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SUMMARY
Fish air breathing is crucial for the transition of vertebrates from water to land. So far, the genes involved in
fish air breathing have not been well identified. Here, we performed gene enrichment analysis of positively
selected genes (PSGs) in loach (Misgurnus anguillicaudatus, an air-breathing fish) in comparison to Triplo-
physa tibetana (a non-air-breathing fish), haplotype-resolved genome assembly of the loach, and gene evolu-
tionary analysis of air-breathing and non-air-breathing fishes and found that the PSGmex3a originated from
ancient air-breathing fish species. Deletion of Mex3a impaired loach air-breathing capacity by inhibiting
angiogenesis through its interaction with T-box transcription factor 20. Mex3a overexpression significantly
promoted angiogenesis. Structural analysis and point mutation revealed the critical role of the 201st amino
acid in loach Mex3a for angiogenesis. Our findings innovatively indicate that the ancient mex3a is a fish air-
breathing gene, which holds significance for understanding fish air breathing and provides a valuable
resource for cultivating hypoxia-tolerant fish varieties.
INTRODUCTION

The evolution of life is a process filled with transformation and

miracles. As the oldest vertebrates, fish have traversed a com-

plex path of evolution, culminating in the emergence of human-

ity.1,2 Among the myriad changes, the emergence of air breath-

ing in fish stands as a pivotal adaptation, facilitating their

transition from aquatic to terrestrial environments and liberating

them from the confines of water. About 400 air-breathing fish

species have been reported to date.3–5 Histological observations

of their air-breathing organs (ABOs) have revealed that high

vascularization and a thin blood-gas barrier6,7 make up the

structural basis of fish air breathing, indicating a close linkage

between angiogenesis and air-breathing ability.

A genomic study of African lungfish (a lobe-finned fish species

with air-breathing ability) revealed that the ancient ancestors of

bony fish already possessed a rudimentary ability for air breath-

ing.8 In-depth comparative genomic analysis of non-teleost ray-

finned fishes, including bichir (Polypterus senegalus), paddlefish

(Polyodon spathula), bowfin (Amia calva), and alligator gar

(Atractosteus spatula), unveiled some ancient genes associated

with lung development and angiogenesis that played pivotal

roles in providing genetic and functional innovations for the evo-

lution of air breathing in fish.9 A genomic analysis of walking cat-
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fish (Clarias batrachus) with air-breathing ability revealed the

expansion of certain genes related to angiogenesis and the bind-

ing and transportation of oxygen to meet the air-breathing de-

mand of its terrestrial life.10 In Indian catfish (C. magur), genes

associated with vascular development and angiogenesis under-

went positive selection to improve its air-breathing ability.11 In

addition, using transcriptome analyses of the gill and suprabran-

chial chamber (an ABO) of snakehead (Channa argus), re-

searchers found that some genes (e.g., vascular endothelial

growth factor [vegf]) related to angiogenesis were highly

expressed in the ABO. Based on our prior transcriptome ana-

lyses of the posterior intestine (an ABO) in loach (Misgurnus an-

guillicaudatus), we also screened some angiogenesis-related

genes.12–14 Up to now, based on genomic analyses of single

fish species with air-breathing ability, comparative genomic an-

alyses of several non-teleost ray-finned fishes, and transcrip-

tome studies of fish ABOs, some genes associated with angio-

genesis involved in air breathing have been screened out.

However, none of these genes have been confirmed as fish

air-breathing genes.

CRISPR-Cas9, a gene editing technology, has rendered gene

knockout (KO) more precise and efficient.15–17 This technology

allows researchers to explore the function of a gene within an or-

ganism by observing phenotypic changes. Compared to lungfish
ober 9, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
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and spotted gar, the loach is a better model for revealing themo-

lecular mechanisms of fish air breathing due to the mature appli-

cation of CRISPR-Cas9 editing technology on this species and

its strong reproductive ability.12,13,18 So, with this model, we

can effectively uncover the intricacies of fish air-breathing forma-

tion, thus gaining deeper insights into the evolutionary journey of

fish transitioning to land.

In our previous study, 120 positively selected genes (PSGs)

were found in M. anguillicaudatus in comparison to Triplophysa

tibetana (a non-air-breathing fish species).19 Among these

PSGs, there might be some associated with air breathing. In

this study, combined with gene enrichment analysis for the

PSGs, high-quality haplotype genomes of the loach, and gene

evolutionary analyses of air-breathing and non-air-breathing

fishes containing Sarcopterygii and Actinopterygii (teleost and

non-teleost) species, the gene mex-3 RNA-binding family mem-

ber a (mex3a) was screened out to be associated with intestinal

air breathing in the loach. For functional analysis, deletion

models of mex3a were constructed in both M. anguillicaudatus

and vascular-visualization zebrafish (Danio rerio, a model fish

without air breathing) by using CRISPR-Cas9 technology. Mean-

while, respiratory physiology experiments, transcriptomic anal-

ysis, protein interaction analysis, gene overexpression (OE),

and knockdown (KD) in human umbilical vein endothelial cells

(HUVECs) were performed. Furthermore, the functional site of

Mex3a directly related to angiogenesis involvement in air breath-

ing was determined through protein structural analysis, exoge-

nous expression, and point mutations. Finally, the ancient

mex3a was identified as a fish air-breathing gene. Our findings

represent valuable assets in comprehending the evolution of

fish air breathing, which aids in the adaptation of fish during

the transition from water to land. Moreover, we offer a novel ge-

netic resource for cultivating hypoxia-tolerant fish varieties.

RESULTS

Screening of genes associated with angiogenesis
Gene enrichment analysis for the PSGs

To further screen fish air-breathing-related genes, we conducted

functional enrichment analysis for the 120 PSGs obtained from

our previous study,19 by using Gene Ontology (GO) and KEGG

(Figure S1). Among the PSGs, we found that mex3a was anno-

tated with blood vessel (BV) morphogenesis (GO: 0048514),

heat shock protein beta-1 (hspb1) with the VEGF signaling

pathway (ko04370), bone morphogenetic protein (bmp4) with

the transforming growth factor beta (TGF-b) signaling pathway

(ko04350), and angiopoietin-like 4 (angptl4) with a pathway

involved in angiogenesis (GO: 0001525). Previous research indi-

cated that MEX3A could promote angiogenesis in colorectal

cancer via glycolysis.20 Rezzola et al. reported that BMP4 could

activate VEGFR2, leading to an angiogenic response.21 Lee et al.

found that soluble HSPB1 regulated VEGF-mediated angiogen-

esis through their direct interaction.22 Chaube et al. reported that

suppression of angptl4 reprogramed endothelial cell metabolism

and inhibited angiogenesis.23 Kushwaha et al. believed that

PSGs associated with vascular development and angiogenesis

enhanced the air-breathing capacity of Indian catfish.11 Hence,

the positive selection of these four genes associated with angio-
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genesis may contribute to the loach intestinal air breathing

(Table S1).

Loach haplotype genome assembly

A high-quality loach haplotype genome was assembled here for

subsequent analysis. We assembled two haplotypes: the haplo-

type containing the longer-length homologous chromosomes

was named "Mchra," while the other one was named "Mchrb."

The final assembled Mchra and Mchrb genomes were approxi-

mately 1.04 and 1.06 Gb, respectively (Table S2). The scaffold

N50 length of the loach surpassed those of T. tibetana,24

T. bleekeri,25 and T. siluroides26 (Table S3). The Mchra and

Mchrb genomes were evaluated with BUSCO, achieving

completeness levels of 97% and 96.8%, respectively (Table

S4). Additionally, as shown in Table S5, repetitive sequences ac-

counted for approximately 59.87% in the Mchra genome and

59.54% in the Mchrb genome. Our data showed that the Mchra

and Mchrb genomes were annotated with 24,400 and 24,544

protein-coding genes, respectively (Tables S6 andS7). To estab-

lish the chromosome orientation, we identified 126 and 128 bp

centromere sequences in the loach and T. tibetana chromo-

somes, respectively, and then adjusted the chromosome to a

consistent orientation (Figure S2A; Table S8). The similarity be-

tween the loach centromere sequences obtained here and the

previously reported loach centromere sequences27 was high at

80%, determined by using the NCBI alignment tool-blastn. It

indicated the high accuracy of the loach centromere sequences

in this study. According to the position of the centromere, 25

chromosomes of loach were divided into three types (metacen-

tric chromosome [M; n = 5], submetacentric chromosome [SM;

n = 2], and telocentric chromosome [T; n = 18]), which was

consistent with the previous report by Li et al..28 Furthermore,

the Circos plot and genome collinearity revealed striking similar-

ities in the characteristics of the two loach haplotype genomes

(Figures 1 and S2B).

Genome synteny analysis and PSG location

To determine the positions of the four PSGs in the genomes of

the loach and T. tibetana, the haplotype genome Mchra was

used as the loach reference genome. Collinearity analysis indi-

cated that there were some inversions between the genomes

of the loach and T. tibetana (Figure S2C). Building upon this,

through BLAST+ analysis, it was determined that the four

PSGs (mex3a, bmp4, hspb1, and angptl4) were presented in

both genomes of the loach and T. tibetana, albeit located on

different chromosomes (Figure S2D). The analysis indicated

that mex3a and angptl4 were situated in the inversion region,

while hspb1 and bmp4 were situated in the normal collinear re-

gion (Figure S2D).

Evolutionary analysis of mex3a, hspb1, bmp4, and
angptl4
To identify genes involved in the intestinal air breathing of loach,

we conducted evolutionary analyses on the genomes of ancient

air-breathing fish, such as spotted gar (Actinopterygii) and Afri-

can lungfish (Sarcopterygii), as well as non-air-breathing tele-

osts, like medaka, zebrafish, and T. tibetana, focusing on the

genes mex3a, bmp4, hspb1, and angptl4. As shown in Figure 2,

the gray lines represent the highly syntenic blocks, which were

conserved genomic regions across these fish species. These

blocks demonstrated a relatively stable gene arrangement and



Figure 1. Genomic features of Mchra and Mchrb haplotype genomes

The Circos plot shows, from the outer to inner circle, (A) the chromosome number, (B) gene density, (C) GC content, (D) repetitive sequence density, (E) long

terminal repeat (LTR) density, (F) allelic gene expression, and (G) haplotype genome collinearity.
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order among these fish species, suggesting that these genes

have been preserved throughout the evolutionary process.

Evolutionary analysis of hspb1 (yellow line), bmp4 (green line),

and angptl4 (blue line) showed that these lines were not found

in African lungfish and spotted gar, suggesting that these genes

were not conserved and had not been observed from the ancient

air-breathing fishes. For mex3a (red line), there were highly

similar blocks among African lungfish, spotted gar, zebrafish,

loach, and T. tibetana, indicating that mex3a was inherited

from the ancient air-breathing fishes. The absence of the red

line suggested that the mex3a gene orthologous region was

not conserved between medaka and zebrafish (Figure 2). During

the evolutionary process of fish, the ancestors of bony fish have

possessed air-breathing ability.8 Many ancient genes have pro-

vided crucial genetic and functional innovations for air breathing
in fish, which have been inherited and elaborated upon by de-

scendants throughout evolution.8,9 Here, among the four PSGs

of loach, only themex3a genewas inherited from African lungfish

and spotted gar. This suggested that the mex3a gene was

ancient and likely played a role in fish air breathing.

Functional analysis of mex3a

Expression of Mex3a in fish ABOs

Mex3a is an RNA-binding protein possessing two functional do-

mains: the RNA-binding KH domain and the RING-finger

domain.29 Recent studies have shown that MEX3A interacted

with LAMA2 (laminin subunit alpha 2) and regulated the metas-

tasis of lung adenocarcinoma cells through the PI3K/AKT

signaling pathway.30 In osteosarcoma, KD of MEX3A sup-

pressed proliferation and migration.31 In colorectal cancer,
Cell Genomics 4, 100670, October 9, 2024 3



Figure 2. Gene evolution analysis of mex3a, bmp4, hspb1, and angptl4

Different colored lines represent collinearity of different genes, and CN denotes chromosome number.mex3a, mex-3 RNA binding family member a; bmp4, bone

morphogenetic protein 4; hspb1, heat shock protein family b member 1; angptl4, angiopoietin-related 4.
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MEX3A could promote angiogenesis via glycolysis.20 So far, it

has been demonstrated that Mex3a played a crucial role in regu-

lating cell proliferation, invasion, and angiogenesis. However,

whether Mex3a involved in fish air breathing remains unclear.

Three common air-breathing teleosts, namely C. argus (with

an ABO: suprabranchial organ), M. albus (ABO: oropharynx),

and loach (ABO: posterior intestine), were used to explore the

expression patterns of mex3a in their ABOs (Figures S3A–

S3D). When exposed to air, the expressions of Mex3a in the

ABOs of these three fish species were significantly up-regulated,

indicating that Mex3a was involved in the process of air-breath-

ing fish adapting to low-oxygen environments. Tissue expres-

sion and localization analyses of loach mex3a were performed

here. They showed that mex3a exhibited the highest expression

level in the posterior intestine of the loach (Figure S3E). Early

developmental signals were also predominantly concentrated

in the intestinal region of the loach (Figure S3F). In situ hybridiza-

tion and immunofluorescence further elucidated that Mex3a was

strongly expressed in the capillaries of the mucosal layer and

also expressed in the serosal layer in the posterior intestine of

the loach, with minimal expression in its anterior intestine

(Figures S3G and S3H). Similarly, previous genomic and tran-

scriptomic studies on air-breathing fish, like African lungfish,

walking catfish, C. argus, and Indian catfish, have indicated

that certain genes involved in angiogenesis, which have under-

gone positive selection or are highly expressed in ABOs, may

participate in the process of air breathing.8–11,23 Therefore, our

findings suggested that the ancient PSG mex3a was related to

angiogenesis, involving intestinal air breathing in loach.

Construction of mex3a KO model in loach

By using the CRISPR-Cas9 system, we established a mex3a

gene KO model in loach. As depicted in Figure S3I, the wild-

type loach (WT loach) mex3a gene comprised two exons and
4 Cell Genomics 4, 100670, October 9, 2024
one intron. We targeted the first exon for KO. The resulting

mutant, mex3a�/� (KO loach), lacked 13 base pairs (GCGAGG

ACAGCGG), causing premature termination of amino acid trans-

lation (with translation of 59 amino acids andmistranslation of 57

amino acids). Validation through real-time qPCR and western

blot (WB) confirmed the successful generation of homozygous

loach lacking Mex3a.

mex3a KO reduced the intestinal air-breathing capacity

of loach

To investigate the impact ofmex3a gene deletion on loach intes-

tinal air breathing, we conducted an air exposure experiment and

recorded the survival times of WT and KO loach. Results re-

vealed a significant decrease in the survival time of KO loach

compared with WT loach (Figure 3A). Histological analysis of

the posterior intestines showed no significant structural changes

between KO andWT loach (Figure S3J). However, the number of

blood vessels in the posterior intestine of KO loach was slightly

lower than that of WT loach (Figure S3K). Additionally, transmis-

sion electron microscopy (TEM) analysis of the posterior intes-

tine indicated that the number of red blood cells (RBCs) in the

mucosal layer of KO loach was significantly smaller than that

of WT loach (Figures 3B and 3C).

To better visualize the changes in the blood vessels of the pos-

terior intestines, we utilized the melanoma cell adhesion mole-

cule (MCAM; Cd146/MCAM) to label the blood vessels.32,33

We found that the number of blood vessels in the posterior intes-

tine of KO loach was notably smaller compared with that of WT

loach (Figures 3D and 3E). Furthermore, the expression levels

of the genes involved in angiogenesis in KO loach, such as

vegf, erythropoietin (epo), hemoglobin b chain (hbb), and enolase

3 (eno3), were significantly reduced in comparison to WT loach

(Figures S3L and S3M). These results from the air exposure

experiment suggested that the deletion of the mex3a gene
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suppressed the formation of blood vessels in the posterior intes-

tine of the loach, consequently diminishing the survival time of

KO loach exposed to air.

Through further chronic hypoxia experiments, we once again

investigated the effect of Mex3a deletion on intestinal air

breathing of loach. Under chronic hypoxia (Figure S3N), the

air-breathing frequency of KO loach was significantly lower

than that of WT loach (Figure 3F), and the oxygen consumption

in the water was markedly higher than that of WT loach (Fig-

ure 3G). These results indicated that KO loach oxygen uptake

was dependent on dissolved oxygen in water, achieved

through gill respiration. Results from Cd146 labeling of blood

vessels in the posterior intestine also indicated a significant

reduction in the number of blood vessels in KO loach compared

with WT loach (Figure 3H). Additionally, genes related to angio-

genesis, such as vegf, epo, hbb, and eno3, were found to be

significantly down-regulated in KO loach compared with WT

loach (Figure S3O). These results once again highlighted the

crucial role of the mex3a gene in regulating angiogenesis in

the posterior intestine of the loach, and its deletion led to a

decreased air-breathing capacity in the loach.

Transcriptome analysis of posterior intestines from WT

and KO loach

In organisms, oxygen served as a chemoattractant for vascular

generation and was directly linked to vascular growth.34 Studies

have demonstrated that moderate hypoxia can stimulate angio-

genesis, or the formation of new blood vessels.35 To explore the

regulatory mechanism of mex3a on vascular development, we

conducted transcriptome sequencing of posterior intestines of

the loach (WT vs. KO) under air exposure. The transcriptome

analysis (KO vs. WT) revealed 920 differentially expressed genes

(DEGs), comprising 390 up-regulated genes and 530 down-

regulated genes (Figure S4A).

Further GO enrichment analysis indicated that some DEGs ex-

hibited enrichment in the "morphogenesis of an epithelial fold"

pathway, which played a crucial role in embryonic development

and tissue formation, facilitating morphological changes and

structural establishment essential for the development and func-

tion of specific organs or structures36–38 (Figure S4B). KEGG

enrichment analysis identified certain DEGs enriched in the

"ECM-receptor interaction" pathway, regulating critical biological
Figure 3. Survival times, posterior intestine structural changes, and ox

(A) Survival time under air exposure (each group with eight loaches). *p < 0.05. S

(B) Transmission electron microscopy (TEM) analysis of the posterior intestine un

circles indicate the magnified areas; RBC and black arrows represent red blood

(C) Statistics of red blood cells in the posterior intestine under TEM analysis. **p < 0

(D) Cd146 marks the new blood vessels. White arrows indicate blood vessels. C

(E) Statistics of blood vessels in the posterior intestine under immunofluorescence

determined with Student’s t test.

(F) Air-breathing frequency (each group with three replicates). Statistical significa

(G) Oxygen consumption detection. *p < 0.05 and **p < 0.01. Statistical significa

(H) Cd146 marks the blood vessels. White arrows indicate blood vessels (red blo

(I) Transcriptome analysis of gene expression related to angiogenesis fromWT and

9; mmp13, matrix metalloproteinase-13; vip, vasoactive intestinal peptide; pdgf,

lamb3, laminin subunit beta 3; thbs1, thrombospondin 1; cd44, CD44 molecule.

(J) Immunoprecipitation (IP) analysis.

(K) Immunofluorescence analysis of Mex3a and Tbx20 proteins in the posterior inte

blood vessel.
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processes like cell adhesion, signal transduction, movement, and

tissue establishment39,40 (Figure S4C). Further analysis of DEGs

revealed the significant down-regulation of known genes associ-

ated with angiogenesis, such as T-box transcription factor 20

(tbx20), matrix metalloproteinase-9 (mmp9), mmp13, vasoactive

intestinal peptide (vip), platelet-derived growth factor (pdgf),

MAPK activated protein kinase 2 (mapkapk2), laminin subunit

beta 3 (lamb3), thrombospondin 1 (thbs1), and CD44 molecule

(cd44), in KO loach (Figure 3I). Additionally, qPCR analysis of

selected DEGs confirmed that the gene expression trends in the

posterior intestine of WT and KO loach aligned with the transcrip-

tome data, validating its reliability (Figure S4D). To delve deeper

into the molecular mechanism by which mex3a regulated angio-

genesis, we performed immunoprecipitation (IP) analysis. Based

on the antibody quality and sequence homology, we analyzed in-

teractions between Mex3a and Tbx20, Mmp9, Mmp13, and

Mapkapk2 proteins, respectively (Figures S4E and S4F). Ulti-

mately, IP analysis revealed an interaction between Mex3a and

Tbx20 (Figure 3J).

Studies have reported that Tbx20 played a critical role in the

regulation of various structures, including the heart, neural cells,

and blood vessels, during embryonic development.41–43 Deple-

tion of Tbx20 in mouse embryos may lead to developmental ab-

normalities in the cardiovascular system, even resulting in mor-

tality.44 Additionally, Ji et al. performed single-cell sequencing

and discovered that perivascular adipose stem cells had the

potential to promote vascular remodeling, with Tbx20 OE signif-

icantly enhancing the differentiation of these cells.45 Further-

more, we validated the expression levels of the Tbx20-Prok2-

Prokr1 signaling pathway in the posterior intestine of loach. As

depicted in Figure S4G, the deletion of Mex3a in loach signifi-

cantly suppressed the expressions of Tbx20, Prok2, and Prokr1

genes. Immunofluorescence staining of the posterior intestine

demonstrated that both Mex3a and Tbx20 were expressed in

blood vessels of the loach. Mex3a deletion led to a significant

decrease in Tbx20 expression of the loach, with only minimal

expression signals detected in the blood vessels (Figure 3K).

Meng et al. also found that inhibiting the expressions of the

genes from the Tbx20-Prok2-Prokr1 pathway in zebrafish and

mice caused vascular damage, while OE of the genes could

rescue vascular injury.46 Our findings suggested that Mex3a
ygen consumption of WT and KO loach

tatistical significance is determined with Student’s t test.

der normoxia and air exposure (each group with three replicates). The golden

cells.

.01 and ***p < 0.001. Statistical significance is determined with Student’s t test.

D146, melanoma cell adhesion molecule.

analysis (each group with three replicates). *p < 0.05. Statistical significance is

nce is determined with Student’s t test.

nce is determined with Student’s t test.

od cells).

KO loach. tbx20, T-box transcription factor;mmp9, matrix metalloproteinase-

platelet-derived growth factor; mapkapk2, MAPK activated protein kinase 2;

stine of loach.White arrows indicated blood vessels. RBC, red blood cells; BV,



Figure 4. Tissue expression analysis of mex3a and observation of early developmental blood vessels in zebrafish

(A) mex3a tissue expression (three zebrafishes are used here). Different letters above the error bars indicate a significant difference among different groups

(p < 0.05). ‘‘a’’ represents the lowest expression level, ‘‘b’’ represents a significantly higher expression level compared with a, ‘‘c’’ represents a significantly higher

expression level compared with b, and ‘‘d’’ represents a significantly higher expression level compared with c. Statistical significance is determinedwith one-way

ANOVA.

(B) Mex3a localization in the intestine. The golden arrows indicate expression signals in the intestine, RBC, red blood cells.

(C) Observation of early developmental blood vessels in WT and KO zebrafish (each group with three replicates). The golden frame represents the abdominal

blood vessels of zebrafish. 30 hpf, 30 h post-fertilization.
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interacted with Tbx20 to regulate angiogenesis in fish via the

Tbx20-Prok2-Prokr1 pathway.

mex3a involved in the angiogenesis of fish

The transgenic zebrafish line (fli1a:EGFP) has become an indis-

pensable experimental tool for studying angiogenesis.47,48 Ze-

brafish fli1 expression is highly ubiquitous, and its promoter can

drive the expression of enhanced green fluorescent protein

(EGFP) in all blood vessels throughout embryogenesis.49,50

To validate our findings of the loach, we established a zebrafish

model with a mex3a gene KO using the fli1a:EGFP line. As

shown in Figure S5A, zebrafish (fli1a:EGFP) had a mex3a

gene consisting of two exons and one intron. We targeted the

first exon for KO, resulting in a mutant mex3a�/� (KO zebrafish)

with a deletion of four base pairs (GGCG), leading to premature

termination of amino acid translation (with translation of 54

amino acids andmistranslation of 449 amino acids). WB valida-

tion confirmed the successful generation of homozygous ze-

brafish lacking mex3a (Figure S5B).

Furthermore, tissue expression analysis revealed that the ze-

brafish (AB strain) mex3a gene was primarily expressed in tis-

sues rich in blood vessels, including the eyes, gills, and brain,

with relatively low expression levels in the intestine (Figure 4A).
Meanwhile, the expression pattern of the mex3a gene differed

between zebrafish and the loach. Immunofluorescence anal-

ysis of zebrafish (AB strain) intestine tissues revealed that

Mex3a was highly expressed in the serosal layer and also ex-

pressed in the mucosal layer (Figure 4B), different from the re-

sults in the loach (Figure S3H). Through vascular visualization

analysis, we observed significant inhibition of abdominal

blood vessel growth in mex3a deletion zebrafish (fli1a:EGFP)

at 30 h post-fertilization (hpf) compared with WT zebrafish

(fli1a:EGFP) (Figure 4C). Furthermore, the deletion of Mex3a

significantly inhibited the expressions of Tbx20, Prok2, and

Prokr1 genes (Figure S5C). These findings served to further so-

lidify the pivotal role of the ancient genemex3a in the process of

angiogenesis.

Validation ofMex3a function on angiogenesis in HUVECs

Angiogenesis is a complex process involving the proliferation and

migration of endothelial cells, regulated by angiogenic factors and

the extracellularmatrix.51–53 Endothelial cellmigration is one of the

early steps in angiogenesis and serves as a hallmark of vascular

development.54 To mimic the process of vascular development

in vitro, endothelial cell migration and a three-dimensional model

of the vascular morphogenesis assay are commonly employed
Cell Genomics 4, 100670, October 9, 2024 7



Figure 5. The effects of Mex3a overexpres-

sion and knockdown on the migration and

tube-forming ability of HUVECs

(A) HUVEC migration (left) and HUVEC tube for-

mation (right) (each group with three replicates).

(B) qPCR (each group with three replicates).

Different letters above the error bars indicate a

significant difference among different groups

(p < 0.05). ‘‘a’’ represents the lowest expression

level, ‘‘b’’ represents a significantly higher expres-

sion level compared with a, and ‘‘c’’ represents a

significantly higher expression level compared with

b. Statistical significance is determined with one-

way ANOVA.

(C) Western blot.

(D) Immunofluorescence.
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to assess angiogenesis. Endothelial cells such as HUVECs are

frequently used in studies related to hypoxia, cell migration, and

tumor-associated angiogenesis applications.55 To verify the regu-

latory role ofMex3a in angiogenesis, weutilizedHUVECs to estab-

lish models ofMex3a KD and OE. Figure S6A shows the success-

ful transfection of Mex3a into HUVECs.

Through cell migration experiments under normoxia, we

observed that knockdown ofMex3a (Mex3a-KD group) inhibited

HUVEC migration compared with the control group (CT group),

while OE of Mex3a (Mex3a-OE group) promoted HUVEC migra-

tion (Figure 5A). Additionally, a tube formation assay on HUVECs

showed no significant difference in tube-forming ability among

the Mex3a-KD, Mex3a-OE, and CT groups at 12 h incubation.

However, at 24 h, the tube-forming ability of the Mex3a-OE

group was significantly stronger than that of the CT and

Mex3a-KD groups. In the Mex3a-OE group, most blood vessels

remained intact, with a few dead cells, while in the CT and

Mex3a-KD groups, the majority of blood vessels could not main-

tain integrity, with a large number of dead cells (Figure 5A).

Through qPCR, WB, and immunofluorescence, we validated

the TBX20-PROK2-PROKR1 pathway in HUVECs. It showed

that Mex3a KD significantly inhibited the expression of the

TBX20-PROK2-PROKR1 pathway, whileMex3a OE significantly

promoted the expression of the TBX20-PROK2-PROKR1

pathway (Figures 5B and 5C). Immunofluorescence results

demonstrated that the expression of TBX20 was obviously sup-
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pressed in the Mex3a-KD group and

notably enhanced in theMex3a-OE group

(Figure 5D).

As shown in Figures S6B–S6E, low

oxygen treatment inhibited the prolifera-

tion of HUVECs. However, results from

the three HUVEC groups (Mex3a-KD,

Mex3a-OE, and CT groups) under hypoxia

were consistent with those under nor-

moxia, indicating that Mex3a KD inhibited

HUVEC migration, while Mex3a OE pro-

moted HUVEC migration. Tube formation

results of HUVECs showed that at 12 h in-

cubation, there was no obvious difference

in tube-forming ability among the three
groups. However, at 24 h, most blood vessels in the Mex3a-

OE group remained intact, while in the CT and Mex3a-KD

groups, most blood vessels could not maintain integrity, and

cells gradually underwent death (Figure S6C). These results sug-

gested that the tube-forming ability of theMex3a-OE group was

stronger than that of the CT andMex3a-KD groups. Additionally,

Mex3a knockdown significantly inhibited the expression of the

TBX20-PROK2-PROKR1 pathway, whileMex3a OE significantly

promoted the expression of the TBX20-PROK2-PROKR1

pathway (Figures S6D and S6E). Our findings indicated that,

similar to fish, mammalian Mex3a also possessed the ability to

regulate angiogenesis through the TBX20-PROK2-PROKR1

signaling pathway.

The effect of loach Mex3a mutation N201S on the
migration and tube-forming ability of HUVECs
Conservation analysis of Mex3a
The protein structure determines its function.56,57 By comparing

the amino acid sequences of Mex3a in the loach, African

lungfish, Erpetoichthys calabaricus, Mastacembelus armatus,

C. argus, Kryptolebias marmoratus, Ctenopharyngodon idellus,

Labeo rohita, zebrafish, T. tibetana, Latimeria chalumnae, and

L. oculatus, it was found that Mex3a exhibited a high degree of

conservation (Figure S6F), suggesting that Mex3a may play a

role in regulating angiogenesis in fish species. We wondered

why zebrafish and T. tibetana could not survive in air. With



Figure 6. HUVEC migration and tube formation ability

(A) HUVEC migration and tube formation ability under normoxia (top) and hypoxia (bottom) (each group with three replicates). egfp represents the control group,

mex3a-Dr represents the zebrafish mex3a transfection group, and mex3a-Ma represents the loach mex3a transfection group.

(B) HUVEC migration and tube formation ability under hypoxia (each group with three replicates). mex3a-Dr represents the zebrafishmex3a transfection group,

mex3a-N201S-Ma represents the loach mex3a mutation transfection group, and mex3a-Ma represents the loach mex3a transfection group.
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positive selection analysis, it was found that the 201st amino

acid of loach Mex3a (the position after the sequence alignment

was 188) underwent positive selection and mutation, evolving

into asparagine (N), which was different from serine (S) in zebra-

fish and T. tibetana (Figure S6G; Table S9). The primary structure

of a protein determines its spatial structure. By predicting the ter-

tiary structure of the Mex3a protein, it was found that its spatial

conformations varied among species, including African lungfish,

spotted gar,M. albus, C. argus, the loach, T. tibetana, zebrafish,

mouse, and human, especially in the RING-finger domain

(Figures S6H–S6P). Previous research indicated that the RING-

finger domain was crucial in regulating processes such as the

cell cycle, migration, and gene transcription, and its defects

were often associated with the development of cancer.58,59 In

Cypriniformes, the protein spatial conformations between

T. tibetana (Tt) and zebrafish (Dr) are similar, with differences

observed only in the RING-finger domain compared to loach

(Ma), as shown in Figure S6Q. Furthermore, after mutating the

201st amino acid of loach Mex3a from asparagine (201N) to

serine (Ma_N201S), the conformation of the Mex3a protein in

the RING-finger domain became similar to those of T. tibetana
and zebrafish (Figure S6R). Further analysis of the surrounding

amino acid conformations of loach Mex3a 201N, T. tibetana

201S, zebrafish 197S, and loach Mex3a N201S showed that

the conformation of zebrafish 197S differed from that of loach

201N, T. tibetana 201S, and loach Mex3a N201S (Figures

S6S–S6U); The difference in conformation between loach 201N

and T. tibetana 201S was associated with the different number

of hydrogen bonds formed by surrounding amino acids

(Figures S6S and S6T); the conformation of the N201S was

closer to that of T. tibetana 201S (Figures S6T and S6V). Our find-

ings suggested that the change of the 201st amino acid (N or S)

in the loach Mex3a protein could affect its spatial structure,

potentially resulting in functional alterations.

Effect of exogenous loach and zebrafish mex3a gene on

the migration and tube formation of HUVECs

Through cell migration experiments, it was found that compared

to the CT group (egfp), both loach (mex3a-Ma group) and zebra-

fish (mex3a-Dr group) mex3a could promote the migration and

tube-forming ability of HUVECs under normoxia. However, there

was no significant difference between the loach and zebrafish

(Figure 6A, top). Hypoxia is one of the main factors inducing
Cell Genomics 4, 100670, October 9, 2024 9
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angiogenesis.36 Furthermore, through hypoxia induction, in

terms of cell migration in HUVECs, we found that compared to

the mex3a-Dr and egfp groups, the cell density in the mex3a-

Ma group was higher, and it had a longer cell migration distance.

The integrity and density of tube formation in the mex3a-Ma

group were also higher than those of the mex3a-Dr and egfp

groups (Figure 6A, bottom). These findings suggest that both

loach and zebrafish mex3a genes can enhance HUVEC migra-

tion and tube formation under normoxia and hypoxia. Further-

more, the loachmex3a appeared to have a stronger pronounced

promoting effect under hypoxia compared to zebrafish. The pos-

itive selection of ancient mex3a represented a strategic adapta-

tion to terrestrial environments by enhancing loach air-breathing

ability.

Under hypoxia, loach Mex3a demonstrated superior promo-

tion of HUVEC migration and tube formation. This suggested

that the 201N position of Mex3a was the primary distinguishing

factor in terms of HUVEC migration and tube formation between

the loach and zebrafish. Furthermore, we established a mutant

loach Mex3a (N201S) model in HUVECs, exhibiting a similar

trend to zebrafish Mex3a in promoting HUVEC migration and

tube formation (Figure 6B). These findings suggested that the

amino acid residue at position 201 (201N) in the Mex3a protein

was a key distinguishing factor in promoting angiogenesis be-

tween the loach and zebrafish.

Conclusions
In this study, we assembled two high-quality haplotypes of the

loach M. anguillicaudatus and then conducted gene evolu-

tionary analysis of air-breathing and non-air-breathing fishes

containing Actinopterygii and Sarcopterygii (teleost and non-

teleost) species, through which mex3a associated with air

breathing was screened out. Subsequently, through gene KO,

KD, and OE, respiratory physiology experiments, transcrip-

tomic analysis, protein interaction/structure analysis, etc., we

found that Mex3a deletion inhibited angiogenesis, impairing

loach air-breathing capacity. Furthermore, the 201st amino

acid in loach Mex3a directly related to its role in angiogenesis.

Finally, the ancient mex3a was innovatively identified as a fish

air-breathing gene. Our findings provide new insights into the

evolution of fish air breathing and offer an important theoretical

basis for developing new fish varieties of hypoxia tolerance.

Additionally, it has been reported that humans evolved from

fish, and therefore the ancient mex3a gene, an air-breathing

gene, may hold potential for the treatment of human hypoxia-

related diseases.

Limitations of the study
This study aims to elucidate the function and regulatory mecha-

nisms of the ancient air-breathing gene mex3a, with the goal of

using it as a candidate gene for breeding hypoxia-tolerant fish

species or assisting in solving human hypoxia-related diseases.

We have created a mex3a KO model in loach and found that

mex3a indeed regulated angiogenesis. Ideally, constructing a

mex3a OE model in loach would provide additional insights.

However, this process was challenging and time consuming

and had a very low success rate. Despite these limitations, our

mex3a OE model in HUVECs has also confirmed the gene’s
10 Cell Genomics 4, 100670, October 9, 2024
role in promoting angiogenesis. Our findings will aid future

studies in understanding fish air breathing and provide a valuable

resource for cultivating hypoxia-tolerant fish varieties.
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GeMoMa Keilwagen et al.69 https://www.jstacs.de/index.php/GeMoMa-Docs

GenomeThreader Gremme et al.70 https://github.com/genometools/genomethreader

StringTie Shumate et al.71 https://github.com/gpertea/stringtie/releases

TransDecoder Jo et al.72 https://github.com/TransDecoder/

TransDecoder

EVidenceModeler Haas et al.73 https://github.com/EVidenceModeler/

EVidenceModeler

SAMtools Li et al.74 https://github.com/samtools/samtools

R Hao et al.75 https://www.r-project.org/

MCscan Wang et al.76 https://github.com/tanghaibao/jcvi/wiki/

MCscan-(Python-version)

MUMmer Delcher et al.77 https://github.com/mummer4/mummer

RSEM Li and Dewey78 https://github.com/deweylab/RSEM
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
The adult loach (one year old; the average body length was 10.5 cm) used in this study were from a laboratory-reared population. The

adult AB strain zebrafish and Tg (fli1a:EGFP) transgenic zebrafish (CZ-ID:CZ55) were purchased from China Zebrafish Resource

Center. All the loach and zebrafish were cultured in a recirculating water system with a temperature of 24�C–26�C, pH of 7.0–7.5,

and dissolved oxygen (DO) of 6.0–6.5 mg/L. All experimental protocols in this study were approved by the Animal Experimental

Ethical Inspection of Laboratory Animal Center, Huazhong Agricultural University, Wuhan, China (HZAUFI-2021-0032). All efforts

were made to minimize the suffering of the fish.

Animal models
We constructed the mex3a knockout loach using the CRISPR/Cas9 system. The target sequence for loach mex3a was

‘‘GTTGGGTCTTGGAGAGGGCGA’’. To validate the construction efficiency of the mex3a knockout loach model, we collected pos-

terior intestine tissues fromWT and KO loaches for qPCR and WB analysis. Furthermore, amex3a knockout model in the transgenic

zebrafish (fli1a:EGFP) was generated. The target sequence for zebrafish mex3a was ‘‘GCTGGGTCTTGGAGAGGGCG’’. To validate

the construction efficiency, muscle tissues were collected for WB analysis. The primers are listed in Table S10.

HUVEC cells
HUVECs (obtained from the Wuhan Pricella Biotechnology Co., Ltd.) were maintained in HUVEC-specific culture medium (Wuhan

Pricella Biotechnology Co., Ltd.), and kept at 37�C in a 0.5% CO2 incubator.

METHOD DETAILS

Screening of genes associated with angiogenesis
Gene enrichment analysis

The GO and KEGG functional enrichment analysis of 120 PSGs obtained from our previous genomic analysis of loach

(GCF_027580225.1),19 were conducted for further screening candidate genes associated with angiogenesis involvement in air-

breathing.

Loach haplotype genome assembly and annotation

Due to the inability to identify centromere sequences in most chromosomes of the loach genome (GCF_027580225.1) assembled

using PacBio CLR data,19 we supplemented PacBio HiFi data by using muscle tissue samples from the loach to further enhance

the completeness of the genome. Firstly, Hifiasm (v0.16.1-r375)60 was employed as the primary assembly software to construct

two sets of chromosome-level haploid genomes of loach, by utilizing PacBio HiFi sequencing data and Hi-C sequencing data.

The assembly process utilized the HiFi reads + Hi-C reads mode with parameters ‘‘-o output -t 10 HiFi reads.fq –h1 HiC-R1.fq

–h2 HiC-R1.fq’’. Secondly, pseudochromosomes of the loach were obtained using Hi-C technology. 3D-DNA was used to organize
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and orient the generated contigs into pseudochromosomes.61 The Hi-C contact matrix was visualized using Juicebox, with manual

adjustments based on neighboring interactions. Finally, Racon (v1.4.30) was used for genome polish,62 and BUSCO was used to

evaluate genome completeness by using actinopterygii_odb10 database.63

For the annotation of tandem repeats and transposable elements (TEs), TandemRepeats Finder (v 4.09; TRF; default parameters)64

was employed. Simultaneously, both de novo and homologous search strategies were used to identify TEs from the loach genome.

The de novo repeat library of loach was identified and constructed using RepeatModeler (v 2.0.1; default parameters).65 Subse-

quently, RepeatMasker (v 4.1.0)66 was utilized to align homologous TEs against the Repbase database and integrate them with

the de novo repeat library.

The genome structural annotation process involved three main methods: de novo prediction, homology-based prediction, and

RNA-seq assisted prediction. For de novo prediction, AUGUSTUS (v 3.3.3),67 and GeneMark-ES (v 4.68)68 software were used

with a repeat-masked genome as input. For homology-based prediction, GeMoMa (v 1.9)69 and GenomeThreader (GTH,

v 1.7.1)70 were employed. For RNA-seq assisted prediction, HISAT2 (v 2.2.1), StringTie (v 2.1.4),71 and TransDecoder72 were

used for transcript alignment, assembly and prediction. Finally, the EVidenceModeler (EVM, v 2.1.0)73 software was used to integrate

the predictions from the three methods, considering the reliability and accuracy of each prediction source, to generate a comprehen-

sive genome annotation.

Gene function annotation primarily relied on external protein databases (NR, SwissProt, TrEMBL, KEGG, GO, InterPro, and Pfam)

to annotate the functions of proteins in the gene set. During the annotation process of non-coding RNAs, tRNA sequences in the

genomewere identified using tRNAscan-SE based on the structural characteristics of tRNAs. rRNA sequence was identified by using

blastn with an E-value of 1e�5. Additionally, miRNA and snRNA sequences on the loach genome were predicted using Rfam 9.1 and

INFERNAL.

Identification of centromere sequences and chromosome orientation adjustment

Centromeres are specialized DNA sequences that connect sister chromatids.79 Centromere structures in most animals and plants are

complex, primarily composed of highly repetitive satellite DNA and interspersed retrotransposon sequences.79,80 In this study, centro-

mere sequences in the loach genome were identified using TRF (v 4.0.9).64 Initially, each chromosome sequence of the loach genome

was individually extracted using SAMtools (v 1.9)74 and then utilized as input for TRF with parameters ‘‘2 7 7 80 10 50 500 -f -d -m’’. As

the centromere regions in the loach are mainly comprised of tandem repeat sequences, and the centromere sequences on each chro-

mosomewithin a species are highly homologous, tblastn was further employed to align the tandem repeat sequences identified on the

25 chromosomes. Subsequently, alignment results were filtered based on 85% identity. Finally, following the general principle "short

arm on the left, long arm on the right", chromosome orientation could be further adjusted based on the positions of the centromere

candidate sequences. Additionally, chromosomes were numbered based on their lengths, arranged from longest to shortest. The R

language and the RIdeogram package were utilized for plotting chromosome centromere maps.75

PSGs in the loach and Triplophysa tibetana genomes

Firstly, a local BLAST database of T. tibetana genome sequence was established by using themakeblastdb command fromBLAST+.

Second, gene sequences were extracted from the loach genome as reference sequences; subsequently, the blastn command was

used to compare the gene sequences with the T. tibetana genome. Finally, based on the alignment result file, the information was

parsed to determine their positions on the chromosome.

MCscan (v 1.0; Python version)76 was used with parameters ‘‘–cscore = 0.99; –minspan = 30’’ for genome synteny analysis be-

tween the loach (GCF_027580225.1) and T. tibetana. Based on the results of genome synteny analysis of the two species, we con-

ducted a step-by-step visual localization analysis of intestinal air-breathing-related genes usingMUMmer (v 4.0.0beta2)77 with delta-

filter parameters ‘‘-i 90 -L 100 -m’’10 and LINKVIEW2 from the loach genome and T. tibetana genome.

Evolutionary analysis of intestinal air-breathing-related genes

We selected six fish species including African lungfish, spotted gar, Oryzias latipes, zebrafish, T. tibetana, and the loach for whole-

genome synteny analysis. The analysis was conducted using the MCscan software, and jcvi scripts were employed to identify syn-

tenic blocks among the six fishes with parameters ‘‘–cscore = 0.50; –minspan = 30’’. Subsequently, the synteny results were further

visualized for intestinal air-breathing-related genes.

Functional analysis of Mex3a
Air exposure

A towel was laid at the base of a glass tank and stayed moist. The fish (three kinds of air-breathing fishes, namely the loach, C. argus,

andM. albus) were put on themoist towel. After 0 and 6 h of exposure, the air-breathing organs were sampled from the fish formex3a

expression analysis (Figure S3A). For expression analysis, qPCR (2x FonsSuper SYBR Green qPCRMix (With ROX) were purchased

fromWuhan Fonsber Biotechnology Co., Ltd. Cat no: FS3310-01) and WBwere performed. The Mex3a antibody (ABclonal Technol-

ogy Co., Ltd. Cat no: A22102; Rabbit) and glyceraldehyde-3-phosphate dehydrogenase (Gapdh) antibody (ABclonal Technology

Co., Ltd. Cat no: AC001) were diluted 1000 and 10000 times with PBS buffer, respectively. The primers are listed in Table S10.

The qPCR and WB experiments follows procedures described by Sun et al.21

Expression and location analysis of loach Mex3a

Eleven tissues including intestine, eye, skin, spleen, gill, kidney, brain, fin, barbel, heart, and liver from the loach were collected and

used for qPCR analysis (three loaches were used here). The relative expression levels were normalized to the endogenous control
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genes, namely b-actin and gapdh. To investigate the expression pattern of mex3a during the early development of loach, we con-

ducted whole-mount in situ hybridization. Additionally, we analyzed the expression signals of Mex3a in the intestine of loach using

tissue in situ hybridization and immunofluorescence. The primers are listed in Table S10. The procedures of whole-mount in situ hy-

bridization and immunofluorescence followed to Sun et al.19

Construction of mex3a knockout loach

We constructed the mex3a knockout loach using the CRISPR/Cas9 system.

Phenotypic analysis of mex3a knockout loach

Firstly, we conducted air exposure experiments with WT and KO loaches and recorded the survival time of each loach (eight loaches

were sampled from each group). To determine the death of loach, we placed the loaches back into the water, and if they did not swim

within half an hour, we considered theywere dead. Posterior intestines ofWTandKO loaches exposed to air for 0 and 6 hwere collected

for H&E staining, TEM, immunofluorescence, and gene expression analysis. For immunofluorescence,CD146 antibody (ABclonal Tech-

nology Co., Ltd. Cat no: A13927; diluted 50 times with PBS buffer; Rabbit) was used to label new-formed blood vessels.

Furthermore, we conducted a chronic hypoxia treatment. Two 2 L-conical flasks containing 1.5 L of water (with an oxygen content

of 6.0 mg/L) were utilized, with a layer of peanut oil added to create a barrier between the water and the air (Figure S3N). Four same-

sized WT and KO loaches were respectively placed into the conical flasks. During the experiment, a dissolved oxygen analyzer was

employed to continuously monitor fluctuations in water oxygen levels. Simultaneously, the occurrences of loach air-breathing

behavior were recorded (loach air-breathing behavior defined as when the head of the loach emerged above the water surface).

When the oxygen content reached 0 mg/L, the experiment was stopped. Posterior intestine tissues of WT and KO loaches were

collected for immunofluorescence and gene expression analysis.

RNA_seq analysis

After exposed to air for 6 h, posterior intestine tissues were sampled from WT and KO loaches (3 loaches per replicate, 3 replicates

per group) for RNA-seq analysis. Quantitative analysis of gene and transcript expression levels were conducted using the RSEM

(v 1.3.3) software,78 with expression levels measured in Fragments Per Kilobase per Million reads (FPKM). Gene with expression

levels presenting log2(FoldChange)R 2 and p% 0.05 were considered as DEGs. Enrichment analyses for GO and KEGG pathways

were performed for the identified DEGs.

IP analysis

The main steps of the IP experiment referred to the Protein A + G Agarose (Fast Flow, for IP) kit (Cat no: P2055-2mL) from Beyotime

Biotechnology Company. Firstly, protein extraction was conducted using liver tissues obtained from wild-type loaches. The ex-

tracted protein was subsequently incubated with 4 mL of Mex3a antibody and gently shaken overnight at 4�C. Then, 40 mL Protein

A + G Agarose was added and incubated for 3 h with slow shaking at 4�C. For WB analysis, Tbx20 (ABclonal Technology Co.,

Ltd. Cat no: A15994; Rabbit; diluted 1000 times), Mmp9 (ABclonal Technology Co., Ltd. Cat no: A0289; Rabbit; diluted 700 times),

Mmp13 (ABclonal Technology Co., Ltd. Cat no: A1606; Rabbit; diluted 700 times), andMapkapk2 (ABclonal Technology Co., Ltd. Cat

no: A22183; Rabbit; diluted 2000 times) were used as the primary antibodies, respectively. To avoid interference from heavy chains,

the HRP-conjugated IgG Fraction Monoclonal Mouse Anti-Rabbit IgG, Light Chain Specific antibody (diluted 10,000 times) from Pro-

teintech China Biotechnology Company (Cat no: SA00001-7L) was utilized as the secondary antibody.

Tbx20-Prok2-Prokr1 pathway expression analysis

We collected the posterior intestine tissues from WT and KO loaches for qPCR, WB, and immunofluorescence analysis. Prok2 anti-

body (ABclonal Technology Co., Ltd. Cat no: A6705) and Prokr1 antibody (Cusabio Technology LLC. Cat no: CSB-PA003812) were

diluted 1000 times with PBS buffer. For immunofluorescence analysis, Mex3a and Tbx20 antibodies were diluted 50 times with PBS

buffer. The primers are listed in Table S10.

Expression and location analysis of zebrafish Mex3a

Ten tissues including swimbladder, muscle, ovary, intestine, kidney, liver, heart, gill, brain, and eye from the zebrafish (AB strain) were

collected and used for qPCR analysis (three zebrafishes were used here). The relative expression levels were normalized to the

endogenous control genes, namely b-actin and gapdh. The primers are listed in Table S10. Additionally, we analyzed the expression

signals ofMex3a in the intestine of zebrafish (AB strain) using immunofluorescence. The procedures of immunofluorescence followed

to Sun et al.19

Construction of mex3a knockout model in transgenic zebrafish (fli1a:EGFP)

We constructed a mex3a knockout model in transgenic zebrafish (fli1a:EGFP) using the CRISPR/Cas9 system.

Detection of early vascular development of zebrafish

Following the successful establishment ofmex3a knockout zebrafish, we observed and captured images of WT and KO zebrafishes

at 30 h postfertilization (hpf) under a green fluorescence microscope following the method described by Meng et al.46 Meanwhile,

Tbx20-Prok2-Prokr1 pathway expression analyses in WT and KO zebrafishes were performed. The intestine tissues from WT and

KO zebrafishes were also sampled for qPCR and WB analysis. Prok2 antibody and Prokr1 antibody were diluted 1000 times with

PBS buffer. The primers are listed in Table S10.

Construction of HUVEC Mex3a knockdown and overexpression models

When the cell density of HUVECs reached 60–80%, passaging was conducted. siRNA transfection was performed using

RFectPMsiRNA/miRNA transfection reagent (Changzhou Biogenerating Biotechnology Co., Ltd.). The volume ratio of si:Mex3a to

RFectPMsiRNA/miRNA transfection reagent was 6:1. HUVEC Mex3a-KD model was established.
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For HUVEC Mex3a-OE model construction, the overexpression vector for human Mex3a (Mex3a-pcDNA3.1(+)eGFP; Mex3a-OE

group) was constructed by Wuhan Tianyi Huayu Gene Technology Co., Ltd. Plasmid extraction was conducted using the MolPure

Endo-free PlasmidMini Kit (Yeasen Biotechnology Co., Ltd.), following themanufacturer’s instructions. Hieff Trans Liposomal Trans-

fection Reagent (Yeasen Biotechnology Co., Ltd.) was used for plasmid cell transfection. The volume ratio of Mex3a-pcDNA3.1(+)

eGFP and pcDNA3.1(+) eGFP (the Control group) to Hieff Trans Liposomal Transfection Reagent was 2.5 mg:6 mL. Each group

had 3 replicates. During transfection, HUVECs were cultured in Opti-MEMmedium (Thermo Fisher Scientific Inc.). After 6 h, the me-

dium was replaced with HUVEC-specific culture medium (Wuhan Pricella Biotechnology Co., Ltd.), and the transfected cells were

cultured at 37�C for 48 h, and then used for WB analysis. To clearly verify the success of transfection and expression of exogenous

genes, fluorescencemicroscopy, qPCR, andWBanalysis were performed. Three replicates were performed. The primers are listed in

Table S10.

HUVEC migration analysis under normoxia

After successful constructions of the HUVECMex3a-KD andMex3a-OE model, cell migration experiment was conducted after 24 h

incubation. Firstly, a consistent-width straight line was drawn by using the 1mL pipette tip. Then, the mediumwas replaced with new

HUVEC culturemedium. Finally, the initial (0 h) line distance was recorded under an optical microscope. After 24 h incubation, the cell

migration distance was recorded again and analyzed. Three replicates were performed.

HUVEC tube-formation assay under normoxia

The HUVEC Mex3a-KD and Mex3a-OE group, along with the control group (CT group), were used to carry out the tube-formation

assay. The ABW Matrigengel (Shanghai Nova Pharmaceutical Technology Co., Ltd) was used. 96-well plate was utilized, with

40 mL of Matrigel per well. Following a 30 min incubation at 37�C cell culture incubator, 50 mL of cell suspension containing approx-

imately 30,000 cells was added to each well. Subsequently, the plate was put into the 37�C cell culture incubator. Photographs were

captured at 6 h and 24 h post-incubation. Three replicates were performed.

Expression analysis of TBX20-PROK2-PROKR1 pathway under normoxia

Cells from the CT, Mex3a-KD, and Mex3a-OE group were harvested for qPCR analysis after 24 h culture and for WB analysis after

48 h culture. Three replicates were performed. The primers are listed in Table S10.

Immunofluorescence

The procedures of cell immunofluorescence were performed as described by Li et al. with slight changes.81 The polyclonal antibody

of Mex3a and Tbx20 was used as the primary antibody and Cy3-labeled goat anti-rabbit antibody (ABclonal, China) used as second

antibody. The nuclei were stained with DAPI. Tissues were observed under a laser scanning confocal microscope (Leica DMi8, Ger-

many). The immunofluorescences of cells from the CT, Mex3a-KD, and Mex3a-OE group were performed after 48 h incubation.

HUVEC migration analysis under hypoxia

After delineating line on the three groups (CT,Mex3a-KD, andMex3a-OE), cells were initially incubated in a hypoxic chamber (1%O2,

37�C) for 4 h, followed by transfer to a 37�C cell culture incubator for continued incubation. Three replicates were performed.

HUVEC tube-formation assay under hypoxia

After 24 h incubation, cells from the CT, Mex3a-KD, andMex3a-OE group were exposed to a chamber (1% O2, 37
�C) for 4 h before

proceeding to the tube-formation assay. Three replicates were performed.

Expression analysis of TBX20-PROK2-PROKR1 pathway under hypoxia

After 24 h culture, cells from the CT,Mex3a-KD, andMex3a-OE group were placed in a hypoxic chamber (1%O2, 37
�C) for 4 h before

being collected for qPCR analysis. After 48 h culture, the cells were placed in a hypoxic chamber (1% O2, 37
�C) for 4 h before being

collected for WB analysis. Three replicates were performed. The primers are listed in Table S10.

The effect of loach Mex3a mutation N201S on the migration and tube-forming ability of HUVECs
Prediction and comparative analysis of Mex3a protein structure

The conservation and divergence of Mex3a amino acid sequences from five fish species including zebrafish, T. tibetana, the loach,

African lungfish, and spotted gar were analyzed by using the online software NCBI-BLAST-Multiple Alignment (COBALT: Multiple

Alignment Tool (nih.gov). Additionally, we selected Mex3a amino acid sequences from 11 fish species (zebrafish, spotted gar,

T. tibetana, C. argus, L. chalumnae, E. calabaricus, M. armatus, K. marmoratus, C. idellus, L. rohita, and the loach) for analysis.

The sequences were aligned using the Jalview software subroutineMafft (default parameters). Positive selection sites were identified

based on the alignment results combined with positive selection analysis results (188N, the Asparagine at position 188 was under

positive selection) (Table S9).

Prediction of the tertiary structure of Mex3a protein

We used the sub-tool Protein Structure Prediction (AlphaFold2.3.0) within the online softwareWeMol for predicting tertiary structures

(https://wemol.wecomput.com/ui/#/frontend/workflow/workflow-modules). Following the prediction, we selected the result with the

highest score for subsequent protein structure comparative analysis.

Prediction of tertiary structure after Mex3a mutation (N201S) of loach

We conducted the analysis of the amino acid at position 201st of Mex3a of loach (201N), T. tibetana (201S), and zebrafish (201S) to

compare their differences. After mutating Mex3a amino acid (N201S) of loach, we performed Mex3a protein tertiary structure pre-

diction among loach (201S), T. tibetana (201S), and zebrafish (201S).
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Effect of exogenous loach and zebrafish mex3a gene on the migration and tube formation of HUVECs

Overexpression with zebrafish mex3a (mex3a-Dr group) or loach mex3a (mex3a-Ma group) in HUVEC were conducted using the

pcDNA3.1(+)eGFP plasmid. In comparison to the control group (pcDNA3.1(+)eGFP; egfp group), we assessed the effect of the

mex3a-Dr and mex3a-Ma on HUVEC migration and tube formation under normoxic and hypoxic conditions. Three replicates were

performed. The primers are listed in Table S10.

Effect of Mex3a mutation (N201S) of loach on the migration and tube formation of HUVECs

Loach-Mex3a-mutation (N201S, mex3a-N201S-Ma) HUVEC model was established using the Hieff MutTM Site-Directed Mutagen-

esis Kit (Yeasen Biotechnology Co., Ltd.). We assessed the effects of the mex3a-N201S-Ma, mex3a-Dr, and mex3a-Ma on HUVEC

migration and tube formation under hypoxic condition. Three replicates were performed. The primers are listed in Table S10.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data was presented as mean ± standard deviation (SD). The data was statistically analyzed and graphically represented using

GraphPad Prism 8.0 software. IBM SPSS Statistics v 26.0 was used for statistical evaluation using Student’s t test or One-way

ANOVA. p < 0.05 was considered statistically significant, while p < 0.01 and <0.001 indicated very significant and extremely signif-

icant differences, respectively (*p < 0.05, **p < 0.01, ***p < 0.001). Different letters above error bars indicated significant a difference

among different groups (p < 0.05).
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