at the expense of dorsal anterior tissues (41). According to
the previous study (5), the ventralized embryos at 30 hpf were
divided into three classes, V1–V3. Injection of 300 pg of smad1
mRNA per embryo caused ventralized phenotypes in 74% of the
embryos, which were 47% V1 (showing slightly increased ven-
tral tail fin and enlarged blood island), 20% V2 (showing
reduced or absent notochord but remained head structures),
and 7% V3 (showing absent notochord and anterior structures
as well as expanded posterior). These results strongly suggest
that zebrafish smad1 carries ventralization activity.

In order to further analyze the function of smad1 during DV
patterning, translation-blocking MO was utilized for loss-of-
function studies. Low dose injection of smad1 MO (1 ng/em-
bryo) caused no obvious phenotype changes. When the injec-
tion dose was raised to 2.4 ng/embryo, the morphants showed
degenerated anterior neurons and not well extended yolk stalk
as well as slightly extended ventral blood island at 30 hpf (Fig.
1C), just like in a previous report (19) demonstrating that
smad1 morphants have an increased number of erythroid cells
at the ventral blood island, compared with the wild type
embryos (Fig. 1A). Therefore, translational block of smad1 did
not cause any dorsalization phenotype in zebrafish embryos,
indicating that smad1 is not required by itself for DV axis
establishment.

Then we were interested in the function of smad1 under
conditions in which endogenous Smad5 activity is slightly less-
ened. We utilized different doses of smad5 MO to attenuate

Redundancy of Smad1 and Smad9 in Dorso-ventral Patterning

6606 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 10 • MARCH 7, 2014



Smad5 activity at different levels (16). We observed the dorsal-
ized embryos at 30 hpf with phenotype strength from C1 to C4
(42). Injection of smad5 MO at a dose of 1.6 ng/embryo pro-
duced 36% C4 (showing significant coiling of the tail as well as
dorsalization within the anterior regions), 54% C3 (showing
shortened and twisted tail), and 10% C2 dorsalization (showing
normal tail length with absent ventral tail vein and fin) (Fig. 1D).
When the injection dose of smad5 was titrated to 0.8 ng/em-
bryo, however, the injected embryos showed a very mild dor-
salization phenotype, with 94% C1-C2 (Fig. 1E) and 6% C3.
Intriguingly, coinjection of low dose of smad1 MO (2 ng/em-
bryo) strongly dorsalized the injected embryos, showing 44%
C4, 53% C3, and 3% C2 dorsalized embryos (Fig. 1F), the phe-
notype for which was even stronger than with the high dose (1.6
ng/embryo) injection of smad5 MO alone (36% C4, 54% C3, and
10% C2). Therefore, smad1 knockdown could strongly amplify
the dorsalization effects resulting from mild knockdown of
smad5, although no DV defects are observed in smad1 knock-
down. Taken together, these findings suggest that smad5 or its
downstream factors could compensate for the activity of smad1
when smad1 itself is knocked down.

Because knockdown of smad1 or smad5 resulted in distinct
phenotypes, we further comparatively analyzed their expres-
sion patterns during embryogenesis via WISH. As shown in
Fig. 1, G–J, smad5 is maternally expressed, and its transcripts

are ubiquitously displayed until midgastrulation, when there is
transcriptional enrichment in the ventral side of the embryo.
The expression pattern of smad1 is distinctly different (Fig. 1,
K–N). smad1 is not maternally expressed and does not start its
transcription until 50% epiboly, before the onset of gastrula-
tion. During gastrulation, its expression is restricted to the ven-
tral side of the embryo.

smad9 Genetically Interacts with smad5 in Zebrafish DV
Patterning—The aforementioned results suggest that there
might be other factors that are downstream of smad5 to com-
pensate for the activity of Smad1 in vivo. This is also supported
by the previous study that a maternal-zygotic smad5 mutant
(sbn�/�) could be rescued by overexpression of bmp2b, indicat-
ing that ventral-promoting Smad activity exists in the smad5
mutants (17). We speculate that another BMP R-Smad, Smad9
(43), might be the factor besides Smad1 that is downstream of
Smad5 to induce ventral fate. The full coding region of smad9
(previously named smad8; see the Zebrafish Model Organism
Database) was PCR-amplified from a cDNA pool of zebrafish
embryos before 24 hpf. The predicted amino acid sequence of
Smad9 protein is shown in Fig. 2A. Zebrafish Smad9 is closely
related to the Smad9 proteins of human, rat, mouse, and Xeno-
pus, especially in the MH1 and MH2 domains. All of the three
zebrafish BMP R-Smads (Smad1, Smad5, and Smad9) share
striking sequence similarities (Fig. 2B). The phylogenetic tree of

FIGURE 1. smad1 genetically interacts with smad5 in DV patterning. A, an uninjected control embryo. B, a typical ventralized embryo that was injected with
smad1 mRNA (300 pg/embryo). C, a typical smad1 morphant that was not dorsalized (2.4 ng/embryo). D, a typical dorsalized embryo that was injected with
smad5 MO (1.6 ng/embryo). E, a typical weakly dorsalized embryo that was injected with 0.8 ng/embryo smad5 MO. F, a typical smad1 and smad5 double
morphant (2 ng smad1 MO � 0.8 ng smad5 MO per embryo) that was strongly dorsalized. For each injection experiment, over 120 embryos were observed, and
a representative phenotype is shown, and the number of embryos showing a corresponding phenotype is indicated in the top right corner of each panel. G–J,
WISH analysis of smad5. smad5 is maternally expressed (G) and shows ubiquitous expression before gastrulation (H and I), and its transcripts are more
prominently present in the ventral side of the embryo at 75% epiboly stage (J). K–N, WISH analysis of smad1. smad1 does not show maternal expression (K); its
zygotic transcription does not begin at 30% epiboly (L), and it starts from 50% epiboly (M) until the gastrula stage in the ventral side of the embryo (N). Embryos
in A–F are at 30 hpf, shown in a lateral view with anterior to the left; embryos in G, H, K, and L are shown in a lateral view with animal pole to the top; embryos
in I, J, M, and N are shown in a lateral view with dorsal to the right. Arrow in B, expanded blood island; arrowhead in B, loss of head structure; arrowheads in C,
thinner yolk and degenerative central neural system; arrow in C, slightly extended blood island due to increase in erythroid cells; arrow in F, loss of ventral
tissues; arrows in J, M, and N, ventral location of signals. conc., concentration; epi, epiboly.
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R-Smads of several vertebrates shows that the zebrafish Smad9
is clustered with Smad9 rather than Smad1 or Smad5 of other
species (Fig. 2C). The early expression profile of smad9 was
analyzed by WISH and RT-PCR. As shown in Fig. 3, A–D,
smad9 starts its transcription prior to the onset of gastrulation
in the ventral side of the embryo and continues its expression in
the ventral gastrula, the same as smad1. From the results of
RT-PCR (Fig. 3E), smad5 has maternal expression, and its
expression level decreases during gastrulation. Both smad1 and
smad9 initiate their transcription from the 50% epiboly stage,
and their zygotic expression tends to be stronger throughout
development.

The developmental role of zebrafish smad9 was studied
through overexpression and knockdown experiments. First,
smad9 mRNA was synthesized and injected into 1-cell embryos.
68% of those injected embryos were ventralized (Fig. 3F), with 46%
V1, 18% V2, and 4% V3. This indicates that smad9 carries intrinsic
ventralizing activity, mimicking smad1. To knock down Smad9
expression in vivo, a translation-blocking MO was employed.
To prove the effectiveness and specificity of smad9 MO (44), we
coinjected the MO with the constructs coding for fusion pro-
tein Smad9-EGFP with or without the MO binding site sepa-
rately. In comparison with the strong EGFP signal in the
smad9-egfp construct-injected embryos (Fig. 3I), the MO-coin-

FIGURE 2. Zebrafish Smad9 is highly homologous with BMP R-Smads among different species. A, the predicted zebrafish Smad9 (zSmad9) sequence is
aligned with those of human (h), mouse (m), rat (r), Xenopus (x), and Drosophila Mad (dMad). Humans have two isoforms of Smad9, indicated as isoform A and
isoform B. The MH1 and MH2 domains are highly conserved, whereas the linker regions are more divergent. B, comparison of the predicated protein sequences
of zebrafish Smad1, Smad5, and Smad9. C, a phylogenetic tree of BMP R-Smads of different spices. MH1, Mad homologous domain 1; MH2, Mad homologous
domain 2. Sequence alignments were performed using ClustalW, and phylogenetic alignment was generated using MegAlign.

FIGURE 3. smad9 genetically interacts with smad5 in DV patterning. A–D, WISH analysis of smad9 expression during early development. smad9 does not
show maternal expression (A), does not show zygotic expression at 30% epiboly (B), and starts its transcription from the 50% epiboly stage in the ventral side
of the embryo (C) and continues expressing in the ventral side in gastrula stage (D). E, semiquantitative RT-PCR analysis of smad1, smad5, and smad9 during
early development. ef1a was used as internal control. Only smad5 has maternal expression, and its transcriptional levels drop from the gastrula stage. smad1
and smad9 start to transcribe from the 50% epiboly stage, and their expression levels tend to show an increase during later stages. F, a typical ventralized
embryo that was injected with smad9 mRNA (500 pg/embryo). G, a typical smad9 morphant embryo that is not dorsalized (6.4 ng/embryo). H, a typical smad9
and smad5 double morphant (4 ng of smad9 MO � 0.8 ng of smad5 MO per embryo) that is strongly dorsalized. I–L, smad9 morpholino used in the present study
is specific and effective. The strong expression of Smad9-EGFP fusion protein (I) could be effectively blocked by coinjection of smad9 MO (J). The expression of
Smad9(MU)-EGFP fusion protein (K) could not be blocked by coinjection of smad9 MO (L). In the smad9(MU)-egfp construct, the binding site of smad9 MO is
mutated. For each injection experiment, over 120 embryos were observed, and a representative phenotype is shown, and the number of embryos showing
corresponding phenotype is indicated in the top right corner of each panel. Embryos in A and B are shown in a lateral view with animal pole to the top; embryos
in C and D are shown in a lateral view with dorsal to the right; and embryos in F–H are at 30 hpf and shown in a lateral view with anterior to the left. Arrows in C
and D, ventrally expressed smad9 signals; arrows in F, smaller eyes and enlarged blood island; arrow in G, degenerative central neural system; arrow in H, loss
of ventral tissues.
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jected embryos showed depletion of EGFP expression (Fig. 3J).
In addition, if the MO binding site in smad9 was mutated, the
Smad9(MU)-EGFP expression could not be blocked by coinjec-
tion of smad9 MO (Fig. 3, K and L). These results provided
evidence for the effectiveness and specificity of smad9 MO. Just
like the smad1 morphants, the smad9 morphants were not dor-
salized, even if the injection dose was as high as 6.4 ng/embryo
(Fig. 3G). Similarly, smad9 MO (4 ng/embryo) was coinjected
into smad5 mild morphants (0.8 ng/embryos), and the double
morphants were analyzed for DV patterning defects at 30 hpf.
As shown in Fig. 3H, the double morphant embryos were
strongly dorsalized, with C4 of 40%, C3 of 55%, and C2 of 5%.
The results show that smad9 knockdown could strongly
strengthen the dorsalization of smad5 mild morphants. There-
fore, we conclude that smad9 genetically interacts with smad5
in DV pattering of zebrafish in vivo.

Double Knockdown of smad1 and smad9 Leads to Strong
Dorsalization—Altogether, the expression patterns of smad1
and smad9 are fairly similar to each other, and so are their
overexpression and knockdown effects. The above results
reveal that, although smad1 or smad9 is not essential by itself
for the early DV axis establishment, they could help to pattern
the DV axis in a condition in which Smad5 activity is slightly
lessened. We further asked whether and how smad1 and smad9
cooperatively act in zebrafish DV patterning. A reasonable
hypothesis is that smad1 and smad9 may function redundantly
to each other; i.e. if only one of the redundant partners is inhib-
ited, the other partner can be stimulated and compensate for
the loss-of-function effects, and the overall amount of partners
will not be affected (45). Therefore, in our case, the DV pattern-
ing might not be disrupted if smad1 or smad9 is knocked down
alone. To examine this hypothesis, smad1 MO (2 ng/embryo)
and smad9 MO (4 ng/embryo) were coinjected into embryos to
knock down smad1 and smad9 simultaneously. The double
morphants were allowed to develop to 30 hpf for analysis of DV
defects. Intriguingly, double knockdown of smad1 and smad9
strongly dorsalized the embryos with 100% penetration (Fig.
4C), showing 69% C4, 28% C3, and 3% C2. This phenotype has
never been observed in the single knockdown experiment of
smad1 or smad9, which strongly supports the hypothesis that
smad1 and smad9 have functional redundancy in regulating
zebrafish DV patterning.

To further confirm the DV defects in different morphants,
the expression of a set of molecular markers indicating DV pat-
terning was analyzed. At the gastrula stage, cyp26a labels neu-
roectoderm territory (30), foxi1 labels epidermal ectoderm (31),
and sizzled (szl) represents a BMP signaling target (32). As
shown in Fig. 4G, the expression patterns of these markers were
not changed in the smad1 morphants (b, i, and p) or in the
smad9 morphants (c, j, and q) (the WISH embryos shown in the
Fig. 5G represent over 90% of the embryos assayed). In smad1
and smad9 double morphants, however, the expression of
cyp26a was remarkably expanded toward the ventral side of the
ectoderm (Fig. 4G, f), whereas the expression of foxi1 and szl
was significantly reduced (Fig. 4G, m and t). These results were
in accordance with the phenotypic analysis. Similar results of
another target gene of BMP signaling, ved, were also obtained
(data not shown). Therefore, we conclude that smad1 and

smad9 act redundantly to each other in regulating DV pattern-
ing of zebrafish embryos.

Because the phenotype of smad1 and smad9 double mor-
phants is similar to that of smad5 morphants, and it is suggested
that smad1 might be a transcriptional target of smad5 (9), the
relationship among all of these Smads was extensively analyzed.
First, we asked whether the dorsalized phenotype of smad5
morphants could be rescued by overexpression of smad1 or
smad9. As shown in Fig. 4, the dorsalization caused by injection
of smad5 MO (36% C4, 54% C3, and 10% C2; Fig. 4B) could be
rescued by coinjection of smad1 mRNA (22% C3, 28% C2, and
50% wild type-like; Fig. 4D) or smad9 mRNA (22% C3, 32% C2,
and 46% wild type-like; Fig. 4E). Second, we asked whether the
dorsalization phenotype resulting from smad1 and smad9 dou-
ble knockdown could be rescued by smad5 overexpression.
Surprisingly, the strong dorsalization of smad1 and smad9 dou-
ble morphants (69% of C4, 28% of C3, and 3% of C2) could not
be effectively rescued by smad5 mRNA injection at different
doses (67% C4, 26% C3, and 7% C2; Fig. 4F). The phenotypic
results were further confirmed by WISH analysis with a set of
molecular markers representing DV patterning and BMP signal-
ing activity. As shown in Fig. 4G, smad5 morphants showed typical
dorsalization of the ectoderm, with enlarged cyp26a-labeled and
decreased foxi1-labeled territories (Fig. 4G, d and k) and a strong
reduction of BMP signaling activity (Fig. 4G, r). Whereas in the
smad5 MO- and smad1 or smad9 mRNA-coinjected embryos,
the neuroectoderm territories were restored to the normal
region or even reduced (Fig. 4G, e), the non-neural ectoderm
expressing foxi1 labeled a much wider region (Fig. 4G, l), and szl
expression was restored to the normal level (Fig. 4G, s). By con-
trast, the dorsalized phenotype of smad1 and smad9 double
morphants could not be efficiently rescued by overexpression
of smad5 (Fig. 4G, g, n, and u). The inability of ectopic smad5
overexpression to efficiently rescue the DV patterning defects
in smad1 and smad9 double morphants suggests that Smad5
has transcriptional and functional activities differing from
Smad1 and Smad9.

smad1 and smad9 Are Downstream Targets of smad5—To
further clarify the regulation network among smad1, smad5,
and smad9, we analyzed the transcription of different BMP type
smad genes in smad1, smad5, or smad9 knocked down or over-
expressed embryos at 50% epiboly, a stage when smad1 and
smad9 start their zygotic transcription. Just as reported previ-
ously (9), smad1 transcription was strongly induced by smad5
misexpression (Fig. 5A, b), and smad1 transcription was absent
if smad5 was knocked down (Fig. 5A, c). Similarly, the tran-
scription of smad9 strongly increased in the smad5 overex-
pressed embryos (Fig. 5A, l) and nearly disappeared in smad5
morphants (Fig. 5A, m).

To better understand the transcriptional regulation of these
smad genes, we further cloned the upstream regulatory region
of smad1 of 4290 bp and the upstream regulatory sequence of
smad9 of 3456 bp and utilized them to generate two luciferase
assay constructs. Relative luciferase assays revealed that the activ-
ity of the smad1 promoter was significantly elevated to 2.72-fold by
overexpression of smad5 and significantly decreased to 0.50-fold
by knockdown of smad5 in the embryos at the 50% epiboly stage
(Fig. 5B). Likewise, smad9 promoter activity showed a significant
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increase to 1.99-fold by smad5 overexpression and a significant
decrease of 0.56-fold by smad5 knockdown (Fig. 5C). These
findings reveal that the transcription of both smad1 and smad9
is dependent on smad5 and is positively regulated by smad5.

To clearly elucidate the transcriptional regulation between
smad1 and smad9, we conducted transcriptional analysis of
smad1 or smad9 in the embryos with up- or down-regulation
of smad1 or smad9. First, smad9 mRNA or smad9 MO was
injected into zebrafish embryos, and the injected embryos at
50% epiboly were subjected to WISH analysis of smad1. Strik-
ingly, the transcription initiation of smad1 was highly repressed
by smad9 overexpression (Fig. 5A, e) and significantly
enhanced by smad9 knockdown (Fig. 5A, f). Second, smad1
mRNA or smad1 MO was injected, and the embryos at 50%
epiboly were subjected to WISH analysis of smad9. The labeling
signals of smad9 nearly disappeared in the smad1-overex-
pressed embryos (Fig. 5A, n), and the signals dramatically
increased in the smad1 knocked down embryos (Fig. 5A, o).

This demonstrates that the transcriptional onset of smad1 and
of smad9 are negatively regulated by each other. Third, this
conclusion was further confirmed by promoter activity analysis
by luciferase assays. As expected, in smad9-overexpressed
embryos, the activity of the smad1 promoter was down-regu-
lated to 0.58-fold, and in smad9 morphants, it was up-regulated
to 1.63-fold (Fig. 5B). Similarly, the activity of smad9 promoter
was down-regulated to 0.56-fold in smad1-overexpressed
embryos and up-regulated to 1.49-fold in smad1 morphants
(Fig. 5C). Taken together, these results reinforce the notion that
smad1 and smad9 act redundantly to each other at the tran-
scriptional level, and these also give a reasonable explanation
why double knockdown instead of single knockdown of smad1
or smad9 induces visible dorsalization effects.

In addition, we analyzed the regulation effects of smad1 and
smad9 on themselves and on smad5. In smad1 knocked down
embryos, the transcription of smad1 was strongly elevated (Fig.
5A, d), suggesting that smad1 is negatively self-regulated. In

FIGURE 4. Double knockdown of smad1 and smad9 leads to strong dorsalization that cannot be rescued by smad5 overexpression. A, a typical
uninjected control embryo. B, a typical smad5 morphant (1.6 ng/embryo) showing a strong dorsalized phenotype. C, a typical smad1 and smad9 double
morphant (2 ng of smad1 MO � 4 ng of smad9 MO per embryo) that is strongly dorsalized. D, a typical rescued embryo resulting from coinjection of smad5 MO
(1.6 ng/embryo) and smad1 mRNA (200 pg/embryo). E, a typical rescued embryo resulting from coinjection of smad5 MO (1.6 ng/embryo) and smad9 mRNA
(300 pg/embryo). F, a typical dorsalized embryo that was coinjected with smad1 MO (2 ng/embryo) and smad9 MO (4 ng/embryo) and smad5 mRNA (300
ng/embryo). For each injection experiment, over 120 embryos were observed, and a representative phenotype is shown, and the number of embryos showing
corresponding phenotype is indicated in the top right corner of each panel. G, WISH analysis of the embryos injected with different reagents. Embryos were
uninjected control or injected with MOs and mRNAs indicated at the top of each column. a– g, cyp26a staining, which labels neuroectoderm; h–n, foxi1 staining,
which labels epidermal ectoderm; o– u, RNA in situ labeling by szl, which is a BMP target. b, i, p, c, j, and q, in smad1 MO- or smad9 MO-injected embryos, the
expression of DV patterning markers was the same as that in the control embryos (a, h, and o). d, k, and r, in smad5 MO-injected embryos, the expression level
of the cyp26a is elevated, and the expression of foxi1 and szl is strongly reduced. e, l, and s, in smad5 morphants coinjected with smad1 or smad9 mRNA, the
enlarged expression of cyp26a is rescued to normal and the reduced expression of foxi1 and szl is also rescued to wild type level; f, m, and t, in smad1 and smad9
double morphants, the expression of cyp26a is strongly increased, and the expression of foxi1 and szl is strongly reduced. g, n, and u, the alteration of the
expression of these markers in smad1 and smad9 double morphants cannot be rescued by smad5 mRNA injection. Embryos in A–F are shown in a lateral view
with anterior to the left, 30 hpf; embryos in G, row 1, are at the 70% epiboly stage, shown in a lateral view with dorsal to the right; embryos in G, row 2, are at 70%
epiboly, shown in an animal pole view with dorsal to the right; and embryos in G, row 3, are at the 60% epiboly stage, shown in an animal pole view with dorsal
to the right. The results shown in G for WISH analysis represent over 90% of the embryos assayed.
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smad1 MO- and smad9 MO-coinjected embryos, the expres-
sion level of smad1 was dramatically elevated (Fig. 5A, g), higher
than that in smad1 MO- or smad9 MO-injected embryos at the
50% epiboly stage, whereas coinjection of neither smad1 MO
nor smad9 MO with smad5 MO could restore the transcription
of smad1 (Fig. 5A, h and i), confirming that smad1 is down-

stream of smad5. In smad1 MO-, smad9 MO-, and smad5
mRNA-coinjected embryos, the expression of smad1 was
greatly enhanced, spreading to the whole blastomere (Fig. 5A,
j). Likewise, smad9 was negatively self-regulated; as in smad9
MO-injected embryos, the labeling signals of smad9 by WISH
were strongly elevated (Fig. 5A, p). Additionally, the signals of
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smad9 increased even more in smad1 and smad9 double mor-
phants (Fig. 5A, q), whereas in the background of smad5 mor-
phants, neither knockdown of smad1 nor knockdown of smad9
could rescue the disappearance of smad9 transcription (Fig. 5A,
r and s), confirming that smad9 is downstream of smad5. The
strongest signal of smad9 was observed in smad1 MO-, smad9
MO-, and smad5 mRNA-coinjected embryos (Fig. 5A, t). On
the other hand, the potential transcriptional regulation of
smad5 by smad1 and smad9 was analyzed by quantitative RT-
PCR (Fig. 5D). The amount of smad5 transcripts in smad1
mRNA-, smad1 MO-, smad9 mRNA-, or smad9 MO-injected
embryos showed no significant difference when compared with
wild type at 50% epiboly as well as with the embryos coinjected
with smad1 MO and smad9 MO. These results further demon-
strate that both smad1 and smad9 locate downstream of
smad5, and neither of them exert any effects on the transcrip-
tional regulation of smad5.

To analyze the transcriptional regulation of smad1 and
smad9 by smad5 under different BMP signaling backgrounds,
BMP activity-elevated and -abolished embryos were used for
further study. As expected, elevated smad1 transcription was
observed in bmp2b-overexpressed embryos (Fig. 5E, b) (9). In
order to deplete the overall BMP signaling, a truncated domi-
nant negative BMP receptor 1a, DNBR1a (46), was overex-
pressed in the embryos. In the DNBR1a mRNA-injected
embryos, the transcription of smad1 was completely abolished
(Fig. 5E, c), further showing that smad1 itself is a transcriptional
target of BMP signaling. In bmp2b-overexpressed embryos, an
enlarged domain and higher level of the smad9 expression were
also observed (Fig. 5E, g), and in DNBR1a mRNA-injected
embryos, smad9 transcription was likewise completely inhib-
ited (Fig. 5E, h). Therefore, the normal transcription of smad9
also relies on proper BMP signaling activity. However, even in
the bmp2b-overexpressed embryos, knockdown of smad5
could still efficiently block the transcription of smad1 or smad9
(Fig. 5E, c and h), suggesting that smad5 is necessary to mediate
BMP-induced smad1 and smad9 transcription. By contrast,
smad5 overexpression still strongly activated the transcription
of smad1 and smad9 in the BMP-abolished embryos (Fig. 5E, e

and j). These suggest that smad1 and smad9 are the direct tran-
scriptional targets of smad5, and their transcriptional activities
directly rely on smad5.

smad1 and smad9 Are Direct Transcriptional Targets of
smad5—In order to uncover whether there is a direct or indi-
rect effect of smad5 on activating smad1 and smad9, we used
the translation inhibitor CHX from 2 hpf onward to block
translation of the earliest zygotic mRNAs but allow the trans-
lation of injected smad5 mRNA (47). Transcriptional induction
of ntl (no tail) requires intermediate zygotic translation steps
after midblastula transition (MBT); thus, the absence of ntl sig-
nal served as a control of efficiency of CHX treatment (38) (Fig.
6A, a and b). We injected smad5 MO into 1-cell stage embryos
to block the translation of maternal supplied smad5 transcripts,
and as a result, the transcription of smad1 and smad9 was
absent in the smad5 MO-injected embryos (Fig. 6A, d and h).
After coinjection of mutated smad5 mRNA whose smad5 MO
binding site was mutated but coding protein was not altered,
the signals of smad1 or smad9 were restored and elevated in
smad5 morphants (Fig. 6A, e and i). When CHX was added at 2
hpf, expression of smad1 and smad9 could still be rescued (Fig.
6A, f and j), indicating that smad1 and smad9 are the direct
targets of Smad5. To further prove this, we performed a ChIP
assay with extracts from embryos at the 50% epiboly stage
injected with mRNA encoding HA-tagged Smad5. The precip-
itated chromatin was then analyzed by quantitative PCR using
primer pairs that could amplify segments of the smad1 pro-
moter or smad9 promoter. A segment of the rpl5b exon ampli-
fied by a specific primer pair was used as control (38). As shown
in Fig. 6B, we observed a significant enrichment for the pro-
moter regions of smad1 and smad9 in the immunoprecipitate
from the injected samples compared with the HA-sv40
mRNA-injected control. In contrast, there was no enrichment
of the control genomic region rpl5b. Thus, these data demon-
strate that Smad5 directly binds to the promoters of smad1 and
smad9 to activate their transcription.

In order to address the intrinsic differences of Smad5,
Smad1, and Smad9 proteins, we conducted co-immunoprecipi-
tation experiments to analyze and compare their binding ability

FIGURE 5. smad1 and smad9 are positively regulated by smad5 and suppress each other. A, WISH analysis of smad1 (a–j) and smad9 (k–t) in different types
of embryos injected with different reagents. Compared with wild type embryos (a), the transcription of smad1 is up-regulated by injection of smad5 mRNA (b),
smad1 MO (d), or smad9 MO (f) and by coinjection of smad1 MO and smad9 MO (g) or by coinjection of smad1 MO, smad9 MO, and smad5 mRNA (j); the
transcription of smad1 is down-regulated by injection of smad5 MO (c) or smad9 mRNA (e) and by coinjection of smad1 MO and smad5 MO (h) or by coinjection
of smad5 and smad9 MO (i). Compared with wild type embryos (k), the transcription of smad9 is up-regulated by injection of smad5 mRNA (l), smad1 MO (o), or
smad9 MO (p) and by coinjection of smad1 MO and smad9 MO (q) or by coinjection of smad1 MO, smad9 MO, and smad5 mRNA (t); the transcription of smad9
is down-regulated by injection of smad5 MO (m) or smad1 mRNA (n) and by coinjection of smad1 MO and smad5 MO (r) or by coinjection of smad5 MO and
smad9 MO (s). B, luciferase assay of zebrafish smad1 promoter activity. The activity of the smad1 promoter was up-regulated to 2.72-fold by smad5 mRNA
injection and down-regulated to 0.58-fold by smad9 mRNA injection, and it was down-regulated to 0.50-fold by smad5 MO injection and up-regulated to
1.63-fold by smad9 MO injection. C, luciferase assay of zebrafish smad9 promoter activity. The activity of the smad9 promoter was up-regulated to 1.99-fold by
smad5 mRNA injection and down-regulated to 0.55-fold by smad1 mRNA injection, and it was down-regulated to 0.56-fold by smad5 MO injection and
up-regulated to 1.49-fold by smad1 MO injection. In B and C, embryo lysates were prepared at 5.4 hpf, and the luciferase activities were normalized to Renilla
luciferase from pRL-TK; results were expressed relative to luciferase activities with constructs alone; each bar presents the mean value and the corresponding
S.D. (error bar) from triplicate analysis. A statistically significant difference (p � 0.05) is indicated by a different lowercase letter above the bar. D, relative
expression of smad5 in 50% epiboly embryos injected with different reagents by quantitative PCR analysis. All of the injected samples have no significant
difference compared with uninjected control (p � 0.1). E, WISH analysis of smad1 (a– e) and smad9 (f–j) in the embryos injected with different reagents. a, a
typical control embryo showing normal expression of smad1. b, a typical embryo that was injected with bmp2b mRNA (20 pg/embryo) with elevated expression
of smad1. c, a typical embryo that was injected with bmp2b mRNA (20 pg/embryo) and smad5 MO (1.6 ng/embryo), showing absent expression of smad1. d, a
typical embryo that was injected with DNBR1a mRNA (100 pg/embryo), showing absent expression of smad1. e, a typical embryo that was injected with DNBR1a
mRNA (100 pg/embryo) and smad5 mRNA (300 ng/embryo), showing strong expression of smad1. f, a typical control embryo showing normal expression of
smad9. g, a typical embryo that was injected with bmp2b mRNA (20 pg/embryo), with elevated expression of smad9. h, a typical embryo that was injected with
bmp2b mRNA (20 pg/embryo) and smad5 MO (1.6 ng/embryo), showing absent expression of smad9. i, a typical embryo that was injected with DNBR1a mRNA
(100 pg/embryo), showing absent expression of smad9. j, a typical embryo that was injected with DNBR1a mRNA (100 pg/embryo) and smad5 mRNA (300
ng/embryo), showing strong expression of smad9. All embryos in E are at the 50% epiboly stage, shown in a lateral view with dorsal to the right.
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to Smad4, which is the co-Smad of BMP signaling (48, 49). We
first investigated the interaction between zebrafish Smad4 and
Smad1/Smad5/Smad9. In HEK293T cells, all of the zebrafish
Smad1, Smad5, and Smad9 could bind to Smad4 (Fig. 6C). Then
we analyzed whether the presence of Smad1 and Smad9 could
disturb the binding affinity between Smad5 and Smad4. As
shown in Fig. 6D, when Smad1 and Smad9 were transfected at
increasing doses, the interaction of Smad4 and Smad5 was not
affected.

smad9, Like smad1, Is Required for Myelopoiesis—It has been
reported that smad1 and smad5 differently regulate zebrafish
embryonic hematopoiesis; smad1 but not smad5 is required for
the differentiation of macrophages and granulocytes, both

belonging to the myeloid lineage (19). Because smad9 and
smad1 have shown similar expression patterns and regulatory
network in zebrafish early development, we proposed that they
may share similar functions during embryonic hematopoiesis.
First, smad9 was knocked down or overexpressed in zebrafish
embryos, and the injected embryos at 24 hpf were subjected to
analysis with a set of myelopoiesis-related markers. As shown in
Fig. 7 (D and L), macrophages labeled by l-plastin and granulo-
cytes labeled by mpx were obviously diminished in smad9 mor-
phants at 24 hpf, which just mimicked the smad1 morphants
(Fig. 7, C and K). This was distinctly different from what was
observed in smad5 morphants, which did not show obvious
defects of l-plastin- and mpx-labeled cells (Fig. 7, B and J).

FIGURE 6. smad1 and smad9 are direct transcriptional targets of Smad5. A, WISH analysis of 6 hpf embryos injected with different reagents and treated by
CHX or not. a, a typical control embryo showing normal expression of ntl. b, a typical embryo treated by CHX from 2 hpf, showing absent expression of ntl. d and
h, embryos injected with smad5 MO, showing absent expression of smad1 (d) and smad9 (h). e and i, embryos coinjected with smad5 MO and mutated smad5
mRNA, showing restored and elevated expression of smad1 (e) and smad9 (i). f and j, embryos coinjected with smad5 MO and mutated smad5 mRNA and
treated by CHX from 2 hpf, showing elevated expression of smad1 (f) or smad9 (j). In smad5 (MU) mRNA, the smad5 MO binding site is mutated, but the protein
sequence coded by the mutated mRNA is identical to that coded by the wild type mRNA. All embryos shown in A are in a lateral view with animal pole to the
top or dorsal to the right. B, ChIP analysis of HA-smad5 mRNA- or HA-sv40 mRNA-injected embryos with anti-HA antibody. A schematic diagram depicts the
fragments of the smad1, smad9, and rpl5b genes that were amplified. The positions of quantitative PCR primers that were used to amplify smad1 and smad9
promoter fragments and the rpl5b exon fragment are indicated by arrows. Chromatin from HA-smad5 mRNA-injected (black bars) and HA-sv40 mRNA-injected
(gray bars) embryos was sonicated and immunoprecipitated with anti-HA antibody. DNA levels of smad1 and smad9 promoter region and control sequence
(rpl5b exon) in precipitate and input were measured by quantitative PCR. The smad1 promoter region was 2.43-fold enriched, and the smad9 promoter region
was 2.44-fold enriched in the HA-smad5 mRNA-injected samples in comparison with the HA-sv40 mRNA-injected samples, whereas rpl5b did not show
enrichment. Each bar presents the mean value and the corresponding S.D. (error bar) from triplicate analysis. *, statistically significant difference (p � 0.05). C,
Smad4 interacts with Smad1, Smad5, and Smad9. HEK293T cells were transfected with FLAG-smad4 and HA-smad1, HA-smad5, or HA smad9. FLAG-Smad4-
binding proteins were immunoprecipitated and analyzed by immunoblotting. D, binding affinity of FLAG-Smad4 against HA-Smad5 is not affected by
coexpression of an increasing amount of Myc-Smad1 (1.2 and 2.5 �g) or Myc-Smad9 (1.2 and 2.5 �g). IP, immunoprecipitation; TCL, total cell lysate; WB, Western
blot.
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This revealed that smad9, like smad1, is required for zebrafish
myelopoiesis. Second, smad9 mRNA was injected into smad1
morphants to check whether smad9 is able to replace the func-
tion of smad1 in myelopoiesis and vice versa. Coinjection of
smad9 mRNA was able to rescue the developmental defects
of l-plastin-labeled macrophages in smad1 morphants in 61%
of the embryos (Fig. 7F) and mpx-labeled granulocytes in 59% of
the embryos (Fig. 7N), and coinjection of smad1 mRNA could
also restore the myeloid development in the smad9 morphants
(Fig. 7, G and O; 57% rescue for macrophages and 70% rescue
for granulocytes). In contrast, coinjection of smad5 mRNA was
not able to rescue the defects of macrophages and granulocytes
in smad9 morphants (Fig. 7, H and P; 100%), just like in the
previous report (19) in which smad5 overexpression did not
rescue the myeloid defects in smad1 morphants. Therefore, our
study reveals that smad1 and smad9 not only share functional
redundancy in early DV patterning but also are functionally
exchangeable in regulating the differentiation of macrophages
and granulocytes, both of which belong to the myeloid lineage.

DISCUSSION

Smad1 and Smad5 are believed to be two major mediators
transducing BMP signaling pathway, whereas BMP signals
induce ventral fate in the early development of vertebrates (50).
In zebrafish, the BMP ligands bmp2b and bmp7 are widely
expressed soon after the MBT, and then their expression
becomes restricted to the ventral half of the embryo by the
onset of gastrulation (51). It was believed that Smad1 and
Smad5 should both play critical roles in DV patterning of
zebrafish. In accordance with this, overexpression of either
smad1 or smad5 in zebrafish embryos leads to ventralized phe-
notypes (Figs. 1 and 2) (9), similar to the phenotypic effects of
bmp2b or bmp4 overexpression (5). Overexpression of smad1
in a different genetic background suggests that smad1 is even

more potent than smad5 in promoting ventral fate. For
instance, overexpression of smad1 in a wild type background
gives stronger ventralization than smad5, and smad1 overex-
pression in a smad5 mutant or bmp2b mutant leads to a rescue
effect, whereas smad5 overexpression cannot rescue the bmp2b
mutant (9). However, from loss-of-function studies, we may
even reach an opposite conclusion. Large scale mutation
screens in zebrafish have identified several smad5 mutants,
such as pgy and sbn, which are strongly dorsalized (15), whereas
no smad1 mutant has been identified; effective knockdown of
smad1 expression by MO injection leads to no obvious defect
on early DV patterning (Fig. 1C) (19). Here, we have revealed
that a smad1-like gene, smad9, exists in the zebrafish genome,
which could compensate for the Smad activity in the condition
of smad1 loss of function. We further prove that zebrafish
smad9 not only shows an expression pattern similar to that of
smad1 but also acts redundantly with smad1 to mediate
zebrafish DV patterning downstream of smad5.

It is proposed that the DV patterning in zebrafish can be
divided into three distinct phases (17): an early Smad5- and
Bmp2b-independent phase when an initial course of DV pat-
terning is set up; an intermediate Smad5- and Bmp2b-depen-
dent phase during which the initial DV patterning is refined and
the morphogenetic Bmp2b gradient is established; and a later
Smad5-independent phase after the onset of gastrulation when
the Bmp2/4 gradient is interpreted. Direct evidence for this is
the finding that the smad5 mutant, sbn�/�, can be rescued by
smad5 overexpression just after MBT, but there is no rescue
effect if the exogenous smad5 is strongly expressed during gas-
trulation and very weakly expressed at earlier stages (17). Our
study suggests that the presence of Smad1 and Smad9 activities
from 50% epiboly is the reason for the dispensability of Smad5
during gastrulation. The function of Smad5 during DV pattern-

FIGURE 7. smad1 and smad9 regulate the differentiation of macrophages and granulocytes. Embryos were either uninjected control or injected with
different mRNAs and MOs indicated in the images and processed at 24 hpf for WISH to identify l-plastin (A–H) and mpx (I–P) transcripts. l-plastin labels
macrophages, and mpx labels granulocytes. The expression of l-plastin and mpx is normal in smad5 morphants (B and J) but is almost completely depleted in
smad1 morphants (C and K), greatly reduced in smad9 morphants (D and L), and slightly increased in smad9 mRNA-injected embryos (E and M). Overexpression
of smad1 or smad9 can rescue the absence of l-plastin- and mpx-labeled cells in the morphants of each other (F, G, N, and O). In contrast, overexpression of
smad5 is unable to rescue the loss of these two types of cells in smad1 or smad9 morphants (H and P). For each assay, over 29 embryos were observed, and a
representative phenotype is shown, and the number of embryos showing the corresponding phenotype is indicated in the top right corner of each panel. The
injection doses of the mRNAs are as follows: smad1 mRNA, 150 pg/embryo; smad5 mRNA, 200 pg/embryo; smad9 mRNA, 250 pg/embryo. All embryos are
shown in a lateral view with anterior to the left.

Redundancy of Smad1 and Smad9 in Dorso-ventral Patterning

MARCH 7, 2014 • VOLUME 289 • NUMBER 10 JOURNAL OF BIOLOGICAL CHEMISTRY 6615



ing is involved in setting up the putative morphogenetic BMP
gradient along with other factors and, in addition, activates the
expression of a cluster of genes, including smad1 and smad9.
From 50% epiboly, these two Smads interpret the BMP gra-
dient during gastrulation in a redundant manner, and Smad1
and Smad9 become the executors of BMP/Smad in promot-
ing ventral specification. In regard to the functional redun-
dancy of smad1 and smad9, if loss of function is utilized to
study the relative roles of smad1 and smad9 in zebrafish DV
patterning, we need to attenuate the activities of both of
these two Smads in order to obtain informative results lead-
ing to precise conclusions.

The genetic regulation network and functional distinction of
different BMP R-Smads in development are of great interest. It
has been shown that Smad1 and Smad5 bind to different Smad-
binding elements (SBEs) and activate different target genes
(52–55). In different animal models, it is suggested that Smad1,
Smad5, and Smad9 play different roles in various developmen-
tal processes. In chicken embryos, Smad9 is differently required
during spinal cord neurogenesis compared with Smad1 and
Smad5 (10). In Smad1 mutant mice, the allantois fails to fuse to
the chorion, with the result that they fail to connect to the
placenta and die at �10 days postcoitum (56, 57). Smad5
mutant mice also die at about 10 postcoitum but for different
reasons, including angiogenic failure, mesenchymal apoptosis,
and other defects (58, 59). However, Smad9 homozygous
mutant mice develop normally and are viable and fertile (60). In
the generation of dorsal spinal neural circuitry in mice, Smad1
is required to regulate dl1 axon outgrowth, whereas Smad5 is
required for the generation of dorsal spinal neurons (61). In
zebrafish, gene expression analysis revealed that smad1 mor-
phants and smad5 morphants were deregulated for striking dis-
tinct genetic networks at the 1-somite stage (19). Our study
reveals that smad1 and smad9 are two direct targets of smad5,
that they start transcription prior the onset of gastrulation, and,
more interestingly, that their transcription is negatively regu-
lated by themselves and by each other (Fig. 5). The cross-regu-
lated negative feedback loop between smad1 and smad9 and
with themselves further supports the notion that smad1 and
smad9 are redundant partners in regulating DV patterning
because this phenomenon resembles the typical responsive cir-
cuit in the reciprocal regulation of redundant genes (45). In
contrast, the upstream smad5 is not affected by up- or down-
regulation of smad1 and smad9. Our results also suggest that
the commonly known BMP targets, szl and ved, are probably
the direct targets of smad1 and smad9 at the gastrula stage,
instead of smad5, because their transcription is nearly abol-
ished in smad5-overexpressed smad1/smad9 double mor-
phants (Fig. 4) (data not shown). We could even predicate that
most BMP/Smad targets at the gastrula stage are probably the
targets of BMP/Smad1/9. The functional redundancy of smad1
and smad9 is also hinted at by a previous study (62). For
instance, zebrafish protein phosphatase 4c (Ppp4c) utilizes
Smad1 as an adaptor to bind to the endogenous id1 promoter,
and depletion of both Smad1 and Smad9 activities could com-
pletely abolish this binding (62).

An interesting question is the mechanism of switching from
Smad5 to Smad1 and Smad9 when gastrula begins. One possi-

bility is that Smad1 and Smad9 can compete with Smad5 for
interaction with Smad4, just as Smad3 competes with Smad2
for interacting with Smad4 and thus inhibits activin-induced
goosecoid expression though Smad2/Smad4 (63). However, the
ability of Smad5 to bind to Smad4 is not affected by the pres-
ence of an increasing amount of Smad1 or Smad9 (Fig. 6).
Another possibility is that Smad1 and Smad9 rather than
Smad5 are more potent activators for ventral promoting genes
and BMP/Smad targets during gastrulation. The DNA element
(GCAT) was previously characterized as the Smad1 SBE in the
Xvent-2B (52) and Xretpos (53) promoters in Xenopus and in
the vegf promoter in zebrafish (55). Several types of Smad5 SBEs
were identified in different promoters, such as the DNA motif
(GTCTAGAC) in the mouse smad7 promoter (54) and the
DNA motif (TGTCTGAGAC) in the zebrafish vegf (55) pro-
moter. We have searched the upstream region of a BMP target
gene, szl, for the DNA element identical to Smad1 SBE or
Smad5 SBEs. Interestingly, 11 DNA elements identical to the
Smad1 SBE (GCAT) but no DNA elements identical to Smad5
SBEs (GTCTAGAC or TGTCTGAGAC) were found in a
2000-bp DNA fragment upstream of the szl coding sequence.
This suggests that szl is probably the direct target of Smad1 or
Smad9 rather than Smad5. The other possibility is that these
three Smads may bind to different cofactors. Previous studies
have shown that B-cell translocation gene 2 (Btg2), a primary
P53 transcriptional target gene, shows strong interaction with
Smad1 and Smad9 but not with Smad5 (64), and Smad nuclear
interacting protein 1 (SNIP1) only interacts with Smad1 (65).

The embryonic hematopoiesis depends on BMP/Smad sig-
naling (66), whereas Smad1 and Smad5 differentially regulate
this process (19). A previous study has revealed that smad1 is
required for the differentiation of the mature embryonic
macrophages and granulocytes, whereas smad5 is required for
the primitive erythropoiesis. Because smad1 and smad9 show
similar expression patterns during development and redundant
function in DV patterning, it is reasonable that smad9 is also
involved in zebrafish hematopoiesis. In fact, myeloid defects are
observed in embryos depleted for smad9, as in embryos
depleted for smad1. Overexpression of smad9 efficiently res-
cues the defects in smad1 morphants and vice versa, and smad5
is not able to rescue the myeloid defects in smad1 or smad9
morphants. In other words, smad1 and smad9 are exchange-
able in regulating myelopoiesis, whereas smad5 cannot replace
them. Altogether, smad1 and smad9 not only share functional
redundancy in regulating DV patterning but also have overlap-
ping functions in myelopoiesis.

In conclusion, we have characterized the relative roles of
smad1, smad5, and smad9 during zebrafish DV patterning, and
we have further revealed that smad1 and smad9 act redun-
dantly to each other and function downstream of smad5.
Therefore, our study has clearly clarified the regulation net-
work and the cooperative roles of BMP R-Smads in early devel-
opment of zebrafish.
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