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Chapter 15

Inhibition of the microRNA Pathway in Zebrafish by siRNA

Anders Fjose and Xiao-Feng Zhao

Abstract

The microRNA (miRNA) pathway and the phenomenon of RNA interference (RNAi), which have both
been shown to involve targeting of mRNAs by small RNA molecules, are interconnected and depend
partly on the same cellular machinery. RNAi in vertebrates was first reported in zebrafish (Danio rerio)
10 years ago. However, reliable RNAi-based gene silencing techniques, based on injection of siRNAs into
zygotes, have not been established for this important vertebrate model because of unspecific developmen-
tal defects. We have recently shown that these side effects can be attributed to inhibition of the miRNA
pathway by siRNAs at early embryonic stages. This review highlights these findings and the function of
microRNAs in zebrafish development.

Key words: RNAi, siRNA, microRNA, miR-430, zebrafish.

1. Introduction:
Connections
Between the RNAi
and miRNA
Pathways

The discovery of RNA interference (RNAi) demonstrated
that exogenously introduced double-stranded RNA (dsRNA)
molecules could trigger degradation of cognate messenger RNA
(mRNA) sequences in the nematode Caenorhabditis elegans (1).
This RNA silencing process was subsequently shown to involve
generation of small interfering RNA (siRNA) molecules of ∼22
nucleotides (nt), which act as guides to target particular mRNAs
for cleavage (2). Research on developmental regulatory genes in
C. elegans also led to the discovery of a new category of small
endogenous RNA molecules, microRNAs (miRNAs), generated
by processing of transcripts containing certain stem-loop struc-
tures (3–6). These miRNAs have approximately the same size
as siRNAs, and their generation and function depend to a large
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extent on the same cellular machinery (7–9, see Chapters 14 and
16).

During the past 10 years, rapid progress in the research
on these two RNA-mediated silencing mechanisms has revealed
that they are widespread in eukaryotic organisms, where they
are involved in cellular control of gene expression or protec-
tion against parasitic and pathogenic invaders such as transposons
and viruses (8, 10). In addition, various studies have uncov-
ered that they have essential roles in developmental processes
and can be associated with diseases (11, 12). Importantly, these
small-RNA-mediated pathways can also be utilized experimen-
tally or therapeutically to knock down expression of specific genes
(13, 14).

Generation of siRNAs and miRNAs from dsRNA precursors
that are produced in or introduced into cells depend on the
ribonuclease III (RNase III) enzyme known as Dicer (8, 15).
In the case of miRNAs, the dsRNA precursors (pre-miRNAs)
are ∼65 nt stem-loop structures, which are excised from longer
primary transcripts (pri-miRNAs) in the nucleus by the RNAse
III enzyme Drosha and exported to the cytoplasm by nucleo-
cytoplasmic transport factors (8, 9, 16). In the cytoplasm, one
of the strands from the duplexes of miRNAs or siRNAs, which
has the weakest base pairing at its 5′ terminus, is preferably
incorporated into the RNA-induced silencing complexes (RISCs)
miRISC or siRISC, respectively (8). The loaded single-stranded
RNA (ssRNA), sometimes called the guide strand, targets RISCs
to mRNAs that contain homologous sequences.

Whereas siRNAs, in general, and the miRNAs in plants are
perfectly complementary to their targets, animal miRNAs usu-
ally base pair with imperfect complementarity to target sequences
located within the 3’UTRs of mRNAs. The first 2–8 nucleotides
at the 5′ end of miRNAs, commonly referred to as the “seed”
region, is most important for target recognition and silencing (17,
18). However, the presence of secondary structures and other fea-
tures of the 3’UTR sequence surrounding the target site may also
influence how miRNAs and mRNAs interact.

Each RISC contains an Argonaute (AGO) protein as its
core component and several additional protein factors that may
vary in different types of complexes (8). Importantly, different
members of the AGO family, which contain the highly con-
served RNA-binding domains PAZ and PIWI, are core com-
ponents in siRISCs and miRISCs. AGO proteins in siRISCs
silence targeted mRNAs by catalyzing their endonucleolytic cleav-
age. In the animal miRNA pathway, AGO proteins are known
to inhibit the expression of mRNAs by various mechanisms,
including translational inhibition, mRNA degradation, and rapid
degradation of nascent peptides (19). In some cases, animal
miRNAs may also have sufficient complementarity to sequences
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in the targeted mRNAs to cause endonucleolytic cleavage,
indicating that there is no clear distinction between miRNAs and
siRNAs (20).

The miRNA gene number in vertebrate species is currently
estimated to exceed 500 genes, which can be grouped into >40
families based on seed sequence identity (21–24). Furthermore,
various computational predictions and experimental studies indi-
cate that single miRNAs can target >100 different mRNAs (25,
26). Hence, at least 30% of human genes are probably regulated
by miRNAs (17). Considering these estimates, it can be assumed
that miRNAs have global impact on gene-expression profiles, and
may in some cases function as developmental switches. Several
recent studies in mice and zebrafish have provided experimental
evidence in support of these ideas (11, 25). In particular, the fam-
ily of miR-430 miRNAs in zebrafish has been shown to be impor-
tant for the removal of a large group of maternal mRNAs after the
initiation of zygotic transcription at the mid-blastula stage, which
is critical for normal development (25, 27). Furthermore, estab-
lishment of new techniques to manipulate and assay the activity of
specific miRNAs in zebrafish, which are based on microinjection
of reporter mRNAs and inhibitors of processing and target bind-
ing, have led to important contributions to our understanding of
miRNA functions in vertebrates (25, 28–30).

RNAi is a powerful tool to knock down expression of spe-
cific genes, and it has been employed as a research tool in a
variety of species, including animal models such as C. elegans,
Drosophila melanogaster, and mice (31–33). In addition, RNAi
methods have been used extensively to study gene functions in
mammalian cell culture systems (34). Furthermore, strong efforts
have been made to develop RNAi-based therapeutics in humans
(35, 36).

Although the first observations of RNAi in vertebrates were
reported for zebrafish (37), RNAi has not been established as
a reliable tool for analysis of gene functions in this important
animal model due to frequent occurrence of unspecific devel-
opmental aberrations (28, 38). The factors causing this problem
have remained unknown until recently, when it was demonstrated
that siRNA treatment led to inhibition of the miRNA pathway
in zebrafish embryos (39). In particular, siRNA injections were
shown to reduce the level of mature miR-430 miRNAs, and in
this way affect the maternal to zygotic transition (25, 39). This
finding may help us to develop new RNAi techniques for zebrafish
that can circumvent the problem leading to unspecific develop-
mental defects. The observations in zebrafish also suggest a need
for investigating whether similar inhibition of the miRNA path-
way may occur in mammals under some experimental or thera-
peutic conditions.
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2. Functions of
miRNAs in
Zebrafish
Development

2.1. Zebrafish
miRNAs and
Analytical Tools

Identification and characterization of miRNAs in zebrafish have
provided important information regarding the conservation of
miRNA genes in vertebrates. Zebrafish have also proven to be a
particularly valuable system to study miRNA functions in develop-
mental processes. In the initial investigations, small-RNA cDNA
libraries from different developmental stages of zebrafish were
used for large-scale sequencing to obtain a comprehensive picture
of the total number of miRNAs (40–42). An additional approach
has been to use prediction algorithms to search in the zebrafish
genome database to identify conserved hairpin structures of 60–
100 nucleotides (22). These analyses have led to identification of
415 zebrafish miRNAs, and based on seed sequence identity it has
been possible to group these into 44 families (22). However, since
zebrafish genome sequencing and annotation is not yet complete,
the exact number of miRNAs remains unknown.

Synchronous populations of several hundred fertilized
zebrafish eggs (zygotes) are easily available for microinjection
of reporter constructs, RNA molecules or chemically modified
nucleic acids, which can facilitate investigations of miRNA func-
tions in developmental processes. For gain-of-function studies,
mature miRNA duplexes, which have been chemically synthe-
sized, can be injected into zygotes to analyze how overexpres-
sion of specific miRNAs may affect development (28). Mature
miRNA duplexes can also be coinjected with reporter mRNAs to
test whether predicted miRNA-binding sites can mediate silenc-
ing of the presumptive target mRNA. This type of assay is based
on coinjections of specific miRNA duplexes with reporter mRNAs
containing a green fluorescent protein (GFP) coding sequence
and a 3’UTR region with the predicted miRNA-binding site (25).

Antisense morpholino phosphorodiamidate oligonucleotides
(MOs) have been used extensively to knock down gene func-
tions in zebrafish embryos and larvae by inhibition of splicing
and/or translation of specific mRNAs (43, 44). Due to the chem-
ical modifications, these oligonucleotides are not susceptible to
enzymatic degradation and can be applied to inhibit gene func-
tions in zebrafish larvae several days after microinjection at the
zygote stage. MOs have also proved to be very useful as tools to
inhibit specific miRNAs, and can be designed to block process-
ing of the pre-miRNA or the activity of the mature miRNA (29,
45). In addition, MOs designed to be complementary to specific
miRNA-binding sites in target mRNAs have been shown to effi-
ciently protect the target mRNA from translational inhibition or
degradation (30). The efficiency of “target protectors” to block
the interaction of miRNAs with a particular binding site in a target
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mRNA can be investigated by coinjections with reporter mRNAs
containing a GFP coding sequence and a 3’UTR region with the
miRNA-binding site (30). Subsequently, a tested target protec-
tor can be used to study whether protection of a specific target
mRNA from silencing has any biological effect.

A key step toward understanding the function of specific
miRNAs is to determine the spatiotemporal expression pattern
during development. However, detection of miRNAs by in situ
hybridization has been technically difficult because of their small
size. This problem was solved when it was discovered that locked
nucleic acid (LNA) modified DNA oligonucleotide probes can
provide increased sensitivity for detection of miRNAs by North-
ern blots (46), and can be applied for whole-mount in situ detec-
tion of specific miRNAs in zebrafish embryos and larvae (40, 47).

The temporal and spatial expression patterns of many
zebrafish miRNAs have been investigated by in situ hybridiza-
tion, microarray, and/or Northern analyses of different devel-
opmental stages (40, 41, 47). Studies of the temporal pro-
files revealed that only a few are expressed before the end of
gastrulation. The majority of the zebrafish miRNAs also display
tissue-specific expression patterns, suggesting functional roles in
differentiation or maintenance of tissue identity (47). Similar spa-
tiotemporal features have been observed in other vertebrates, and
generally miRNA homologues are expressed in the same type of
tissue (12, 48).

2.2. Functional Roles
of Specific miRNAs

Studies of abnormalities caused by dicer mutations in mice and
zebrafish provided the first evidence that generation of mature
miRNAs is essential for normal development, but alternative
explanations involving failure to produce endogenous siRNAs
could not be excluded (49, 50). In zebrafish, homozygous dicer
mutants were shown to produce mature miRNAs during the first
few days, due to the presence of maternally contributed dicer
(49). As a consequence these zygotic dicer (Zdicer) mutants have
no visible defects other than a developmental arrest around day
10 postfertilization (49).

The problem of maternal dicer activity could be circumvented
when a germ line replacement technique was used to generate
embryos that were maternal–zygotic mutant for dicer (MZdicer).
These MZdicer embryos did not generate mature miRNAs and
displayed severe morphogenesis defects during gastrulation, brain
formation, somitogenesis, and heart development (51). Further
analyses revealed a causal connection between some of these
abnormalities and members of the miR-430 family of miRNAs,
which are the only abundant miRNAs at blastula and gastrula
stages (41, 51). These miRNAs are expressed ubiquitously from
multiple gene copies, mainly located in two large clusters on chro-
mosome 4 (22, 41).
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Experimental evidence that normal development depends on
the miR-430 family was obtained from microinjections of prepro-
cessed duplexes of these miRNAs into MZdicer zygotes, which
resulted in almost complete rescue of the brain and gastrulation
defects (51). In particular, these injections were shown to res-
cue the formation of normal brain ventricles and brain constric-
tions, including the characteristic fold of the midbrain–hindbrain
boundary (MHB), revealing essential roles for the miR-430 miR-
NAs during brain morphogenesis. Hence, it could also be con-
cluded that this particular phenotype depended on the loss of
a specific mature miRNA and was not due to the inability of
MZdicer mutants to generate endogenous siRNAs. However,
since miR-430 injections failed to rescue some of the abnormal-
ities (e.g., heart defects) in MZdicer embryos, it remains a pos-
sibility that endogenous siRNAs are required for normal devel-
opment. Alternatively, these additional defects may be associated
with the function of other miRNAs.

To elucidate how the lack of mature miR-430 miRNAs could
lead to morphogenesis defects, it was important to consider the
temporal expression profile and how it related to processes known
to occur at the same embryonic stages. Interestingly, this showed
that expression of the miR-430 family members begins at the
moment of transition from maternal to zygotic expression, and
their mature miRNAs rapidly accumulate to high levels (41, 51).
This maternal–zygotic transition, which is a universal process in
animal development, is also known to involve elimination of many
maternal mRNAs (52). In zebrafish, this transition occurs at the
mid-blastula stage (∼2.5 hpf [hours postfertilization]) around 2 h
before initiation of gastrulation (25).

Comparison of mRNA levels showed that >700 genes
were expressed at significantly higher levels in MZdicer mutant
embryos than in wild-type embryos (25). Interestingly, target
predictions indicated an enrichment of putative miR-430 target
sites in the upregulated mRNAs, and several of these 3’UTR tar-
gets were validated in injection experiments with reporter mRNAs
(25). On the basis of these results, it was estimated that the
miR-430 family of miRNAs directly regulate several hundred
maternal mRNAs (25). Further studies investigated the mecha-
nism by which miR-430 promoted removal of the maternal tar-
get mRNAs. These investigations provided evidence that binding
of miR-430 to the 3’UTR of maternal mRNAs leads to dead-
enylation, thereby triggering degradation (25). Hence, miR-430
seems to have a major role in facilitating clearance of a large
group of maternal mRNAs at the transition to zygotic expres-
sion. In MZdicer mutants, the absence of mature miR-430 leads
to delayed degradation of the maternal target mRNAs, and conse-
quently an extended period of mixed maternal and zygotic gene
expression. This mixed state probably interferes with processes
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Fig. 15.1. Removal of maternal mRNAs at the maternal–zygotic (M–Z) transition in early
zebrafish embryos is mediated by miRNAs from the miR-430 family. In MZdicer embryos
(greyish lines and characters), the mature forms of miR-430 miRNAs are not generated
and as a result the removal of maternal mRNAs is delayed. The delayed removal leads
to a mixed state of zygotic and maternal expression.

responsible for gastrulation and other types of morphogenesis
(Fig. 15.1).

Similar miRNA-based mechanisms are likely to operate at the
maternal–zygotic transition in other species of fish. In support of
this assumption, conserved and clustered miR-430 miRNAs have
been found in other fish genomes, including Fugu rubripes and
Tetradon nigroviridis (51). This miRNA family is also conserved
in amphibians, and studies on Xenopus have detected high levels
of miR-430 during the blastula period (53). However, investi-
gations on mammals and Drosophila have shown that unrelated
types of miRNAs and/or endogenous siRNAs are involved in tar-
geting of maternal mRNAs for degradation during the transition
to zygotic expression (54, 55).

Although the MZdicer mutants displayed morphogenesis
defects, such as lack of brain ventricles and brain constrictions,
detailed morphological analysis revealed that the body axis and all
major subregions and cell types were not affected by the lack of
mature miRNAs (51). Hence, mature miRNAs apparently do not
have widespread essential roles in cell fate specification or signal-
ing during early zebrafish development. However, several recent
studies have demonstrated important roles of particular miRNAs
in specific processes during zebrafish development, and similar
results have been reported for various miRNAs mammals (11, 12,
21, 28). One important example of conservation of miRNA func-
tions in vertebrates has been revealed for the Hox clusters, which
encode transcription factors that are required for correct develop-
ment of different tissues along the anterior–posterior axis (56). In
the Hox clusters of different vertebrates, two conserved miRNAs,
miR-10 and miR-196, are located in the same positions (56–
58). Furthermore, studies in both zebrafish and mice have shown
that these miRNAs target the mRNAs of nearby Hox genes and
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contribute to define their expression domains along the body axis
(56, 57, 59).

In addition to an involvement in patterning of the anterior–
posterior axis, several zebrafish miRNAs have been shown to par-
ticipate in regulating the differentiation of highly specialized cell
types. By using MOs to block the maturation of miR-375, it
was revealed that this miRNA is essential for the formation of
the insulin-secreting pancreatic islet (29). Similarly it was demon-
strated that zebrafish miR-214 contributes to precise specifica-
tion of muscle cell types by modulating a component of the
hedgehog signal transduction pathway (45). Inhibition of miRNA
maturation has also been applied in several other investigations
where specific zebrafish miRNAs have been shown to have roles
in erythroid maturation, fin regeneration, and cardiac patterning
(60–62).

3. RNAi in
Zebrafish

Following the discovery of RNAi in C. elegans (1), the first study
of RNAi in vertebrates was reported for zebrafish by our labora-
tory (37). Using dsRNA microinjection in zygotes to target three
genetically characterized genes, ntl, flh, and pax2a, we demon-
strated that the mRNA levels were reduced and the embryonic
defects were similar to the known mutant phenotypes of these
loci (37). However, the efficiency to induce phenocopies of the
mutants was quite low (<30%) and treatment with increasing
concentrations of dsRNA was in some cases shown to cause a
higher frequency of unspecific defects (37). Despite these limita-
tions, it was assumed that RNAi-based techniques could be estab-
lished as important tools for loss-of-function studies of specific
zebrafish genes. Further attempts were made by several labora-
tories to explore the potential of dsRNA to knock down expres-
sion of specific genes, but these investigations showed conflicting
results. Whereas some research groups claimed to generate spe-
cific effects with high efficiency (63, 64), other scientists reported
that dsRNA injections resulted only in unspecific effects (65, 66).

At the same time as these investigations were made, it was
discovered that antisense MOs, designed to inhibit translation
and/or splicing, could be used as efficient tools to knock down
expression of specific genes in zebrafish (67–69). However, the
phenotypes induced by MO injections were also shown to include
variable side effects that made interpretations difficult (67). An
additional disadvantage of MOs was the high costs required for
synthesis of these chemically modified oligonucleotides. Hence, it
was still of interest to explore the possibilities to establish efficient
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RNAi-based techniques in zebrafish, and in this connection it was
important to consider the potential causes for the high frequen-
cies of unspecific abnormalities in dsRNA-injected embryos. One
likely explanation was that these side effects could reflect a global
antiviral/interferon response to long dsRNA (70). This issue was
also discussed in relation to the application of similar methods
in mammals, and using siRNAs to trigger RNAi in mammalian
cells, the global responses associated with longer dsRNAs could
be avoided (71).

Following the first demonstration of siRNA-mediated gene
silencing in mammalian cells, several laboratories reported that
siRNA injections could be used to induce gene-specific effects in
zebrafish (72–74). In studies on three different zebrafish cell lines,
highly efficient gene-specific knock down has also been demon-
strated in experiments where several siRNAs were introduced by
microinjection and transfection (38). However, when the same
siRNAs were used for microinjection into zebrafish zygotes, most
of the embryos at later stages displayed severe unspecific defects,
including truncated tails, loss of brain structures, and enlarged
heart cavities (38). The conflicting results reported by different
laboratories are difficult to explain, but they may partially reflect
differences in the injection procedures (e.g., amounts of siRNA
injected) and variations in target-binding efficiencies of the siR-
NAs. It has also been important to find an explanation to the
observation that siRNAs, which mediated specific gene silencing
in zebrafish cell lines, were only able to cause unspecific abnor-
malities in embryos (38).

4. Inhibition of
the miRNA
Pathway by siRNA

Remarkably, the MZdicer mutant embryos displayed several
defects similar to those caused by siRNAs, and the defects in
mutants were partially rescued by injection of preprocessed miR-
430 miRNAs (38, 51). Based on these observations, and con-
sidering the common factors in the RNAi and miRNA path-
ways, we have investigated whether the function of miR-430
could be associated with the unspecific defects caused by siRNA
treatment (39). Following injection of siRNAs corresponding to
sequences in two endogenous genes (eri1 and six3a) and the
exogenous reporter gene GFP, we found by Northern analysis of
RNA extracted from early embryos (12 hpf) that the levels of pro-
cessed miRNAs were significantly reduced for the four miRNAs
tested, including the miR-430 family member miR-430b (39)
(Fig. 15.2). Importantly, these siRNA injections also caused brain
morphogenesis defects and tail truncations similar to the MZdicer
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Fig. 15.2. Injection of siRNA affects the endogenous level of miRNAs. Following injection
of different amounts (250 and 500 ng) of siRNA containing a GFP sequence (siGFP),
Northern analysis of the endogenous levels of the processed forms of miR-430b and
miR-17a-1 showed significant reductions as compared to noninjected embryos (WT) at
the same developmental stage (12 hpf). Reproduced from (39) with permission from
Blackwell Publishing Ltd.

phenotype (39) (Fig. 15.3). By contrast, injections of other types
of RNA molecules such as single-stranded and double-stranded
RNAs without 3′ overhangs did not affect embryonic develop-
ment or the levels of mature miRNAs (39). Hence, these results
suggested that the characteristic features of siRNAs were crit-
ical for reducing the levels of processed miRNAs and causing
the unspecific defects in zebrafish embryos. Interestingly, we also
observed strongest reduction (∼70%) in the level of mature miR-
430b (39) (Fig. 15.2).

To investigate a possible involvement of miR-430, we
checked whether coinjection of preprocessed miR-430b duplexes
could rescue the effects of siRNA treatment (39) (Fig. 15.3).
Consistent with the previously reported rescue of MZdicer
mutants by miR-430 (51), we observed that a control injection of
miR-430b alone did not induce any embryonic defects. However,
in additional control experiments with the mature forms of miR-
206, and a mutated version of miR-430b (miR-430b-mis), which
lacks the power to rescue MZdicer embryos (51), the embryos
were affected in a similar way as when injected with siRNA (39).
These results indicated that treatment with miRNA duplexes gen-
erally leads to the same kind of unspecific abnormalities as in the
case of siRNAs, and this assumption was supported by observa-
tions of reduced levels of mature miR-430b following miR-206
injection (39). By contrast, coinjections of the three different
siRNAs with preprocessed miR-430b duplexes resulted in effi-
cient rescue of the unspecific defects, which were observed when
these siRNAs were injected alone (39) (Fig. 15.3). Such rescue
was not observed in coinjections with miR-430b-mis, which can-
not bind target sites because of two-point substitutions in the 5′
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Fig. 15.3. Coinjection of mature miRNAs from the miR-430 family can rescue siRNA-
induced abnormalities in zebrafish embryos. (a, b) Normal embryos have a straight tail
and a characteristic fold at the MHB (arrowhead). (c, d) Injection of siRNA containing a
GFP sequence (siGFP) caused tail defects and abnormalities at the MHB (star in d). The
unspecific brain and tail defects caused by siRNA injection were rescued by coinjection
of preprocessed miR-430b duplexes (e, f). Images in c–f are reproduced from (39) with
permission from Blackwell Publishing Ltd.

seed region (51). These results clearly showed that the unspecific
brain and tail defects induced by siRNAs, which correlated with
a strong reduction of the endogenous level of mature miR-430b,
could be prevented by coinjection of this particular miRNA (39).

Taken together, these observations strongly suggest a direct
or indirect inhibitory effect of injected siRNA (and miRNA)
duplexes on the processing of endogenous miRNAs, particularly
miR-430, which is the most abundant miRNA at early embry-
onic stages. Such inhibition probably results from a competition
between pre-miRNAs and injected siRNAs for binding to essen-
tial factors. This idea is based on the knowledge that siRNAs can
associate with Dicer and other factors required for the generation
of siRNAs and mature miRNAs from dsRNAs and pre-miRNAs,
respectively (75–77). Accordingly, the injection of large amounts
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of siRNAs would affect the availability of these factors for pro-
cessing of pre-miRNAs.

The relatively strong reduction of processed miR-430 caused
by siRNA injection would be at least partially equivalent to the
conditions in MZdicer embryos where there is no production of
mature miRNAs (51). Furthermore, the similarities of the unspe-
cific defects relative to the MZdicer phenotype, and the ability
to rescue some of these by injection of preprocessed miR-430
duplexes, were also consistent with the role of miR-430 in pro-
moting clearance of maternal mRNAs at the maternal–zygotic
transition (25). Hence, our results suggest that siRNA treatment
generally will induce these kinds of abnormalities in zebrafish
embryos.

Notably, we also observed relatively high frequencies of
unspecific defects after injecting smaller amounts of siRNAs, when
the endogenous level of mature miR-430 was less affected (39).
This could reflect an additional block of miRNA function involv-
ing the effector complex miRISC, due to competition with miR-
430 (and other miRNAs) for binding to Argonaute proteins
and/or other factors (Fig. 15.4). It seems likely that this type
of inhibition was partially prevented by the coinjection of prepro-
cessed miR-430b duplexes as well. Based on these considerations,
it may seem possible to avoid the problem of unspecific effects
in siRNA knockdown experiments simply by coinjecting mature
miR-430 duplexes. However, with this strategy the efficiency of
inducing specific phenotypes would probably be reduced because

Fig. 15.4. A model proposed to explain how injection of siRNAs may inhibit the function
of miR-430, which is essential for normal development. Injection of siRNA has been
shown to reduce the level of mature miR-430 (39), but competition for critical factors
may also affect miRISC function.
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of the competition between siRNAs and miR-430 for binding to
essential components. Furthermore, the inhibition of other miR-
NAs expressed at early stages may cause some additional defects
that cannot be rescued by coinjected miR-430.

Another approach to avoid inhibition of the miRNA path-
way in early embryos may be to use chemically modified siRNAs
(“caged” siRNAs) that can be activated by photoexposure at later
stages during zebrafish development (78). Alternatively, it may be
possible to establish transgenic RNAi techniques in zebrafish that
are similar to the techniques currently being used in Drosophila
and mice (79, 80). Vectors developed for inducible or tissue–
specific expression of short-hairpin RNAs (shRNAs) should make
it possible to circumvent the problems associated with maternal
mRNA clearance during the maternal–zygotic transition (81–83).
However, it remains possible that the general inhibitory effect of
siRNAs (or shRNAs) on the miRNA pathway at later develop-
mental stages could lead to some unspecific defects as well. This
general inhibition may also be a problem in studies on mammals,
and it will be particularly important to investigate these aspects in
relation to the therapeutic use of RNAi in humans.

It cannot be excluded that siRNA treatment can cause some
additional side effects in zebrafish. In the case of MO knockdown
experiments, about 15–20% of the MOs used in zebrafish show
off-targeting effects, and these have been shown to result from
induction of a p53-dependent cell death pathway (84). Although
the mechanism of MO-induced p53 activation is not known, it
appears to depend on the MO sequences used (84). Studies on
mammalian cells have also revealed that some siRNA sequences
can cause a significant increase in the protein level of p53 (85).
However, it is still unclear whether siRNA treatment can result in
similar side effects in zebrafish.

5. Conclusions

The discovery of RNAi has provided us with powerful new tools
to investigate specific gene functions in several animal models.
Similarly, the identification of miRNAs has revealed novel cellu-
lar mechanisms that control gene expression. However, the rapid
progress in our understanding of these two pathways has shown
that they are quite strongly interconnected, and use of RNAi to
knock down gene expression may in some cases influence the
miRNA pathway and cause side effects. Our work on zebrafish has
uncovered a general inhibitory effect of siRNAs on the miRNA
pathway, which particularly affects the global role of miR-430
in the removal of maternal mRNAs at the point of transition
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from maternal to zygotic expression. This finding may help us
to establish reliable siRNA-mediated gene silencing techniques in
the zebrafish model. It also emphasizes the need to investigate
how experimental and therapeutic use of RNAi may affect miRNA
functions and cause unwanted side effects.
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