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Abstract: MicroRNAs are frequently clustered in the genome and polycistronically transcribed,
regulating targeted genes in diverse signaling pathways. The miR-17-92 cluster is a typical miRNA
cluster, playing crucial roles in the organogenesis and homeostasis of physiological processes in
vertebrates. Here, we identified three miRNAs (csa-miR-92a, csa-miR-92b, and csa-miR-92c¢) that
belonged to the miR-92 family and formed a miRNA cluster in the genome of a urochordate marine
ascidian Ciona savignyi. Except for miR-92a and miR-92b, other homologs of the vertebrate miR-
17-92 cluster members could not be identified in the Ciona genome. We further found that the
mature sequences of urochordate miR-92 family members were highly conserved compared with
the vertebrate species. The expression pattern revealed that three miR-92 family members had
consistent expression levels in adult tissues and were predominantly expressed in heart and muscle
tissue. We further showed that, at the embryonic and larval stages, csa-miR-92c was expressed in the
notochord of embryos during 18-31 h post fertilization (hpf) by in situ hybridization. Knockout of
csa-miR-92c resulted in the disorganization of notochord cells and the block of lumen coalescence
in the notochord. Fibroblast growth factor (FGF), mitogen-activated protein kinase (MAPK), and
wingless/integrated (Wnt)/planar cell polarity (PCP) signaling pathways might be involved in
the regulatory processes, since a large number of core genes of these pathways were the predicted
target genes of the miR-92 family. Taken together, we identified a miR-92 cluster in urochordate
Ciona and revealed the expression patterns and the regulatory roles of its members in organogenesis.
Our results provide expression and phylogenetic data on the understanding of the miR-92 miRNA
cluster’s function during evolution.
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1. Introduction

MicroRNAs (miRNAs), a class of small, endogenous, noncoding RNAs [1,2], play
an essential role in multiple biological processes by regulating gene expression at the
posttranscriptional level [3-5]. Approximately 37% of human miRNA genes localize as
clusters in the human genome [6]. MiRNAs in a cluster are transcribed together with
physically adjacent miRNAs and usually have similar functions or participate in regulating
the same signaling pathway [7].

The miR-17-92 cluster is one of the best-studied miRNA clusters and was the first
recognized as an oncogenic gene in human B-cell lymphomas [8]. This cluster localizes at
chromosome 13q31 and comprises six mature miRNAs, including mir-17, mir-18a, mir-19a,
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mir-20a, mir-19b-1, and mir-92a-1, in humans [9-11]. The organization and sequences
of the miR-17-92 cluster are highly conserved among vertebrates. The gene duplication
and deletion events resulted in two paralogs of mir-17-92 cluster: mir-106b-25 and mir-
106a-363 [12] during early vertebrate evolution. The two homologous clusters encode
15 different miRNAs (mir-106b, mir-93, mir-25, mir-106a, mir-18b, mir-20b, mir-19b-2,
mir-92a-2, and mir-363), and these miRNAs share similar highly conserved gene sequences
with the miR-17-92 cluster [13]. Recent studies have uncovered that the miR-17-92 cluster
plays various roles in vertebrate organ development [14,15]. For example, the miR-17-92
cluster post-transcriptionally regulated the expression of Friend of Gata-2 (FOG-2) and
inhibited mouse cardiac development [16]. The overexpression of miR-17-92 promoted
cardiomyocyte proliferation in postnatal and adult hearts [17]. Besides, the miR-17-92
cluster was critical for muscle development. The mir-17 and mir-19 cooperatively promoted
the repair of mouse tibialis anterior muscles [18]. Mir-92a regulated the rho-associated
coiled-coil-forming kinase/myosin light chain kinase (ROCK/MLCK) signaling pathway
to promote vascular smooth muscle cell proliferation and migration [19].

In invertebrates, the miR-17-92 family members seem to play similar regulatory roles
in organogenesis as they do in vertebrates, but they do not form a cluster in the genome.
During Drosophila development, the deletion of mir-92b induced an abnormally high ex-
pression of myocyte enhancer factor 2 (Mef2), leading to muscle defects [20]. miR-92a
and miR-92b directly targeted jing interacting regulatory protein 1 (jigr1) to maintain
neuroblast self-renewal through inhibiting premature differentiation [21]. In Caenorhab-
ditis elegans, miR-235, a sole ortholog of mammalian miR-92 from the miR-17-92 cluster,
played a vital role in coupling blast-cell behaviors to the nutritional state [22]. In oyster
Crassostrea gigas, mir-92d regulated the expression of tumor necrosis factor during the
inflammatory response [23].

Urochordate Ciona, the vertebrates’ closest relatives, possesses a simple chordate body
plan and a small genome size. Hundreds of known and novel miRNAs have been identified in
C. savignyi [24], C. robusta (former name: C. intestinalis type A) [25-27], Halocynthia roretzi [28],
and Oikopleura dioica [29]. The notochord of Ciona larvae is a straight lumen-filled tube [30].
Previous studies showed that miRNAs were involved in the regulation of notochord devel-
opment. Some miRNAs regulated the process of lumen formation and expansion, which
happened in Ciona notochord development. For example, MiR-342 targeted the inhibitor of
DNA-binding 4 (ID4) and DNA methyltransferase 1 (DNMT1) to regulate the lumen formation
in mammary gland morphogenesis [31]; miR-26a mediated the vascular endothelial growth
factor (VEGF) and promoted lumen formation via PI3K/AKT and MAPK/ERK pathways in
rat angiogenesis [32]. However, the expression and function of the miR-92 cluster in notochord
development remain largely unexplored. We previously built miRNA libraries to screen those
miRNAs involved in regulating embryogenesis and larval metamorphosis in ascidian [24].
During the screening, the expression of the miR-92 family members were identified to be highly
upregulated [24]. We hereby focused on this miRNA family and investigated the structure and
functions of its members during development in ascidian. Here, we reported the identification
of a miR-92 cluster in the Ciona genome and its expression and roles in notochord development.

2. Materials and Methods
2.1. Animals, Tissues, and Embryos

Adults of C. savignyi were collected from the coast of Jiaozhou Bay, Qingdao, China.
The animals were maintained in a ventilating tank with continuous light in the laboratory.

Adults were dissected to collect different tissues, including gonad, intestinal, heart,
blood cells, muscle, egg, and stomach. The collected tissues were immediately frozen in
liquid nitrogen for RNA extraction.

Ciona eggs were collected from the dissected adults and then mixed with sperm from
other individuals in seawater for fertilization for five minutes. The embryos and larvae
were cultured at 16 °C and then were collected at different stages for RNA extraction, in
situ hybridization, and immunofluorescence staining.
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2.2. Quantitative Real-Time PCR (qPCR)

Total RNA was extracted from different stages of embryos or frozen tissues using
RNAiso plus (TAKARA, Japan). The reverse transcription was carried out using 1-ug total
RNA from different stages of embryos or frozen tissues by the miRNA 1st Strand cDNA
Synthesis kit (Vazyme, Nanjing, China). The distributions of miR-92s at different stages
and in different tissues were analyzed by 2-step qPCR (Vazyme, Nanjing, China) using a
Light Cycler 480 (Roche, Basel, Switzerland). The reaction condition was as follows: 95 °C
(5 min) for initial denaturation and then followed by 40 cycles at 95 °C for 15 s and 60 °C for
1 min. U6 snRNA served as an internal normalization control. At least three templates were
analyzed to guarantee the accuracy of the experimental results. All data were calculated
by the 2744t method, and statistical analyses were performed using paired Student’s
t-tests. The graph of qPCR results was plotted using Origin software (www.originlab.com,
accessed on 24 August 2019).

2.3. In Situ Hybridization

The DIG-labeled locked nucleic acid (LNA) probes were synthesized by JIE LI BIOL-
OGY. Ascidian embryos at 10, 18, 21, 24, 31, and 42 h postfertilization (hpf) were collected
and fixed in 4% paraformaldehyde (PFA) overnight at 4 °C. The embryos were perme-
abilized by digesting with 12-ug/mL proteinase K at 37 °C for 15 min. Subsequently,
in situ hybridization was performed at a temperature 20 °C below the probe melting
temperature for 18 h using csa-miR-92c LNA probes in a hybridization solution. After
hybridization, samples were washed in gradient saline-sodium citrate at the hybridization
temperature. Hybridization signals were detected using alkaline phosphatase-conjugated
digoxigenin antibody (Roche, Basel, Switzerland) at a 1:2000 dilution. Embryos were
stained with the BCIP/NBT substrate system (Roche, Basel, Switzerland) and visualized
under the microscope.

2.4. Constructions and Electroporation

Three target sequences of CRISPR/Cas9 against csa-miR-92c were designed by CRISPRdi-
rect (http://crispr.dbcls.jp, accessed on 1 December 2019). The sequences of selected single
guide RNAs (sgRNAs) are listed in Table S1, and the sequence of control sgRNA was designed
according to the previous study [33]. Based on the target sequences of CRISPR/Cas9, all
sgRINAs were synthesized and cloned into the vector of Cr-U6>sgRNA(F+E) (Addgene num-
ber: 59986) for expressing the sgRNA, respectively. The CRISPR/Cas9 system included the
PCR product of sgRNA and the plasmid of Cs-Brachyury(3k)>NLS::Cas9:NLS::P2A::mCherry.
Electroporation was performed according to the method described previously, with some
modifications [34]. Briefly, the PCR product of sgRNA (50 pL), the plasmid of Cs-Brachyury(3k)
>NLS::Cas9:NLS:P2A:mCherry (30 pg), the embryos (300 uL), and the electroporation buffer
(420 uL) were electroporated into fertilized eggs at the following conditions: the capacitance
was 1500 uF, the voltage was 50 V, and the time constant was within the range of 15-20 ms.
After electroporation, the eggs were transferred to a fresh seawater agarose dish, and the
embryos were allowed to develop at 18 °C to the desired stages (16 hpf, 21 hpf, and 31 hpf) for
confocal observation.

2.5. Validation of the Efficiency of the gRNAs

The PCR product of sgRNA and the plasmid of Cr-EF1a>NLS::Cas9::NLS and Cr-
EF1o>NLS::Cas9:NLS::mCherry were co-electroporated into the fertilized eggs. After
electroporation, embryos were cultured for about 12 h at 18 °C. The embryos with red
positive signals were collected and lysed by a direct PCR lysis buffer at 60 °C for 10 min.
PCR was performed from the lysate using Phanta® Max Super-Fidelity DNA Polymerase
(Vazyme, Nanjing, China) as follows: 55 °C annealing temperature for 15 s and 72 °C
extension temperature for 30 s, 35 cycles. PCR products were purified by the GeneJET Gel
Extraction Kit (Thermo Fisher, Waltham, Massachusetts, USA). Two hundred-nanogram
PCR products in the knockout (KO) group and 200-ng control PCR products were diluted
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to 17 uL by ddH,O and mixed with 2-uL T7 reaction buffer (Vazyme, Nanjing, China) in a
200-puL PCR tube and incubated with 1-uL T7 endonuclease I (Vazyme, Nanjing, China)
at 37 °C for 30 min. The products were detected on a 2% agarose gel at 100 V for 30 min,
and the image of the gel was analyzed by Image] (National Institutes of Health). Cleavage
efficiency was determined according to the previously published protocol [33]. The PCR
product of mutant gDNA was ligated into the pEasy Blunt-3 vector (Transgen, Beijing,
China) for Sanger sequencing (GENEWIZ, Suzhou, China).

2.6. Immunofluorescences

The fixed embryos were washed three times in PBST and then incubated with 1/100 dilution
of phalloidin overnight at 4 °C. After removing the antibody solution, the samples were washed
three times in PBST at room temperature. DAPI staining was performed in the dark for 30 min.
The samples were imaged using a confocal laser scanning microscope.

2.7. Bioinformatics Analysis

The precursor and mature sequence of miR-92 from different species were extracted
from the miRNA database miRbase22.1 (http:/ /www.mirbase.org/, accessed on 14 August
2020). The Ensembl database (http://asia.ensembl.org/, accessed on 14 August 2020)
was used to analyze the distribution of the miR-92 family or cluster members in the
genome. The secondary structure for “csa-mir-92” was predicted using miR-Deep2 and
miReap (https://sourceforge.net/projects/mireap/, accessed on 14 August 2020). For the
evolutionary analysis, the multiple sequence alignment was performed using CLC Main
Workbench 5. The phylogenetic tree was constructed using the Maximum-Likelihood (ML)
method by the Molecular Evolutionary Genetic Analysis of MEGA X.

For target gene prediction, 3’ UTRs of C. savignyi mRNAs obtained from previous
RNA-seq data [24] were used as potential target sequences. MiRNA-binding sites were
predicted using miRanda and targetscan 7.1 (targetscan.org, accessed on 24, August, 2019).
The underlying functions and vital pathways of the target gene candidates were ana-
lyzed by Gene Ontology (GO) functional annotation and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analyses (www.kegg.jp/kegg/keggl.html, accessed on
14 August 2020). The OmicShare tools were used to test the statistical enrichment of the tar-
get gene candidates in the GO and KEGG pathways. The calculated p-value went through
False Discovery Rate (FDR) Correction, taking FDR < 0.05 as a threshold.

2.8. Transcriptome Sequencing

Ascidian embryos and larvae were collected at 18, 21, and 42 hpf and were then
immediately frozen in liquid nitrogen. Total RNA was extracted with RN Aiso Reagent
(Takara, Beijing, China). in total, 3 pg of total RNA per sample was used as the input
material for the construction of small RNA libraries. Libraries were generated using
NEBNext® Multiplex Small RNA Library Prep Set for Illumina® (NEB, Beijing, China)
following the manufacturer’s instructions and were sequenced on an Illumina Hiseq
2500/2000 platform at Novogene, China.

3. Results
3.1. Characteristics of csa-miR-92 in C. savignyi

We firstly blasted the mature sequences of miR-92 from 12 species in the miRbase database,
including C. savignyi, C. robusta, Homo sapiens, Mus musculus, Gallus gallus, Drosophila pseudoob-
scura, Xenopus laevis, Danio rerio, Branchiostoma floridae, Saccoglossus kowalevskii, Capitella teleta,
and Strongylocentrotus purpuratus (Table S2), and then made a multiple sequence alignment of
synteny for both the paralogs and orthologs. Eventually, we identified three miR-92 family
members, including csa-miR-92a, csa-miR-92b, and csa-miR-92¢, in the C. savignyi genome. All
these three miRNAs located in the intergenic region on reftig_1: 1335375-1336487 contig. Csa-
miR-92b and csa-miR-92c were separated by 81 base pairs, while csa-miR-92¢ and csa-miR-92a
were 769 base pairs apart in the genome, forming a cluster (Figure 1A).
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Figure 1. Distribution and second structures of miR-92 members in Ciona savignyi. (A) Distribution
of miR-92 members in the C. savignyi genome. The blue line indicates the partial sequence (5'-
3') of the genome; the orange, green, and gray square represents the pre-microRNA (miRNA) of
csa-mir-92b, csa-mir-92c, and csa-mir-92a, respectively. The black square represents the mature
miRNAs. (B) The multiple sequence alignment of different species of the mature miR-92 sequence.
Each row represents a miRNA. Red, green, yellow, and blue color highlight “A”, “U”, “G”, and

a7

“C", respectively. “AUUGCA" represents the seed sequence of miR-92. “csa”, “cin”, “odi”, “hsa”,

“ “

mmu”, ”dps”, ”gga”/ //Xla//’ //dre//, //POIU, ”bﬂ”, ”Sko”,

“ 7

cte”, “spu”, “cgi”, “pm”, “mja”, and
“pcl” represent C. savignyi, C. robusta (former name: C. intestinalis type A), Oikopleura dioica, Homo
sapiens, Mus musculus, Drosophila pseudoobscura, Gallus gallus, Xenopus laevis, Danio rerio, Paralichthys
olivaceus, Branchiostoma floridae, Saccoglossus kowalevskii, Capitella teleta, Strongylocentrotus purpuratus,

“

Crassostrea gigas, Pinctada martensii, Marsupenaeus japonicas, and Procambarus clarkia, respectively.
(C-E) The secondary structures of csa-mir-92a, csa-mir-92b, and csa-mir-92c. The red colorful base
pairs represent the mature sequences of the miRNAs.

Furthermore, the aligned data showed that the consensus sequence was the “UAUUG-
CACUUGUCCCGGCCUG-U” (Figure 1B), indicating that the mature miR-92 sequences
were highly conserved, while its seed sequences were the same and likely shared the same
targeting properties across species. The secondary structures analysis showed six, nine,
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and six local stem-loop structures in csa-mir-92a, csa-mir-92b, and csa-mir-92c, respectively
(Figure 1C-E). The sequence alignment and secondary structure suggest that csa-mir-
92a, csa-mir-92b, and csa-mir-92¢ belong to the miR-92 family. The physical location
in the chromosome and the conserved structure characteristics indicate that ascidian
miR-92 family members form a cluster and might play potentially crucial regulators in
ascidian development.

3.2. The Origin and Evolution of csa-miR-92 in C. savignyi

To investigate the evolutionary relationship of ascidian mir-92, we constructed three
phylogenetic trees using the mir-92a, mir-92b, and mir-92¢ precursor sequences collected
from the public database. The phylogenetic tree of mir-92a (Figure 2A) contained two
clades; one clade included csa-mir-92a, cro-mir-92a, odi-mir-92a, and sko-mir-92a from Uro-
chordata (C. savignyi, C. robusta, and O. dioica) and Hemichordata (Saccoglossus kowalevskii),
suggesting that csa-mir-92a has a close relationship with sko-mir-92a. The mir-92b phyloge-
netic tree (Figure 2B) contained one clade, including csa-mir-92b, cro-mir-92b, odi-mir-92b,
cte-mir-92b, and dps-mir-92b, showing that csa-mir-92b has a close relationship with cte-
mir-92b. For the mir-92¢, two clades were presented in the phylogenetic tree (Figure 2C).
Csa-mir-92c¢ was presented with cro-mir-92¢, dps-mir-92c, and sko-mir-92c together form-
ing a clade. In summary, the urochordate miR-92 family members (csa-mir-92, cro-mir-92,
and odi-mir-92) have a close kinship with D. pseudoobscura (dps-mir-92), S. kowalevskii
(sko-mir-92), and C. teleta (cte-mir-92) in terms of origin and evolution.

B

hsa-mir-92a-2
mmu-mir-92a-2
dre-mir-92a-1

" hsa-mir-92b
- dre-mir-92a-2 mmu-mir-92b
xla-mir-92a-1 xla-mir-92b
hsa-mir-92a-1 dre-mir-92b

mmu-mir-92a-1 bfl-mir-92b
cgi-mir-92a spu-mir-92b
sko-mir-92b

bfl-mir-92a-1
g cgi-mir-92b

CO-ESEn cin-mir-92b

Spu-mir-92a [esa-mir-a2b
bfl-mir-92a-2 odi-mir-92b
bfl-mir-92a-3 dps-mir-92b

odi-mir-92a

;—{ csa-mir-92a

cin-mir-92a 04

sko-mir-92a

C

dps-mir-92¢c

l sko-mir-92¢
bfl-mir-92¢c
-I— Spu-mir-92¢c
cte-mir-92¢
e I
—_

0.2

Figure 2. The phylogenetic trees of miR-92 in different species. (A-C) Phylogenetic trees of the miR-92a (A), miR-92b
(B), and miR-92¢ (C) precursor sequence by the Maximum Likelihood method. The red rectangles indicate csa-mir-92a,
csa-mir-92b, and csa-mir-92¢, respectively. Scale bar = 0.2 in (A,C) and 0.1 in (B).
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3.3. The mir-17-92/mir-92 Gene Family in Urochordata and Other Model Animals

To further explore the evolution of the miR-17-92 cluster in different species, we com-
pared the genomic location of csa-mir-92 members in 12 species (Figure 3). In vertebrates,
the miR-17-92 clusters contained six members, including mir-17, mir-18a, mir-19a, mir-
20a, mir-19b, and mir-92a-1. The miR-106a-303 cluster contained six members, including
mir-106a, mir-18b, mir-20b, mir-19b-2, mir-92a-2, and mir-363. It was evident that the
miR-17-92 and miR-106a-303 clusters were conserved in species with a high evolutionary
status, such as H. sapiens, M. musculus, G. gallus, and D. rerio [35]. However, in X. laevis
was a lack of mir-19b in the mir-17-92 cluster, which had five members, including mir-17-2,
mir-18b, mir-19a, mir-20a, and mir-92a. We further found that mir-17, mir-18a, mir-19a,
mir-20a, and mir-19b were absent in invertebrates. Only the mir-92 family members existed
in the invertebrate genome and were grouped into a cluster. For Urochordata, C. savignyi
had a miR-92 cluster including three members: csa-mir-92a, csa-mir-92b, and csa-mir-92c.
C. robusta had two miR-92 clusters: one cluster including cro-mir-92a, cro-mir-92¢, and
cro-mir-92d localized on chromosome 3p: 1864426-1865319 and another cluster including
cro-mir-92b and cro-mir-92e localized on chromosome 1p: 2635396-2635776. Together, these
results indicated that the mir-17-92 gene cluster was an evolutionary innovation that was
uniquely present in the species with a high evolutionary status.

Homo sapiens chr13: 91350605 hsa-mir-17 hsa-mir-18a hsa-mir-19a hsa-mir-20a hsa-mir-19b-1 hsa-mir-92a-1
5 — J 3
chrX: 134169378  hsa-mir-363 hsa-mir-92a-2 hsa-mir-19b-2 hsa-mir-20b hsa-mir-18b hsa-mir-106:
5 — ¥
Mus musculus  chri4: 115043671 u-mir-17 ir-18: ir-19a ir-20: ir-19b-1 ir-92a-1
s =l 2
ohrX: 52741693 mmu-mir-363 mmu-mir-92a-2 mmu-mir-19b-2 mmu-mir-20b mmu-mir-18b  mmu-mir-106a

=TT T
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5 m— >
chr4: 3994409  gga-mir-363 gga-mir-92-2 gga-mir-19b-2 gga-mir-20b gga-mir-18b  gga-mir-106
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Figure 3. The schematic diagram of the mir-17-92/mir-92 cluster in different species. Each larger-
colored square represented a different miRNA. The smaller-black squares characterized the mature
miRNAs. The blue line indicated the partial genome. The genomic location of the mir-17-92/mir-92
cluster gene was labeled on the left-top of the schematic diagram. The left rows are the name of
the species.
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3.4. Expression Profiles of the csa-miR-92 in C. savignyi

To understand the expression patterns of the csa-miR-92 family members, we validated
the expression profiles of three csa-miR-92 members at different embryonic stages (14 hpf,
18 hpf, 21 hpf, 24 hpf, 28 hpf, 32 hpf, and 42 hpf) and various tissues (gonad, intestines,
heart, blood, muscle, and stomach) using qPCR. The results showed that three csa-miR-92
members were expressed in all the examined developmental stages. Their expression levels
in 42 hpf larvae dramatically increased (p < 0.01) compared with those at the earlier stages
(14-32 hpf) (Figure 4A), indicating that csa-miR-92 family members play vital roles in
larval tail regression and metamorphosis. Further examinations of the expression profiles
in various tissues showed three csa-miR-92 family members that were expressed in all the
examined adult tissues and predominantly (p < 0.01) in the heart and muscle (Figure 4B).

M csa-miR-92a
A B csa-miR-92b
80 csa-miR-92¢
c 70 a
2 |
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b4 60
2 s0
o
> 40 b
30 [
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o 20
4 cd cd de cd c
10 d L I [ A
fg efef gg ghp gh fh
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c e 2 M csa-miR-92b
-g 60 ab csa-miR-92c
o 50 b
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g 40
i i c
— d T
E 20
@ 10 e . e
" g AX: mis Lin
gonad intestines heart blood muscle stomach

Figure 4. Expression profiles of csa-miR-92 miRNAs. (A) Relative expression of csa-miR-92a, csa-
miR-92b, and csa-miR-92c¢ at different stages (14 hours postfertilization (hpf), 18 hpf, 21 hpf, 24 hpf,
28 hpf, 32 hpf, and 42 hpf). (B) Relative expression of csa-miR-92a, csa-miR-92b, and csa-miR-92c
in various tissues (gonad, intestines, heart, blood, muscle, and stomach). The relative expression of
each miRNA was calculated using the 2~2¢t method and normalized to the U6 gene expression.
Results represented the mean of triplicate assays with the standard error (mean =+ SD). Significance
(p < 0.05) was indicated by a, b, ¢, d, e, f, g, h, i,j, and k.

The spatial expression of csa-miR-92c at different larval stages was examined by in
situ hybridization (Figure 5 and Figure S1). The results showed that the expression of
csa-miR-92c was distributed throughout the embryo at the early stage (10 hpf) and larval
tail regression stage (42 hpf), which is consistent with the results of the qPCR. At the larvae
stages 18 hpf, 21 hpf, 24 hpf, and 31 hpf, stronger expression signals of csa-miR-92¢ were
showed in the trunk. They were expressed in the epithelial cells and notochord cells as well
(Figure 5). With the elongation of the tail, the positive signals in notochord cells turned to
be weak after the lumen connection (Figure 5). These results suggested that csa-miR-92¢



Genes 2021, 12, 406

9of 15

was involved in the regulation of Ciona embryogenesis and larval development, especially
in metamorphosis and notochord tubulogenesis.

10 hpf
a
J

18 hpf

LN P..

21 hpf

24 hpf

31 hpf

42 hpf

»

Figure 5. Expression patterns of csa-miR-92¢ detected by in situ hybridization. Embryos and larvae
at 10, 18, 21, 24, 31, and 42 hpf were hybridized with locked nucleic acid (LNA) probes of csa-miR-92c.
The developmental stages were indicated. The signals of csa-miR-92c were detected in the whole
body at 10 hpf and 42 hpf and expressed in the trunk, notochord cells, and epithelial cells at 18, 21,
24, and 31 hpf. The red frame indicated the regions of zoom-in images in the middle column. Scale
bars represent 100 pm.

3.5. Knockout (KO) of csa-miR-92c by CRISPR-Cas9 Resulted in Disorganization of the Notochord
Cells and the Failure of Lumen Formation

Among three members of miRNA92, csa-miR-92c was expressed at a relatively higher
level compared with the other two members (Figure 4A). We therefore picked it up to
explore its developmental roles in Ciona organogenesis. We designed three gRNAs at three
locations of csa-miR-92¢, including the mature sequence, the active site of Dicer, and the
active site of Drosha, to induce mutation by the CRISPR-Cas9 approach (Figure 6A and
Table S1). After validation of the efficiency of three gRNAs (Figure S2), we co-electroporated
the Cs-Brachyury>NLS::Cas9::NLS::P2A::mCherry and the PCR products of three sgRNAs
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mixture into the fertilized eggs and examined the phenotypes in gRNAs-injected embryos.
The results showed that the arrangement of notochord cells in the gRNA-injected groups
was disrupted compared with that in the control groups. In 16 hpf-staged embryos, the
Cas9-positive notochord cells in csa-miR-92c gRNA-injected embryos became narrow
and were squeezed together. The yellow dashed box indicated the disordered notochord
cells (Figure 6B). These cells either failed to complete the cell intercalation process or had
the problems with the arrangement of notochord cells after the intercalation stage. With
this development, the cas9-positive notochord cells were further failures during lumen
formation (Figure 6B). The yellow-dashed box showed that the lumen connection and tube
formation were uncompleted in cas9-positive embryos compared with the control groups.
The number and percentage of the csa-miR-92¢c-KO embryos were shown in Table S3.
Opverall, these results suggest that csa-miR-92¢ plays an essential role in the arrangement of
ascidian notochord and lumen formation and coalescence in notochord tubulogenesis.

3.6. Target Prediction of csa-miR-92 and Gene Ontology and KEGG Enrichment Analysis

MiRNAs function through targeting complementary sequences in mRNA molecules
to regulate diverse biological processes. To further know about the molecular mecha-
nisms and biological roles of csa-miR-92 family members, we predicted their target genes
by using miRanda and targetscan software. A total of 984 putative target genes were
identified. Moreover, we screened the target genes by their expression and collected the
downregulated genes (Figure S3) from 18 hpf to 42 hpf. GO analysis revealed that the target
genes were enriched in the biological processes, molecular functions, and cell components
(Figures 7A and S4). The target genes found in the membrane-enclosed lumen or cell junc-
tion indicated the possibility that csa-miR-92 modulated the notochord lumen formation via
these molecular targets. To explore the signal pathways that csa-miR-92 target genes were
involved in, we collected 550 target genes that were annotated with the KEGG database
for further analysis. The results showed that these genes were categorized into six parts,
including organismal systems, cellular processes, genetic information process, metabolism,
human diseases, and the environmental information process (Figures 7B and S5). Further-
more, we found that many important signaling pathways were involved in the putative
target genes of csa-miR-92, such as the fibroblast growth factor (FGF), transforming growth
factor beta (TGF[3), mitogen-activated protein kinase (MAPK), wingless/integrated (Wnt),
nuclear factor kappa-B (NF-«B), nodal growth differentiation factor (Nodal), and planar
cell polarity (PCP) signaling pathways (Figure 7C). These pathway components are likely
to represent the indirect targets of Brachyury-induced signaling in the notochord.

A
mmw  sgRNA_Mm
mmm  sgRNA_Dicer

—= sgRNA_Drosha

Figure 6. Cont.
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Figure 6. The phenotypes of csa-miR-92¢-KO embryos in Ciona savignyi. (A) The schematic diagram
of csa-miR-92c single guide RNA (sgRNA) in C. savignyi. The red, green, and yellow areas represented
the sgRNA in the mature sequence, the Dicer site, and the Drosha site of csa-miR-92c, respectively.
The blue area indicated the hydrogen bond. (B) Confocal images of csa-miR-92c KO embryos
(right) and control ones (left) at 16 hpf, 21 hpf, and 31 hpf stages, respectively. The PCR product
of sgRNA (50 puL), the plasmid of Cs-Brachyury(3k)>NLS::Cas9::NLS::P2A::mCherry (30 ug) and
electroporation buffer (420 uL) were electroporated into fertilized eggs (300 pL). After electroporation,
embryos were allowed to develop at 18 °C to 16 hpf, 21 hpf, and 31 hpf for confocal observation.
The ratio of embryos with phenotypes and cas9-positive embryos were labeled on the top right of
the images in the knockout (KO) groups. The ratio of normal embryos and cas9-positive embryos
were labeled on the top right of the images in the controls. The notochord cells, which were forced to
express cs-brachyury>NLS:Cas9:NLS:P2A:mCherry, were shown in red, while phalloidin labeled the
cytoskeleton (green). The yellow-dashed box indicated the abnormal arrangement of the notochord
cells. The schematic images below the confocal images described the phenotypes of the csa-miR-92c¢
KO and control. The blue, yellow, and red areas represented the notochord cells, the nuclei, and the
nuclei in cells expressed in cs-brachyury>NLS:Cas9:NLS:P2A:mCherry (red), respectively. Scale bars
represent 10 pm.
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Figure 7. The Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of the
target genes and signaling pathways of the related target genes of miR-92 in Ciona. (A) Partial view of the level2 GO terms
of the csa-miR-92 target genes in the cellular component of Gene Ontology. The abscissa represents the classification of
the ontologies of GO, and the ordinate represents the number of genes contained in specific category entries. (B) The
cellular processes in the KEGG pathway annotation. The abscissa described five cellular processes, including transport and
catabolism, cell growth and death, cellular community eukaryotes, cell motility, and cellular community prokaryotes. The
ordinate indicated the number of genes in the cellular processes. (C) The signaling pathways related to the putative target
genes of csa-miR-92, including fibroblast growth factor (FGF), transforming growth factor beta (TGFf3), mitogen-activated
protein kinase (MAPK), wingless/integrated (Wnt), nuclear factor kappa-B (NF-«B), nodal growth differentiation factor
(Nodal), and planar cell polarity (PCP) signaling. Red rectangles represented the predicted target genes of csa-miR-92;
black rectangles represented the genes in a pathway. Csa-miR-92 was shaded by rectangles filled with blue color; black
arrows, black line bar, and dashed arrow denoted positive regulation, negative regulation, and the biological regulation

process, respectively.

4. Discussion and Conclusions

In this study, we found three miRNAs (csa-miR-92a, csa-miR-92b, and csa-miR-92c)
that formed a miRNA cluster in the genome of C. savignyi and were highly conserved
across species. The miR-92 cluster was predominantly expressed in the notochord cells in
Ciona embryos during 18-31 hpf. Moreover, the knockout of the csa-miR-92¢ resulted in the
disarrangement of the notochord cells, which might be regulated through the Wnt/PCP
or NF-kB signaling pathways. These data together indicated that the miR-92 cluster plays
vital roles in Ciona notochord development during embryogenesis.

miRNAs are small noncoding RNAs. Many of them are clustered in the genomes of an-
imals, which can be independently or simultaneously transcribed into a single polycistronic
transcription [6]. The miR-17-92 cluster is a typical highly conserved polycistronic miRNA
gene [36]. In humans, the miR-17/92 cluster together with its two paralogs comprises
miRNAs: miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1, miR-92a-1, miR-106b, miR-93,
miR-25, miR-106a, miR-18b, miR-20b, miR-19b-2, miR-92a-2, and miR-363 [9]. However,
miR-92¢ or miR-92d were identified in the invertebrate genome but not in vertebrates. We
found three miRNAs (csa-miR-92a, csa-miR-92b, and csa-miR-92c¢) that formed a miRNA
cluster in the Ciona genome, while other homologs of vertebrate miR-17-92 cluster members
could not be identified. Other members, except for miR-92a/b, of the vertebrate miR-17-92
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cluster also disappeared in many invertebrates. A previous study showed that, as the
species diversity increased during evolutionary history, the varieties of distribution of
miRNA genes also increased, catering to the individual and interactive effects of multiple
complex evolutionary forces [35]. The low conservation of the miR-17-92 clusters between
vertebrates and invertebrates might result from genome duplication in vertebrates.

Since the Ciona genome does not have the intact members of miR-17-92 cluster as
vertebrates, we explored whether three members of miR-92 cluster identified in Ciona
could form a cluster and effectively perform similar functions as the vertebrate miR-17-92
clusters do. Our results showed that the csa-miR-92 was ubiquitously expressed in different
tissues and at different stages of embryo, identical to the miR-17-92-cluster, which was
highly expressed from the embryonic cells to adulthood [37]. Noteworthy, three Ciona
miR-92 family members had consistent expression levels in adult tissues or at different
embryonic stages, indicating that they either were regulated by the same upstream signals
or processed similar stability. In a word, the Ciona miR-92 cluster members identical
conserved seed sequences and similar expression levels. Thus, we speculated that three
miR-92 cluster members cooperated in the regulation of the same signaling pathways so
that their functions were more effective in controlling orderly biological activity. However,
it is worth noting that the six miRNA members in the vertebrate miR-17-92 cluster were
often expressed at different levels. The transcriptional level of miR-92a was the most
highly expressed members compared to that of the other miRNA members [38,39]. The
cooperation of the miR-17-92 cluster members occurred in modulating a specific pathway,
such as TGF-f signaling [40,41]. Thus miR-17-92 cluster had overlapping or complementary
functions. We identified 984 putative target genes of csa-miR-92 in this study, which
involved multiple biological processes. By comparison, between predicted target genes
of csa-miR-92 family and reported targets of the mammalian miR-92 cluster, we found
that the seed sequence of csa-miR-92 was conserved, but its target genes were diverse
from vertebrates. However, csa-miR-92s might sometimes maintain their regulation of a
conserved signal pathway by targeting different genes, even if they lost the interaction with
a conserved target in vertebrates, which suggested that conservation of miRNA mediated
transcriptional regulation system might exceed sequence level and live up to progress level.

Ciona notochord is made of 40 cells, arranged in a single row in the midline of the
larval tail. In the early development of notochord, cells intercalate into a column during
convergent extension. Then, extracellular pocket lumen forms, expands, and merges
into a single lumen within the notochord [30,42,43]. Here, we observed that csa-miR-92c
was expressed in the notochord cells at different embryonic stages. Furthermore, the
knockout of csa-miR-92¢c by CRISPR/Cas9 resulted in a disarrangement of the notochord
cells and failure of lumen formation. To detect the molecular mechanism of this phenotype,
we screened the target genes of miR-92. Notably, some molecular networks underlying
notochord intercalation and extension movements were identified as the target candidates,
including FGF [44—46], Wnt/PCP [47], and NF-kB pathways and solute carrier family
26 (SLC26) [48]. These results suggested that the csa-miR-92 cluster was involved in the
regulation of notochord development via multiple pathways. In general, our study revealed
the phylogenesis, expression, and the roles of the miR-92 cluster in Ciona organogenesis.
The underlying mechanisms and various additional roles need to be further explored in
the future.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
425/12/3/406/s1: Figure S1: Expression patterns of csa-miR-92c detected by in situ hybridization,
Figure S2: The sgRNA efficiency verification by T7 endonuclease I assay, Figure S3: The relative
expression levels of the downregulated target genes of csa-miR-92c, Figure S4: Gene ontology
analysis of putative target genes of csa-miR-92, Figure S5: Pathway enrichment analysis of putative
target gene of csa-mir-92, Table S1: The sequence of gRNAs for electroporation, Table S2: The
distribution traits of miR-92 among different species, and Table S3: The number and percentage of
the csa-miR-92¢-KO embryos.


https://www.mdpi.com/2073-4425/12/3/406/s1
https://www.mdpi.com/2073-4425/12/3/406/s1

Genes 2021, 12, 406 14 of 15

Author Contributions: Methodology, L.Y. and X.Z.; Software, C.L. and J.Z.; Formal analysis, L.Y.
and B.D.; Data curation, L.Y.; Writing—original draft preparation, L.Y. and X.Z.; Writing—review
and editing, X.Z. and B.D.; Supervision, B.D.; Project administration, B.D.; and funding acquisition,
X.Z. and B.D. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China (2019YFE0190900) and the National Natural Science Foundation of China (41706153 and
31771649).

Institutional Review Board Statement: The animals used in this study are marine invertebrates,
which is not applicable to the institutional review board statement in our university.

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Ha, M,; Kim, V.N. Regulation of microRNA biogenesis. Nat. Rev. Mol. Cell Biol. 2014, 15, 509-524. [CrossRef]

2. Mohr, AM.; Mott, J.L. Overview of microRNA biology. Semin. Liver Dis 2015, 35, 3-11. [CrossRef] [PubMed]

3. Zhao, Y,; Srivastava, D. A developmental view of microRNA function. Trends Biochem. Sci. 2007, 32, 189-197. [CrossRef] [PubMed]

4. Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281-297. [CrossRef]

5. Bhaskaran, M.; Mohan, M. MicroRNAs: History, biogenesis, and their evolving role in animal development and disease. Vet.
Pathol. 2014, 51, 759-774. [CrossRef] [PubMed]

6.  Altuvia, Y;; Landgraf, P; Lithwick, G.; Elefant, N.; Pfeffer, S.; Aravin, A.; Brownstein, M.].; Tuschl, T.; Margalit, H. Clustering and
conservation patterns of human microRNAs. Nucleic Acids Res. 2005, 33, 2697-2706. [CrossRef]

7. Kabekkodu, S.P; Shukla, V.; Varghese, V.K.; D’Souza, ].; Chakrabarty, S.; Satyamoorthy, K. Clustered miRNAs and their role in
biological functions and diseases. Biol. Rev. Camb. Philos. Soc. 2018, 93, 1955-1986. [CrossRef]

8. Ota, A,; Tagawa, H.; Karnan, S.; Tsuzuki, S.; Karpas, A.; Kira, S.; Yoshida, Y.; Seto, M. Identification and characterization of a
novel gene, C130rf25, as a target for 13q31-q32 amplification in malignant lymphoma. Cancer Res. 2004, 64, 3087-3095. [CrossRef]

9.  Mogilyansky, E.; Rigoutsos, I. The miR-17/92 cluster: A comprehensive update on its genomics, genetics, functions and
increasingly important and numerous roles in health and disease. Cell Death Differ. 2013, 20, 1603-1614. [CrossRef]

10. Olive, V,; Jiang, I.; He, L. mir-17-92, a cluster of miRNAs in the midst of the cancer network. Int. J. Biochem. Cell Biol. 2010, 42,
1348-1354. [CrossRef]

11. Olive, V.; Li, Q.; He, L. mir-17-92: A polycistronic oncomir with pleiotropic functions. Immunol. Rev. 2013, 253, 158-166. [CrossRef]

12. Zhang, X,; Li, Y.; Qi, P.; Ma, Z. Biology of miR-17-92 cluster and its progress in lung cancer. Int. |. Med. Sci. 2018, 15, 1443-1448.
[CrossRef] [PubMed]

13.  Baumjohann, D. Diverse functions of miR-17-92 cluster microRNAs in T helper cells. Cancer Lett. 2018, 423, 147-152. [CrossRef]

14. Ventura, A.; Young, A.G.; Winslow, M.M,; Lintault, L.; Meissner, A.; Erkeland, S.J.; Newman, J.; Bronson, R.T.; Crowley, D.; Stone,
J.R.; et al. Targeted deletion reveals essential and overlapping functions of the miR-17~92 family of miRNA clusters. Cell 2008,
132, 875-886. [CrossRef]

15. Carraro, G.; El-Hashash, A.; Guidolin, D.; Tiozzo, C.; Turcatel, G.; Young, B.M.; De Langhe, S.P.; Bellusci, S.; Shi, W.; Parnigotto,
P.P; et al. miR-17 family of microRNAs controls FGF10-mediated embryonic lung epithelial branching morphogenesis through
MAPK14 and STAT3 regulation of E-Cadherin distribution. Dev. Biol. 2009, 333, 238-250. [CrossRef] [PubMed]

16. Xiang, R.; Lei, H.; Chen, M; Li, Q.; Sun, H.; Ai, J.; Chen, T.; Wang, H.; Fang, Y.; Zhou, Q. The miR-17-92 cluster regulates FOG-2
expression and inhibits proliferation of mouse embryonic cardiomyocytes. Braz. |. Med. Biol. Res. 2012, 45, 131-138. [CrossRef]

17.  Chen, J.; Huang, Z.P; Seok, H.Y.; Ding, ]J.; Kataoka, M.; Zhang, Z.; Hu, X.; Wang, G.; Lin, Z.; Wang, S.; et al. mir-17-92
cluster is required for and sufficient to induce cardiomyocyte proliferation in postnatal and adult hearts. Circ. Res. 2013,
112, 1557-1566. [CrossRef]

18. Kong, D.; He, M.; Yang, L.; Zhou, R.; Yan, Y.Q.; Liang, Y.; Teng, C.B. MiR-17 and miR-19 cooperatively promote skeletal muscle
cell differentiation. Cell Mol. Life Sci. 2019, 76, 5041-5054. [CrossRef] [PubMed]

19. Wang, ]J.; Zhang, C; Li, C.; Zhao, D.; Li, S.; Ma, L.; Cui, Y.; Wei, X.; Zhao, Y.; Gao, Y. MicroRNA-92a promotes vascular smooth
muscle cell proliferation and migration through the ROCK/MLCK signalling pathway. J. Cell Mol. Med. 2019, 23, 3696-3710.
[CrossRef] [PubMed]

20. Chen, Z,; Liang, S.; Zhao, Y.; Han, Z. miR-92b regulates Mef2 levels through a negative-feedback circuit during Drosophila muscle
development. Development 2012, 139, 3543-3552. [CrossRef]

21. Yuva-Aydemir, Y.; Xu, X.L.; Aydemir, O.; Gascon, E.; Sayin, S.; Zhou, W.; Hong, Y.; Gao, E.B. Downregulation of the host gene
jigrl by miR-92 is essential for neuroblast self-renewal in drosophila. PLoS Genet. 2015, 11, €1005264. [CrossRef]

22. Kasuga, H.; Fukuyama, M,; Kitazawa, A.; Kontani, K.; Katada, T. The microRNA miR-235 couples blast-cell quiescence to the

nutritional state. Nature 2013, 497, 503-506. [CrossRef] [PubMed]


http://doi.org/10.1038/nrm3838
http://doi.org/10.1055/s-0034-1397344
http://www.ncbi.nlm.nih.gov/pubmed/25632930
http://doi.org/10.1016/j.tibs.2007.02.006
http://www.ncbi.nlm.nih.gov/pubmed/17350266
http://doi.org/10.1016/S0092-8674(04)00045-5
http://doi.org/10.1177/0300985813502820
http://www.ncbi.nlm.nih.gov/pubmed/24045890
http://doi.org/10.1093/nar/gki567
http://doi.org/10.1111/brv.12428
http://doi.org/10.1158/0008-5472.CAN-03-3773
http://doi.org/10.1038/cdd.2013.125
http://doi.org/10.1016/j.biocel.2010.03.004
http://doi.org/10.1111/imr.12054
http://doi.org/10.7150/ijms.27341
http://www.ncbi.nlm.nih.gov/pubmed/30443163
http://doi.org/10.1016/j.canlet.2018.02.035
http://doi.org/10.1016/j.cell.2008.02.019
http://doi.org/10.1016/j.ydbio.2009.06.020
http://www.ncbi.nlm.nih.gov/pubmed/19559694
http://doi.org/10.1590/S0100-879X2012007500007
http://doi.org/10.1161/CIRCRESAHA.112.300658
http://doi.org/10.1007/s00018-019-03165-7
http://www.ncbi.nlm.nih.gov/pubmed/31214725
http://doi.org/10.1111/jcmm.14274
http://www.ncbi.nlm.nih.gov/pubmed/30907506
http://doi.org/10.1242/dev.082719
http://doi.org/10.1371/journal.pgen.1005264
http://doi.org/10.1038/nature12117
http://www.ncbi.nlm.nih.gov/pubmed/23644454

Genes 2021, 12, 406 15 of 15

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Chen, H.; Jiang, S.; Wang, L.; Wang, L.; Wang, H.; Qiu, L.; Song, L. Cgi-miR-92d indirectly regulates TNF expression by targeting
CDS region of lipopolysaccharide-induced TNF-« factor 3 (CgLITAF3) in oyster Crassostrea gigas. Fish Shellfish Immunol. 2016,
55,577-584. [CrossRef]

Zhang, X.; Liu, X,; Liu, C.; Wei, J.; Yu, H.; Dong, B. Identification and characterization of microRNAs involved in ascidian larval
metamorphosis. BMC Genom. 2018, 19, 168. [CrossRef]

Keshavan, R.; Virata, M.; Keshavan, A.; Zeller, R W. Computational identification of ciona intestinalis MicroRNAs. Zool. Sci. 2010,
27,162. [CrossRef]

Spina, E.J.; Guzman, E.; Zhou, H.; Kosik, K.S.; Smith, W.C. A microRNA-mRNA expression network during oral siphon
regeneration in Ciona. Development 2017, 144, 1787-1797. [CrossRef]

Hendrix, D.; Levine, M.; Shi, W. miRTRAP, a computational method for the systematic identification of miRNAs from high
throughput sequencing data. Genome Biol. 2010, 11, R39. [CrossRef]

Wang, K.; Dantec, C.; Lemaire, P.; Onuma, T.A.; Nishida, H. Genome-wide survey of miRNAs and their evolutionary history in
the ascidian, Halocynthia roretzi. BMC Genom. 2017, 18, 314. [CrossRef] [PubMed]

Fu, X.; Adamski, M.; Thompson, E.M. Altered miRNA repertoire in the simplified chordate, Oikopleura dioica. Mol. Biol. Evol.
2008, 25, 1067-1080. [CrossRef] [PubMed]

Dong, B.; Horie, T.; Denker, E.; Kusakabe, T.; Tsuda, M.; Smith, W.C,; Jiang, D. Tube formation by complex cellular processes in
Ciona intestinalis notochord. Dev. Biol. 2009, 330, 237-249. [CrossRef]

Weng, C.; Nguyen, T.; Shively, ]. E. miRNA-342 regulates CEACAM1-induced lumen formation in a three-dimensional model of
mammary gland morphogenesis. J. Biol. Chem. 2016, 291, 16777-16786. [CrossRef]

Liang, Z.; Chi, Y.-].; Lin, G.-Q.; Luo, S.-H.; Jiang, Q.-Y.; Chen, Y.-K. MiRNA-26a promotes angiogenesis in a rat model of cerebral
infarction via PI3K/AKT and MAPK/ERK pathway. Eur. Rev. Med. Pharmacol. Sci. 2018, 22, 3485-3492.

Stolfi, A.; Gandhi, S.; Salek, F.; Christiaen, L. Tissue-specific genome editing in Ciona embryos by CRISPR/Cas9. Development
2014, 141, 4115-4120. [CrossRef]

Joseph, C.; Corbo, M.L.; Zeller, R.W. Characterization of a notochord-specific enhancer from the Brachyury promoter region of
the ascidian, Ciona intestinalis. Development 1997, 124, 589-602.

Guo, L;; Yang, S.; Zhao, Y.; Wu, Q.; Chen, F. Dynamic evolution of mir-17-92 gene cluster and related miRNA gene families in
vertebrates. Mol. Biol. Rep. 2013, 40, 3147-3153. [CrossRef] [PubMed]

Lee, Y; Jeon, K; Lee, ].T,; Kim, S.; Kim, V.N. MicroRNA maturation-stepwise processing and subcellular localization. EMBO J.
2002, 21, 4663-4670. [CrossRef]

Mendell, J.T. miRiad roles for the miR-17-92 cluster in development and disease. Cell 2008, 133, 217-222. [CrossRef]

Khuu, C.; Utheim, T.P; Sehic, A. The three paralogous MicroRNA clusters in development and disease, miR-17-92, miR-106a-363,
and miR-106b-25. Scientifica 2016, 2016, 1379643. [CrossRef]

Moi, L.; Braaten, T.; Al-Shibli, K.; Lund, E.; Busund, L.R. Differential expression of the miR-17-92 cluster and miR-17 family in
breast cancer according to tumor type; results from the Norwegian Women and Cancer NOWAC) study. J. Transl. Med. 2019, 17,
334. [CrossRef]

Dews, M.; Fox, J.L.; Hultine, S.; Sundaram, P.; Wang, W.; Liu, Y.Y,; Furth, E.; Enders, G.H.; El-Deiry, W.; Schelter, ]. M.; et al. The
myc-miR-17~92 axis blunts TGFf signaling and production of multiple TGFp-dependent antiangiogenic factors. Cancer Res.
2010, 70, 8233-8246. [CrossRef]

Mestdagh, P.; Bostrom, A.K.; Impens, E; Fredlund, E.; Van Peer, G.; De Antonellis, P.; von Stedingk, K.; Ghesquiere, B.; Schulte, S.;
Dews, M.; et al. The miR-17-92 microRNA cluster regulates multiple components of the TGF-f3 pathway in neuroblastoma. Mol.
Cell 2010, 40, 762-773. [CrossRef]

Lu, Q.; Bhattachan, P; Dong, B. Ascidian notochord elongation. Dev. Biol. 2019, 448, 147-153. [CrossRef] [PubMed]

Peng, H.; Qiao, R.; Dong, B. Polarity establishment and maintenance in ascidian notochord. Front. Cell Dev. Biol. 2020, 8, 597446.
[CrossRef] [PubMed]

Hu, Y;; Mintz, A.; Shah, S.R.; Quinones-Hinojosa, A.; Hsu, W. The FGFR/MEK/ERK/brachyury pathway is critical for chordoma
cell growth and survival. Carcinogenesis 2014, 35, 1491-1499. [CrossRef]

Harder, M.J.; Hix, J.; Reeves, WM.; Veeman, M.T. Ciona Brachyury proximal and distal enhancers have different FGF dose-
response relationships. PLoS Genet. 2021, 17, €1009305. [CrossRef] [PubMed]

Schulte-Merker, S.; Smith, J.C. Mesoderm formation in response to Brachyury requires FGF signalling. Curr. Biol. 1995,
5,62-67. [CrossRef]

Tanegashima, K.; Zhao, H.; Dawid, I.B. WGEF activates Rho in the Wnt-PCP pathway and controls convergent extension in
Xenopus gastrulation. EMBO ]. 2008, 27, 606-617. [CrossRef]

Deng, W.; Nies, F.; Feuer, A.; Bocina, I; Oliver, D.; Jiang, D. Anion translocation through an Slc26 transporter mediates lumen
expansion during tubulogenesis. Proc. Natl. Acad. Sci. USA 2013, 110, 14972-14977. [CrossRef] [PubMed]


http://doi.org/10.1016/j.fsi.2016.06.036
http://doi.org/10.1186/s12864-018-4566-4
http://doi.org/10.2108/zsj.27.162
http://doi.org/10.1242/dev.144097
http://doi.org/10.1186/gb-2010-11-4-r39
http://doi.org/10.1186/s12864-017-3707-5
http://www.ncbi.nlm.nih.gov/pubmed/28427349
http://doi.org/10.1093/molbev/msn060
http://www.ncbi.nlm.nih.gov/pubmed/18339653
http://doi.org/10.1016/j.ydbio.2009.03.015
http://doi.org/10.1074/jbc.M115.710152
http://doi.org/10.1242/dev.114488
http://doi.org/10.1007/s11033-012-2388-z
http://www.ncbi.nlm.nih.gov/pubmed/23271119
http://doi.org/10.1093/emboj/cdf476
http://doi.org/10.1016/j.cell.2008.04.001
http://doi.org/10.1155/2016/1379643
http://doi.org/10.1186/s12967-019-2086-x
http://doi.org/10.1158/0008-5472.CAN-10-2412
http://doi.org/10.1016/j.molcel.2010.11.038
http://doi.org/10.1016/j.ydbio.2018.11.009
http://www.ncbi.nlm.nih.gov/pubmed/30458170
http://doi.org/10.3389/fcell.2020.597446
http://www.ncbi.nlm.nih.gov/pubmed/33195278
http://doi.org/10.1093/carcin/bgu014
http://doi.org/10.1371/journal.pgen.1009305
http://www.ncbi.nlm.nih.gov/pubmed/33465083
http://doi.org/10.1016/S0960-9822(95)00017-0
http://doi.org/10.1038/emboj.2008.9
http://doi.org/10.1073/pnas.1220884110
http://www.ncbi.nlm.nih.gov/pubmed/23980138

	Introduction 
	Materials and Methods 
	Animals, Tissues, and Embryos 
	Quantitative Real-Time PCR (qPCR) 
	In Situ Hybridization 
	Constructions and Electroporation 
	Validation of the Efficiency of the gRNAs 
	Immunofluorescences 
	Bioinformatics Analysis 
	Transcriptome Sequencing 

	Results 
	Characteristics of csa-miR-92 in C. savignyi 
	The Origin and Evolution of csa-miR-92 in C. savignyi 
	The mir-17-92/mir-92 Gene Family in Urochordata and Other Model Animals 
	Expression Profiles of the csa-miR-92 in C. savignyi 
	Knockout (KO) of csa-miR-92c by CRISPR-Cas9 Resulted in Disorganization of the Notochord Cells and the Failure of Lumen Formation 
	Target Prediction of csa-miR-92 and Gene Ontology and KEGG Enrichment Analysis 

	Discussion and Conclusions 
	References

