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Dstyk mutation leads to congenital scoliosis-like
vertebral malformations in zebrafish via
dysregulated mTORC1/TFEB pathway

Xianding Sun® !, Yang Zhou?, Ruobin Zhang', Zugiang Wang', Meng Xu!, Dali Zhang', Junlan Huang',
Fengtao Luo!, Fangfang Li', Zhenhong Ni', Siru Zhou!, Hangang Chen', Shuai Chen!, Liang Chen', Xiaolan Du},
Bo Chen', Haiyang Huang1, Peng Liu 1 Liangjun Yin3, Juhui Qiu#, Di Chen®, Chuxia Deng 6.7 Yangli Xiel,
Lingfei Luo?* & Lin Chen'

Congenital scoliosis (CS) is a complex genetic disorder characterized by vertebral mal-
formations. The precise etiology of CS is not fully defined. Here, we identify that mutation in
dual serine/threonine and tyrosine protein kinase (dstyk) lead to CS-like vertebral malformations
in zebrafish. We demonstrate that the scoliosis in dstyk mutants is related to the wavy and
malformed notochord sheath formation and abnormal axial skeleton segmentation due to
dysregulated biogenesis of notochord vacuoles and notochord function. Further studies show
that DSTYK is located in late endosomal/lysosomal compartments and is involved in the
lysosome biogenesis in mammalian cells. Dstyk knockdown inhibits notochord vacuole and
lysosome biogenesis through mTORC1-dependent repression of TFEB nuclear translocation.
Inhibition of mMTORC1 activity can rescue the defect in notochord vacuole biogenesis and
scoliosis in dstyk mutants. Together, our findings reveal a key role of DSTYK in notochord
vacuole biogenesis, notochord morphogenesis and spine development through mTORC1/
TFEB pathway.
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ongenital scoliosis (CS) is characterized by the lateral

curvature of the spine with a Cobb angle >10 degrees and

has an estimated prevalence approximately 1 in 1000 live
births. It is mainly caused by defects in vertebral formation
during embryogenesis’:2. The vertebral malformations in CS
often consist of hemivertebrae, wedge-shaped vertebrae and
vertebral fusions and they could occur throughout the spine and
often impose severe spine deformity of the affected individuals.
CS may occur as an isolated case or as a part of a syndrome
together with congenital defects in other organ systems*°. Sig-
nificant progress has been made in understanding the process of
spine development and the main mechanisms of some CS>%7.
Previous studies from animal models suggest that genetic factors
are involved in the development of vertebral defects. To date,
mutations disrupting multiple molecules and pathways such as
Notch signaling pathway have been found to cause human
CS28-11 however, the detailed genetic etiology and underlying
mechanisms remain elusive.

Currently, patients with CS are important resources for the
identification of causative genes for CS. However, owing to small
pedigree size and locus heterogeneity, the genetic causes of most
familial or sporadic cases of CS remain unknown. Developmental
and genetic animal models are excellent tools for dissecting the
biological origins and mechanism of scoliosis!>13. Teleosts have a
natural susceptibility towards developing spinal deformity. Both
genetic and environmental factors are associated with curvature
in different fish species'4. Teleost and human have similar bio-
mechanical forces along the spine, which makes fish more sus-
ceptible to spinal curvatures!4-17, Furthermore, spinal column
morphology and structure of zebrafish are similar to those
of humans. Several zebrafish mutants with a scoliosis-like phe-
notypes have recently been demonstrated to effectively mimic
human CS and idiopathic scoliosis!>!8-22, As the zebrafish has
strong breeding ability, large-scale mutagenesis screening is
an effective solution for finding mutations of genes causing CS
in zebrafish. ENU is a highly potent mutagen which can induce
point mutations. It is a commonly used for mutagenesis
screening?324,

In this study, we perform ENU mutagenesis screening and find
a mutant zebrafish line with CS-like vertebral malformations. We
confirm the responsible gene is dstyk using positional cloning and
CRISPR/Cas9 approach. We find that dstyk mutant zebrafish
have severe vertebral defects with fused and disorganized neural
and haemal arches. The vertebral defects in dstyk mutants are
caused by abnormal notochord development resulting from
defects in biogenesis of notochord vacuoles. Further studies show
that DSTYK is involved in the biogenesis of lysosome associated
structures by promoting proper aggregation and fusion of late
endosomal/lysosomal system in mammalian cells and zebrafish
notochord cells. We reveal that dstyk mutation leads to defects in
lysosome biogenesis and vacuole formation through repressing
TFEB nuclear translocation via activating mTORCI. Inhibition of
mTORCI activity can partially rescue the defect in the biogenesis
of notochord vacuole and scoliosis in dstyk mutants.

Results

Smt mutation leads to CS-like vertebral malformations. To
discover genes essential for spine development, we conducted an
ENU-mediated genetic screen in zebrafish. We observed one
mutant line, named somite shorten (smt“4’>), whose somites were
shortened but the average number had no significant difference
compared with wild-type (WT) (Fig. 1a, Supplementary Fig. 1a,
b). As early as 28 hours post fertilization (hpf), the body length
was significantly decreased (Supplementary Fig. 1c, d). We
measured the total lengths of smt mutants and WT siblings at

different stages. The mutants showed a maximum 17.5% decrease
in body length at 3 days post fertilization (dpf) (Fig. 1b). As early
as 7 dpf, some mutants showed slight wavy bending compared to
WT (Fig. 1c). At about 20 dpf, almost all the mutants showed
dramatic lateral kinks at different degrees (Fig. 1d). As mutants
grew to adult stage, from gross appearance and X-rays, they
exhibited remarkable scoliosis and shorter than the WT siblings
(Fig. 1le-g). Micro-CT examination further confirmed the severe
scoliosis and kyphosis (Fig. 1h).

Smt mutants encode alleles of dstyk. To identify the molecular
lesion responsible for the phenotype, we used simple sequence
length polymorphism (SSLP) to positionally clone the responsible
gene?>. The mutant allele smt was genetically mapped to chro-
mosome 22 between the SSLP markers Z11752 and Z10550
(Fig. 2a). Through chromosomal walking and fine mapping, we
further narrowed down the region between markers 211752 and
Z1148. This interval contains eight candidate genes, i.e., necap2,
celsr2, dstyk, nuak2, ccnd3, bysl, med20, and usp49 (Fig. 2a). We
sequenced the entire coding sequence of these 8 genes of WT and
smt mutants and identified that dstyk had a 24 bp deletion at the
end of exon 5 (Fig. 2b). Further sequencing of the dstyk gene in
mutants and sibling embryos using specific primers revealed a
G — A transversion (IVS5 + 1G > A) in the first base of intron 5
(Fig. 2¢). This splice-site mutation resulted in an in-frame dele-
tion of eight amino acids in a domain that is highly conserved
across different species (Fig. 2d). We amplified the coding region
of mutant dstyk and cloned it into T vector. Sequencing revealed
that there were more than three splicing types including insertion
of intron 5 (1439 bp) and deletion of 24 bp or 189 bp, which leads
to premature stop or amino acids deletion or insertion of Dstyk
(Fig. 2e, f).

We performed rescue experiments using WT zebrafish dstyk
mRNA and human DSTYK mRNA. Injection of 100 pg of WT
mRNA at one-cell stage separately could significantly increase the
body length of smt mutants at 4 dpf (Supplementary Fig. 2b, d).
In addition, the defect vertebral formation and spinal curvature
were alleviated after injection of either mRNA (Supplementary
Fig. 2e). These data confirm that the smt mutant phenotype is
caused by the loss-of-function mutation of dstyk.

We detected the expression pattern of dstyk by whole mount
in situ hybridization (ISH), and found that dstyk was maternally
and zygotically expressed (Fig. 3a). Dstyk transcripts were
ubiquitously distributed at early embryonic stages but enriched
in the notochord and head region at later stages (Fig. 3a, b). The
notochordal expression of dstyk was dynamically changed, which
was remarkable during somite stage, and then became stronger at
the posterior notochord from 18-somite to 24 hpf. The expression
of dstyk was weak but still observable at the notochord region
from 38 hpf to 54 hpf, and finally was no longer detectable by
72 hpf (Fig. 3b). These observations imply that dstyk may play
important role in the notochord development.

To further confirm if the defects in dstyk are responsible
for the smt phenotype, we first used CRISPR/Cas9 system to
knockdown dstyk (Fig. 3c). We identified two mutant lines with
premature stop mutation caused by 2 bp frameshift deletion or 4
bp frameshift insertion (Fig. 3d). In F2 of these two mutant lines,
approximately 25% of embryos had shortened somites and spinal
deformity similar with that of smt mutants identified by ENU
(Fig. 3e, f). Taken together, these data strongly support the smt
mutant phenotype is caused by the loss-of-function mutation of
dstyk.

Dstyk mutation leads to abnormal notochord development.
In consideration of the characteristic expression of dstyk in
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Fig. 1 Smt mutation leads to CS-like vertebral malformations. a Bright-field images showing shortened somites and body length in smt mutant at 40 hpf.
The bottom panel showed enlarged parts. Red line marks single somites. b Graph depicting the body length measurements of WT (blue line) and smt
mutant (red line) from 1.5 dpf to 6.5 dpf, n =20 independent embryos for WT and smt mutant. Data points represent average body length and error bars
represent standard deviation. ¢ Lateral (top) and dorsal views (bottom) showed slight wavy bending in smt mutant at 7 dpf. d At about 20 dpf, smt mutant
showed different degrees of curve severity in dorsal view: mild (top), moderate (middle) and severe (bottom) curvature. e Whole mount image of 3-
month-old smt mutant (bottom) and WT (top). Smt mutants had scoliosis and quantification of the body length were much shorter than WT (f), n=5
independent zebrafishes for WT and smt mutant. ** p<0.01. p values were determined by unpaired two-tailed Student’s t-test. X-rays (g) and three-
dimensional micro-CT (h) revealed severe scoliosis and kyphosis in smt mutant (bottom). Boxed regions are magnified in the right panel in (h). Data are
presented as mean = SD. Scale bar represent 200 pm in (@), 400 pm in (c), Tmm in (d and h), 2 mm in (d). Source data are provided as a Source Data file.

notochord and the involvement of notochord in the spine
development®26, we hypothesize that the scoliosis phenotype of
dstyk mutants is due to the notochord maldevelopment. Noto-
chord in WT was a rod-like structure like a stack of pennies2, but
in the mutants, there were many small granular structures
accumulated within the notochord at 5 dpf (Fig. 4a). To observe
the dynamic changes in notochord defects, we generated dstyk
mutants in the background of Tg(B-actin:ras-GEP) transgene?’, in
which all cell membranes were labeled by EGFP. Confocal
microscopy revealed that the stacked notochord cells in WT were
gradually inflated along the anterior-posterior axis at 26 hpf2°,
and finally became well arranged inflated cells with large vacuoles
in 2—4 dpf (Fig. 4b). However, in the mutants, the notochord cells
were unequally inflated with irregular arrangement along the
anterior-posterior axis. In particularly, most notochord vacuoles
in mutants cannot be fully expanded to their maximum volume,
leading to collapse of the EGFP labeled notochord cell mem-
branes (Fig. 4b). Compared to WT, the sizes of the notochord
cells were significantly decreased in mutants in 2 and 4 dpf

(Fig. 4c¢), resulting in significantly decreased the width and length
of the notochord (Fig. 4d).

Furthermore, we generated dstyk mutants in the background of
Tg(col2ala:EGFP) transgene?, which can label both notochord
cells and notochord sheath cells at early embryonic stage, and after
2 dpf only label notochord sheath cells. At about 24-48 hpf in the
WT, some stacked flat cells developed into vacuolated notochord
cells, while other flat cells differentiated into notochord sheath
cells surrounding the notochord. However, time series of live cell
imaging revealed that the mutant notochord cells cannot be fully
inflated (Fig. 4e). Furthermore, in 3 dpf, Col2ala expression was
only present in the WT notochord sheath cells, but there were
some ectopic Col2ala expression within the mutant notochord
(Fig. 4f). Hematoxylin-eosin staining also revealed that, at 48 hpf
the mutant notochord was composed of smaller vacuolated cells
with relatively more cytoplasm and many smaller vesicle-like
structures that were not fully developed into mature vacuole in
contrast to the WT (Fig. 4g). We also found various sized and
disorderly arranged notochord cells in mutants at 7 dpf by using a
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transgenic line Tg(cyb5r2:GFP) that labels notochord cells®®
(Fig. 4h).

We further found increased proliferation of notochord cells in
the mutants using Edu labeling (Supplementary Fig. 3a, c).
Consistently, there were more DAPI labeled nucleus in the
mutant notochord (Supplementary Fig. 3d). TUNEL assay
revealed that there was no significant difference in the apoptosis
between the notochord of WT and mutants (Supplementary
Fig. 3b). These data revealed that there was increased prolifera-
tion in the notochord of dstyk mutants, leading to more cells in
the notochord than that of the WT, although the sizes of mutant
cells were smaller. These results suggest that loss-of-function of
Dstyk leads to dysregulated notochord development mainly due
to the incomplete vacuole inflation of notochord cells.

Dstyk mutation inhibits notochord vacuoles biogenesis. Zeb-
rafish notochord vacuoles are identified as specialized lysosome-

related organelles (LROs) that have important function in body
axis elongation and spine morphogenesis?®. We used multiple
vital dye trackers to determine whether the deformity of mutant
notochord is related to the abnormal vacuole formation. Firstly,
we used BODIPY TR methyl ester dye (MED) to label internal
membranes®®. Confocal imaging showed that the vacuoles of
dstyk mutants were fragmented and generally smaller than that of
WT at 2 dpf (Fig. 5a). Live time-lapse imaging of vacuole
expansion from 20 to 30 hpf revealed that notochord vacuoles
were well inflated in WT, during which the MED labeled internal
membranes gradually fused (Supplementary Movie 1). In con-
trast, in mutants, majority of small vesicle structures did not
fuse together to form large notochord vacuoles (Supplementary
Movie 2). There were more cytoplasm and subcellular structures
labeled by MED in the mutant notochord cells, indicating that
vacuole formation was partially disrupted at the vesicle trafficking
stage in the mutants. In addition, we found that the defects of
notochord vacuole biogenesis of smt mutants were alleviated after
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Fig. 3 Expression pattern of dstyk and knock out dstyk by CRISPR/Cas9. a Dstyk ISH at 1-cell/2-cell, 4-somite and 8-somite stage. b From 18-somite,
24 hpf, 38 hpf to 54 hpf, notochordal expression of dstyk was dynamically changed as detected by ISH. ¢ The Cas9 target site for knockout dstyk gene
worked in knock out FO generation. d Top panel showed the DNA sequences for WT and two Cas9 mutant lines. TGG (red) is the PAM sequence. Deletion
is represented by a red dashed line and insertion is highlighted in green. Bottom panel diagramed DSTYK protein structures of WT and predicted mutants.
Arrows indicate amino acid at the mutation site. e Bright-field images showing the WT and two Cas9 mutant lines at 4 dpf. f Cas9 mutant lines showed
similar scoliosis phenotypes with smt mutant. Scale bar represent 200 pm in (a and b), 400 pm in (e).

zebrafish dstyk mRNA or human DSTYK mRNA injection
(Supplementary Fig. 2a, c).

Notochord vacuoles inflation could receive contributions from
biosynthetic trafficking through the ER to Golgi complex
transport?®. The formation and maintenance of vacuole requires
post-Golgi late endosomal trafficking regulated by the vacuole-
specific Rab32a and H*-ATPase-dependent acidification2°. To
determine which phase was blocked during the vesicle trafficking
in dstyk mutants, we used Golgi tracker BODIPY TR Ceramide,
and LysoTracker Green to label acidic notochord vacuoles
(Fig. 5b). The confocal images revealed that large vacuoles
labeled with green LysoTracker occupied almost the whole
notochord cells, which arranged into a single row along anterior-
posterior axis of notochord in WT at 7 dpf. However, the mutant
vacuoles were smaller with multiple shapes, and only partially
occupied the cytoplasm. The other regions of notochord cells
were mainly labeled by Golgi tracker that largely labels Golgi
apparatus. Interestingly, most mutant notochord cells were
composed of various sized vacuole and at least one round cystic
structure that can be labeled by Golgi tracker (Fig. 5b).
LysoTracker Green and BODIPY TR Ceramide staining of dstyk
mutants in the background of Tg(B-actin:ras-GFP) showed
similar results (Supplementary Fig. 4a).

It has been reported that notochord vacuoles are specialized
post-Golgi structures whose biogenesis and maintenance require
late endosomal trafficking2®. We hypothesized that the round

cysts in dstyk mutants are the sorting endosome or late
endosome, which are normally derived from Golgi complex
to form vacuoles. To test this hypothesis, we detected the
expression of late endosome marker Rab7a at 36 hpf in the
background of Tg(B-actin:ras-GFP) and revealed that Rab7a had
weak expression in the WT notochord, but were strongly
expressed in the mutant notochord (Fig. 5¢). Double immuno-
fluorescent staining of Rab7a and Col2 of mutants showed
similar results (Supplementary Fig. 4b). These data indicate that
late endosomal trafficking to form vacuoles was partially
blocked in the dstyk mutant.

The notochord is an important source of signals for patterning
of adjacent tissues during development?!. Abnormalities in the
vesicle trafficking may lead to dysregulated secretion of signaling
factors32. We found that the expression of a major secreted
signaling factor, sonic hedgehog (shh) was decreased in the mutant
notochord at 28 and 36 hpf (Fig. 5d). In addition, we found that
calymmin (cmn), a notochord sheath-associated extracellular
matrix (ECM) protein33, was decreased in the mutant notochord
at 28 hpf (Fig. 5¢). Furthermore, we found that the RNA levels of
several collagens, the most abundant ECM proteins, including
col8ala, col9alb, collla2 were also decreased in the mutant
notochord at 36 hpf (Fig. 5f-h). Together, these data suggest that
mutation of dstyk leads to notochord maldevelopment resulting
from abnormal vesicle trafficking and blocked vacuole formation,
and dysregulated notochord function.
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20 pm in (b, e, f and g), 100 pm in (a and h). Source data are provided as a Source Data file.
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Ultrastructure of notochord and sheath in dstyk mutants. To
further investigate the detailed defects in ultrastructure of the
notochord, transmission electron microscopy (TEM) analysis
was performed. TEM revealed that the WT notochord at 48 hpf
was consisted of two rows of large vacuolated notochord cells
and their cytoplasm was squeezed by the expanded vacuole to
a very small area close to the cell membrane?® (Fig. 6a-d).
In contrast, mutant notochord cells were much smaller with an
irregular arrangement. The vacuoles in mutant cells just occu-
pied a small area of the cytoplasm, while unoccupied area con-
tained many scatteredly distributed small vesicles wrapped by the
single layer of membrane (Fig. 6b-f). The small vesicle structure
in mutant cells may be the post-Golgi structures or late endo-
some2%, as observed many Rab7a positive structures in these
regions.

Notochord sheath is a tri-laminar extracellular sheet composed
of an inner laminin-rich basement membrane, collagen-rich
medial layer and an outer layer composed of collagen and elastin
fibers>4. Since the formation of notochord sheath is closely linked
to the differentiation of notochord cells?*3°, we used TEM to
analyze the ultrastructure of the mutant notochord sheath. At 48
hpf, WT sheath is a straight and well-organized three layers
structure with (Fig. 6d-g). However, the mutant sheath exhibited
a wavy structure with disordered organization of sheath layers.

Some regions of mutant sheath became thinned, while others had
much thicker sheath layers especially the middle layer (Fig. 6e-h).
Taken together, these results strongly suggest that dstyk mutation
blocked notochord vacuole biogenesis leading to malformed
notochord sheath.

Dstyk regulates axial skeleton segmentation and formation. To
explore how the dstyk mutants develop scoliosis at adult stages,
we analyzed the process of axial skeleton segmentation, vertebral
mineralization and spine formation. At early stages, Tg(col2ala:
EGFP) uniformly labeled all notochord sheath cells (Fig. 4f). But
from about 7 to 15 dpf, we found that Tg(col2ala:EGFP) gen-
erated an alternating pattern of col2ala positive and negative
domains in an anteroposterior direction in WT sheath cells. But
in dstyk mutant, the segmented pattern was disrupted with
irregularly distributed col2ala positive domains (Fig. 7a). Using
vital fluorescent Calcein green staining to detect vertebral
mineralization, we found that the mineralization of segmented
chordacentra occurred sequentially in an anteroposterior direc-
tion in WT from 9 to 20 dpf, but the formation of segmented
chordacentra was disordered and delayed in dstyk mutants
(Fig. 7b). As segmentation of the zebrafish axial skeleton relies
on notochord sheath cells3®37, we generated dstyk mutants
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Fig. 6 Ultrastructure of the notochord and notochord sheath in WT and dstyk mutant. a-f The transmission electron micrographs of the notochord in
WT (a, d) and dstyk mutant (b, ¢, e and f) at 48 hpf. Note that the vacuoles were smaller in the dstyk mutant, and there were many scatteredly distributed
small vesicles that were wrapped by single layer membrane in the cytoplasm of dstyk mutant. g, h The ultrastructure of the notochord sheath in the WT (g)
and dstyk mutant (h). Note the straight, well-organized sheath layer in the WT and wavy, disordered organization of the medial layer in the dstyk mutant.
i Ultrastructure of the notochord showed not well vacuolated epithelia-like cells (white arrow) aggregated in dstyk mutant. f, g and h were magnified image
of the dotted boxes in ¢, d and e, respectively. Black arrowheads indicate many small vesicles in the mutant cytoplasm. All images are shown longitudinal
sections. The scale bars represent (a-c, and i) 5 um, (d-f) Tum and (g, h) 500 nm. va, vacuole; s, notochord sheath; sc, sheath cell; pm, plasma membrane;
vm, vacuole membrane; i, inner laminin-rich layer, m, medial layer, and o, outer collagen-rich layers of the notochord sheath.

in the Tg(col2ala:EGFP);Tg(osterix:mCherry) double transgenic
background that report notochord sheath cells and osteoblasts
respectively to observe the mineralization of segmented chor-
dacentra and the formation of vertebral body. Calcein blue
staining revealed apparently disordered chordacentra formation
and wedged, incompletely or irregularly sized chordacentra with
curved notochord sheath in dstyk mutants at 20-25 dpf (Fig. 7¢).
With the mineralization of notochord sheath, osteoblasts are
subsequently recruited to the chordacentra to form mature ver-
tebral bodies. We found that the curvature of spine was gradually
aggravated with abnormal vertebrae formation in mutants at
30-40 dpf (Fig. 7d). Alizarin red staining further showed that the
body axis was distorted with deformed vertebral body and highly
disorganized neural and haemal arches (Fig. 7e). As alteration
of notochord sheath segmentation may alter the vertebrae
number3%37, we found that in contrast to number ranged from
30 to 32 in WT, the vertebrae number in mutants ranged from 29
to 35 leading to increased average number (Fig. 7f). In addition,
we generated dstyk mutants in the Tg(cyb5r2:GFP) transgenic
background to label notochord cells. Interestingly, we found that
the location of chordacentra mineralization defects and bending
region in the spine mostly was the sites with severe vacuole
biogenesis defect (Fig. 7g), indicating that abnormal notochord
vacuole development is involved in the chordacentra miner-
alization and curvature of spine. We also found that some somite
boundaries in mutants were not as sharp and straight as those in
WT (Fig. 7g). Together, these data suggest that dstyk mutation
leads to abnormal axial skeleton segmentation and defect spine
formation, eventually leading to scoliosis.

DSTYK is involved in lysosome biogenesis. Zebrafish notochord
vacuole is a type of specialized LROs and shares many similar
features with lysosomes including similar signaling pathways
regulating their formation33. Therefore, DSTYK may also parti-
cipate in the formation of lysosomes in mammals through similar
biogenesis mechanism. DSTYK has been found distributed in
cytoplasm®® or cell membranes#?. We found that endogenous
DSTYK was mainly present in tiny puncta throughout the cyto-
plasm in COS-7 cells (Fig. 8a). Immunofluorescence revealed
some overlapping between endogenous DSTYK and the late
endosomal/lysosomal marker LAMP1 (Fig. 8b). When DSTYK-
V5 fusion protein is overexpressed in COS-7 cells, most of the
DSTYK-V5 protein was fused, forming vesicle structures with
variable sizes (Fig. 8a). In addition, LAMP1 labeled lysosomal
compartments, which are normally distributed as dot like struc-
ture in perinuclear region, were fused and aggregated to form
large vesicles after DSTYK overexpression (Fig. 8c). The
LAMPI signals were almost completely co-localized with DSTYK.
Rab7a is normally present in the late endosome and throughout
the cytoplasm as dot like structure. We demonstrated that Rab7a
labeled structure was aggregated and fused to become large ring-
shaped vesicles in the perinuclear region in response to DSTYK
overexpression (Fig. 8c). The sizes of some ring-shaped vesicles
were up to 3-5 um. Meanwhile, the Rab7a was also co-localized
with DSTYK like LAMP1. These data indicate that mammalian
DSTYK is mainly localized to late endosomal/lysosomal com-
partments and DSTYK overexpression promotes the fusion of late
endosomal/lysosomal system, inducing late endosomes/lysosomes
enlargement.
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To examine the intracellular localization of dstyk in notochord
cells, we generated two mosaic transgenic fishes expressing
zebrafish Dstyk tagged by GFP and human LAMPI tagged by
mCherry under the control of a heat shock protein promoter. As
Ellis et al. have reported that Lampl-RFP labels vacuole
membrane as well as lysosomes2®, we found that Dstyk-GFP
had remarkable colocalization with LAMPI-mCherry on the
vacuole membrane and lysosomes in notochord cells (Fig. 8d). In
addition, we generated mosaic transgenic fish expressing human
DSTYK tagged with GFP under the control of a heat shock
protein promoter. Live confocal imaging revealed a similar
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colocalization of DSTYK-GFP with LAMP1-mCherry on the
vacuole membrane and lysosomes (Fig. 8e). These in vivo studies
indicate that Dstyk has consistent localization as those obtained
in cultured human cells.

To further assess the effects of DSTYK deficiency on lysosome
biogenesis, we evaluated the lysosome numbers in COS-7 cells with
Dstyk siRNA knockdown using lysosome-specific dye LysoTracker
Red. We found that lysosome numbers and fluorescence intensity
were reduced after Dstyk knockdown (Fig. 8f, g), and decreased
levels of LAMP1 and LAMP3 (Fig. 8h, Fig. 9b). Similar results were
also observed in HeLa cells (Supplementary Fig. 5a). Furthermore,
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Fig. 7 Dstyk regulates axial skeleton segmentation and spine formation. a Confocal images showing the notochord sheath cells of WT (left) and dstyk
mutants (right) in Tg(col2ala:EGFP) transgenic background from 7 to 15 dpf. Top three panel show the 3D view and bottom panel shows the single layer.
The blue brackets indicate col2ala positive domains. b Live images of Calcein staining for WT (left) and dstyk mutants (right) from 9 to 20 dpf. Boxed
regions at about 20 dpf are magnified in the bottom panel. Note that wedge-shaped and mineralization defect vertebrae (white arrows) were shown in
dstyk mutants. ¢, d Confocal images showing Calcein blue staining of Tg(col2ala:EGFP);Tg(osterix:mCherry) double transgenic fish of WT and dstyk mutants
at 20-25 dpf (¢) and at 30-40 dpf (d). Note the disordered notochord sheath segmentation and curvature of the spine. e Lateral (middle) and dorsal view
(bottom) of vertebral structure stained with Alizarin red for dstyk mutant zebrafish at about 1 month of age. WT (top) is shown the lateral view. Boxed
regions are magnified in the right panel. f Graph depicting the counted number of vertebrae of WT (n =15 independent embryos) and dstyk mutants (n =
25 independent embryos), *p < 0.05. p values were determined by unpaired two-tailed Student's t-test. g Confocal images show the notochord cell of WT
and dstyk mutants in Tg(cyb5r2:GFP) transgenic background and in vivo skeletal staining of centra with Alizarin red at 20-25 dpf. Left panel shows the
single layer and right panel shows the 3D view. White arrows show the severe vacuole biogenesis defect. Black arrowheads show somite boundaries in
mutants were not as sharp and straight as those in WT. Data are presented as mean + SD. Scale bar represent 100 pm in (a, ¢, d and g), 200 pm in (b).
Source data are provided as a Source Data file.
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Fig. 8 DSTYK is involved in lysosome biogenesis. a Representative images of immunofluorescent staining for endogenous DSTYK (left) and transfected
with exogenous DSTYK-V5 (right) in COS-7 cells. White arrowheads indicate large ring-like DSTYK-positive structures. b Double immunofluorescent
staining of endogenous DSTYK with LAMP1 in COS-7 cells. ¢ COS-7 cells transfected with DSTYK-V5 and double immunofluorescent staining of V5 with
LAMP1 (top) and Rab7a (bottom). White arrows indicate large ring-like structures co-localization of DSTYK-V5 with LAMP1 and Rab7a. d Confocal images
show the 2.5 dpf mosaic transgenic fishes expressing dstyk-GFP and LAMP1-mCherry (Tg(hsp70l:dstyk-GFP); Tg(hsp70l:LAMPT-mCherry)). Top panel show
the single layer and bottom panel showed the 3D view. e Confocal images show the single layer of 2.5 dpf mosaic transgenic fishes expressing DSTYK-GFP
and LAMP1-mCherry (Tg(hsp70I:DSTYK-GFP);Tg(hsp70l:LAMPT-mCherry)). Heat shocking at 72 hpf and imaging at about 78 hpf. f Representative images of
LysoTracker Red staining of lysosome after transfected with control siRNA (top) and Dstyk siRNA (bottom) in COS-7 cells. g Quantifications of lysosome
numbers after transfected with control siRNA or Dstyk siRNA. n =10 independent views from three independent experiments, five cells were counted for
each view. ***p < 0.001. p values were determined by unpaired two-tailed Student's t-test. h Immunoblotting of LAMP1 and LAMP3 in COS-7 cells
transfected with control siRNA and Dstyk siRNA. i Immunoblotting of Lamp1 and Lamp3 in WT and dstyk mutant zebrafish. Data are presented as mean
SD. Scale bar represent 10 pm in (a-¢), and (f), 100 pm in (d, e). Source data are provided as a Source Data file.
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the protein levels of Lampl and Lamp3 were decreased in dstyk
mutants as well (Fig. 8i). These data indicate that DSTYK is
essential for the normal biogenesis and maintenance of the
lysosomal compartment in mammalian cells.

Dstyk regulates lysosome biogenesis via mTORC1/TFEB
pathway. The biogenesis of lysosome and LROs can be triggered
by the transcription factor TFEB#*42, Under starvation or lysoso-
mal stress conditions, TFEB is dephosphorylated and subsequently
translocated to the nucleus to activate its target genes*3-4>. We
investigated whether DSTYK acts through TFEB to modulate
lysosome and vacuole biogenesis. To assess TFEB phosphorylation,
we compared the electrophoretic mobility of endogenous TFEB in
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the cells transfected with control and Dstyk siRNA with and
without starvation. We found that most TFEB were in phosphor-
ylation state in non-starved cells transfected with control siRNA or
Dstyk siRNA, although the electrophoretic mobility shifts were a
little faster in control siRNA cells (Fig. 9a). Upon starvation, most
TFEB was dephosphorylated in control siRNA cells, while in those
Dstyk siRNA cells most TFEB were still in phosphorylation state
(Fig. 9a). In addition, TFEB nuclear translocation in response to
starvation was markedly reduced in Dstyk-siRNA cells compared
to control cells, without starvation the TFEB nuclear translocation
had no obvious change between control and Dstyk-deficient COS-7
cells (Fig. 9b). Similar results were also observed in HeLa cells by
immunostaining (Supplementary Fig. 5a). These data indicate that
DSTYK inhibition may promote the phosphorylation of TFEB and
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Fig. 9 Dstyk regulates lysosome biogenesis through mTORC1/TFEB pathway. a, ¢ Immunoblotting of endogenous TFEB, p-TFEB (phosphorylated TFEB)
and p-S6K(T389) in COS-7 cells transfected with control siRNA (siCtrl) or Dstyk siRNA (siDs), a cells without starvation (Control) or starved for 2 h.
S.E./L.E., Shorter exposure/longer exposure. ¢ cells treated with DMSO or Torin1 (1uM) for 3 h. b, d Immunofluorescence for TFEB and LAMP1 in COS-7
cells transfected with control siRNA or Dstyk siRNA, b cells without starvation (Control) or starved for 2 h, d cells treated with Torin1 (1uM) for 3 h.
Quantifications of subcellular localization of endogenous TFEB (a percentage of total immunostaining colocalized with nuclear or cytosolic staining) was
shown in right panel. n =5 independent experiments, each experiment counted 10 cells. **p < 0.01. e-j WT and mutant were treated with DMSO or
500 nM Torin1 from 20 to 30 hpf. Vacuole revealed by MED staining (left) at 48 hpf in (e). Quantification of relative area of notochord vacuole (left) (n=
10 independent embryos, each embryo counted 10 vacuoles) and notochord width (right) (n =10 independent embryos) at 48 hpf in (f). ***p < 0.001.
Bright-field images showing the 6 dpf mutants treated with DMSO (top) or Torin1 (bottom) in (g). Quantification of the body length of mutants in (th). n=
10 independent embryos. **p < 0.01. Calcein staining and bright-field images of about 30 dpf WT (top) and dstyk mutants (bottom) in (i). Whole mount
and X-rays images of 2-month-old WT (top) and dstyk mutants (bottom) in (j). k Bright-field (top) and MED staining (bottom) images showing the 8 dpf
dstyk mutants after injected with control (left) and mtor MO (right). | Quantification of the body length (left) (n =10 independent embryos) and relative
area of notochord vacuole (right) (n =10 independent embryos, each embryo counted 10 vacuoles) after control and mtor MO injection. ***p < 0.001.
p values in (b, d and ) determined by two-way ANOVA test, p values in (h and I) determined by unpaired two-tailed Student’s t-test. Data are presented as
mean * SD. Scale bar represent 10 pm in (b and d), and 50 pm in (e), 100 pm in (g and k), 500 pm in (i). Source data are provided as a Source Data file.

subsequently repress its nuclear translocation, inhibiting the bio-
genesis of lysosome and LROs*.

mTORCI has been found to phosphorylate TFEB at its Ser142
and Ser211 leading to inhibited TFEB nuclear translocation*344,
We therefore examined whether DSTYK regulate of TFEB
phosphorylation through mTORC1. We found that in the presence
of sufficient nutrients, mTOR had remarkable co-localization with
DSTYK-V5 in COS-7 cells (Supplementary Fig. 6a). Western blot
analysis revealed that the phosphorylation of p70 ribosomal S6
kinase (S6K), a mTORC1 downstream substrate, was elevated in
Dstyk-deficient COS-7 cells both in starved and non-starved status
in contrast to the control cells (Fig. 9a—c). In addition, during
starvation, most mTOR was located in tiny puncta throughout the
cytoplasm in control siRNA transfected cells, whereas in Dstyk
siRNA cells, mTOR was moved to small vesicular structures and co-
localized with LAMPI1 (Supplementary Fig. 6b), similar to those
observed in cells with amino acid-induced activation of mMTORCI14°,
These data suggest that knockdown of Dstyk activates mTORC1
and thus repress TFEB nuclear translocation. Next, we sought to
determine whether mTOR1 inhibitor Torinl affects the phosphor-
ylation and nuclear translocation of TFEB and lysosome biogenesis
in Dstyk knockdown cells. We found that in Dstyk-deficient COS-7
cells, treatment with Torinl caused a molecular weight shift of
TFEB similar to that exhibited in control cells (Fig. 9c). Immuno-
fluorescence results revealed that majority of TFEB was translocated
to the nucleus following Torinl treatment (Fig. 9d). The protein
levels of LAMP1 were increased both in Dstyk-deficient cells and
control cells after Torinl treatment (Fig. 9d). Similar results were
also observed in HeLa cells (Supplementary Fig. 5a, b).

Next, we sought to determine whether Dstyk regulate Tfeb
and mTOR in zebrafish. We found that the levels of tfeb and
several tfeb target genes involved in the lysosomal pathway were
significantly downregulated in dstyk mutants (Supplementary
Fig. 7a). ISH revealed that the expression of lamplb, a tfeb
target gene, was significantly decreased in the notochord of
dstyk mutants (Supplementary Fig. 7b). Lamp1 is a glycoprotein
responsible in part for maintaining lysosomal integrity, pH and
catabolism, which is also involved in the lysosome biogenesis4”.
We found that the levels of mTORC1 downstream substrate
phosphorylated S6 ribosomal protein (pS6) were significantly
increased in the notochord of dstyk mutants in Tg(f-actin:ras-
GFP) background (Supplementary Fig. 7c, e), while the level
of S6 ribosomal protein (S6) had no significant change
(Supplementary Fig. 7d, f). Then, we asked whether mTORC1
inhibition could rescue the phenotypes of dstyk mutants. Torinl
treatment during notochord cell vacuole formation from 20 to
30 hpf could partially rescue the defects in notochord vacuole

biogenesis, the decreased width of notochord and the decreased
body length (Fig. 9e-h). Calcein skeletal staining revealed that
vertebral mineralization and spinal curvature were partially
rescued after Torinl treatment at about 30 dpf (Fig. 9i). In
addition, the degree of scoliosis in Torinl treated mutants was
partially alleviated in contrast to DMSO-treated mutants in
adulthood (Fig. 9j). We also found that injection of a splicing
block morpholino (MO) targeting the kinase domain of mtor
can partially rescue the defect of notochord vacuole biogenesis
and the decreased body length in dstyk mutants. In addition, the
body curvature was also alleviated after mtor knockdown at 8
dpf. (Fig. 9k, 1). Taken together, our in vivo and in vitro data
indicate that Dstyk mutation could lead to defects in vacuole
formation and lysosome biogenesis, partially through the
resultant mTORCI activation-mediated repression of TFEB
nuclear translocation.

Discussion
In this study, using ENU mutagenesis screening, we found a
mutation in dstyk can lead to CS-like vertebral malformations in
zebrafish. Dstyk mutants have severe vertebral defects with fused
and disorganized neural and haemal arches. We provide further
evidence suggesting that the vertebral defects in dstyk mutants are
related to the wavy and malformed notochord sheath and
abnormal axial skeleton segmentation resulting from defect bio-
genesis of notochord vacuole (Fig. 10a). We found that DSTYK
regulates lysosome biogenesis by promoting proper aggregation
and fusion of late endosomal/lysosomal system in mammalian
cells. Defect vacuole formation and lysosome biogenesis observed
in dstyk mutants may be related to the repression of TFEB nuclear
translocation resulting from activation of mTORCI (Fig. 10b).
DSTYK is a widely expressed in vertebrates®>48. We found
that dstyk had relatively strong expression in zebrafish noto-
chord during its formation and development. Consistently,
DSTYK also showed relatively specific expression in the mouse
notochord (Supplementary Fig. 8). These data indicate that
the expression of DSTYK in notochord is conserved between
zebrafish and mammals. Considering the essential role of
notochord in spine development204%, we speculate that the
scoliosis in dstyk mutants may be due to defects in notochord
development. Notochord vacuoles are required for the body axis
elongation and therefore the proper spine morphogenesis?®. The
notochord vacuoles are identified as specialized LROs?®, which
was confirmed by the in vivo labeling of the vacuoles with vital
dye LysoTracker (Fig. 6b). Using live cell imaging and TEM we
found that the biogenesis of notochord vacuole was disrupted in
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Fig. 10 Schematic diagram for vertebral column development and proposed model for the regulation of mTORC1/TFEB pathway by DSTYK. a The
development process of notochord and vertebral column in WT and dstyk mutant (See also in “Discussion”). b Model depicting the proposed mechanistic
regulation of TFEB by DSTYK. In normal cells, DSTYK could inhibit the activity of mTORC], resulting in nuclear translocation of non-phosphorylated TFEB
and promoting lysosomal and LRO genes transcription. In Dstyk-deficient cells, mTORC1 is activated and phosphorylates TFEB, resulting in reduced TFEB
nuclear translocation and inhibition of lysosomal and LRO genes transcription.

dstyk mutants, which may result from the partially blocked late
endosomal fusion to form vacuoles.

TFEB, a key protein regulating lysosomal biogenesis, is also
involved in the biogenesis of LROs*>. We found that deletion of
Dstyk promoted the phosphorylation of TFEB and repressed
TFEB nuclear translocation. Moreover, levels of tfeb and several
tfeb lysosomal target genes were downregulated in dstyk mutants.
These data suggest that dysregulated TFEB activity may be
involved in the pathogenesis of the scoliosis in dstyk mutants.
Since TFEB activities can be inhibited through its phosphoryla-
tion by active mTORC143, and overactivation of mTORCI results
in congenital spinal deformity in mice that can be rescued by
mTORCI inhibitor®®, We tested whether mTORC1 pathway is
involved in the pathogenesis of CS in dstyk mutants through its
phosphorylation of TFEB. We found that the activity of mTORCI
was increased in Dstyk-deficient COS-7 cells and mutant noto-
chord. Treatment with mTORCI inhibitor Torinl can promote
TFEB nuclear translocation and increase the protein levels of
LAMPI1 in Dstyk-deficient COS-7 cells. Furthermore, Torinl
treatment or mtor knockdown with MO can partially rescue the
defects in vacuole biogenesis and body curvature in dstyk
mutants. The detailed molecular mechanisms for the interaction
among DSTYK, TFEB and mTOR need to be further investigated.
Both starvation or Torinl treatment inhibit mTORCI, and

promote TFEB nuclear translocation, but there’s a difference in
nuclear translocation of TFEB upon starvation and Torinl
treatment in our model. We speculate that starvation can onl
partially suppress mTORCI and activate TFEB indirectly”!, while
Torinl is able to fully suppress mTORCI activity and activate
TFEB. In addition, knockdown of Dstyk may through an
unknown mechanism directly activate mTORCI.

We also explored how the dstyk mutants developed into
scoliosis at adult stages, according to our data and related
references%37:52, We think that dstyk mutation leads to scoliosis
in zebrafish mainly through its resultant dysregulated biogenesis
of notochord vacuoles. Dstyk is expressed mainly in notochord
cells without observable expression in notochord sheath cells.
Since sheath cells are responsible for the notochord sheath
formation and mineralization, the absent expression of dstyk in
sheath cells indicates that the malformation of notochord sheath
in dstyk mutants is secondary to the dysregulated notochord
vacuole biogenesis. Indeed, notochord is a source of develop-
mental signals playing a crucial role in notochord sheath
development3!. Previous studies in zebrafish showed that the
shealth formation is closely related to the differentiation of
notochord cells®3. Interestingly, we found the expression of shh
was decreased in notochord (Fig. 5d). The changed expression of
shh, a major secreted morphogen in notochord, may affect the
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development and function of notochord sheath cells, major
responsible cells for the sheath development, which may finally
lead to disordered notochord sheath segmentation and irregular
mineralization order of chordacentra, as well as irregularly sized
vertebrae3%37 (Fig. 1h, Fig. 7b—e). Nevertheless, only disordered
mineralization of chordacentra is not fully responsible for the
severe scoliosis>®37-%4. In addition, the maldeveloped notochord
may also mechanically affect sheath development. The pressure
exerted by notochord vacuoles on the notochord sheath endows
this structure with a characteristic stiffness and mechanical
strength®3. Abnormal formation of vacuoles in dstyk mutants
results in decreased stiffness and rigidity of notochord sheath
that is unable to resist the cranial-to-caudal spinal loads during
zebrafish’s swimming. Thus, these physical and mechanical
alterations may also be involved in the malformation of noto-
chord sheath including wavy structure with disordered organi-
zation and nonuniform thickness of sheath layers (Fig. 6e-h).
Since several studies have shown that notochord sheath provides
a template for bone mineral deposition and spine patterning,
the centra are formed by the direct mineralization of the
extracellular notochord sheath and ultimately the elaboration of
the vertebral bodies is carried out by the actions of sclerotome-
derived osteoblasts on these segmented templates37>°2>3, Similar
study has also shown that disorganization of the extracellular
notochord sheath results in congenital vertebral malforma-
tions®. Therefore, we suggest that the wavy and malformed
notochord sheath in dstyk mutants may be involved in the
chordacentra malformation, and then give rise to defect spine
formation. In summary, we speculate that dysregulated noto-
chord vacuole biogenesis and its secondary effect on notochord
sheath cells and notochord sheath development together lead to
defect spine formation and scoliosis in dstyk mutants (Fig. 10a).
We found that dstyk mutants had malformed neural and hae-
mal arches similar to the somite clock mutants that have disrupted
segmented sclerotome304%°6, We found that the orientation of
myofibers was gradually disturbed resulting in irregular and less
uniformed arrangement in the dstyk mutants (Supplementary
Fig. 9), and some somite boundaries in mutants were not as sharp
and straight as those in WT (Fig. 7g). Thus, we speculate that the
aberrantly compressed and shortened somites may influence the
sclerotome and myotome formation at later stage, over time,
combined with persistent swim stress, may lead to arch defects.
In addition, the notochord is a source of secreted molecules
instructing surrounding tissues to acquire specific cell fates®!. Shh
is important for somite development including the formation and
differentiation of sclerotome and myotome®!, as the study of
Resende et al. revealed that notochord-derived Shh temporally
controls the presomitic mesoderm segmentation and regulates
the pace of the somitogenesis clock®”. Thus, we speculate that the
malformed hemal and neural arches in dstyk mutants may be
related to the decreased shh expression leading to disrupted seg-
mentation clock and sclerotome and myotome formation.
Previous studies reported that patients with a large intragenic
deletion of DSTYK as the genetic basis for Spastic Paraparesis
type 23 (SPG23), an autosomal-recessive disorder characterized
by progressive spastic paraplegia and skin pigment abnormal-
ities®8. In fact, melanosomes in skin and hair melanocytes also
belong to LROs, and disordered melanosome biogenesis has been
found to result in pigment abnormalities®8. We here found that
DSTYK is involved in both the notochord vacuole biogenesis and
lysosome formation. Furthermore, defect biogenesis or function
of lysosomes is one of the main mechanisms underlying heredi-
tary spastic paraplegia (HSP)*®. Two HSP proteins, spastizin
(SPG15) and spatacsin (SPG11), are involved in generating new
lysosomes via autophagic lysosome reformation®, and mutations
of the HSP genes spastin (SPG4), strumpellin (SPG8), and REEP1

(SPG31) also affect lysosomal function®®. We speculate that the
pigment phenotypes and spastic paraplegia in SPG23 patients
may result from the biogenesis defect of lysosomes and LROs.
The defect biogenesis of LROs and lysosomes appear to be the
common underlying abnormality for the pathogenesis of sco-
liosis, pigment abnormalities and spastic paraplegia. These vari-
ables but mechanistically related phenotypes from several species
further support the essential role of DSTYK in the biogenesis of
LROs and lysosomes.

One intriguing phenomena about the role of DSTYK in the
development and homeostasis is the variable phenotypes among
Dstyk deficient zebrafishes, mice and humans. Patients with
heterozygous mutations of DSTYK were identified as a frequent
cause of autosomal-dominant congenital anomalies of the kidney
and urinary tract-1 (CAKUT1), and homozygous mutations were
identified as SPG2340-8, suggesting the essential role of DSTYK
in the human development. Li et al. however, reported that mice
with ablation of Dstyk kinase domain showed no obvious devel-
opmental defects®!. More importantly, the incidence of scoliosis
is inconsistent in different species. While we found all dstyk
mutant zebrafishes have severe scoliosis, among the seven SPG23
families with mutation of DSTYK reported, only patients in three
families have scoliosis®®. These studies indicate that DSTYK
mutation may lead to scoliosis in human, but we currently do
not know whether the scoliosis in those patients with DSTYK
mutation is related to the direct effect of DSTYK mutation on
spine development or secondary to the spastic paraparesis.

The reasons for the variable phenotypes among zebrafish,
mouse Dstyk mutants and human patients are not clarified pre-
sently. We speculate it may be related to the following reasons.
First, there may be differential DSTYK functions among different
species during evolution and there are genetic heterogeneities or
genetic modifications in different species. Second, the species
differences in the structure and development mechanisms of
limbs, spine and central nervous system. The roles of notochord
in zebrafish, mouse and human development are not exactly the
same, although the notochord as a source of secreted growth
factors, has similar role for the proper patterning the surrounding
tissues in these species. In mammals, the structural role of
notochord is relatively weaker, as they do not require a rigid
notochord as a stabilizing element for the early embryo3!. In
addition, vertebral bodies are derived from the somite-derived
sclerotomes in mammals while the centra mineralization relies on
notochord sheath cells and vacuolized notochord in zebrafish®.
Finally, it has been reported that the Dstyk knockout mice still
express truncated DSTYK protein, which may still play some role
as the WT DSTYK does in development®l. In addition, many
phenotypes observed in patients with DSTYK mutations could
not observed in Dstyk knockout mice.

In summary, in this study we found that mutation of dstyk
gene leads to CS-like vertebral malformations in zebrafish mainly
by causing defects in biogenesis of notochord vacuole through
mTORCI activity dependent repression of TFEB nuclear trans-
location. Our study demonstrates an important role of DSTYK in
notochord vacuole biogenesis, notochord morphogenesis and
spine formation through mTORC1/TFEB pathway, which will
deepen our understanding of the LRO biogenesis, notochord and
spine development.

Methods

Zebrafish strains and generation of transgenic lines. Zebrafish (Danio rerio) of
the AB genetic background were used. The Tg(osterix:mCherry)®? was from Juhui
Qiu (Chongging University, Chongqing), Tg(B-actin:ras-GFP)*47% was described
before?”. The Tg(col2ala:EGFP)“1’7 was generated in our group using 1.7 kb
col2ala promoter?8, and the Tg(cyb5r2:GFP)“8! was generated using BAC con-
struct?®. Three heat shock-inducible transgenic lines Tg(hsp70l:dstyk-GFP)<47S, Tg
(hsp701:DSTYK-GFP)“47° and Tg(hsp70l:LAMPI-mCherry)4%0 were generated by
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our laboratory. All zebrafish were housed in semi-closed recirculation housing
systems (ESEN, China) and were kept at a constant temperature (27-28 °C) on a
14:10 h light:dark photoperiod. All zebrafish lines were raised and maintained
according to standard protocols®. All in vivo experiments and protocols were
approved by Institutional Animal Care and Use Committee of the Research
Institute of Surgery, Daping Hospital IACUC protocol SCXK- (Army) 2007-017.

ENU mutagenesis. ENU (Sigma, USA) mutagenesis was carried out based on
previous studies?>24, Briefly, the adult male zebrafish were treated with ENU
(3.5mM) for 1h at weekly intervals and repeated for six times. Three weeks after
the ENU treatment, those male zebrafish were outcrossed to AB females to generate
F1 families. Then F1 fish were mated to wild-type to generate F2 families. F2 sibling
were intercrossed to generate F3 embryos for screening. The mutagenesis efficiency
was tested by the F1 death rate (>50%) of the first two times outcrossing. To
identify the mutants with spinal deformity, we analyzing the gross morphology and
spine formation through living Calcein skeletal staining at different development
stages in F3 embryos.

Genetic mapping and sequencing. Heterozygous smt were outcrossed with the
polymorphic line SJD to generate a mapping population. Subsequence mapping
was performed according to the method from the Zon laboratory?”. Briefly, bulk
segregant linkage analysis was used to map the mutation to a particular chromo-
some, high-resolution mapping and chromosomal walking can be used to narrow
the genetic interval. Directly sequencing was used to detect actual point mutations
and deletion mutations. Seven hundred fifty six meiosis recombinants were col-
lected and analysis. The coding region of mutant dstyk was amplified with the
forward primer: 5'-CTGCCTCGACCTCTTCATCATAC-3’, reverse primer: 5'-CG
TCTGGAGCGAACTGAAGATC-3'. Genomic DNA sequencing amplified from
the isolated genomic DNA by PCR using the dstyk specific primers: sense, 5'-GA
CCAACTCGGTGGATTACCTG-3', antisense, 5'-CTGAGGTGGAGAGCACTCT
TGT-3'.

Generated dstyk mutants using CRISPR/Cas9 system. Dstyk mutants were
generated by targeting the 5th exon of dstyk with CRISPR/Cas9 technology. The
process was performed according to the method from the Xiong laboratory®4.
Briefly, the humanized Cas9 cDNAs with double NLS plasmid and gRNA scaffold
plasmid were obtained from Jing-Wei Xiong lab (Peking University, China).
Capped Cas9 mRNA was synthesized using mMESSAGE mMACHINE T7 Tran-
scription Kit (Ambion, AM1344), gRNA was synthesized using T7 RNA Poly-
merase (NEB, M0251S). The cas9 mRNA (300 ng/ul) and gRNA (20-200 ng/ul)
were co-injected into 1 or 2 cell stage embryos. Sanger sequencing was used to
screen the mutation of injected embryos. The dstyk target sequence was 5'-GGAG
AGCTTCGTGGGAACAC-3, and the target region was amplified by PCR using
the following primers: forward primer: 5'-CATCATGTCGTCTAACGGCGAG-3’,
reverse primer: 5'-TGTTTGAGATGGTTGGACGTGAC-3'".

In situ hybridization, antibody staining. The template for dstyk antisense probe
synthesis was amplified with the following primer, forward primer: 5'-GCGAACT
GAAGATCTGTGGTTG-3', reverse primer: 5'-TCAGCTGCCAACACTCCTC
ATC-3'. Primers for other probes are available from the corresponding authors
upon request. PCR products was cloned into the pGEMT-easy vector (Promega).
Digoxigenin-labeled probes were generated by in vitro transcription (DIG RNA
Labeling Kit, Roche) and ISH was carried out according to the zebrafish book%3.
Briefly, embryos were fixed with 4% paraformaldehyde in PBS at 4 °C overnight,
and dehydrated by methanol series and stored at —20 °C overnight. The embryos
were then rehydrated into PBT (PBS + 0.1% tween 20) and pre-hybridization for
2-5h in hybridization solution with 50% formamide at 68.5 °C. Hybridization was
performed with 0.5-1 ng/ul antisense probes diluted in hybridization solution
overnight at 68.5 °C. Embryos were washed with 2x SSCT buffer and blocked in 1%
blocking reagent (Roche, 11096176001) at room temperature for 1 h. The embryos
were then incubated with anti-Dig-AP antibody (Roche, 11093274910, 1:5000) at
4 °C overnight. Embryos were rinsed extensively over a total time of 3 hours, then
staining with NBT/BCIP solution (Roche, 11681451001, 1:50). The WISH images
were captured using a SteREO Discovery 20 microscope (Carl Zeiss). Whole mount
antibody staining was performed according to the zebrafish book with slight
modifications®. Briefly, embryos were fixed with 4% formaldehyde in PBS, and
washed with 0.3% Triton X-100 in PBS. The embryos then blocked in the blocking
solution (4% BSA, 0.3% Triton X-100 in PBS) at 4 °C for 2-5h. The primary
antibodies of rabbit anti-pS6 (S235/236) (Cell Signaling Technology, 4858, 1:300),
rabbit anti-S6 (Cell Signaling Technology, 2217, 1:300), mouse anti-Type II Col-
lagen (Chondrex, 7005, 1:200), rabbit anti-RAB7A (Proteintech, 55469-1-AP,
1:200) were diluted in the blocking solution and incubated at 4 °C overnight.
embryos were then washed with 0.3% Triton X-100 in PBS and incubated with
secondary antibodies donkey-anti-Rabbit Alexa Fluor 568 (Invitrogen, A10042,
1:500) overnight at 4 °C. After being washed 4-8 times, the samples were imaged
using LSM88ONLO confocal microscope (Carl Zeiss).

Morpholino knockdown and mRNA rescue experiments. Splicing block mor-
pholino (MO) targeting the kinase domain of mtor, 5'-GGTTTGACACATTAC

CCTGAGCATG-3', at the concentration of 0.4 mM was injected into yolks at the
1-cell stage. For in vitro mRNA synthesis, the coding sequence of zebrafish dstyk
and human DSTYK were amplified and cloned into the pCS2 (+) vector. Capped
mRNAs were synthesized using T7 mMessage mMachine Kit (Ambion) according
to the manufacturer’s instructions. The mRNA was injected into yolk at the one-
cell stage at the dose of 100 pg/embryo. The mRNA rescue experiments were
performed three times and more than 200 embryos (about 100 WT embryos and
100 mutant embryos) were used per experiment.

Edu cell proliferation assay and TUNEL assay. The Edu cell proliferation assay
was applied for S-phase labeling according to the manufacturer’s instructions
(Click-iT Edu Imaging Kits, Invitrogen). Embryos were injected with 0.2 mM Edu
at 36 hpf and incubated at 28.5 °C incubator for 30 min. After being fixed with 4%
PFA at 4 °C overnight, embryos were subjected to Edu assay. The TUNEL assay
was performed to label apoptosis in the notochord at 36 hpf, using in situ Cell
Death Detection kit TMR Red (Roche) as described by the manufacturer.

Live staining and imaging. Zebrafish in vivo skeletal staining was incubated with
0.2% Calcein (Sigma, C0875) solution (pH 7.0) for 10 min or 0.2% Calcein blue
(Sigma, M1255) solution (pH 7.0) for 1 h or 0.05% Alizarin red (Sigma, A5533) for
1h and then washed with system water three times. Cell internal membranes
labeled with vital dye BODIPY TR Methyl Ester (C34556, Invitrogen) as described
by the manufacturer, the embryos were stained with 100 uM MED for 1 h, then
wash three times with egg water. BODIPY TR Ceramide (D7540, Invitrogen)
prominent labeling of the Golgi apparatus with 50 uM for 2 h. LysoTracker Green
DND-26 (L7526, Invitrogen) was used to in vivo label acidic notochord vacuoles
after 5-6 dpf, 50 uM stained for 1-2 h depending on acidification degree of
notochord vacuoles. Zebrafish embryos were anesthetized in tricaine (Sigma) and
mounted in 1% LMP agarose. Calcein staining embryos were imaged with a Ste-
REO Discovery 20 microscope (Carl Zeiss). Other live staining embryos were
imaged with a LSM880ONLO confocal microscope with a x20 water immersion
objective (Carl Zeiss). Images collected every 10 min for time series live cell ima-
ging of notochord development from 20 to 30 hpf.

Cell culture and transfection. COS-7 and HeLa cell lines were kindly provided by
Stem Cell Bank, Chinese Academy of Sciences (Shanghai, China), and cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS). All the cells were maintained at 37 °C in 5% CO,-containing
atmosphere. The medium and serum were purchased from Hyclone. For Dstyk
siRNA knockdown, cells were transfected with 100 pmol RNA oligonucleotides
using Lipofectamine RNAiMAX transfection reagent (Invitrogen). DSTYK-V5
plasmids were transfected with Lipofectamine 3000 (Invitrogen).

Cell immunofluorescence staining. For immunofluorescence assay, cells were
grown in coverslips and transfected with siRNA or indicated plasmids. After 36-48
h transfection, cells were washed with PBS and fixed with 4% formaldehyde. The
embryos then blocked with blocking solution (3% BSA, 0.3% Triton X-100 in PBS)
for 30 min, and incubated with primary antibodies, including rabbit anti-mTOR
(Cell Signaling Technology, 2983, 1:300), mouse anti-DSTYK (Santa Cruz, sc-
374487, 1:100), mouse anti-LAMP1 (Santa Cruz, sc-20011, 1:100), rabbit anti-V5
(Proteintech, 14440-1-AP, 1:200), rabbit anti-RAB7A (Proteintech, 55469-1-AP,
1:200), rabbit anti-DSTYK (Proteintech, 20102-1-AP, 1:200), rabbit anti-TFEB
(Proteintech, 13372-1-AP, 1:200), mouse anti-V5 (Abcam, ab27671, 1:300), over-
night at 4 °C. Alexa Fluor 488 donkey anti-rabbit IgG (Invitrogen, A21206, 1:500),
Alexa Fluor 568 donkey anti-rabbit IgG (Invitrogen, A10042, 1:500) and Alexa
Fluor 594 donkey anti-mouse IgG (Invitrogen, A21203, 1:500) were used as a
secondary antibody. Immunofluorescence staining was imaged with LSM880NLO
confocal microscope with a x63 oil objective (Carl Zeiss).

Western blot analysis. Zebrafish embryos at 48 hpf and cultured COS-7 cells were
lysed using RIPA lysis buffer containing protease inhibitors (Roche). Equal amount
of protein samples was resolved on a 10% or 12% SDS-PAGE gel and transferred
onto a PVDF membrane (Millipore). Then samples were probed with the primary
antibodies, including rabbit anti-S6K (Cell Signaling Technology, 2708, 1:1000),
rabbit anti-p-S6K (T389) (Cell Signaling Technology, 9205, 1:1000), mouse anti-
DSTYK (Santa Cruz, sc-374487, 1:500), mouse anti-LAMP1 (Santa Cruz, sc-20011,
1:500), rabbit anti-TFEB (Proteintech, 13372-1-AP, 1:1000), rabbit anti-LAMP3
(Proteintech, 12632-1-AP, 1:1000), mouse anti-actin (Sigma, A5316, 1:5000),
overnight at 4 °C. Secondary antibodies goat anti-rabbit IgG (ZSGB-BIO, ZB-2301,
1:5000), goat anti-mouse IgG (ZSGB-BIO, ZB-2305, 1:5000) was used, as a sec-
ondary antibody, followed by detection with Pierce™ ECL Western Blotting Sub-
strate (Thermo Scientific, 32106). Uncropped images of western blotting and gel
are shown in the Source Data file.

Transmission electron microscopy. For TEM, zebrafish embryos at 48 hpf were
fixed with 2.5% glutaraldehyde and post-fixed with 1.0% osmium tetroxide,
dehydrated in graded concentration of acetone, and embedded in epon. Ultrathin
sections (70 nm) were cut using a Leica Ultracut UCT ultramicrotome and
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subsequently stained with lead citrate and uranyl acetate. Specimens were visua-
lized using an electron microscope (JEM-1400Plus, Japan).

X -ray and micro-computed tomography. Three-month adult zebrafish were
harvested, stored in 75% ethanol at 4 °C, and were subjected to high-resolution
X-rays examination using Faxitron MX20. The zebrafish were scanned with micro-
CT (viva CT-40, Scanco Medical AG, Switzerland). Image acquisition was per-
formed with the condition of 45kV and 177 pA in high-resolution scans (10.5 pm
voxel resolution). Two-dimensional images were used to generate three-
dimensional reconstructions. Every measurement used the same filtering and
segmentation values. The images were analyzed by micro-CT Evolution Program
V6.5 software.

Heat shock. Embryo heat shocking was performed by rapidly immersing 72 hpf
embryos into 39 °C egg water for 30 min to induce hsp70l expression, followed by
gradual recovery to 28.5 °C. Embryos were imaged with LSM880NLO confocal
microscope at about 78 hpf.

Drug treatment. Torinl was purchased from Selleck chemicals. Torinl dissolved
with DMSO to get a stock solution of 1 mM. For cell treatment, Torinl were used
in 1 uM for 3 h. For zebrafish treatment, a final concentration of 500 nM Torinl
were treated during notochord development from 20 to 30 hpf. The embryos were
labeled using BODIPY TR methyl ester, and notochord vacuole size measurements
were conducted using Image J.

Statistics. All numeric data are presented as mean + SD. Error bars indicate SD.
Differences between two groups were evaluated using Unpaired Student’s ¢ test,
and ANOVA was used for comparisons of multiple groups. When significant levels
(P <0.05) were achieved, Tukey’s Post Hoc test was performed. All statistical
analyses were performed using GraphPad PRISM 7.0 software, and P <0.05 was
considered statistically significant.

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

Data availability

The raw data that support the findings of this study are available from the corresponding
author upon reasonable request. A reporting summary for this Article is available as

a Supplementary Information file. The source data underlying Figs. 1b, f, 2e, 4c, d, 7f,
8g-i and 9a-d, f, h, | and Supplementary Figs 1a-d, 2b, d, 3¢, d and 7a, e, f are provided
as a Source Data file.
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