ZEBRAFISH

Volume 20, Number 1, 2023
Mary Ann Liebert, Inc.

DOI: 10.1089/zeb.2022.0043

Original Articles

Open camera or QR reader and d
scan code to access this article
and other resources online.

Zebrafish sox2 Is Required for the Swim Bladder Inflation
by Controlling the Swim-Up Behavior

Shasha Cao,' Zhangji Dong,? Xiaohua Dong,? Wenshuang Jia,> Fuyou Zhou, and Qingshun Zhao?®

Abstract

The swim bladder functions to maintain the fish balance at a certain position under water. Although the
motoneuron-dependent swim-up behavior is important for swim bladder inflation, the underlying molecular
mechanism remains largely unknown. We generated a sox2 KO zebrafish using TALEN and found that the
posterior chamber of the swim bladder was uninflated. The tail flick and the swim-up behavior were absent in
the mutant zebrafish embryos and the behavior could not be accomplished. As the tail flick behavior is absent, the
mutant larvae therefore cannot reach the water surface to gulp air, ultimately leading to the uninflation of the swim
bladder. To understand the mechanism underlying the swim-up defects, we crossed the sox2 null allele in the
background of Tg(huc:eGFP) and Tg(hb9:GFP). The deficiency of sox2 in zebrafish resulted in abnormal mo-
toneuron axons in the regions of trunk, tail, and swim bladder. To identify the downstream target gene of sox2 to
control the motor neuron development, we performed RNA sequencing on the transcriber of mutant embryos
versus wild type embryos and found that the axon guidance pathway was abnormal in the mutant embryos.
RT-PCR demonstrated that the expression of sema3bl, ntnlb, and robo2 were decreased in the mutants.
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Introduction

EBRAFISH EXHIBIT FIXED but coordinated swim-up
behaviors, including spontaneous muscle contractions,
touch-evoked coiling and swimming, both in embryo and
adult. Motor neurons have specific subtypes and different
morphological characteristics, and also they extend axons to
different target muscles.' In the process of neural develop-
ment, the direction of axon growth is guided by many mol-
ecules outside the axon in the microenvironment, which can
guide the axon to choose the right path to reach the target.
The swim bladder is a unique organ in vertebrate evolu-
tion. The formation process of swim bladder is divided
into three stages: budding phase, growth phase, and inflation
phase. The completion of the air filling of the anterior and
posterior chambers of the swim bladder indicates that it can
perform a complex function. The inflation of the swim blad-
der is a landmark stage in the growth process of zebrafish

larvae.”* Hh and Wnt signaling are involved in the devel-
opment of zebrafish swim bladder. Shha and ihha are
expressed in the epithelium of zebrafish swim bladder. The
receptor genes ptcl and ptc2 of Shh signaling are expressed
in the fish swim bladder mesenchymal cells. Wnt5b began
to express in mesenchymal cells from 36 hpf. The two wnt
signaling receptor genes, including fz2 and fz7b and coacti-
vator gene lefl, are expressed in mesenchyme and outer
mesothelium.*”

In zebrafish, sox2 gene belongs to SoxB1 subfamily, which
includes six members: soxla, soxlb, sox2, sox3, sox19a, and
s0x19b.5 When a single knockdown of sox2, sox3, sox19a,
and soxI19b occurred, there was no obvious abnormalities
except that the tail was slightly bending upward in the sox2
knockdown embryos at 30-33 h. It proved that SoxB1 family
are functionally redundant in early embryonic development.’
When the four genes sox2, sox3, sox19a, and sox19b were
knocked down at the same time, obvious abnormalities
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appeared in embryonic development, including delayed
development, shortened A-P axis, and abnormal develop-
ment of central nervous system.’ Similar to the MO pheno-
types, Gou et al generated the sox2 knockout (KO) zebrafish
by TALEN and found that the mutants also showed minor
defects in the tail and the failure of the inflation of the swim
bladder.*”

Although it proved that KO of sox2 can lead to tail bending
and swim bladder uninflation, the exact role and mechanism
of sox2 in zebrafish embryonic development remain poorly
defined. In the present study, we detected the expression
of sox2 in swim bladder region, and then we examined the
tail flick and swim-up behavior in sox2 mutant embryos by
ZebraTower recording system and studied the underlying
mechanism involved in this process.

Materials and Methods
Zebrafish breeding and embryo collection

The zebrafish were raised in the zebrafish facility of the
Model Animal Research Center, Nanjing University as pre-
viously described'® according to the routine procedures
approved by international AAALAC."" The procedures were
approved by the Institutional Animal Care and Use Com-
mittee at the Model Animal Research Center, Nanjing
University.

Construction and synthesis of zebrafish sox2 TALEN

The TALEN targeted sites for zebrafish sox2 were
designed by the TALENT software.'* In brief, nucleotide
sequence of the HMG domain of sox2 gene was put into
the box to search the target sites. TALEN plasmids were
assembled as previously described.'® The in vitro synthesis
of capped mRNA was performed with the mMessage mMa-
chine SP6 Transcription Kit (Ambion). Poly (a) Tailing Kit
(Ambion) was used to add poly(A) tail to the transcribed
mRNA.

Microinjection and verification of zebrafish sox2
TALEN mRNA

One nL of the sox2 TALEN mRNA was injected into the
zebrafish embryos at the 1-2 cell stage. The injected embryos
were then grown in the incubator at 28.5°C. The genomic
DNA was extracted to examine mutated sox2 when reaching
24 hpf. Sox2 TALEN F (sequence 5-TTTCCCAGCAAA
GTTACCTC-3’) and sox2 TALEN R (sequence 5-CTCA
TGTCGTAGCGGTGCAT-3") primers were used for cloning
the 722 bp of sox2 containing target sites of the TALENS.

Screening and identification of zebrafish
with sox2 mutant

After sexual maturity (denoted as Founder), the zebrafish
were allowed to mate freely for F1. The genomic DNA was
obtained for sequencing. Finally, one mutation carrying 4 bp
deletion (deletion of 4 base pairs) was generated and identi-
fied by PCR with the forward primers of 5-ATTCGGA
AATAAGTAAGCG-3" (wild type, F2wtest-F) and 5'-AAT
TCGGAAATAAGTAACTC-3" (—4bp type, F2mtest-F)
and reverse primer of 5’-AGCTGCTCCTGCATCATGC-3’
(F2test-R).
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Whole mount in situ hybridization and paraffin section
and hematoxylin eosin staining

These methods are described in the Supplementary
Materials.

Behavioral recording and observation

These methods are described in the Supplementary
Materials.

RNA sequencing and data analysis and real-time
fluorescent quantitative PCR

These methods are described in the Supplementary
Materials.

Data statistics

The frequency of the swim-up behavior was compared
between two groups using ¥ test.

Results

KO of sox2 leads to abnormal development
of the swim bladder of zebrafish larvae

A positive adult F1 carrying a 4bp deletion was selec-
ted to establish the KO line for further experiment. The
4bp deletion caused a frameshift and the truncated pro-
tein comprising of 69 amino acids lacked the HMG box
domain and C-terminal region (Fig. 1A). The sox2 KO
zebrafish embryos showed the phenotype of tail upward
bending and shortened anterior posterior axis from the
late stage of pharyngeal arch (32 hpf) to hatching stage (48—
72 hpf).

In addition, we observed that all the sox2 mutant larvae
failed to inflate the swim bladder at 4 dpf (96 hpf), while
31.1% (28/90) of the wild-type larvae had inflated the pos-
terior lumen of the swim bladder. At 5 dpf (120 hpf), 93.6%
(74/79) of the wild-type larvae were inflated, but all the
mutant larvae were still not inflated (Fig. 1B). These data
collectively suggest that disrupting sox2 may influence the
swim bladder inflation.

As sox2 KO mutants displayed abnormal swim bladder
inflation, we examined whether the sox2 expression exist
in swim bladder or not. WISH results indicated that sox2
was highly expressed in swim bladder at 48 and 72 hpf
(Fig. 1C). To rule out the possibility of the sox2 expression
in swim bladder caused by probe trapping, WISH of sox2
with a sense probe was also performed (Supplementary
Fig. S1). The three tissue layers of the swim bladder com-
prising epithelium, mesenchyme, and outer mesothelium
had been formed and exhibited obvious differentiation in
3 dpf wild-type larvae.

We next examined the formation of the three tissue layers
of the swim bladder in sox2 KO embryos. Compared with
control at 3 dpf, the mutants showed no obvious abnormality
in the three layers (Fig. 1D). At 4 dpf, the lumen of the swim
bladder in wild-type zebrafish expanded dramatically and
the three tissue layers proliferated obviously. Contrary to
the control, the middle lumen of the swim bladder did not
expand obviously in sox2 mutant larvae. At 5 dpf, both
the area of the swim bladder and the posterior lumen of the
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5’~-GCACAATTCGGAAATAAGTAAGCGACTCGGGGCCGAGTGGAAACTTCTGTCCG -3’
3= CGTGTTAAGCCTTTATTCATTCGCTGAGCCCCGGCTCACCTTTGAAGACAGGC-5

WT GCACAATTCGGAAATAAGTAAGCGACTCGGGGCCGAGTGGAAACTTCTGTCCG
Mutant GCACAATTCGGAAATAAGTA----ACTCGGGGCCGAGTGGAAACTTCTGTCCG

FIG. 1. Knockout of sox2 in zebr-
afish by TALEN leads to abnormal
inflation of the swim bladder.
(A) Top: sox2-TALEN target se-
quence is 15, 18, and 20 bp in length
of left arm, right arm, and spacer
sequence. Two pairs of primers,
F2wtest-F + F2test-R and F2mtest- 1
F + F2test-R, were used for geno-
typing. The wild type could only be
amplified by F2wtest-F + F2test-R;
heterozygous mutation was ampli-

hetero

homo

106 315

315aa

97aa

fied by two pairs of primers. The
homozygous mutants could only be
amplified with F2mtest-F + F2test-
R. Bottom: the protein structure of
the wild type and the mutant sox2
protein expressed by the wt gene
and —4 mutant gene. (B) The mor-
phology of wt and sox2 mutant
(sox2™") zebrafish at 96 and 120
hpf. The arrow points to the posi-
tion of the swim bladder and the
position where the tail of the sox2
mutant is upturned. (C) sox2 was
expressed in swim bladder at 48 and
72 hpf. (D) The posterior lumen
cannot be inflated in 3-5 dpf ho-
mozygous sox2 knockout zebrafish
although the formation of three
layers of the swim bladder tissue
was normal. aa, amino acid; e, epi-
thelium; m, mesenchyme; o, outer
mesothelium; lu, lumen; sb, swim
bladder; g, gut.

96hpf

120hpf

wild-type larvae increased significantly. The three tissue
layers became very thin and were surrounded by a large
chamber in the middle, which was consistent with the phe-
notype of the inflatable swim bladder.

However, the three tissue layers in the sox2 mutant did not
change, and the middle lumen still not expanded signifi-
cantly, which was consistent with the phenotype of the
noninflatable swim bladder.

O

3dpf

4dpf

5dpf

We next analyzed several molecular markers of the three
tissue layers and some markers related Wnt and Hh signal-
ing involved in the swim bladder development by WISH.
It revealed that the expression level and pattern of hb9
(epithelium), fgf10a and acta2 (mesenchyme), and anxa5h
(outer mesothelium) in sox2 mutant embryos were not sig-
nificantly changed compared to control, which is consistent
with the histological result (Supplementary Fig. S2A).
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In addition, the expression pattern of the shha, shhb, ptcl,
ptc2, and wnt5h also showed no significant difference
between mutant and wild-type embryos (Supplementary
Fig. S2B). The pneumatic duct connects the esophagus to the
swim bladder. The gas was swallowed and passed through the
duct to inflate the swimbladder."* Compared with the wild
larvae, the pneumatic duct formation was normal in 5 and
6 dpf sox2 mutant larvae, which indicated that the inability
to inflate the swim bladder in sox2 KO zebrafish was not
caused by the pneumatic duct abnormality (Supplementary
Fig. S3).

Loss of sox2 leads to deficits in tail flick and swim-up
behaviors in zebrafish larvae

When the embryos developed to 3 dpf, both wild-type and
sox2 mutant embryos hatched from the shell membrane. The
behavioral recording results showed that 100% of the wild-
type larvae (5/5) had swimming behavior. The larvae would
swam forward with their back up accompanied by tail flick.

A WT

13

Compared with the wild-type larvae of the same batch, only
10% of the sox2 mutant larvae (1/10) moved forward, while
90% of the zebrafish larvae stayed with the side close to the
bottom of the culture dish (Fig. 2A).

Existing literature has shown that swim-up behavior is
propelled by a short series of tail flicks, including larval
attachment to and released from the tank wall repeatedly.'
With the absence of tail flick in sox2 mutant embryos, we
examined whether the subsequent swim-up behavior was
affected. The swim-up behavior was recorded with a camera
connected to Zebra Tower recording system. At 73 h 15 min,
a part of wild-type larvae were observed to slowly attach
to the tank wall, and then the larvae moved along the tank
wall with a distance of 0.5-1 cm from the bottom of the tank.

After that, the larvae would keep swimming up until they
reached the air-water interface between 73 h 30 min and 76 h
30 min, which was indispensable for the inflation of the swim
bladder.'® At 96 hpf, the wild-type larvae could swim freely
in any depth of water, while the sox2 KO mutant larvae
showed obvious abnormal movement behavior. From 72 hpf,

sox2"

FIG.2. Abnormal inflation of the
swim bladder upon sox2 mutant
= might be caused by its swim-up
behavior defect. (A) Sox2 mutant
zebrafish larvae showed tail flick
defect at 74 hpf. The wild-type
zebrafish larvae wagged their tails
from 33s to 36s in the 150s of
filming. The arrow indicates the
swinging tail. The larvae of zebra-
fish with sox2 mutation were al-
ways attached to the bottom of the
culture dish in the 150 s of filming.
(B) Knockout of sox2 results in
the absence of swim-up behavior in
3—4 dpf zebrafish larvae. At 72 hpf,
the wild-type and mutant embryos
were placed in two tanks, respec-
tively. The mutant embryos were in
the left tank and the wild-type em-
bryos were in the right tank. After
habituation of half an hour, the
ZebraTower camera began to shoot
from fop to bottom from 73h to
96 h.

iy

101s-150s

73h30min
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it was found that the mutant embryos were close to the bot-
tom of the tank in a side-up posture, and their free movement
were also in a side-up posture. From 73h 15min to 76h
30 min, the sox2 mutant larvae did not exhibit the swim-up
behavior of wild-type larvae that initially adhered to the
tank wall and then slowly moved to the water surface.

At 96 hpf, the mutant larvae were still at the bottom of the
tank (Fig. 2B). The video record of 52 randomly selected
wild-type larvae revealed the swim-up behavior frequency of
80.7% (42/52) as evidenced by the inflation of the swim
bladder, while the swim-up behavior frequency is 0 (0/20)
in the sox2 mutants (Supplementary Video S1). The fre-
quency of the swim-up behavior in wild-type larvae was
significantly larger than the sox2 mutants (x*=38.769, p=0).
These results indicated that the tail flick and swim-up be-
havior were absent in the sox2 mutant larvae.

Abnormal axon development of caudal neurons in sox2
mutant embryos

To verity, the tail flick behavior defection was associated
with the abnormal caudal neurons development, we crossed
the sox2*"~ zebrafish with the Tg(huc:egfp) to generate the
Tg(huc:egfp)lsox2™~ on the Tg(huc:egfp) background. The
tail fluorescence intensity of Tg(huc:egfp)/sox2”~ embryos
was a little weaker than that of wild-type embryos under
the fluorescent dissecting microscope (Fig. 3A). To clearly
visualize the development of the caudal neurons, we scanned
the two embryos under the confocal microscopy. It demon-
strated that the caudal neurons would stretch out many axons,
which were dendrimer crossed at 48 hpf in the wild-type
embryos (7/7). However, the axon development of mutant

A 48hpf Tg(huc:egfp)/sox2™
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embryos in caudal neurons is abnormal and its number
decreased significantly (2/10) or even disappeared (8/10)
compared to control, reflecting the fault}7/ regulation of
neural-mesodermal progenitors in mutants.'’*'®

Based on our observations, the abnormal axon in sox2
mutants are more likely axons of sensory neurons and are
not likely to be directly involved in the swimming defects in
sox2 mutants (Fig. 3B).

Abnormal axonal guidance in trunk and tail motor
neurons of sox2 mutant embryos

As huc marks all types of neurons in the Tg(huc:egfp), we
crossed Tg(hb9:gfp) with sox2*"~ zebrafish for monitoring
the motoneuron development on the Tg(hb9:gfp) back-
ground. In line with previous data,”” compared with wild-
type embryos, the axon guidance of CaP in trunk and tail
of Tg(hb9:gfp)lsox2”~ embryos was abnormal (Fig. 4A).
Further morphological observation showed that the axons
of CaP in wild-type embryos had many branches and inner-
vated to the ventral musculature at 48 hpf. However, in sox2
mutant embryos, the axons of CaP stopped in the process
of innervating to the ventral musculature, which made the
length shorter, while other axons were accompanied by
abnormal branches. At 72 hpf, although the axons of CaP in
mutants significantly grew, their branches were obviously
abnormal (Fig. 4B-C).

Among the 39 hemisegments in the trunk of 5 wild-type
zebrafish embryos at 48 hpf, 10.4% of the CaP showed
abnormal axonal extension to the ventral musculature or
branching; However, 40.6% of the CaP from 32 hemiseg-
ments in the trunk of 4 mutant embryos showed deficits of

48hpf Tg(huc:egfp)/sox2"

WT 48hpf O

sox2" 48hpf

WT 72hpf

sox2" 72hpf

FIG. 3. Abnormal axon development in sox2 mutant zebrafish caudal neurons. (A) Distribution of embryonic neurons of
48 hpf Tg(huc:egfp)lsox2™* and Tg(huc:egfp)/sox2™" transgenic zebrafish under the fluorescence anatomical microscope.
(B) At 48 and 72 hpf, the development of axon in sox2 mutant zebrafish caudal neurons was abnormal. The white box

indicated the magnified image.
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A 48hpf Tg(hb9:glp)/sox2™

FIG. 4. Abnormal distribution and
axonal guidance of motoneurons in
trunk and tail of sox2 mutant zebra-
fish embryos. (A) Distribution of
EGFP-labeled motor neurons in 48
hpf Tg(hb9:gfp)/sox2** and Tg(hb9:
gfp)/sox2”" zebrafish embryos under
the fluorescence anatomical micro-
scope. (B-D) sox2 mutation results in
defective axonal extension and
branching of motor neurons in em-
bryonic trunk. (B) The model dia-
gram of wild type and sox2 mutant
embryos. The black box in the figure
represents the observation area with
confocal microscope. (C) The mor-

WT 72hpf sox2*“48hpf WT 48hpf

ﬁo" phological map of motor neurons in

e the trunk of wild type and sox2 mu-

N tant embryos at 48 and 72 hpf. Dotted

z lines indicates the spinal cord of

embryos. (D) Comparison of the

D WT G - WT proportion of abnormal axons from

9 60~ E=3 sox2” g 60~ EZ3 sox2”- the ventral extending neurons in 48

2 . E o * and 72 hpf zebrafish embryos. (E-G)

¢ $ T o & sox2 mutation results in defective
en 2 = @

£ B 5§ 401 R axonal extension and branching of

g3 £ > 5 = motor neurons in embryonic tail.

e 2 B g o (E) The model diagram of wild type

= s 2 b and sox2 mutant embryos. The black

g Z = ] box in the figure represents the ob-

§ > 0- : == servation area with confocal micro-

&> &> scope. (F) The morphological map of

b‘%&r\ f\,‘}&& motoneurons in the tail of 48 and 72

hpf wild type and sox2 mutant em-
bryos. (G) Comparison of the pro-
portion of abnormal axons from the
abdominally extending neurons in
zebrafish embryos at 48 and 72 hpf.
The white box is the area of magni-
fication. *Indicates that the axons of
the mutant embryonic motoneurons
stop extending to the abdomen; the
white arrow indicates that the axon of
the mutant embryonic motoneuron is
unbranched. Dotted lines indicate the
spinal cord of embroyos. *p<0.05
and **p<0.01.

sox2”-72hpf WT 72hpf sox2--48hpf WT 48hpf

axonal extension to the ventral musculature or branching hemisegments in the trunk of 13 mutant embryos showed
(p<0.01). Among the 52 hemisegments in the trunk of 8 deficits of axonal extension to the ventral musculature or
wild-type zebrafish embryos at 72 hpf, 9.5% of the CaP  branching (p<0.01) (Fig. 4D and Table 1).

showed abnormal axonal extension to the ventral muscula- In addition, we observed the development of CaP in the
ture or branching; However, 29.3% of the CaP from 113 tail. It showed that the axonal extension and branching of the
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TABLE 1. PERCENTAGE OF ABNORMAL MOTONEURON
AXONS EXTENDING FROM TRUNK TO VENTRAL
MUSCULATURE IN THE TwO GENOTYPES OF ZEBRAFISH
EMBRYOS AT 48 AND 72 HPF

Abnormal axons(%)

Analyzed

Time Ventral Hemisegments
48 hpf

WT 10.4£2.3 39 (5)

sox2™~ 40.6+7.8 32 (4)
72 hpf

WT 9.5+14 52 (8)

sox27" 29.3+0.9 113 (13)

mutant embryo tail CaP were defective, which is similar
to the abnormal axonal development in the trunk CaP
(Fig. 4F-G and Table 2).

Transcriptome sequencing revealed that sox2
mutation in zebrafish leads to changes in axon
guidance signaling pathway

To further characterize the mechanism underlying the
abnormal axon guidance in trunk and tail motor neurons, we
performed transcriptome sequencing of caudal tissues pos-
terior to the yolk sac isolated from wild type and sox2 mutant
zebrafish. A total of 1432 differentially expressed genes
(DEGs) were screened, of which 576 were upregulated and
856 were downregulated (Supplementary Fig. S4A).

The pathway enrichment showed that the DEGs were
enriched in the axon guidance pathway, including nine
DEGs (Supplementary Fig. S4B and Table 3). ntnlb, ntng2a,
and unc5db are members of Netrin family; sema4g and
sema3bl belong to semaphorins family; robo2 is a member
of the Robo/slit family; epha4l is a member of Eph-ephrins
family; ppp3cca is a member of protein phosphokinase; and
nadll.2 is a member of neurotrophic factor family. qRT-PCR
showed that the expression levels of sema3bl, ntnlb, and
robo2 were significantly downregulated in sox2 mutants at
72 hpf (Supplementary Fig. S4C).

Discussion

Sox2 has been reported to play an important role in
numerous biological processes, including neuronal devel-
opment, pluripotent properties of stem cells maintenance,

TABLE 2. PERCENTAGE OF ABNORMAL MOTONEURON
AXONS EXTENDING FROM TAIL TO VENTRAL
MUSCULATURE IN THE TwO GENOTYPES OF ZEBRAFISH
EMBRYOS AT 48 AND 72 HPF

Abnormal axons(%)

Analyzed

Time Ventral hemisegments
48 hpf

WT 65122 60 (5)

sox2™~ 42.8+7.7 50 (4)
72 hpf

WT 9.0+1.9 68 (8)

sox27" 324124 120 (11)

CAO ET AL.

TABLE 3. THE RESULTS OF DIFFERENTIALLY EXPRESSED
GENES IN CLUSTER ANALYSIS SHOWED THE CLUSTER
OF GENES IN AXON GUIDANCE PATHWAY

Pathway Gene Description

Axon guidance ntnlb Ntnlb protein

Axon guidance semadg Uncharacterized protein

Axon guidance robo2 Robo2

Axon guidance ephadl Receptor protein-tyrosine
kinase

Axon guidance unc5db Uncharacterized protein

Axon guidance sema3bl Uncharacterized protein

Axon guidance ppp3cca Serine/threonine protein
phosphatase

Axon guidance nadll.2 Neural cell adhesion
molecule L1.2

Axon guidance ntng2a Netrin g2a

and so on.’*?! The role and mechanism of sox2 in zebrafish
embryonic development are not fully understood. In the pres-
ent study, we established a sox2 KO homozygous mutant
zebrafish model by TALEN. Similar to the phenotype of MO
and previous reported KO mutants,®® we also observed that
the sox2 mutant zebrafish exhibited an upturned tail pheno-
type and abnormal swim bladder inflation. The behavioral
recording and observation showed that the tail flick and
swim-up behavior were absent.

Our findings show that abnormal motoneuron develop-
ment, including trunk and tail CaP outgrowth and branches,
are compromised in sox2 mutant zebrafish. The proper
assembly of neural circuits during development requires the
precise control of axon outgrowth, guidance, and arboriza-
tion. Although the specific function and mechanism of
the caudal neural arborization is not fully understood, we
hypothesized that there are some axon extension or guidance
molecules participated in neural circuit assembly. Moreover,
RNA-seq showed that the DEGs were enriched in the axon
guidance pathway. qRT-PCR showed that the expression
levels of sema3bl, ntnlb, and robo2 were significantly down-
regulated in sox2 mutants.

Swim bladder is an important organ in fish, which can
maintain buoyancy in water. The developmental process and
molecular mechanism of zebrafish swim bladder are rarely
known. Previous studies have demonstrated that hedgehog,’
wnt,* and pbx1?* signaling pathway-related proteins are
expressed in all three tissue layers of swim bladder and
involved in its development. For example, Morpholino-
mediated gene knockdown of pbxI caused abnormal infla-
tion of the swim bladder, and lethality of zebrafish at
8 dpf.?* In the present study, we found that the swim bladder
formed normally in the sox2 mutant zebrafish with the
presence of all three layers, but it failed to inflate. Accord-
ing to our results, the failure of the inflation of the swim
bladder may be due to the abnormal development and guid-
ance of axons in motoneuron, which affected the swim-up
behavior in zebrafish, and thus hindered the process of
swallowing air.

Moreover, Gou et al revealed that sox2 is required for the
development of otic and epibranchial glacodes, and its defi-
ciency may lead to vestibular defects.®” Riley et al demon-
strated that the vestibular function is to maintain fish balance
and help to coordinate motor activity.'® These data suggest
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that vestibular dysfunction caused by sox2 mutation also may
be a possible contributing factor for the uninflation of the
swim bladder.

It is well known that the development of motor neurons is
regulated by a series of genes. In the present study, RNA
sequencing revealed that the expression of DEGs was related
to axon guidance, P53 signaling pathway, MAPK signaling
pathway, and so on. Coinciding with our results, Gong et al
also revealed that the DEGs between wild-type embryos and
sox2 mutants were significantly enriched in axon guidance.'®
The results showed that the DEGs in axon guidance path-
way comprised ntnla, robol, and sema5ba. In our study,
gRT-PCR of the axon guidance molecules showed that the
three genes, including sema3bl, ntnlb, and robo2, were sig-
nificantly downregulated in the mutant embryos. Sema5ba
and sema3bl belong to the semaphorins family, which are
secretory or membrane-binding proteins.23

All of them have a Sema domain with about 500 amino
acid residues, and among of them 12-16 cysteine residues
represent the specificity of each Semaphorin.>* Semaphorins
are considered as repellent factors of growth cones.? Sema3a
is one of the most studied genes, which has been found to be
involved in axonal repellent. The receptors of Semaphorin3
protein family are neurophilins. The transmembrane protein
Npnl forms a homodimer complex and binds to Sema3A.%°
The decreased expression of sema3bl in the mutants might be
responsible for the length and branching of the axons in the
swim bladder of mutant embryos. In addition, Netrin is a
laminin-related diffusible molecule. In vertebrates, there
are four members in netrin family, Netrin1-4 comprising of
ntnla and ntnlb. Netrin interacts attractively or repulsively
with several receptors, including DCC.?’

The Netrin-1 plays an important role in axonal pathfinding,
an evolutionarily conserved process demonstrated in sev-
eral species.zg’29 Robol and robo2, orthologs of mammalian
Robol and Robo2, encode a transmembrane receptor that is
essential for axon guidance in zebrafish.*® Collectively, our
work suggests that the identified three axon guidance mole-
cules belong to the same family with the axon guidance
pathway reported by Gong et al."”

Nonetheless, there are limitations to this study. Although
gRT-PCR was used to verify and confirm the expression of
the three axon guidance molecules in sox2 mutants, external
rescue of the defects of the motor neuron experiments are
still not included.
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