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ABSTRACT

RNA silencing denotes sequence-specific repression mediated by small RNAs. In vertebrates, there are two closely
related pathways, which share several protein factors: RNA interference (RNAi) and microRNA (miRNA) path-
way. The miRNA pathway regulates endogenous protein-coding gene expression and has been implicated in many
biological processes. RNAi generally serves as a form of innate immunity targeting viruses and mobile elements.
This text reviews miRNA and RNAi pathways in fish. RNAi and other dsSRNA-responding pathways in fish are
very much like those in mammals, which is remarkable considering the mammalian and fish lineages separated in
Paleozoicum some 400 million years ago. The miRNA pathway is likely the dominant small RNA pathway while,
similarly to other vertebrates, the existence and functionality of endogenous RNAi remains unclear.

Introduction

Fish are an aquatic heterogeneous paraphyletic group with the majority of the species
belonging to the bony fish class (Osteichthyes) group, which has ~25 000 species, the
highest species diversity than any other vertebrate group (Margulis and Schwartz, 1998).
Overall, the organization of small RNA pathways in fish is very similar to that of mammals
(Fig. 1), which is notable considering the common ancestor of fish and mammals existed
3602—4500 million years ago (Volff, 2005).

Since mechanistical principles of vertebrate miRNA and RNAi pathways were intro-
duced in the first two reviews of this series (Svoboda, 2019a, b) and in further detail else-
where (Bartel, 2018; Svoboda, 2014), I will focus here directly on features of these path-
ways reported from fish models. Next generation sequencing analysis of zebrafish small
RNAs identified miRNAs and germline piRNAs as common small RNAs. The dominant
small RNA pathway in fish is the miRNA pathway. Studies of roles of miRNAs account
for the vast majority of the literature on small RNA in fish. At the same time, the molecular

https://doi.org/10.14712/9788024643724.6 133



FISH

mechanism of miRNA and RNAi pathways was seldom drectly studied in the fish model.
The second most studied studied small RNA pathway in fish is the piRNA pathway, which
protects the germline from mobile elements (Houwing et al., 2007; Huang et al., 2011;
Kamminga et al., 2010) and differs from miRNA and RNAi pathways in small RNA bio-
genesis, which does not require Dicer.

Dicer

Fish genomes carry a single gene for Dicer, which is an ortholog of the mammalian Dicer
and Dicer-1 in Drosophila (Murphy et al., 2008). This notion is supported by annotated fish
genome data in the UCSC genome browser (https://genome.ucsc.edu/), and tblastn search
of fish sequences at NCBI (e.g. Salmo salar, Danio rerio, Takifugu rubripes, Gasterosteus
aculeatus (stickleback), Oryzias latipes (medaka)). Existence of a single Dicer gene in
fish genomes is remarkable in teleost fish species, which underwent genome duplication
(Howe et al., 2013; Meyer and Schartl, 1999). This suggests selective pressure could exist
against Dicer gene duplication. Zebrafish Dicer is essential for development and its pri-
mary role seems to be miRNA biogenesis (Wienholds et al., 2003). The role of Dicer in
endogenous RNAI in fish has not been addressed in much detail. A study of Dicer in grass
carp Ctenopharyngodon idellar revealed a CDS encoding Dicer protein carrying all known
functional domains found typically in other Dicers (Shen et al., 2013). Ctenopharyngodon
idellar Dicer is abundantly expressed in brain, gill, head kidney, liver, spleen, heart, muscle
and intestine. A positive correlation was found between Ctenopharyngodon idellar Dicer
mRNA expression and infection with grass carp reovirus (GCRV) infection in cultured
kidney cells and in the liver (8.46-fold, P < 0.01, 12 h post-infection) and spleen in vivo
(Shen et al., 2013).This suggests that Ctenopharyngodon idellar Dicer is an inducible gene
responding to viral infection although evidence for virus-derived endogenous siRNAs has
not been provided.

dsRBPs

Fish genomes typically contain orthologs of TRBP2 and PACT, which are mammalian
Dicer-interacting dsRBPs (Murphy et al., 2008). However, their function in small RNA
silencing was not studied in the fish model, so far.

Argonaute proteins

Fish AGO proteins are orthologs of AGO proteins in other vertebrates (Murphy et al.,
2008). However, teleost fish clade contains an additional AGO paralog, which emerged
from a fish-specific genome duplication event that occurred approximately 350 million
years ago (McFarlane et al., 2011). All five Ago genomic loci in teleosts contain specif-
ic, conserved sequence elements in non-coding regions indicating that the teleost AGO
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paralogs are differentially regulated, which is consistent with expression analysis in the
zebrafish model. Multiple sequence alignments show that teleost homologs possess critical
aminoacid residues for AGO function as well as ortholog-specific features retained through-
out the vertebrate lineage (McFarlane et al., 2011).

miRNA pathway

In terms of small RNA research, fish models are typically used for exploring miRNA pop-
ulations and studying biological roles of different miRNAs. Articles annotating miRNAs
and analyzing their expression and function represent the bulk of the fish-related references.
We have found 348 articles, which annotated and/or analyzed expression and function of
miRNAs in fish. However, almost none of these articles brought any specific mechanistic
insight into the molecular mechanism of miRNA in fish.

According to the miRBase (release 22.1), miRNA population in fish appears less com-
plex than in mammals — fish models have less annotated miRNAs (Table 1) although there
are dozens of reports on next generation sequencing analysis and miRNA annotation. How-
ever, zebrafish is an experimentally easily accessible model for exploring conserved roles of
miRNAs in different tissues, which is also reflected in the number of references.

Table 1 Numbers of annotated miRNAs in selected fishes in miRBase 22.1

species miRNA precursors mature miRNA
Cyprinus carpio 134 146
Danio rerio 355 373
Fugu rubripes 131 108
Ictalurus punctatus 281 205
Oryzias latipes 168 146
Salmo salar 371 498
Tetraodon nigroviridis 132 109

In terms of the molecular mechanism of RNA silencing, studies in the zebrafish and other
fish models brought several interesting discoveries concerning specific miRNA functions
and unique adaptations in fish. Several examples have relevance for the research of the
molecular mechanism of miRNA pathway:

The first example is the biology of the miR-430 family of miRNAs. While miRNAs
in mice are essentially irrelevant for the oocyte-to-embryo transition (Suh et al., 2010),
the zebrafish oocyte-to-embryo transition incorporates zygotically-expressed miR-430
family in maternal mRNA degradation (Giraldez et al., 2006; Mishima et al., 2006). Fur-
thermore, the onset of miR-430 activity in the zebrafish zygote allowed for addressing
the relationship between miRNA-induced translational repression and mRNA degradation
(Bazzini et al., 2012; Mishima et al., 2012). Using ribosome profiling of zygotic stages, it
was showed that miR-430 reduces translation before causing mRNA decay (Bazzini et al.,
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2012). A significant technological outcome of these studies was development of target pro-
tectors, morpholino oligonucleotides specifically disrupting miRNA-mediated repression
via hybridizing to and masking miRNA-binding sites (Choi et al., 2007).

Another contribution to small RNA biology coming from fish model was discovery of one
of the non-canonical miRNA biogenesis mechanisms, namely Dicer-independent miRNA
biogenesis of miR-451, which uses AGO?2 slicing activity followed by uridylation and trim-
ming (Cifuentes et al., 2010). The process also employs translation initiation factor eIF1A,
which directly interacts with AGO2 and promotes miR-451 biogenesis (Yi et al., 2015).

Data from zebrafish also contributed to understanding other miRNA regulations. Two
related terminal uridyl transferases (TUTases), Zcche6 (TUT7) and Zechell (TUTA4), selec-
tively 3° monouridylate a subset of miRNAs (Thornton et al., 2014). TUTase inhibition in
zebrafish embryos causes developmental defects and aberrant Hox gene expression (Thorn-
ton et al., 2014).

Another miRNA regulator discovered in the zebrafish is dead end 1 (DND1), which is
negatively regulating miRNA targeting. DND1 is an evolutionary conserved RNA-binding
protein (RBP) that counteracts the function of several miRNAs in zebrafish primordial germ
cells as well as in human cells. DND1 binds mRNAs and prohibits miRNAs from binding
cognate mRNAs. DND1 effects involve uridine-rich regions present in the miRNA-targeted
mRNAs (Kedde et al., 2007)

Taken together studies of molecular mechanism of miRNA-mediated repression in fish
did not reveal any notable deviation from what has been observed in mammals. As the
protein machinery appears to be well-conserved, miRNA pathways among vertebrate tax-
ons primarily differ in sets of miRNAs and their targets, which dynamically evolve over
time. This was for example demonstrated for zebrafish miR-430 and murine miR-290-295
miRNA clusters, which share common ancestry, both are associated with early development
but do not regulate the same genes although some targets seem to be conserved (Svoboda
and Flemr, 2010).

RNAi

The presence of RNAI response was examined in zebrafish at the same as in other animal
models during the turn of the century. However, unlike specific RNAi observed in mouse
oocytes and early embryos (Svoboda et al., 2000; Wianny and Zernicka-Goetz, 2000), long
dsRNA injection into zebrafish had been yielding inconsistent results (Li et al., 2000; Man-
gos et al., 2001; Oates et al., 2000; Zhao et al., 2001). While some reported specific knock-
down effects (Li et al., 2000; Mangos et al., 2001), others observed non-specific effects
(Oates et al., 2000; Zhao et al., 2001). Non-specific effects remained a recurring theme
also in later studies (Wang et al., 2010; Zhao et al., 2008) although some authors were able
to achieve specific RNAI effects (De Rienzo et al., 2012; Dong et al., 2013; Ying et al.,
2010).Non-specific effects in zebrafish embryos were not remedied by the use of siRNAs
and it was later shown that the basis of the non-specific effects is interference with miRNA
function (Zhao et al., 2008). Injection of zebrafish zygotes with siRNA caused a significant
reduction in miR-430 levels leading to unspecific developmental defects (Zhao et al., 2008).
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Interestingly, literature survey revealed that experiments with the parasitic sea lamprey
(Petromyzon marinus), a jawless fish relative, showed that uptake of free siRNA at Spg/ml
did not trigger an RNAi response (Heath et al., 2014). In any case, RNAI did not become
a favourite knock-down strategy to study genes during zebrafish development; microinjec-
tion of morpholino oligonucleotides (Blum et al., 2015; Eisen and Smith, 2008) became the
preferred approach instead.

Taken together, successful RNAi experiments with long dsSRNA demonstrate that zebraf-
ish holds the molecular machinery for executing RNAi: Dicer, TARBP2, and AGO2. How-
ever, its capacity for mediating specific knock-down effects is limited because the same
machinery is being simultaneously utilized by the miRNA pathway. Importantly, the avail-
ability of the machinery above the minimum capacity sustaining the miRNA pathway func-
tionality likely differs during development and among different cell types.

While zebrafish holds the molecular machinery for executing RNAA, the question remains
whether the endogenous RNAi has any significant role in fish. Available data do not provide
unequivocal evidence for significant endogenous RNAI in fish. Next generation sequencing
of small RNAs contains fractions of non-miRNA small RNAs of endo-siRNA size, yet it
is not clear if these fragments truly represent bona fide endo-siRNAs. Some other data
indirectly point to a possible antiviral role, namely GCRV-induced transient upregulation
of Ago2 in rare minnow (Gobiocypris rarus) and Dicer upregulation in grass carp (Cten-
opharyngodon idella) (Guo et al., 2012; Shen et al., 2013). Interaction of GCRV with the
small RNA machinery (the miRNA pathway should not be excluded) has been suggested
based on the observation in grass carp kidney cells that GCRV dsRNA could be processed
into siRNAs but GCRV infection did not yield GCRV-derived siRNAs while Dicer upregu-
lation occurred (Gotesman et al., 2014). It has been thus proposed that an unidentified RNAi
suppressor might contribute to the survival of the viral genome and efficient viral replica-
tion (Gotesman et al., 2014). The presence of a virus-derived inhibitor of RNA silencing
in a fish RNA virus would be indicative of an existing antiviral role of small RNAs, which
is being suppressed. However, an alternative scenario that should be considered as well is
that dsRNA formed during viral replication is not accessible for Dicer-mediated cleavage.
Therefore, further research is needed to address this issue.

Other notable silencing phenomena

There are two phenomena, which clearly overlap with RNA silencing but their underlying
molecular mechanism remains unclear and will require further investigation.

Andrews et al found that introduction of transgenes containing convergent transcription
units in zebrafish embryos induced stable transcriptional gene silencing in cis and trans.
The silencing was suppressed upon Dicer knockdown, indicating processing of double
stranded RNA. ChIP revealed that silencing was accompanied by enrichment of the consti-
tutive heterochromatin mark H3K9me3 (Andrews et al., 2014). While small RNA-induced
transcriptional silencing is well established in fungi and plants (and seems to be a product
of convergent evolution), the molecular mechanism underlying seemingly related observa-
tions in vertebrates is unclear.
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The second phenomenon deals with the role of small RNAs during DNA-damage
response, which has been discussed above in the mammalian section (Francia et al., 2012).
It was shown in zebrafish that DICER and DROSHA, but not downstream elements of
the RNAIi pathway, are necessary to activate the DDR upon exogenous DNA damage and
oncogene-induced genotoxic stress, as studied by DDR foci formation and by checkpoint
assays. It was also reported that formation of DDR foci requires site-specific DICER- and
DROSHA-dependent small RNAs, which are sufficient to restore the DDR in RNase-A-
treated cells (Francia et al., 2012).

Summary

The molecular mechanism of RNAi and miRNA pathways in fish seems to be essentially
identical to that of mammals (Fig. 1). While there are two dsRBPs, the role of PACT in
RNA silencing remains to be determined. miRNA pathway is the dominant small RNA
pathway while the existence and functionality of endogenous RNAi are unclear. Some
variations (DNA-binding PKR homologs (Rothenburg et al., 2008)) were found in the inter-
feron system, which is the main fish antiviral system.
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Figure 1 Overview of RNA silencing and dsRNA response in FISH
dsRNA and miRNA pathways in bony fishes are very much similar to the mammalian ones.
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