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Straightening of the body axis is a major morphogenetic event 
that produces the typical head-to-tail shape of the vertebrate 
embryo. Defects in axial straightening can lead to debilitat-
ing disorders such as idiopathic scoliosis, characterized by 
three-dimensional curvatures of the spine1. Although abnor-
mal cerebrospinal fluid (CSF) flow has been implicated in the 
development of idiopathic scoliosis2, the molecular mecha-
nisms operating downstream of CSF flow remain obscure. 
Here we show that, in zebrafish embryos, cilia-driven CSF 
flow transports adrenergic signals that induce urotensin neu-
ropeptides in CSF-contacting neurons along the spinal cord. 
Urotensins activate their receptor on slow-twitch muscle 
fibers of the dorsal somite; the contraction of these fibers 
likely results in straightening of the body axis. Consistent with 
this, mutation of the urotensin receptor resulted in severe 
scoliosis in adult zebrafish, closely mimicking the human dis-
order. These findings suggest that disruption of urotensin 
signaling by impaired CSF flow could be a critical etiological 
factor underlying the pathology of idiopathic scoliosis.

CSF is a colorless, watery, nutritive fluid that is essential for 
homeostasis and metabolism in the central nervous system (CNS). 
It is also thought to contain many molecules that are vital for embry-
onic development3. CSF flow is driven by motile cilia on ependymal 
cells of the brain ventricles and spinal canal2. Cilia are microtubule-
based, hair-like organelles that protrude from the cell surface, and 
play essential roles as hubs for signaling pathways (primary cilia) 
and in fluid flow over epithelia (motile cilia)4.

Zebrafish embryos that are compromised in cilia formation or 
motility characteristically develop a curved, instead of a straight, 
body axis5. Since cilia-motility-driven CSF flow has been recently 
implicated in proper spine development in adult zebrafish2, we 
examined CSF flow in embryos of three different ciliary mutants. 
Mutation of ZMYND10 in humans causes the ciliopathy primary 
ciliary dyskinesia (PCD), while the wild-type protein is involved 
in assembling the arms of axonemal dynein6. We found that muta-
tion of zmynd10 in zebrafish resulted in multiple phenotypic defects 
that are characteristic of ciliary mutants (Supplementary Fig. 1). 
Notably, zmynd10 mutants displayed severe body curvature, which 
was more pronounced than in ift88 and kif3b mutants; these latter 

genes encode intraflagellar transport (IFT) components essential 
for building cilia (Fig. 1a–d)7,8. When injected into brain ventricles, 
fluorescent dye moved rapidly along the spinal canal of wild-type 
embryos, as observed previously9. By contrast, dye transport was 
substantially impaired in ciliary mutants, suggesting reduced CSF 
flow (Fig. 1e,f). Importantly, we noted a strong correlation between 
the rate of dye movement and the severity of body curvature, even 
within the same clutch of mutant embryos (Fig. 1f,g).

Given that ciliary motility is required for CSF flow, we exam-
ined spinal-cord motile cilia of zmynd10 mutants using the Tg(β-
actin:Arl13b-GFP) transgene, which labels ciliary membranes with 
green fluorescent protein (GFP)10. Although spinal-cord cilia were 
present, the majority were paralyzed (Fig. 1h,i and Supplementary 
Videos 1 and 2). A small percentage of motile cilia remained active 
in kif3b mutants (Fig. 1h–j), suggesting that the severity of body 
curvature correlates with the number of beating cilia. Previously, 
we reported that Kif17 functions redundantly with Kif3b—both 
being kinesin-2-family members—specifically during spinal-canal 
cilia differentiation7. We found here that overexpression of kif17 in 
kif3b mutants rescued body-curvature defects (Supplementary Fig. 
2a,b) and the motility of spinal-cord cilia (Supplementary Fig. 2c); 
however, cilia within pronephric ducts (zebrafish kidney tubules) 
remained defective (Supplementary Fig. 2d–f), further underscor-
ing a key role for spinal-cord motile cilia in axial development.

To characterize the molecular pathway downstream of CSF flow, 
we compared gene-expression patterns between zmynd10 mutant 
and sibling embryos. We found that two genes, urp1 and urp2—
which encode neuropeptides homologous to human urotensin II, 
a well known vasoconstrictive peptide11—were downregulated in 
the mutants (Fig. 2a,b). Interestingly, both genes are expressed in 
a punctate pattern in the floor plate, in CSF-contacting neurons 
(CSF-cNs) (Fig. 2c)12. This decreased expression of urp1 and urp2 is 
specific, as pkd2l1, another gene expressed in CSF-cNs13, was unaf-
fected (Fig. 2c). Consistent with this, urp1 and urp2 expression was 
also diminished in other cilia mutants with body curvature, includ-
ing foxj1a, ccdc103 and lrrc50 mutants (foxj1a encodes a forkhead-
domain-containing master regulator of motile cilia, and ccdc103 
and lrrc50 are genes like zmynd10, involved in dynein assembly14–16; 
Supplementary Fig. 3a,b and data not shown). We next examined 
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urp1 and urp2 expression in zebrafish embryos compromised in 
signaling involving the Hedgehog protein, which also develop a 
curved body axis17. Expression of urp1 and urp2 was almost com-
pletely lost in embryos mutant for smoothened (smo), encoding a 
transmembrane protein essential for Hedghog signal transduction, 
as well as in embryos treated with cyclopamine, a small-molecule 
Smo inhibitor (Supplementary Fig. 3c,d). We have shown previ-

ously that Hedghog activates foxj1a expression in the floor plate, 
and that Foxj1a then programs the differentiation of motile cilia15. 
Thus, loss of urp1 and urp2 expression in smo mutants could be 
attributed to loss of foxj1a expression. Alternatively, given that CSF-
cNs arise from Hedgehog-induced lateral floor plate cells18, loss of 
urp1 and urp2 expression could result from absence of CSF-cNs. 
Consistent with the latter possibility, expression of pkd2l1—which 
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Fig. 1 | Body curvature correlates with impaired cilia-driven CSF flow in ciliary mutants. a–d, External phenotypes of wild-type (WT) and ciliary mutant 
embryos at 3 d.p.f. e, Time-lapse images showing the moving path of fluorescent beads in the spinal canal of wild-type embryos and ciliary mutants 
at 72 h.p.f. Arrowheads point to the leading edge of the fluorescent beads. f, Statistical analysis of the distance traveled by fluorescent beads in wild-
type and mutant embryos at different time points (n =  8 for wild-type and zmynd10 groups; n =  9 for the ovl group; n =  13 for the kif3b group). g, Relative 
distance traveled by fluorescent beads in kif3b mutants with mild or severe body-curvature defects (n =  9 for severe mutants; n =  4 for mild mutants). 
h, Quantification of the number of cilia per arbitrary unit (a.u.) in the spinal canal of wild-type and mutant embryos. i, Quantification of the number of 
beating motile cilia per a.u. in the spinal canal of wild-type and mutant embryos. j, Percentage of beating motile cilia in the spinal canal of kif3b mutants 
with mild (M) and severe (S) body-curvature defects at different stages. z10, zmynd10 mutants. Scale bars: a–d, 500 µ m; e, 200 µ m. ***P <  0.001; 
**P = 0.0039. f,g, Two-way ANOVA; h–j, Student’s t-test.
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is unaffected in ciliary mutants (Fig. 2c)—was also severely reduced 
in smo mutants (Supplementary Fig. 3e,f).

If urp genes are critical for axial straightening, then restoring 
their expression should rescue body-axis curvature. Indeed, urp1 
(or urp2) overexpression rescued body-axis defects in zmynd10 and 
other ciliary mutants (Fig. 2d–g, Supplementary Fig. 3g and data 
not shown). We genotyped 19 urp1-overexpressing embryos with 
a straight body axis, and found 10 homozygote zmynd10 mutants. 
These data suggest that Urp proteins are key factors in body-axis 
straightening. Importantly, urp1 overexpression consistently pro-
duced dorsal curvature in wild-type embryos, providing further 
evidence that Urp1 levels are important determinants of axial mor-
phogenesis (Supplementary Fig. 3h,i).

Members of the urotensin II protein family exist in many ver-
tebrates and have diverse biological functions19. The mature form 
of these proteins is a cyclic neuropeptide, formed by the conserved 
C-terminal CFWKYC domain (Fig. 2h). To directly test the func-
tion of this neuropeptide, we injected a synthetic version of mature 
Urp1 into the spinal cord of zebrafish embryos. Strikingly, wild-type 
embryos showed a dramatic response, with the whole trunk bend-
ing dorsally rather quickly (Fig. 2i, Supplementary Video 3 and 
Supplementary Fig. 4). We found that zmynd10 mutants also dis-
played recovery of ventral body curvature (Fig. 2i,j, Supplementary 
Video 4 and Supplementary Fig. 4). Interestingly, injection of other 
urotensin II family neuropeptides was also effective, suggesting their 
conserved role in body-axis straightening (Supplementary Fig. 4).

Next, we injected antisense morpholino oligonucleotides to 
knock down urp1 expression. The resulting urp1 morphants dis-
played body-curvature defects (Fig. 2k–m), which were rescued 
by overexpression of urp1 (Fig. 2m). Notably, motile cilia devel-
oped and functioned normally in urp1 morphants, indicating that 
Urp1 functions downstream of cilia to regulate body straightening 
(Fig. 2n–q, Supplementary Video 5 and Supplementary Fig. 5a). 
We further generated a stable mutation in urp1, which harbors a 
deletion in the C-terminal cyclic region (Supplementary Fig. 5b). 
Overexpression of messenger RNA corresponding to this mutant 
allele failed to rescue body-curvature defects in zmynd10 mutants 
(Supplementary Fig. 5c). However, urp1 mutants do not exhibit 
body-curvature defects, likely because of redundancy between Urp1 
and Urp2—a phenomenon that often conspires to ameliorate phe-
notypic abnormalities in zebrafish mutants20. Indeed, as with urp1, 
urp2 overexpression could also rescue body-curvature defects in 
zmynd10 mutants (Fig. 2g). Quantitative PCR (qPCR) results sug-
gested that urp2 expression was also upregulated in urp1 mutants 
(data not shown). We next designed two morpholino oligonucle-
otides to block the translation (urp2-ATG) or splicing (urp2-SP) 
of urp2 mRNA (Supplementary Fig. 5d). Notably, although urp2 
morphants did not display an abnormal body axis, combined 
knockdown using a submaximal dose of urp1 and urp2 morpho-
lino oligonucleotides produced a synergistic effect on body curva-
ture (Supplementary Fig. 5e). More strikingly, knockdown of urp2 
in urp1 mutants resulted in body-curvature defects (Supplementary 
Fig. 5f). These results suggest that both Urp1 and Urp2 are involved 
in axial straightening during early embryogenesis.

How do spinal-cord cilia regulate urp gene expression? Given 
the expression of these genes in CSF-cNs, we hypothesized that 
cilia-driven CSF flow might be involved. To test this idea, we manu-
ally drained CSF from the brain ventricles of embryos at 22 hours 
post-fertilization (h.p.f.), and investigated the effect on body-axis 
development. Among 84 CSF-drained embryos, 13 displayed body 
curvature at 30 hpf (Fig. 3a–c). Furthermore, injection of artificial 
CSF (aCSF) back into the brain ventricles (after the drainage of 
endogenous CSF) failed to rescue body-curvature defects (14 of 70 in 
aCSF-injected embryos with body curvature), arguing against CSF-
flow-mediated mechanical signaling in body-axis extension (Fig. 3c).  
CSF contains many signaling molecules, including insulin-like 

growh factor (Igf) and retinoic acid, which are important for CNS 
homeostasis21. Activation of these signals, either by mRNA overex-
pression or by pharmacological manipulation, failed to rescue body 
curvature in CSF-drained wild-type or zmynd10 mutant embryos 
(Fig. 3c and data not shown). To identify the key signal that regu-
lates urp gene expression, we next screened a small-molecule library 
targeting G-protein-coupled receptors (GPCRs) (Supplementary 
Table 1). We found that the chemical dipivefrin showed a strong 
rescue efficiency of body curvature in zmynd10 mutants (Fig. 3d,e 
and Supplementary Table 2). Dipivefrin is a prodrug that is metabo-
lized in the body to produce epinephrine (Fig. 3f). We found that 
epinephrine also rescued body-curvature defects in zmynd10 as well 
as other ciliary mutants (Fig. 3g–i and Supplementary Fig. 6a–d,g). 
Interestingly, epinephrine treatment resulted in a dorsal curly phe-
notype in wild-type embryos, similar to the effect of Urp1 overex-
pression (Supplementary Fig. 6e,f). Notably, epinephrine treatment 
restored urp1 expression in zmynd10 mutants (Fig. 3j–n). However, 
epinephrine treatment of urp1 morphants failed to rescue body-axis 
defects (Fig. 3o). Moreover, experiments involving the transport 
of fluorescent dye showed no rescue of CSF flow in epinephrine-
treated zmynd10 mutants (Supplementary Fig. 6h). These data allow 
us to propose that epinephrine promotes body-axis straightening via 
Urp1 neuropeptides. Epinephrine is a derivative of dopamine—a 
catecholamine synthesized from dihydroxyphenylalanine (DOPA). 
Consequently, we found that levodopa (l-DOPA) or dopamine also 
rescued body curvature in zmynd10 mutants (Supplementary Fig. 7).

The adrenergic system plays a central role in many biological 
processes, including the stress response, sleep/wake control, and 
cardiovascular homeostasis22. Human CSF catecholamines are 
mainly synthesized by multiple brainstem neurons, defects in which 
can cause several neurological disorders, such as Alzheimer’s and 
Parkinson’s diseases23. We were able to confirm that adrenergic neu-
rons are also present mainly within the brain ventricles of zebrafish 
larvae (Fig. 3p,q).

We next sought to identify the Urp receptor whose activity drives 
body-axis extension. Human urotensin II has been shown to func-
tion as a vasoconstrictor through binding to GPR14, an orphan 
GPCR24. Because of structural similarity, we reasoned that zebraf-
ish Urp neuropeptides might bind to similar GPCRs. We identified 
four genes encoding urotensin II receptor homologs in the zebraf-
ish genome (Supplementary Fig. 8a). Of these, qPCR and in situ 
hybridization experiments showed that only si:dkey-27n14.1—here-
after renamed uts2ra—is expressed distinctly during embryogenesis 
(Supplementary Fig. 8b), mainly restricted to dorsal somitic muscle 
cells (Fig. 4a). We also generated a bacterial artificial chromosome 
(BAC) transgene driving GFP expression under uts2ra regulatory 
sequences. Transient transgenic expression also produced a GFP 
signal in the dorsal somitic musculature (Fig. 4b). Immunostaining 
with monoclonal antibody F59, an antibody against slow-twitch-
muscle myosin, showed GFP largely restricted to dorsal slow-twitch 
muscles (Fig. 4c–f). To further confirm this, we generated a Tol2 
transposon construct containing 5.3 kilobases (kb) of upstream 
regulatory elements from uts2ra in order to drive GFP expression. 
To increase genome-integration efficiency, we injected this con-
struct into stage III zebrafish oocytes before fertilization25. Injected 
embryos showed nearly uniform GFP expression exclusively in dor-
sal muscle cells (Supplementary Fig. 8c,d).

Slow-twitch muscle precursors are specified by Hedgehog signal-
ing26. Consequently, injection of the BAC construct into smo mutant 
embryos, which differentiate severely diminished numbers of slow 
fibers, yielded markedly reduced GFP expression (data not shown). 
Moreover, expression of uts2ra was absent in cyclopamine-treated 
embryos, which, like the smo mutants, also lack slow-twitch muscle 
fibers (Supplementary Fig. 8e–h).

To determine whether Uts2ra plays a role in body-axis exten-
sion, we injected antisense morpholinos targeting each of the four  

NatuRe GeNetiCS | www.nature.com/naturegenetics

http://www.nature.com/naturegenetics


LettersNATUre GeNeTiCS

zebrafish urotensin II receptors. Knockdown of only uts2ra pro-
duced body curvature (Fig. 4g,h). Essentially, two morpholinos 
against uts2ra produced similar body-curvature defects and dis-
played a strong synergistic effect (Fig. 4i). Motile cilia in the spinal 
cord were grossly normal in the morphants (Supplementary Fig. 5a).  
We next injected Urp1 neuropeptides into uts2ra morphants, but 
failed to rescue their body curvature (Fig. 4j–m). Furthermore, epi-

nephrine treatment also showed no rescue of body curvature in the 
morphants (Supplementary Fig. 8i). By contrast, Urp1 peptide could 
still induce body straightening in embryos treated with α -bungaro-
toxin (α -BTX) or fasciculin-II (Fas-II)—two neuromuscular-junc-
tion inhibitors (Supplementary Fig. 9). These results provide strong 
evidence that Urp1 neuropeptides regulate body-axis extension by 
activating the Uts2ra receptor in somitic muscle cells.
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To further explore Uts2ra function in axial straightening, we 
generated a mutation harboring a 52-base-pair insertion, predicted 
to produce a truncated protein (Supplementary Fig. 10a). Embryos 
with mutant uts2ra (zygotic as well as maternal-zygotic mutants) 
did not display body curvature, again likely because of genetic com-
pensation (Supplementary Fig. 10b,c). Indeed, uts2r expression was 
increased in uts2ra mutants (Supplementary Fig. 10b). Moreover, 

despite the lack of body curvature in uts2r morphants, knockdown 
of uts2r in uts2ra mutants produced large numbers of embryos 
with such an axial defect (Supplementary Fig. 10c). Most strikingly, 
uts2ra mutants showed spinal curvatures during post-embryonic 
development with high penetrance (100%), the phenotype being 
first apparent at around 19 days post-fertilization (d.p.f.) (Fig. 4n–
q). Micro-computed tomography (microCT) scans of homozygous 
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images showing the co-localization of GFP signal (green) with dorsal slow muscle fibers labeled with F59 antibody (red). f, Tranverse section of a 30-h.p.f. 
zebrafish embryo expressing GFP from the uts2ra BAC and labeled with F59 antibody. Note that GFP expression is largely restricted to the peripheral layer 
of slow-twitch muscles (arrows). g,h, Phenotypes of a control embryo and a uts2ra morphant (MO) at 48 h.p.f. i, Bar graph showing the percentage of 
embryos with a curved body axis among embryos injected with uts2ra morpholino oligonucleotides at different concentrations. The number (n) of embryos 
is shown on top of each bar graph. j–l, Still images showing the phenotypes of uts2ra morphants at different time points after Urp1 peptide injection. m, 
Statistical analysis of body curvature among uts2ra morphants before and after Urp1 peptide injection. NS, not significant. n–q, Juvenile and adult wild-type 
and uts2ra mutants at different stages, showing spine curvature in the mutants. r,s, MicroCT scan images of a wild-type zebrafish and uts2ra mutant at 
48 d.p.f. t, Model of body-axis straightening by cilia-driven CSF flow and Urp signaling. Scale bars: a,b, 500 µ m; c–f, 25 µ m; n–s, 2 mm.
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adult mutants showed prominent curvatures along the entire length 
of the vertebral column (Fig. 4r,s). Furthermore, slow muscle fibers 
were grossly normal at 22 d.p.f., implying that scoliosis develop-
ment is a continuous process and does not involve a sudden change 
of muscle-fiber architecture (Supplementary Fig. 10d,e). Together, 
these data provide substantial evidence that urotensin signals func-
tion not only during embryogenesis to achieve axial straightening, 
but also at larval and adult stages for proper morphogenesis of the 
vertebral column.

Cilia-driven fluid flow has increasingly been recognized as an 
important cue for multiple aspects of vertebrate development27. 
However, the molecular pathways downstream of flow in all of 
these instances have remained rather elusive. Our study identifies a 
previously unrecognized function of cilia-driven CSF flow in body-
axis straightening in the zebrafish embryo. Importantly, we have 
also delineated a reasonably complete molecular pathway, involving 
CSF-flow-triggered Urp signaling, that brings about axial straight-
ening (Fig. 4t).

Interestingly, we found that mutation of uts2ra, which encodes a 
Urp receptor, caused spinal curvatures in juvenile and adult zebraf-
ish. Such spinal curvatures are the hallmark of idiopathic scoliosis—a 
debilitating musculoskeletal disease that affects up to 4% of children 
and adolescents worldwide, and which is associated with trunk dis-
figurement, chronic back pain, gait changes and compromised respi-
ratory function1. Indeed, previous work in zebrafish has implicated 
defects in cilia-driven CSF flow as a contributory factor in idiopathic 
scoliosis2, but downstream mechanisms remained unknown. We 
have now shown that adrenergic signals, generated in the brain and 
transported by CSF flow, regulate axial straightening via urotensin sig-
naling. Defects in components of this pathway can lead to the body 
curvature seen in zebrafish ciliary and Hedgehog signaling mutants 
(Fig. 4t). These findings imply that disruption of Urp signaling is a 
plausible molecular defect in the development of human idiopathic 
scoliosis.In support of a molecular mechanism that involves adren-
ergic signaling, scoliosis is also common in Parkinson’s disease, a 
neurodegenerative disorder that predominantly affects dopaminergic 
neurons28. Furthermore, adrenoceptor agonists have been shown to 
reduce the formation of scoliosis in a rat model29. Of note, a recent 
study has suggested that the Reissner fiber—a dynamic extracellu-
lar proteinaceous structure formed within the brain ventricles and 
central canal—also plays a role in axial morphogenesis in zebrafish 
embryos30. Given that SCO-spondin, the major protein component 
of the Reissner fiber, can bind and transport adrenaline and related 
monoamines31, it is likely that the Reissner fiber regulates body-axis 
straightening via the adrenergic pathway. Currently, no effective treat-
ment options are available for idiopathic scoliosis, other than the use of 
supportive braces or the correction of spinal deformities with invasive 
surgery.Pharmacological manipulation of Urp signaling may provide 
important therapeutic avenues for better management of this disorder.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
s41588-018-0260-3.
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Methods
Zebrafish strains. All zebrafish strains were maintained according to standard 
procedures for fish husbandry. The following mutant strains were used: kif3b7, oval 
(ovl; encoding Ift88)8, schmalhans (smh; encoding Ccdc103)16, lrrc5014, and slow 
muscle omitted (smo; encoding Smo)32. The Tg(bactin2::Arl13b-gfp) transgene has 
been described previously10. Zebrafish zmynd10, urp1 and uts2ra mutants were 
generated by injection of TALEN monomer (Supplementary Table 3), assembled 
according to the protocol of Golden Gate TALEN assembly33. The foxj1a mutants 
were generated using clustered regularly interspaced short palindromic repeats 
(CRISPR)/CRISPR-associated protein 9 (Cas9) technology. The guide RNA 
sequences are listed in Supplementary Table 3. The guide RNAs were synthesized 
using Ambion’s MEGAshortscript T7 Transcription Kit (AM1354). Both guide 
RNAs (500 ng μ l−1 each) were co-injected with Cas9 protein (ToolGen TGEN_CP3) 
(800 ng μ l−1) into zebrafish embryos at the one-cell stage. This resulted in a 611-bp 
deletion in exon 3 (656–1,266 bp), predicted to produce a truncated Foxj1a protein 
of 248 (1–248) amino acids. All the mutants analyzed were derived from stable 
mutant lines. This study was approved by the Ethical Review Committee of Ocean 
University China and the Singapore National Advisory Committee on Laboratory 
Animal Research.

Morpholinos, mRNA and neuropeptide microinjection. The sequences of 
the morpholino antisense oligonucleotides injected are listed in Supplementary 
Table 3. For mRNA overexpression, full-length kif17, urp1, urp1 mutant and 
urp2 complementary DNAs were cloned into pXT7 expression vectors. After 
linearization, the capped mRNA was synthesized using Ambion mMESSAGE 
mMACHINE mRNA transcription synthesis kits. The synthesized mRNAs were 
injected at 100 pg per embryo. Urotensin-II-related peptides were synthesized 
by GL Biochem Ltd. The amino-acid sequences of neuropeptides are listed in 
Supplementary Table 4. All peptides were diluted in Ringers solution (116 mM 
NaCl, 2.9 mM KCl, 1.8 mM CaCl2, 5 mM HEPES) to a final concentration of 
800 μ g ml−1 and injected into the spinal canal, next to the hindbrain, in 28 h.p.f. 
wild-type and zmynd10 mutant embryos. After injection, the embryos were put 
in E3 medium (5.0 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4) 
containing 0.2 mg ml−1 tricaine (Sigma), and images were captured every 30 s using 
a Leica M165FC fluorescent stereomicroscope. For neurotoxin treatment, we 
first injected α -BTX (0.5 mg ml−1) or Fas-II (0.35 mg ml−1) directly into the brain 
ventricle of wild-type embryos at 28 h.p.f. After 30 min or until no touch response, 
the embryos were injected with Urp1 peptides for further analysis.

Fluorescent-dye injection. Wild-type and mutant embryos were first anesthetized at 
3 d.p.f. using 0.2 mg ml−1 tricaine, and then incubated with 20 mM 2,3-butanedione 
monoxime (BDM, Sigma) for 5 min to stop the heart beating; next they were 
placed on the surface of a 1% agarose plate in a drop of egg water. We injected 0.5% 
fluorescein isothiocyanate-dextran (molecular weight 70,000) into the hindbrain 
ventricle using a glass capillary needle. Fluorescence in the spinal canal was observed 
using Leica M165FC fluorescent microscope equipped with a FluoCombi III × 5 
high-resolution objective. Fluorescence images were collected using a Leica DFC450C 
camera. The distance of dye transport was measured using ImageJ software.

High-speed video microscopy of cilia in the spinal canal. After anesthetization, 
wild-type and mutant embryos containing the Tg(bactin2::Arl13b-gfp) transgene 
were mounted in low-melting-point agarose on a glass slide and analyzed using a 
× 63 water immersion lens on a Leica Sp8 confocal microscope. Videos of beating 
motile cilia were captured using an Andor iXon Ultra897 electron-multiplying 
charge-coupled-device (EMCCD) camera at the position of the spinal canal dorsal 
to the cloaca region. The average number per artificial unit was used to evaluate 
the number of beating motile cilia in different animals.

Manual drainage of cerebrospinal fluid. CSF drainage was performed as 
described34. Briefly, zebrafish embryos at 22 h.p.f. were anesthetized and placed on 
the surface of a 1% agarose plate in a drop of egg water with the dorsal side facing 
up. A micropipette needle was inserted through the roof plate of the hindbrain 
ventricle, and CSF was drained manually using an Eppendorf CellTram oil 
microinjector apparatus. As a control, the micropipette needle was inserted into 
embryos without removing any CSF. After drainage, embryos were put back in 
E3 medium at 28 °C for further development and phenotypic analysis. To test the 
possibility of mechanical signaling affecting body-axis development, we injected 
artificial CSF (118 mM NaCl, 2 mM KCl, 10 mM MgCl2, 10 mM HEPES, 10 mM 
glucose) into the brain ventricle, after draining endogenous CSF.

Screening of a GPCR compound library and pharmaceutical treatments. The 
GPCR compound library was purchased from Target Molecule Corporation, and 
contains 356 active compounds that target G proteins and GPCRs (Supplementary 
Table 1). For screening, embryos collected from crosses between zmynd10 
heterozygotes were dechorionated at 22 h.p.f., and then incubated in compounds 
at a concentration of 50 μ M in E3 medium in six-well dishes, with 30 embryos 
each. Control embryos were treated with dimethylsulfoxide (DMSO) only. At 
3 d.p.f., embryos with body-curvature defects were scored. Usually we identified 
five to eight embryos with varying degrees of body curvature. We took images 

for each embryo and measured the angles as illustrated in Fig. 2i. The average 
angles for each treatment were used to evaluate the rescue efficiency. For those 
compounds with significant rescue efficiency, we repeated the treatment with 
larger numbers of embryos (more than 50 embryos) and confirmed the mutants 
by genotyping. Active compounds that can rescue body curvature are summarized 
in Supplementary Table 2. Treatment with epinephrine (Sigma E4642), dopamine 
(Sigma H8502) or l-DOPA (Sigma D9628) was performed on wild-type or mutant 
embryos from 22 h.p.f. or the bud stage (10 h.p.f.), with a final concentration of 
10 mg ml−1 or other concentrations as indicated in the main text. The concentration 
of other proteins or chemicals for CSF evaluation, including retinoic acid, Igf2, 
Su5402 and Wnt1, are listed in Supplementary Table 5. Treatments involving 
retinoic acid and Su5402 were similar to those involving epinephrine, while Igf2 
and Wnt1 proteins were injected directly into the brain ventricles. After treatment, 
images were captured using a M165FC microscope equipped with a Leica 
DFC450C camera.

BAC recombination. The DKEY-27N14 BAC, which contains the uts2ra gene, was 
purchased from Source Biosciences Life Sciences and electroporated into the sw105 
bacterial strain (a gift from C. Geoffrey Burns, Cardiovascular Research Center, 
Massachusetts General Hospital). The first exon of uts2ra was replaced with the 
GFP-FKF cassette (from G. Burns) through heat-induced recombination. The 
primers used to PCR amplify the GFP-FKF cassette are listed in Supplementary 
Table 3. After this, bacteria containing the correctly recombineered BAC were 
induced with 10% l-arabinose to excise the KanR cassette. The final BAC construct 
was purified with PureLink TM Hipure Plasmid Midiprep Kit (Invitrogen) and 
injected at a concentration of 150 ng μ l−1 into one-cell-stage zebrafish embryos.

Oocyte microinjection analysis. The 5.3-kb regulatory element of uts2ra was 
amplified from the BAC (uts2ra-GFP) construct (Supplementary Table 3). The 
PCR fragments were further inserted into pDestTol2pA2 constructs through 
in-fusion cloning. An oocyte microinjection in situ (OMIS) experiment was 
performed as in ref. 25: briefly, 1− 2 weeks before OMIS, 5–12-month-old adult 
females were mated to purge all mature eggs. At the first day of OMIS, the 
female fish were first anesthetized with 550 μ g ml−1 tricaine, then put on a sponge 
immersed with optimized buffer (5.4 mM KCl, 136.8 mM NaCl, 4.2 mM NaHCO3, 
0.44 mM KH2PO4, 0.25 mM Na2HPO4) and 0.5% BSA. The Tol2 plasmid and 
transposase mRNA were diluted in optimized buffer containing 100 nM melatonin 
(Abcam, ab141052) and rhodamine B (Sigma, R8881). A 4–6-mm-long incision 
was made on one side of the belly with surgical 439 scissors (WPI, 504026) and 
forceps (WPI, 500341). Then, approximately 0.2 nl of injection mix containing 
8 pg plasmid and 20 pg transposase mRNA was microinjected into 30–60 stage III 
oocytes. After injection, the wound of the female was sewed with a surgical sewing 
needle (WPI, 448 501948). All of these procedures were done quickly and gently 
to minimize the infliction of pain to the fish. After injection, the fish were put in 
fish water containing 32 μ g ml−1 tricaine, 10 units ml−1 penicillin and 10 μ g ml−1 
streptomycin for 4–5 h, then transferred to fish water containing gradually reduced 
concentrations of tricaine. In the evening of the second day, the females were 
paired with fertile males, but separated by a barrier. After the barrier was removed 
on the morning of the third day, the fertilized eggs were collected, and the OMIS-
derived eggs were identified according to the presence of rhodamine dye and/or 
GFP fluorescence.

RNA sequencing. About 10 μ g total RNA was extracted from 30 h.p.f. wild-type 
and zmynd10 mutant embryos using the conventional guanidinium isothiocyanate 
method. RNA-seq libraries were constructed according to standard Illumina 
protocols and sequenced on an Illumina Hiseq2500 V4 in 125PE mode to obtain 
about 4 gigabytes of data (clean data) for each sample. RNA-seq reads were mapped 
to the zebrafish genome using STAR aligner with default parameters. Gene-
expression levels in terms of transcripts per million were estimated by HTseq-
count, and differentially expressed gene (DEG) analysis was carried out using 
edgeR. The genes with a fold-change value of 2 or more and an adjusted P value of 
less than 0.05 were defined as significant DEGs.

Quantitative PCR. The primers used for qPCR are summarized in Supplementary 
Table 3. The PCR reaction was set up using the Eva-Green Master Mix (ABM) 
and performed on the StepOne real-time PCR system (Thermo Scientific). The 
amplification condition parameters were 95 °C for 15 s, followed by 40 cycles of 
95 °C for 5 s, 60 °C for 15 s, and 72 °C for 35 s; each sample had triplicate reactions. 
Relative gene expression levels were quantified using the comparative CT method 
(2-ΔΔCT method) on the basis of CT values for target genes and zebrafish β -actin.

Whole-mount in situ hybridization and immunohistochemistry. For in situ 
hybridization, all genes were cloned from a wild-type cDNA library into pGEM-T 
vectors. Probe preparation and hybridization were performed using standard 
protocols. Fluorescent signal amplification using the TSA-plus Fluorescein System 
(Perkin Elmer) was carried out according to the manufacturer’s protocol. For 
immunohistochemistry, the following antibodies were used: anti-acetylated  
α -tubulin (1/500; Sigma), monoclonal antibody F59 (1/50; Developmental Studies 
Hybridoma Bank), and anti-tyrosine hydroxylase (1/500; Millipore).

NatuRe GeNetiCS | www.nature.com/naturegenetics

http://www.nature.com/naturegenetics


Letters NATUre GeNeTiCS

Data acquisition for body-curvature analysis. Zebrafish larvae were anesthetized 
and imaged laterally with the head pointing to the left. The angle between the line 
connecting the center of the eye to the center of the yolk and the line connecting 
the center of the yolk to the tip of the tail was measured to evaluate the body 
curvature of the embryos. For quantitative analysis, the angles of each embryo were 
put in the same concentric circles, with 0° pointing to the left and 90° pointing to 
the bottom. Each small arrow represents one angle, and the length of the arrow 
indicates the number of embryos with the same angles. The fourth, fifth and sixth 
circles from the center indicate that the angle was repeated one, two or three times.

Statistics and reproducibility. No statistical methods were used to predetermine 
sample size. RNA-seq transcriptome analysis was performed once with two groups 
of 30 each for wild-type and zmynd10 mutant embryos. All other experiments 
described here were repeated at least three times. All experiments were replicated 
successfully. The sample sizes and P values are listed in each figure caption. For 
body-curvature analysis in embryos injected with morpholino oligonucleotides or 
mRNA, the percentage of embryos with a ventral curly body axis was calculated 
in each experiment, and the average percentage of body axis from three individual 
experiments was used to generate the final bar graph. To evaluate body curvature 
in neuropeptide- or drug-treated embryos, we measured the angles of each 
embryo, and applied Student’s t-test to compare the angles between control 
and experimental groups. P values were calculated using Microsoft Excel 2011 
(function t.test, two-tailed, unequal variance) or GraphPad Prism 6 software 

(two-way analysis of variance (ANOVA) for fluorescent-dye-tracing experiments). 
For all dot plots, center values represent means and error bars represent standard 
deviations, unless otherwise noted.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
RNA-seq data have been deposited to the Sequence Read Archive (SRA) database 
under accession numbers SRX4719722 and SRX4719723. All of the data that 
support the findings of this study are available from the corresponding author upon 
reasonable request.
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    Experimental design
1.   Sample size

Describe how sample size was determined. We did not predertemine sample size. For peptide injection experiments, all the embryos 
tested showed very consistent results, so we think usually more than 5 embryos for each 
group should be enough. For mRNA injection, we usually injected more than 100 embryos in 
each group and repeated at least three times to confirm the results. We have labeled  "N" 
number on each bar graphs or rose plots. 

2.   Data exclusions

Describe any data exclusions. We showed all the data, no exclusions. Due to space limitation, we did not show the following 
data, but their conclusions were solid: 1) Decreased expression of urp1 and urp2 in lrrc50 and 
ccdc103 mutants; 2) Reduced uts2ra:GFP expression in smo mutants; 3)Body curvature 
rescue analysis results for RA, Wnt and FGF signaling.

3.   Replication

Describe the measures taken to verify the reproducibility 
of the experimental findings.

For all the experiments mentioned in the paper, except the RNA-Seq analysis, we repeated 
each experiment as least three times. And all attempts at replication were successful. We 
mentioned this in the Statistics and reproducibility section of the paper.

4.   Randomization

Describe how samples/organisms/participants were 
allocated into experimental groups.

For microinjection experiments, all zebrafish embryos were randomly allocated into treated 
and control groups. 

5.   Blinding

Describe whether the investigators were blinded to 
group allocation during data collection and/or analysis.

The experiments for morpholino injections and neuropeptide injections were blinded for 
statistical analysis. The collection of mutant and wild type embryos for drug treatment was 
also blinded for analysis.

Note: all in vivo studies must report how sample size was determined and whether blinding and randomization were used.
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6.   Statistical parameters 
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the 
Methods section if additional space is needed). 

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same 
sample was measured repeatedly

A statement indicating how many times each experiment was replicated

The statistical test(s) used and whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of any assumptions or corrections, such as an adjustment for multiple comparisons

Test values indicating whether an effect is present 
Provide confidence intervals or give results of significance tests (e.g. P values) as exact values whenever appropriate and with effect sizes noted.

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

Clearly defined error bars in all relevant figure captions (with explicit mention of central tendency and variation)

See the web collection on statistics for biologists for further resources and guidance.

   Software
Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this 
study. 

Microsoft Excel 2011，  GraphPad Prism 6，   ImageJ bundled with Java 1.8.0_172 , MEGA7.  
We also mentioned this software in the Statistics and reproducibility section of the paper.

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made 
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for 
providing algorithms and software for publication provides further information on this topic.

   Materials and reagents
Policy information about availability of materials

8.   Materials availability

Indicate whether there are restrictions on availability of 
unique materials or if these materials are only available 
for distribution by a third party.

No unique materials were used.

9.   Antibodies

Describe the antibodies used and how they were validated 
for use in the system under study (i.e. assay and species).

The following antibodies were used in the paper: anti-TH (Merck, AB152) , anti-F59 (DHSB, 
528373) and anti-acetylated-α-tubulin (Sigma, T6793). These antibodies have been routinely 
used in zebrafish studies.

10. Eukaryotic cell lines
a.  State the source of each eukaryotic cell line used. No eukaryotic cell lines were used in the paper.

b.  Describe the method of cell line authentication used. No eukaryotic cell lines were used in the paper.

c.  Report whether the cell lines were tested for 
mycoplasma contamination.

No eukaryotic cell lines were used in the paper.

d.  If any of the cell lines used are listed in the database 
of commonly misidentified cell lines maintained by 
ICLAC, provide a scientific rationale for their use.

No eukaryotic cell lines were used in the paper.

    Animals and human research participants
Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals
Provide all relevant details on animals and/or 
animal-derived materials used in the study.

The Tuebingen and AB wild type zebrafish strains were used for all experiments. We 
described the mutant strains in the Methods section. Embryos used in the paper were 
produced by 3-8 month old adult fish unless otherwise noted.
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Policy information about studies involving human research participants

12. Description of human research participants
Describe the covariate-relevant population 
characteristics of the human research participants.

The study did not involve human research participants.
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