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Abstract
miRNAs are an important class of gene regulators. Different studies have shown that the deregulation of these miRNAs is linked to diseases and reproductive
problems in humans and animals. Thus, characterizing the function of these regulators is of strategic importance in understanding the development of clinical
therapies and features of economic interest. CRISPR/Cas9 is a technique that has been used as a strategy for analyzing miRNA function due to its high efficiency
and specificity in in vivo study. The use of CRISPR/Cas9 in studies of miRNA function is growing and promising results have been presented for use in aquaculture
for addressing issues relevant to production, such as muscle growth and reproduction. However, studies of loss of function using CRISPR/Cas9 are still limited.
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CRISPR/Cas9: Principle of Technique

Genome editing is of great interest in the prevention and treatment
of human diseases. Many advances in understanding the development
of complex diseases, such as cancer [7,8], heart disease [9] and HIV
[10], have been achieved using this technique.

CRISPR is a genomic editing technique that has been popular
in different research areas due to its precision, low cost and usability
[1,2]. The Clustered Regularly Interspaced Short Palindromic Repeats
or CRISPR, as it is popularly known, is a region of the bacterial
genome characterized by the presence of short and repeated DNA
sequences [3,4].

MicroRNAs
MicroRNAs (miRNA) constitute a class of non-coding RNAs
that play key roles in the regulation of gene expression [11]. MiRNA
are highly conserved sequences of RNA (20 to 24 nucleotides) that
regulate post-transcriptional gene expression by binding to the 3'
untranslated (3' UTR) region of specific mRNAs (Figure 2). They
target the mRNA 3′-UTR, causing the mRNA down regulation either
through its destabilization or protein translation inhibition [12]. The

CRISPR-Cas9 was adapted from a naturally occurring genome
editing system in bacteria, in which pieces of DNA from invading
viruses are inserted between the replicates [5]. This system works like
a memory in a future infection, where the bacteria produce enzymes
(Cas9 is the best known) to excise the virus that was inserted in its
DNA. Based on this bacterial defense mechanism, the scientists
discovered how to guide Cas9 enzyme in the sequence to be edited
in the genome. The target sequence is recognized using an RNA
sequence called a guide RNA (sgRNA) constructed according to the
sequence of interest of the genome. In this way the sgRNA leads the
Cas9 protein to the target genome sequence to cut the double strand of
DNA (Figure 1). Through the DNA repair mechanisms present in the
cell, activated every time the DNA is damaged, the CRISPR technique
can join the two ends of the DNA fragment that has been cut, allowing
the inactivation of genes; or it can insert an exogenous DNA sequence
into the organism during the repair, allowing the insertion of genes
[6]. Thus, the understanding of how to use the mechanisms of
breakdown and repair of regions of interest of the genome allowed
developing different CRISPR systems capable of editing the genome
of any living organism.
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Figure 1: Principle of CRISPR/Cas9 technique; the guide RNA (RNAtargeting device, purple) associated to the Cas9 enzyme (blue) matches
up the target DNA (orange), then Cas9 cuts the DNA. A new segment of
DNA (green) can then be added or not. Credit: National Institute of General
Medical Sciences, National Institutes of Health.
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miRNAs are expressed in the nucleus in a larger primary miRNA
form (pri-miRNA) and, after cleavage, results in precursor microRNA
(pre-miRNA), which one is transported into the cytoplasm. There,
the pre-miRNA sequence will pass through other cleavages to reach
its mature form, the miRNA, capable of regulating the expression of
target genes.

Establishing a knockout population using
CRISPR/Cas9
CRISPR/Cas9 can be used to perform a miRNA function study,
because through gene editing, we can silence the expression of the
miRNA and analyze the results directly in the studied organism [25].
Therefore, it is necessary to establish a line in which the gene sequence
of the miRNA of interest is absent, and analyze the different genotypes
(+/+, +/-, -/-).
Before performing CRISPR/Cas9 it is essential to check whether
there is any polymorphism in the individuals. Thus, depending on the
region to be edited, genotyping of individuals is necessary in order to
verify whether the targets used will be able to hybridize to the genome
and allow the deletion to be carried out [26,27].
The creation of a mutant strain is based on design of RNA guides
that will be used in CRISPR to signalize to Cas9 the cutting site [27].
To synthesize the guides, a sequence of techniques is needed, which
include amplification of the gene region, sequencing, purification,
cloning and after in vitro transcription to mRNA, these guides will
be microinjected into embryos of up to 2 cells. After the animals
grow, they must be genotyped and sequenced to the target region of
CRISPR / Cas9 in order to identify whether the mutation is generated.

For aquaculture species as Nile Tilapia the miR-29 and miR129 are over expressed in ovary and they are involved in oogenesis
and ovary maturation, respectively [18]. In medaka, miR-202 was
associated with reproductive characteristics, such as the number of
spawning and the number of eggs per spawning [19].
Table 1: Summary of studies on miRNAs of model and aquaculture species.
Species
miRNA

Oreochromis niloticus (nile tilapia)
Colossoma macropomum (tambaqui)
Oncorhynchus mykiss (rainbow-trout)
Piaractusmesopotamicus (pacu)
Ctenopharyngodonidella (grass carp)

miR-202; miR-430c and miR-26a
13-miRNA,miR-202-5p,miR-144-5p;
miR122a-3p
miR-1 and miR-206; miR-29; miR-129;
miR-4585
miR-122; miR-1 and miR-206
miR-21, miR-30d, miR-90a, miR-200 and
miR-26
miR-133a/b
miR-1a, miR-181a, miR-133a/b, miR-214,
miR-206, miR-146 and miR-26a
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MicroRNA sequencing (miRNA-seq) is a type of RNA-Seq that
use of next-generation sequencing to sequence miRNAs. miRNAseq allows to identify tissue-specific expression patterns, disease
associations, and isoforms of miRNAs, and to discover previously
uncharacterized miRNAs [22-24]. Despite presenting advantages, the
technique still has a high cost, requires infrastructure and potential
artifacts. After detecting the miRNA present in a specific sample
or some specific situation, it is possible to identify which genes the
miRNAs have homology to using in silico analysis. Thus, it is possible
to start organizing the miRNAs sequenced in clusters and, thus, start
screening the miRNAs according to the research interest. Different
strategies can be used to confirm miRNA function in vivo, such as
CRISPR, morpholinos, mimics and antisense inhibitors.

MiRNAs regulate diverse physiological aspects and understanding
their biological role is proving increasingly important. Analysis
of miRNA function can provide valuable information because the
deregulation of its function can lead to human diseases such as cancer,
cardiovascular and muscle disease [13,14]. Some muscle-specific
miRNAs, such as miR-1 and miR-133 for example, have an essential
role in the regulation of muscle energy and protein metabolism
[15,16]. The miR-29b plays an important role in the pathogenesis of
muscle atrophy in diverse models [14,17]. Over expression of miR29b promotes muscle atrophy, while reducing miR-29b attenuates
muscle atrophy. Consequently, disrupting the expression of miR-29b
would be a therapeutic approach for muscle atrophy in several diverse
models.

Danio rerio (zebrafish)

in

Gene expression analysis in a given tissue is a common way
to characterize the function of a known miRNA. Many studies
have revealed this strategy to be effective in associating miRNAs
dysregulation with diseases or physiological processes [19-21].
However, to use the study of gene expression as a strategy it is necessary
to have miRNA candidates, that is, involved with the function studied
at some level.

Figure 2: Principle of CRISPR/Cas9 technique; the guide RNA (RNAtargeting device, purple) associated to the Cas9 enzyme (blue) matches
up the target DNA (orange), then Cas9 cuts the DNA. A new segment of
DNA (green) can then be added or not. Credit: National Institute of General
Medical Sciences, National Institutes of Health.

Oryza latipes (medaka)

Involved

02

Associated function
Oogenesis, folliculogenesis and spermatogenesis;
gonad-specific

Reference

follicle activation; ovaries

[24,34]

Myoblast differentiation; myoblast proliferation;
Oogenesis; ovary maturation; sex determination
Cholesterol metabolism regulation; myoblast
differentiation

[19,29]

[18,33,35]
[36]

Cell differentiation and embryo development

[37]

Myoblast proliferation

[38]

Fast-twitch skeletal muscle growth

[39]
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Animals containing the same indel of mutation will be screened
for breeding, aiming to obtain animals -/- in F2. Through crosses
between homozygous individuals for the desired mutation with each
new generation the lineage will be established and analyzes can be
performed.

miRNA loss-of-function
CRISPR/Cas9

studies
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Loss-of-function analysis of miRNA genes has been traditionally
challenging due to lack of appropriate knockout tools. The CRISPR/
Cas9 technique made studies feasible and allowed advances to be
made in large steps in some areas. Studies using the CRISPR/Cas9
technique to study miRNA function are increasing in different
species, such as human, zebrafish and medaka, and has been allowing
to evaluate phenotypes in the miRNA absence in more accurate
way through the establishment of knockout animals [19,24,28]. For
example, miR-202-5p was initially identified as gonad-specific present
throughout spermatogenesis and was only detected at the early stages
of oogenesis, this sex biased expression pattern suggested that miR202-5p might be a crucial candidate in male differentiation and
development [29,30]. However, studies of loss-of-function in vivo
using knockout animals by CRISPR/Cas9 have shown that miR-202
is crucial for fertility in medaka females [19].
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Studies using model species are essential to provide data for
advancing the use of CRISPR/Cas9 for aquaculture species. Despite
limited, there is an increase in the number of studies identifying
miRNAs linked to productive traits, such as muscle growth and
game to genesis [19,31-33] (Table 1). In recent years, the number of
miRNAs identified is increasing in model and aquaculture species, but
there are still few studies of loss-of-function. Establishing knockout
populations takes time, varies according to the species used, because
it is necessary to analyze the phenotype that individuals present, in
addition to genotyping, for each generation. It means that at each new
generation all animals must be genotyped and screened to identify
the carriers of the same mutation indel, after growth and sexual
maturation the animals must have the phenotype evaluated. Genetic
knockout of miRNA is the most reliable technique on study of lossof-function of miRNA with high efficiency and specificity for in vivo
analysis; however, the manipulation procedure is complicated and the
process is time consuming.

14. von Haehling S, Ebner N, Dos Santos MR, Springer J, Anker SD. Muscle wasting and
cachexia in heart failure: mechanisms and therapies. Nat Rev Cardiol. 2017;14(6):32341.
15. Horak M, Novak J, Bienertova-Vasku J. Muscle-specific microRNAs in skeletal muscle
development. Dev Biol. 2016;410(1):1-13.
16. Kukreti H, Amuthavalli K, Harikumar A, Sathiyamoorthy S, Feng PZ, Anantharaj
R, et al. Muscle-specific microRNA1 (miR1) targets heat shock protein 70 (HSP70)
during dexamethasone-mediated atrophy. J Biol Chem. 2013;288(9):6663-78.
17. Li J, Chan MC, Yu Y, Bei Y, Chen P, Zhou Q, et al. miR-29b contributes to multiple
types of muscle atrophy. Nat Commun. 2017;8:15201.
18. Wang W, Liu W, Liu Q, Li B, An L, Hao R, et al. Coordinated microRNA and
messenger RNA expression profiles for understanding sexual dimorphism of gonads
and the potential roles of microRNA in the steroidogenesis pathway in Nile tilapia
(Oreochromis niloticus). Theriogenology. 2016;85(5):970-8.
19. Gay S, Bugeon J, Bouchareb A, Henry L, Delahaye C, Legeai F, et al. MiR-202 controls
female fecundity by regulating medaka oogenesis. PLoS Genet. 2018;14:e1007593.

Conclusion
Genome editing technologies, such as CRISPR/Cas9, have
significant potential to accelerate advances in studies of miRNA
function. Establishing a knockout population using CRISPR/Cas9
takes time, due to the screening and growth time of the animals each
generation; besides requiring a sequence of laboratory techniques for
its execution. However, is the most reliable technique on study of lossof-function of miRNA with high efficiency and specificity for in vivo
analysis.

20. Jian C, Rong-Fang Z, Fang-Fang L, Yu-Lai L, Chen W, Yong-Wen Q, et al. MicroRNA126a Directs Lymphangiogenesis Through Interacting With Chemokine and Flt4
Signaling in Zebrafish. Arterioscler Thromb Vasc Biol. 2016;36(12):2381-93.
21. Rizzuti M, Filosa G, Melzi V, Calandriello L, Dioni L, Bollati V, et al. MicroRNA
expression analysis identifies a subset of downregulated miRNAs in ALS motor
neuron progenitors. Sci Rep. 2018;8:10105.
22. Liu J, Luo M, Sheng Y, Hong Q, Cheng H, Zhou R. Dynamic evolution and biogenesis
of small RNAs during sex reversal. Sci Rep. 2015;5:9999.

References

23. Tao W, Sun L, Shi H, Cheng Y, Jiang D, Fu B, et al. Integrated analysis of miRNA and
mRNA expression profiles in tilapia gonads at an early stage of sex differentiation.
BMC Genomics. 2016;17:328.

1. Chang H, Yi B, Ma R, Zhang X, Zhao H, Xi Y. CRISPR/cas9, a novel genomic tool to
knock down microRNA in vitro and in vivo. Sci Rep. 2016;6:22312.

24. Wong QW, Sun MA, Lau SW, Parsania C, Zhou S, Zhong S, et al. Identification
and characterization of a specific 13-miRNA expression signature during follicle
activation in the zebrafish ovary. Biol Reprod. 2018;98(1):42-53.

2. Sherkow JS. CRISPR, Patents, and the Public Health. Yale J Biol Med. 2017;90(4):66772.
3. Jansen R, Embden JDAV, Gaastra W, Schouls, LM. 2002. Identification of genes that
are associated with DNA repeats in prokaryotes. Mol Microbiol. 2002;43(6):1565-75.

25. Yang B, McJunkin K. CRISPR screening strategies for microRNA target identification.
FEBS J. 2020;287(14):2914-22.

4. Mojica FJM, Díez-Villaseñor C, García-Martínez J, Soria E. Intervening sequences of
regularly spaced prokaryotic repeats derive from foreign genetic elements. J Mol Evol.

© 2021 - Medtext Publications. All Rights Reserved.

26. Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, et al. Multiplex genome

03

2021 | Volume 3 | Article 1013

World Journal of Aquaculture Research & Development
engineering using CRISPR/Cas systems. Science. 2013;339(6121):819-23.

35. Yan B, Zhu CD, Guo JT, Zhao LH, Zhao JL, miR-206 regulates the growth of the teleost
tilapia (Oreochromis niloticus) through the modulation of IGF-1 gene expression. J
Exp Biol. 2013;216(Pt 7):1265-9.

27. Sander JD, Joung JK. CRISPR-Cas systems for editing, regulating and targeting
genomes. Nat Biotechnol. 2014;32:347-55.

36. Gomes F, Watanabe L, Nozawa S, Oliveira L, Cardoso J, Vianez J, et al. Identification
and characterization of the expression profile of the microRNAs in the Amazon
species Colossoma macropomum by next generation sequencing. Genomics.
2017;109(2):67-74.

28. Bassett AR, Azzam G, Wheatley L, Tibbit C, Rajakumar T, McGowan S, et al.
Understanding functional miRNA–target interactions in vivo by site-specific genome
engineering. Nat Commun. 2014;5:4640.
29. Qiu W, Zhu Y, Wu Y, Yuan C, Chen K, Li M. Identification and expression analysis of
microRNAs in medaka gonads. Gene. 2018;646:210-6.

37. Salem M, Xiao C, Womack J, Rexroad CE, Yao J. A MicroRNA Repertoire for
Functional Genome Research in Rainbow Trout (Oncorhynchus mykiss). Mar
Biotechnol (NY). 2010;12(4):410-29.

30. Liang M, Hu K, He C, Zhou J, Liao Y. Upregulated lncRNA Gm2044 inhibits male
germ cell development by acting as miR-202 host gene. Anim Cells Syst (Seoul).
2019;23(2):128-34.

38. Paula TGD, Zanella BTT, Fantinatti BEDA, Moraes LND, Duran BODS, Oliveira
CBD, et al. Food restriction increase the expression of mTORC1 complex genes
in the skeletal muscle of juvenile pacu (Piaractusmesopotamicus). PLOS One.
2017;12(5):e0177679.

31. Liu J, Luo X, Xiong A, Zhang Z, Yue S, Zhu M, et al. MicroRNA-214 Promotes
Myogenic Differentiation by Facilitating Exit from Mitosis via Down-regulation of
Proto-oncogene N-ras. J Biol Chem. 2010;285(34):26599-607.

39. Xu XY, Shen YB, Fu JJ, Yu HY, Huang WJ, Lu LQ, et al. MicroRNA-induced negative
regulation of TLR-5 in grass carp, Ctenopharyngodonidella. Scientific Reports.
2016;6:18595.

32. Nachtigall PG, Dias MC, Carvalho RF, Martins C, Pinhal D. MicroRNA-499
Expression Distinctively Correlates to Target Genes sox6 and rod1 Profiles to Resolve
the Skeletal Muscle Phenotype in Nile Tilapia. PLOS One. 2015;10:e0119804.

40. Hajarnis S, Lakhia R, Patel V. MicroRNAs and Polycystic Kidney Disease.
2015:Chapter 13.

33. Xiao J, Zhong H, Zhou Y, Yu F, Gao Y, Luo Y, et al. Identification and Characterization
of MicroRNAs in Ovary and Testis of Nile Tilapia (Oreochromis niloticus) by Using
Solexa Sequencing Technology. PLOS One. 2014;9(1):e86821.

41. Yan B, Wang ZH, Zhu CD, Guo JT, Zhao JL. MicroRNA repertoire for functional
genome research in tilapia identified by deep sequencing. Mol Biol Rep.
2014;41(8):4953-63.

34. Zayed Y, Qi X, Peng C. Identification of novel MicroRNAs and characterization of
microRNA expression profiles in zebrafish ovarian follicular cells. Front Endocrinol.
2019;10:518.

© 2021 - Medtext Publications. All Rights Reserved.

04

2021 | Volume 3 | Article 1013

