
Tian et al., Sci. Adv. 11, eadv2032 (2025)     9 May 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A rt  i c l e

1 of 13

D I S E A S E S  A N D  D I S O R D E R S

C-mannosyltransferase DPY19L1L-mediated Reissner 
Fiber formation is critical for zebrafish (Danio rerio) 
body axis straightening
Guiyou Tian1†, Lirong Huang1†, Zhaopeng Xu1†, Chen Lu1, Wei Yuan1, Yulin Wu1, Zhipeng Liao1, 
Jia Gao1, Qiang Luo1, Bo Cheng1, Xinjun Liao2, Huiqiang Lu3*

The successful secretion and assembly of subcommissural organ (SCO)–spondin are crucial for Reissner Fiber (RF) 
formation and body axis straightening in zebrafish. However, the mechanisms underlying RF formation remain 
largely unknown. Here, we report that the C-mannosyltransferase dpy19l1l (dumpy-19 like 1 like) is expressed in 
the spinal cord during zebrafish embryonic development. Mutation in dpy19l1l resulted in idiopathic scoliosis 
(IS)–like body axis curvature in the absence of muscle or cilia defects. URP2 expression was down-regulated in 
dpy19l1l−/− mutants. Notably, RF formation was impaired in dpy19l1l−/− mutants, and a similar phenotype was in-
duced in wild-type embryos by injecting messenger RNA encoding a C-mannosylation catalytic site-mutated 
dpy19l1l variant (E106A mdpy19l1l). Furthermore, E106A mDPY19L1L failed to glycosylate Flag-tagged SCO-
spondin TSRs (thrombospondin type 1 repeats). Our findings suggest that DPY19L1L-mediated C-mannosylation 
of SCO-spondin TSRs promotes RF formation and URP2 induction, representing a critical supplementary mecha-
nism for body axis straightening in zebrafish.

INTRODUCTION
Zebrafish (Danio rerio) has emerged as a powerful model organism 
for investigating idiopathic scoliosis (IS) pathogenesis, particularly 
because the protein tyrosine kinase 7 (ptk7) mutant zebrafish has 
been defined as a model of IS (1–5). Studies in zebrafish have estab-
lished that cilia-driven cerebrospinal fluid (CSF) flow coordinates 
body axis straightening through a conserved morphogenetic mecha-
nism. This process requires continuous secretion of SCO-spondin by 
the subcommissural organ (SCO) and its assembly into Reissner Fi-
ber (RF) (6–14). In the spinal cord, RF serves as a transport conduit 
for monoamines and signaling molecules. These monoamines in-
duce neuronal production of neuropeptides (11, 15–22), which sub-
sequently activate receptors to mediate body axis straightening. 
Urotensin-related peptides (URPs), secreted by CSF-contacting neu-
rons (CSF-cNs), function as downstream effectors in this pathway. 
Through receptor activation, URPs trigger paravertebral slow-twitch 
muscle contraction and maintain body straightness (5, 15, 16). Al-
though RF integrity is required for maintaining zebrafish body axis 
morphology, the molecular machinery governing its biogenesis re-
mains poorly elucidated.

Protein C-mannosylation was initially identified in human RNase2 
(23), with tryptophan C-mannosylation representing the sole charac-
terized form of protein C-linked glycosylation (24). This modification 
enhances expression, secretion and additional adhesion of thrombos-
pondin type 1 repeats (TSRs)–containing proteins (25–27). TSRs are 
small motifs found in diverse cell surface receptors and secreted pro-
teins, and over 60 distinct human proteins contain TSRs (26, 28). Most 

TSR domains contain two or three conserved tryptophan residues 
within their N-terminal regions, with the WxxWxxWxxC sequence 
constituting a hallmark structural signature (26, 29–31).

DPY-19 constitutes an evolutionarily conserved family of multi-
pass transmembrane proteins, with four mammalian homologs (DPY‑ 
19L1-L4) identified to date (26, 32, 33). Biochemical studies revealed 
DPY19L1 and DPY19L3 as principal mediators of TSR C-mannosy‑ 
lation: DPY19L1 predominantly catalyzes C-mannosylation at the first 
two tryptophan residues, whereas DPY19L3 modifies the third posi-
tion within TSR domains (26). To date, the investigation of DPY19L1-L4 
is still very limited and their biological functions remain largely un‑ 
known. In Caenorhabditis elegans, DPY-19 mediates C-mannosylation 
of MIG-21 (abnormal cell MIGration-21) and UNC-5 (UNCoordinated-
5), with this posttranslational modification being critical for main-
taining their solubility and secretion ability (34). Mammalian cell 
studies demonstrated that DPY19L1-dependent C-mannosylation is 
essential for endoplasmic reticulum (ER)–to–plasma membrane traf-
ficking of the netrin receptor UNC5A (UNCoordinated-5 A) (26). 
Mouse studies further revealed DPY19L1’s neurodevelopmental roles 
in orchestrating neuronal migration and modulating neurite exten-
sion during cortical development (32, 35).

Both dpy19l1l and dpy19l3 have been identified in zebrafish. Mu-
tation in dpy19l1l present human IS-like spinal curvature pheno-
types (http://zfin.org/search?category=&q=dpy19), manifesting as 
pronounced body axis curvature. This aligns with clinical evidence 
showing that lower methylation variability near the dpy19l1 locus 
correlates with IS severity progression (36). However, the mecha-
nisms of body axis curvature induced by dpy19l1l defect have not 
been studied in detail. Although biochemical functions of DPY-19 
and its homologs are becoming increasingly understood, their mod-
ification substrates and physiological roles in development and disease 
remain obscure. Through comprehensive analysis of the phenotype 
and biological features of dpy19l1l knockout zebrafish, we found 
that DPY19L1L promotes RF formation through C-mannosylation 
of SCO-spondin TSRs. This C-mannosylation–dependent process is 
essential for zebrafish body axis morphogenesis. Our findings disclose 

1Jiangxi Provincial Key Laboratory of Synthetic Pharmaceutical Chemistry, School 
of Geography and Environmental Engineering, Gannan Normal University, Ganzhou 
341000, China. 2Affiliated Hospital of Jinggangshan University, College of Life Sci-
ences, Jinggangshan University, Ji’an 343000, Jiangxi, China. 3Center for Clinical 
Medicine Research, First Affiliated Hospital of Gannan Medical University, Ganzhou 
341000, Jiangxi Province, China.
*Corresponding author. Email: luhq2@​126.​com
†These authors contributed equally to this work.

Copyright © 2025 The 
Authors, some rights 
reserved; exclusive 
licensee American 
Association for the 
Advancement of 
Science. No claim to 
original U.S. 
Government Works. 
Distributed under a 
Creative Commons 
Attribution 
NonCommercial 
License 4.0 (CC BY-NC). 

http://zfin.org/search?category=&q=dpy19
mailto:luhq2@​126.​com


Tian et al., Sci. Adv. 11, eadv2032 (2025)     9 May 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A rt  i c l e

2 of 13

a hidden role of DPY19L1L in zebrafish body axis, maintaining and 
provide previously unidentified mechanistic insights into the patho-
genesis of IS.

RESULTS
Mutation of dpy19l1l causes IS-like body axis curvature 
in zebrafish
Phenotypic data from the ZFIN database demonstrate that dpy19l1l 
disruption induces body axis curvature, consistent with clinical 
findings showing reduced dpy19l1 methylation variability in pa-
tients with IS compared to controls (36). Given the clinical hallmark 
of IS onset during prepubescence (1, 2, 36), we investigated dpy19l1l 
expression patterns during early zebrafish development. Through 
whole-mount in situ hybridization (WMISH) using dpy19l1l-specific 
riboprobes, we detected transcriptional signals adjacent to the pre-
sumptive spinal cord region at early developmental stages (Fig. 1A). 
Subsequent fluorescence in situ hybridization (FISH) at 36 hours 
postfertilization (hpf) precisely localized dpy19l1l expression to both 
spinal cord tissues and floor plate regions (Fig. 1B). These data sug-
gest that dpy19l1l probably plays some specific functions in zebraf-
ish spinal cord, particularly in the early stages of development. To 
approach this hypothesis, we applied a microinjection of morpholino 
(MO) antisense oligonucleotide targeting dpy19l1l. We found that 
knocking down dpy19l1l in zebrafish displayed severe body axis cur-
vature (Fig. 1, C and D). We further generated dpy19l1l+/− heterozy-
gous mutants via CRISPR-Cas9 (fig. S1) and approximately a quarter 
of dpy19l1l+/− intercrossed progeny (n  =  22/87; fig. S2) developed 
spinal curvatures at juvenile stages (Fig. 1E). In addition, mutants 
exhibited severe motor impairment, with substantial reduced swim-
ming distances (fig. S3, A and B). Furthermore, the mutant larvae 
eventually die around 12 days postfertilization (fig. S3C), probably 
due to difficulty eating. Prior studies demonstrated that releasing 
SCO-spondin mutant embryos from the chorion at 24 hpf amelio-
rates ventral axial curvature, enabling their development into adults 
with IS-like phenotypes (16). To verify whether this physiological 
characteristic exists in dpy19l1l−/− zebrafish, we removed the chori-
on of dpy19l1l+/− zebrafish intercrossed embryos at 24 hpf and 
maintained the larvae under normal conditions. Some of the larvae 
developed with less severely curved body axis and subsequently ma-
tured into adults (Fig. 1F). We also recorded the survival rate of cho-
rion released dpy19l1l−/− and sibling control zebrafish. The result 
indicated that the long-term survival rate of chorion released dpy19l1l−/− 
mutants was lower than that of sibling control (fig. S3D). Then, the 
vertebral columns of the adults were analyzed by alizarin red S (ARS) 
staining (Fig. 1G), and our result indicated that the spine morphol-
ogy in dpy19l1l−/− adult zebrafish is highly similar to that described 
in other IS-like spinal curvature mutants zebrafish (11, 14–16). To-
gether, these data strongly support the crucial role for dpy19l1l in 
development and body axis straightening during larval stages of 
the zebrafish, and mutation of dpy19l1l could lead to IS-like spinal 
curvature.

Urp2 expression is down-regulated in dpy19l1l mutants
To investigate whether axial curvature in dpy19l1l−/− mutants stems 
from myogenic defects, we analyzed larval muscle structure through 
immunohistochemistry. Immunostaining with muscle-specific anti-
bodies against F59, Prox1a, and Engrailed revealed no structural dif-
ferences between mutants and control siblings (fig. S4). These results 

rule out myogenic defects as the cause of the observed axial curva-
ture. Ciliary integrity is required for normal CSF flow, a process 
critical for zebrafish axial straightening (6–14). To assess whether 
dpy19l1l−/− axial curvature arises from ciliary defects or impaired 
CSF dynamics, we (i) immunostained cilia using acetylated tubulin 
antibody and (ii) tracked CSF flow via fluorescent dye injection into 
brain ventricles (15). We found that both cilia morphology and CSF 
flow patterns showed no abnormalities in dpy19l1l mutants (fig. S5). 
These results exclude cilia-driven CSF defects as the causative mech-
anism of axial curvature of dpy19l1l−/− mutants.

Given the well-documented role of the RF and its constituent 
protein SCO-spondin in zebrafish body axis straightening (6, 7, 9, 
12, 13), we investigated potential differences in SCO-spondin ex-
pression between control siblings and dpy19l1l−/− zebrafish. Quan-
titative polymerase chain reaction (qPCR) analysis combined with 
in situ hybridization revealed no significant difference in SCO-
spondin transcript levels between control and dpy19l1l−/− mutants 
(fig. S6). The function of adrenergic activation in rescuing body axis 
curvature defects caused by RF impairment has been well estab-
lished (8,  15). To investigate whether adrenergic activation could 
similarly ameliorate the curvature phenotype in dpy19l1l−/− mutants 
as previously reported (15), we administered epinephrine treatment. 
Following this intervention, we observed significant restoration of 
body axis morphology in dpy19l1l−/− mutants (Fig. 2, A and B), de-
spite concurrent development of severe pericardial edema (Fig. 2A). 
To investigate whether adrenergic signaling-associated downstream 
genes in the spinal cord were altered in dpy19l1l−/− mutants, we per-
formed quantitative reverse transcription polymerase chain reac-
tion (qRT-PCR) analyses of urp1, urp2, and their cognate receptor 
uts2ra. Like in SCO-spondin mutants (8), urp2 expression was sub-
stantial down-regulated in dpy19l1l mutants, whereas urp1 levels 
showed a modest reduction (Fig. 2C). To validate the tissue-specific 
expression patterns of urp genes in dpy19l1l−/− mutants and wild-
type siblings, we conducted in situ hybridization experiments. Con-
sistent with the qRT-PCR results, in situ hybridization confirmed 
near-complete loss of urp2 expression in mutants (Fig. 2D). These 
findings collectively indicate defective adrenergic signaling and URP2 
in dpy19l1l−/− mutants.

URP2 administration rescues spinal curvature in 
dpy19l1l−/− mutants
The observed urp2 down-regulation prompted us to investigate 
whether URP2 peptide supplementation could ameliorate body axis 
defects in dpy19l1l−/− mutants. Therefore, we intracerebroventricu-
larly (Fig. 3A) injected synthetic URP2 into both wild-type siblings 
and dpy19l1l−/− mutants. Mutant larvae exhibited pronounced phe-
notypic rescue, with significant alleviation of spinal curvature (Fig. 
3, B to F). The survival of URP2-injected zebrafish was calculated at 
10 days postfertilization (dpf), and the results showed that the aver-
age survival rate of control and mutant without URP2 injection at 
10 dpf was 90.03 and 63.14%, whereas the URP2-injected control 
and mutants was 65.10 and 49.85%, respectively. This result indi-
cated that URP2 injection had a slight influence on the 10-day sur-
vival rate in zebrafish (Fig. 3G). Despite this, URP2-treated mutants 
demonstrated locomotor capacity comparable to wild-type con-
trols at 10 dpf, whereas untreated mutants showed near-complete 
loss of swimming ability (Fig. 3, H and I). These findings provide 
strong evidences that dpy19l1l−/− mutant zebrafish has a deficien-
cy in URP2.
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Dpy19l1l-deficient zebrafish lack RF
The role of RF in regulating urp gene expression and maintaining 
axial morphology in zebrafish is well documented (8, 16, 37). RF is 
a thread suspended in CSF and largely composed of the giant glyco-
protein SCO-spondin, which is expressed and secreted from the 
SCO and the floor plate cells of the spinal cord (7, 31, 38–40). As 

described above, the transcription level of SCO-spondin has no ob-
vious change in dpy19l1l−/− mutants compared with control sibling 
(fig. S6), thus raising the intriguing possibility that the RF formation 
is problematic in dpy19l1l−/− mutants. To test this hypothesis, we 
performed SCO-spondin immunostaining and wheat germ aggluti-
nin (WGA) labeling experiments. dpy19l1l−/− mutants exhibited 
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Fig. 1. Dpy19l1l expression in the spinal cord and its mutation leading to IS-like body axis curvature. (A) WMISH of dpy19l1l at 12 to 18 hpf. The arrow in the enlarged 
view of 18 hpf larvae indicates dpy19l1l expression. (B) Confocal projection of longitudinal trunk sections from 36 hpf larvae hybridized with a fluorescence riboprobe and 
4′,6-diamidino-2-phenylindole (DAPI). The yellow arrow in the enlarged view marks dpy19l1l expression in spinal cord floor plate cells. (C) Phenotypes of dpy19l1l MO-
injected larvae at 36 hpf, showing body axis curvature. (D) Quantification of body axis angles using ImageJ (bar graph; means ± SEM, n = 24). The P value (unpaired t test) 
is indicated above bars. (E) External phenotypes of control sibling and dpy19l1l−/− mutants at 2 dpf. (F) External phenotypes of adult control sibling and dpy19l1l−/− mu-
tants. (G) ARS staining of adult control sibling and dpy19l1l−/− mutants.
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complete absence of RF (Fig. 4A and fig. S7A). Then, our genetic 
rescue experiments further confirmed that this phenotype resulted 
specifically from dpy19l1l loss of function: mRNA supplementation 
in mutant embryos restored near-wild-type axial morphology (Fig. 
4, B and C) and fully reconstituted RF structures, as evidenced by 
immunostaining and WGA labeling (Fig. 4D and fig. S7B). These 
data conclusively demonstrate that dpy19l1l deficiency disrupts RF 
formation, directly causing the observed axial curvature phenotype.

DPY19L1L mediates C-mannosylation of SCO-spondin TSRs
The overlapping expression patterns of dpy19l1l (Fig. 1, A and B) and 
SCO-spondin (7, 31, 39), coupled with RF absence in dpy19l1l mu-
tants (Fig. 4A), raised the intriguing possibility that DPY19L1L medi-
ates SCO-spondin to form RF through an unknown mechanism 
which is probably related to the C-mannosyltransferase function of 
DPY19L1L. Sequence analysis revealed SCO-spondin contains 20 
TSR motifs (fig. S8), which are putative C-mannosylation targets of 
DPY19L1L (26, 31, 41, 42). To further verify the above conjecture, we 
first sought to test the C-mannosylation effect of DPY19L1L on SCO-
spondin by distinguishing the molecular weight of SCO-spondin in 
dpy19l1l−/− mutants and sibling control. However, we were unsuc-
cessful in detecting the SCO-spondin by immunoblotting, possibly 
due to the high molecular weight (39) (5320 amino acids, >550 kDa) 
of SCO-spondin, which is a technical bottleneck for immunoblotting.

We therefore attempted to verify the DPY19L1L’s C-mannosylation 
effect on SCO-spondin through a competitive inhibition strategy. 
On the basis of the known of C-mannosylation catalytic site of DPY-
19 in C. elegans (43), we identified E106 as the homologous catalytic 
site of DPY19L1L (fig. S9). Also, the structure of DPY19L1L was 
simulated by AlphaFold (44, 45). As expected, E106 locates in the core 
of predicted catalytic domain (Fig. 5A). Then, catalytically inactive 
dpy19l1l mRNA (E106A mdpy19l1l) was synthesized and injected into 
wild-type embryos. Nearly a third of (109/340) the E106A mdpy19l1l-
injected embryos appeared to have body axis curved phenotype 
around 72 hpf (Fig. 5B and fig. S10). Then, we performed coinjection of 
Flag-tagged SCO-spondin TSR~20 mRNA with dpy19l1l or E106A 
mdpy19l1l mRNA at the ratio of 1:1 (fig. S11). The embryo lysates 
were collected for immunoblotting with Flag antibody. As indicated, 
the native Flag-TSR~20 proteins were successfully expressed in both 
groups. However, a trace amount of higher molecular Flag-TSR~20 
was detected only in the Flag-TSR~20/dpy19l1l mRNA injection em-
bryo lysate, which was deduced as the C-mannosylated Flag-TSR~20 
proteins (Fig. 5C). Furthermore, SCO-spondin immunostaining re-
sult indicated that the RF was missing in E106A mdpy19l1l mRNA-
induced body axis curvature zebrafish (Fig. 5D). Together, these 
results demonstrated that the role of DPY19L1L in promoting RF 
formation is through its C-mannosylation function to SCO-spondin 
TSR sequences.
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Fig. 2. Urp2 transcription is substantial reduced in dpy19l1l mutants. (A) External phenotypes of control siblings, dpy19l1l−/− mutants, and epinephrine-treated 
dpy19l1l−/− mutants at 48 hpf. The schematic angle illustrates the quantification method in this study. The blue arrow indicates pericardial edema in epinephrine-treated 
mutants. (B) Body axis angles from (A) quantified with ImageJ (bar graph; means ± SEM). P values (unpaired t test) are shown above bars. (C) qPCR analysis of pkd2l1, 
uts2ra, urp1, and urp2 expression in control siblings and dpy19l1l−/− mutants at 36 hpf (means ± SEM, n = 3; number above the bar graph represent the P value). (D) WMISH 
of pkd2l1, urp1, and urp2 in control siblings and dpy19l1l−/− mutants at 36 hpf. The red arrows highlight diminished urp2 expression.
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Most of the SCO-spondin was successfully secretion in 
dpy19l1l MO-treated zebrafish
C-mannosylation is important for folding, secretion, and interaction 
of the proteins containing TSR motif (25–27,  46). To characterize 
whether DPY19L1L-mediated C-mannosylation of SCO-spondin af-
fects its secretion and/or interaction (aggregation), we collected single-
cell embryos of the cell membrane enhanced green fluorescent protein 
(EGFP)–labeled zebrafish Tg (β-actin:ras:GFP), and antisense MO 
oligonucleotides were injected to knock down dpy19l1l expression. 
The resulting dpy19l1l morphants exhibited severe body axis curvature 
defects, with 79% of specimens (n = 143) showing trunk angles below 
100° (Fig. 6A). Confocal microscopy revealed that, although SCO-
spondin secretion from floor plate cells into the spinal cavity was largely 
unaffected in dpy19l1l morphants compared to controls, these morphants 
failed to form RF (Fig. 6B). These data suggested that DPY19L1L- 

mediated RF formation and body axis straightening, at least in part, are 
through C-mannosylation of SCO-spondin TSR sequences and thus 
promote its’ assembly in spinal cord (Fig. 7).

DISCUSSION
Is DPY19L1 functionally conserved in humans?
IS occurs in the absence of underlying vertebral anomalies, which 
affects 1 to 3% of children worldwide, and the mechanisms underly-
ing this spinal deformity remain largely unknown. Clinical investi-
gation indicates reduced methylation variability near the dpy19l1 locus 
in severe IS cases compared to controls (36), suggesting a potential 
role of dpy19l1 dysregulation in IS pathogenesis.

Although zebrafish has emerged as a powerful model for investi-
gating the pathogenesis of IS, there is no denying that the zebrafish 
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is quite different from humans. For example, human SCO is well 
developed during fetal and neonatal stages but continues regressed 
during childhood (22, 39, 47). SCO-spondin is classified as a pseudo-
gene in humans, and the secretion of SCO-spondin only detected at 
fetal stages, and RF formation have not been observed in humans, 
which is entirely different from zebrafish (6, 7, 9, 16, 39, 47, 48). Our 

study demonstrates that DPY19L1L-mediated C-mannosylation of 
SCO-spondin TSR motifs is essential for RF formation and axial 
straightening in zebrafish. This raises critical questions: Does human 
DPY19L1 share this conserved function, and could dpy19l1 muta-
tions serve as diagnostic markers for IS? Given DPY19L1L’s embry-
onic role in zebrafish, we speculate that, if DPY19L1 has a similar 
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function in humans, it is likely to be in fetal and neonatal stages, but 
this is only our speculation based on the available information, and 
more investigations are needed in future.

Implications for IS treatment
Current IS treatments largely rely on invasive surgeries due to lim-
ited mechanistic insights (2, 37, 49). Consistent with prior studies 
(8, 14–16, 20), we observed that URP2 alleviated spinal curvature 
in dpy19l1l−/− mutants (Fig. 3). Notably, dpy19l1l−/− and SCO-
spondin−/− mutants (8) both exhibit down-regulated urp2 (Fig. 3C), 
implicating URP2 as a key downstream effector of adrenergic sig-
naling in CSF-cNs. This positions URP2 as a specific and efficient 
regulator of spinal alignment in zebrafish. Although URP2 shows 
promise in the zebrafish model, translating these findings to human 
IS treatment requires further investigation. The differences in the 

physiological and genetic backgrounds between zebrafish and hu-
mans need to be carefully considered. Future studies could focus on 
conducting preclinical trials to assess its safety and efficacy in mice 
or larger animal models more closely to humans.

RF-dependent axial morphogenesis in zebrafish
Zebrafish studies delineate a pathway wherein cilia-driven CSF flow 
facilitates SCO-spondin transport, RF assembly, adrenergic signal-
ing, and urotensin-mediated axial stabilization (1, 6, 7, 9, 14–16). In 
this pathway, the aggregate form of SCO-spondin, i.e., the RF acts as 
the hub to deliver the signal molecules. Both ciliary dysfunction and 
SCO-spondin mutations cause RF deficiency and induce a similar 
scoliosis phenotype, which exhibits embryonic spinal downward 
curvature and progressing to three-dimensional (3D) spinal defor-
mities in adults (2, 7, 14–16). Our dpy19l1l−/− mutants phenocopy 
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RF-deficient models, displaying embryonic spinal curvature and 
impaired RF formation.

The structure of SCO-spondin and RF are interspecies variations 
in different vertebrates, and the intact RF has not been found in hu-
mans (7, 47, 50). A clinical investigation found that mutation of SL-
C6A9 would lead to human IS, and Slc6a9 mutant zebrafish exhibited 
harmful neural activity and spinal curvature resembling human pa-
tients with IS (51). Unlike spinal downward curvature phenotype in 
RF defected mutants, Slc6a9 mutant zebrafish displayed an apparent 
lateral axial curvature and died in 18 days (51). SCO-spondin is a 
giant glycoprotein, which makes itself more susceptible to defects in 
expression, folding, modification, translocation, secretion, and as-
sembly (16, 31, 39, 40, 52). Thus, we raise the possibility that abnor-
mality of the genes, which are related to fulfilling intact biological 
function of SCO-spondin and RF in zebrafish may result in similar 
spinal downward curvature phenotype in larvae.

MATERIALS AND METHODS
Reagents and tools
For all antibodies, reagents, primers, software, tools, and zebrafish 
strains used here, refer to Table 1.

Zebrafish husbandry
All experiments were performed on zebrafish (D. rerio) of the AB back-
ground. Zebrafish were raised and maintained under standard labora-
tory conditions as previously described (53). All animal experiments 
complied with the Laboratory Animal Management Committee Culti-
vation guidelines and were approved by the Independent Animal Care 
Committee (IACC) of Gannan Normal University (approval number: 
GNNU2022-0628).

WMISH analysis
WMISH was performed following established protocols. Briefly, em-
bryos were fixed overnight in 4% paraformaldehyde (PFA) at 4°C. After 

washing steps, embryos were dehydrated in methanol and rehydra-
tion through a graded methanol series. Then, the embryos were di-
gested with proteinase K. Subsequent processing included methanol 
treatment (20 min), hybridization, blocking, and incubation with anti- 
Dig-AP antibody (1:2000). After washing steps, embryos were colored 
by coloration buffer, and reactions were terminated with stop solu-
tion. WMISH images were captured using a Leica M205FA microscope. 
FISH was performed according to the standard protocol provided 
with the TSA-plus Fluorescein System kit (PerkinElmer). Fluores-
cence signals in the spinal cord were captured using a Leica Sp8 con-
focal microscope.

ARS staining
Adult zebrafish were euthanized and fixed in 4% PFA at room tem-
perature for 48 hours. Following fixation, the PFA solution was 
decanted, and embryos were sequentially dehydrated twice in 
75% ethanol [prepared in phosphate-buffered saline (PBS)] for 
24 hours. After ethanol removal, samples were washed three times 
and stained in 0.1% (w/v) ARS for 24 hours. Poststaining, zebraf-
ish were immediately rinsed in distilled water and subjected to 
tissue clearing via trypsin digestion for 72 hours. The trypsin solu-
tion was then replaced with 1% KOH, with daily solution renewal 
over a 5-day period. Specimens were subsequently transferred to a 
1% KOH-glycerol solution (3:7 v/v) for 48 hours, followed by long-
term storage in 100% glycerol for skeletal analysis.

Real-time qPCR analysis
Dpy19l1l+/− zebrafish were intercrossed and embryos were collected. 
The chorion was removed at 36 hpf, followed by embryo grouping 
based on body axis morphology. Embryos were rinsed with RNase-
free water, and total RNA was isolated using the TransZol Up Plus 
RNA Kit as previously described (53). Relative transcription levels 
of SCO-spondin, pkd2l1, uts2ra, urp1, and urp2 genes were quanti-
fied using the qTOWER3G RT-PCR system (Analytik Jena, Germany) 
based on Ct values for target genes and β-actin.
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Epinephrine and URP2 treatments
Control siblings and dpy19l1−/− mutants at 36 hpf were collected 
and grouped as described above. Dpy19l1−/− mutants were subject-
ed to epinephrine treatment (10 mg/ml final concentration) or the 
same volume of vehicle for 12 hours. External phenotypes were cap-
tured using a Leica M205FA microscope, and the angles of the ze-
brafish were calculated. URP2 was diluted in Ringer’s solution to a 
final concentration of 800 μg/ml as previously described (15), and 
the URP2 or vehicle was injected into the cerebral ventricle as indi-
cated in this study. External phenotypes were captured using a Leica 
M205FA microscope as indicated time points in the figures, and the 
angles of the zebrafish were calculated.

Fluorescent tracer assay for CSF flow analysis
To quantify the CSF dynamics of control siblings and dpy19l1l mu-
tants at 2 dpf, larvae were immobilized on the surface of the agarose 

plate, followed by injecting the FITC-Dextran fluorescent dye into 
the brain ventricles through a glass capillary needle as described 
previously (14, 15). Fluorescence signals in the spinal canal were re-
corded every minute using a ZEISS fluorescence microscope.

Immunostaining assay
Immunostaining of whole-mount embryos using antibodies as indi-
cated in figures were performed according the following protocol 
similar to that previously described (54). Briefly, the 36 hpf embryos 
were washed with PBS and fixed in 4% PFA for 2 hours at 4°C. After 
washing steps, incubated the embryos with blocking buffer (PBTN: 
PBS + 1% Triton X-100 + 4% bovine serum albumin + 0.02% NaN3) 
for 2 hours at 4°C. Then, the following primary antibodies were 
diluted in PBTN and incubated overnight at 4°C: anti-F59 (1:100), 
anti-prox1a (1:100), Anti-engrailed (1:100), anti-acetylated α-tubulin 
(1:500), and anti-SCO-spondin (1:500). After washing with PBST 
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defected SCO-spondin

Dpy19l1l –/–

Control

CSF-CN

Reissner Fiber

Floor plate
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Fig. 7. Model of SCO-spondin and RF in control and dpy19l1l-deficient zebrafish. (Top) In wild-type spinal cord, DPY19L1L C-mannosylates SCO-spondin (purple), 
enabling RF formation via cilia-driven CSF flow. (Bottom) In dpy19l1l−/− mutants, nonglycosylated SCO-spondin (dark blue) fails to form RF, leading to body axis curvature. 
CSF-CN, CSF-contacting neuron.
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Table 1. All antibodies, reagents, primers, software, tools, and zebrafish strains used. 

Reagent/resource Reference or source Catalog number

 Antibodies ﻿ ﻿

  Anti- F59 DHSB AB_528373

  Anti- prox1(prox1a) Sigma-Aldrich AB5475

  Anti- engrailed DHSB AB_528224

  Anti- acetylated tubulin Sigma-Aldrich T7451-100UL

  Anti- SCO- spondin YNK-BIOTECK 3437-1-R1/R2

  Anti- Flag Tag Proteintech 66008-4-Ig

  Anti-β actin Beyotime AF5003

 H RP- Goat Anti- Mouse IgG (H+L) Servicebio GB23301

  Anti-Digoxigenin- AP Fab fragments Roche 11093274910

  YF 647 Goat Anti- Rabbit IgG UE landy Y6109L

  Alexa Fluor- 647 Goat Anti- mouse Invitrogen A21236

  Alexa Fluor- 488 Goat Anti- mouse Invitrogen A11029

Chemicals and peptides

 E pinephrine GLPBIO GC41670

  Alizarin red Sangon Biotech A506786-0025

 N otI-HF NEB R3189S

  WGA Thermo Fisher Scientific W32464

  URP2 Ocean University of China College of Marine Life Sciences, provided by C. Zhao

  FITC-Dextran Xi’an ruixi Biological Technology Co. Ltd. R-FD-005

  Fast Mutagenesis System TransGen Biotech FM111-02

  mMESSAGE mMACHINE SP6 Transcription kit Ambion AM1340

  TransZol Up Plus RNA Kit TransGen Biotech ER501-01-V2

  TSA Plus Fluorescein System PerkinElmer Inc. NEL741001KT

 Oligonucleotides and sequence- based reagents ﻿ ﻿

 C RISPR-Cas9 Guide RNA ﻿

    dpy19l1l forward taatacgactcactataGGAATAACAGTGCTGATTCTgttttagagctagaaatagc

    SgRNA reverse AGCACCGACTCGGTGCCACTT

 I n situ hybridization primers ﻿

    dpy19l1l forward
    dpy19l1l reverse

ACTTCTATGTCGCTTTTGTGT  
TTCTCACCAATCCAGCCAAACAG

    pkd2l1 forward
    pkd2l1 reverse

GAATCACCTGAGCTGCGAGA 
taatacgactcactatagggCCGTTGATCAGTCCAAACGC

    urp1 forward
    urpl1 reverse

AGTCAGCCACGATCCTCTCA 
gactaatacgactcactatagggTTCACAATGTAAAAGGGCAGCA

    urp2 forward
    urp2 reverse

CGCTTCAATCGTGGATGCTG 
taatacgactcactatagggGGATTTGTTGCAGGCCGTTT

    SCO- spondin forward TTTGCAGTCTGGATGGTGAAGACC

    SCO- spondin reverse taatacgactcactatagggCGCTCCAGCTCATACAGGTGGAGG

  Morpholino oligo sequence of dpy19l1l GGTTTTCTGGTTTTTACTACCATGT

  qPCR primers ﻿

    actin forward
    actin reverse

AGCACGGTATTGTGACTAACTG 
TCGAACATGATCTGTGTCATC

    SCO- spondin forward ATCAAACTGTCCTCCGCTTCACT

    SCO- spondin reverse GACAGTCGCCCTTGGTGATGTTCCT

    uts2ra forward
    uts2ra reverse

CTTCCCTCCCCTCATTTGCTT 
TCGGCCTTCATCCACACTTC

    pkd2l1 forward
    pkd2l1 reverse

GTGACTGTTTCGATGTGTAC 
CTTGATAAAACCCTGCTCCG

    urp1 forward
    urpl1 reverse

ACATTCTGGCTGTGGTTTG 
GTCCGTCTTCAACCTCTGCTAC

(Continued)
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(PBST: PBS + 1% Triton X-100), the corresponding secondary anti-
bodies (YF 647 Goat Anti-Rabbit IgG, Alexa Fluor-647 goat anti-
mouse IgG, and Alexa Fluor-488 goat anti-mouse, diluted in PBTN, 
1:500) were incubated for 2 hours at room temperature in the dark. 
Then, the embryos were washed with PBS containing 0.1% Triton X-
100 and kept in 80% glycerol lastly, and the staining signal was cap-
tured by a Leica Sp8 confocal microscope.

WGA (red) staining
WGA staining was performed as previously described (14). Briefly, 
embryos were fixed overnight at 4°C. After washing steps, the embryos 
were incubated with WGA staining solution (1:200) for 24 hours at 
4°C. After washing steps, staining images were captured through a 
Leica Sp8 confocal microscope.

mRNA synthesis and treatment
The full-length coding sequence of Dpy19l1l was cloned into pCS2+ 
expression vector to generate the pCS2-Dpy19l1l construct. The 
pCS2-E106A mDpy19l1l mutant plasmid was engineered from the 
parental pCS2-Dpy19l1l backbone using the Fast Site-Directed Mu-
tagenesis Kit (TransGen Biotech). Following linearization with NotI 
restriction enzyme, capped mRNA was synthesized and purified by 
using the mRNA transcription synthesis kits (Ambion). For rescue 
experiments, 150 pg of Dpy19l1l mRNA was microinjected into 
single-cell stage embryos. For the competition experiments, the 
Dpy19l1l and E106A mDpy19l1l mRNAs were injected at 600 pg per 
embryo. The chorions were dissected at 48 hpf, and the external 
phenotypes were captured using a Leica M205FA microscope. Then, 
the embryos were fixed, and standard procedures of immunofluo-
rescence assay were carried out using anti-SCO-spondin and anti-
tubulin antibodies as previously described. RF and cilia images were 
captured through a Leica Sp8 confocal microscope.

Immunoblotting
SCO-spondin TSR motifs nucleotides were synthesized from Gen-
Script Biotech Corp. and cloned into the pCS2+ vector with an N-
terminal FLAG epitope tag to generate pCS2-FLAG-TSR~20. Capped 
mRNA was synthesized as described before, and Flag-TSR~20 mRNA 
was mixed with dpy19l1l mRNA or E106A mdpy19l1l at the ratio of 

1:1. Then, the mRNA mixtures were subjected to microinjection and 
the embryos were collected at 96 hpf, and the lysates were followed by 
immunoblotting. For immunoblotting, 50 mRNA-injected embryos 
at 96 hpf were collected into 200 μl of radioimmunoprecipitation 
assay lysis buffer, and samples followed a standard immunoblotting 
procedure. The dilution ratio of Anti-Flag tag antibody was 1:1000, 
and Goat Anti-Mouse IgG was 1:5000. Blots exposure signals were 
collected by an Analytik Jena UVP ChemStudio imaging system.

MO microinjection
Wild-type or Tg(β-actin:ras:GFP) zebrafish embryos were collect-
ed for microinjection. MO was diluted by ddH2O with a final con-
centration of 500 μM, and 1 nl of the MO was injected into the 
animal pole of the embryos. The chorions were dissected at 36 hpf, 
and the external phenotypes were captured and analyzed as de-
scribed above. The Tg(β-actin:ras:GFP) zebrafish were fixed, and 
standard procedures of immunofluorescence assay were carried out 
using SCO-spondin antibody as described above. RF, cilia, and floor 
plate cell membrane images were captured through a Leica Sp8 
confocal microscope.

Statistical analysis
All of the angle measurements in this study were performed through 
ImageJ software. All bar graphs were presented as means ± SEM, and 
the dots indicated individual values. The P values were determined 
using the multiple t tests function in GraphPad Prism 8 (two-stage 
linear step-up procedure of Benjamini, Krieger, and Yekutieli with Q 
set to 5%). A value of P < 0.05 was considered statistically significant, 
and P > 0.05 was considered statistically not significant (NS). All 
experiments in this study were replicated successfully.

Supplementary Materials
This PDF file includes:
Figs. S1 to S11
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