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microRNAs (miRNAs) encode small RNA molecules of ∼22nts in length that regulate the deadenylation,
translation, and decay of their target mRNAs. The identification of miRNAs in plants and animals has
uncovered a new layer of gene regulation with important implications for development, cellular home-
iRNAs
evelopmental biology
omeostasis
ene expression

ostasis and disease. Because each miRNA is predicted to regulate several hundred genes, a major challenge
in the field remains to elucidate the precise roles for each miRNA and to understand the physiological
relevance of individual miRNA–target interactions in vivo. Despite the wide variety of biological contexts
where miRNAs function, a common theme emerges, whereby miRNAs shape gene expression within both
spatial and temporal dimensions by removing messages from previous cellular states as well as modu-
lating the levels of actively transcribed genes. This review will focus on the role that the teleost Danio

rerio (zebrafish) has played in shaping our understanding of miRNA function in vertebrates.

© 2010 Elsevier Ltd. All rights reserved.
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. Introduction

Cellular functions underlying embryonic development depend
n the precise spatial and temporal regulation of gene expression.
ver the last two decades microRNAs (miRNAs) have emerged as

that between 25% and 70% of human genes are directly regulated by
miRNAs [4–6]. Functional analyses have shown that miRNAs shape
gene expression within a myriad of developmental and physiologi-
cal contexts. Despite the large lists of predicted targets, we have
yet to uncover the functions of the vast majority of miRNAs. A
ovel and widespread regulators of gene expression. Computa-
ional and experimental analyses indicate that individual miRNAs
an basepair and selectively mediate the repression of hundreds
f different target genes [1–4]. Further, current estimates suggest

∗ Corresponding author. Tel.: +1 203 785 5423; fax: +1 203 785 4415.
E-mail address: antonio.giraldez@yale.edu (A.J. Giraldez).

084-9521/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.semcdb.2010.02.003
major challenge lies in identifying physiologically relevant targets
of each miRNA and determining how the regulation of those targets
influences cellular behavior during development and homeostasis.

While previous reviews provide an overview of miRNA biogenesis,
target recognition, and function [7–11], this review will examine
the developmental roles of miRNAs, and the role that the teleost
Danio rerio (zebrafish) has played in shaping our understanding of
miRNA function in vertebrates.

http://www.sciencedirect.com/science/journal/10849521
http://www.elsevier.com/locate/semcdb
mailto:antonio.giraldez@yale.edu
dx.doi.org/10.1016/j.semcdb.2010.02.003
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Table 1
Functions and target genes of zebrafish miRNAs.

miRNA Targets Function Ref.

miR-1 Pfn21 Muscle development and
maintenance

[36]
Atp6v1ba
Cnn3a

miR-8 Nherf-1 Osmotic stress response [55]

miR-9 Fgf8 Mid-hindbrain development [43]
Fgfr1
Cnpy1
Her5
Her9

miR-10 HoxB3a Neural patterning [44]
HoxB1a

miR-15a-1 – Inner ear development [83]
miR-18a – Inner ear development [83]
miR-30a – Liver development [84]
miR-125b p53 DNA-damage response [56]

miR-126 Spred1 Vasculature development and
maintenance

[53]
PIK3R2

miR-
133

Mps1 Muscle development and
maintenance

[36]

Caudal fin regeneration [63]

miR-
138

Aldh1a2 Heart development [41]
cspg2

miR-140 pdgfra Neural crest migration [47]

miR-144 KLFD Erythropoiesis [85]
[86]

miR-145 Gata-6 Gut development [42]
miR-200 – Olfactory neurogenesis [24]
miR-203 Lef1 Caudal fin regeneration [64]
miR-214 Su(fu) Muscle development, Hedgehog

signaling
[45]

miR-375 – Pancreatic islet development [87]

miR-
430

Squint Mesendoderm induction, Nodal
signaling, Germ cell development

[46]
Lefty [65]
Nanos
Tdr7
C.M. Takacs, A.J. Giraldez / Seminars in Ce

. Global overview of miRNA function in animals

Mature miRNAs are generated from longer transcripts through
heir sequential cleavage by RNAse III enzymes Drosha and Dicer
8]. Since disruption of Dicer activity is thought to abrogate miRNA
iogenesis, this approach has been utilized in several animal
odels to assess the global role of miRNAs during embryonic

evelopment. In zebrafish, multiple mutant alleles of dicer exist
hat are predicted to eradicate function [12]. Due to a strong

aternal Dicer contribution, zygotic mutants develop normally and
re indistinguishable from wild-type siblings during embryogene-
is [12]. However, dicer zygotic mutant fish die after 7–10 days,
uggesting that miRNA activity is required during postembryonic
tages. To completely remove dicer function, maternal and zygotic
utant (MZdicer) embryos have been generated via germline trans-

lantation, whereby mutant germ cells are transplanted within
ild-type hosts [13]. Complete loss of Dicer function leads to
ultiple developmental defects. However, although they develop

bnormally, MZdicer embryos undergo fertilization and proceed
hrough embryogenesis. This finding indicates that Dicer activ-
ty is not autonomously required for germ cell development and

aintenance in the fish. Wild-type hosts possessing dicer mutant
ermlines can be crossed over multiple years and consistently give
ise to viable oocytes and sperm. This result is in stark contrast
o that observed in other animals. In mice, absence of maternally
rovided Dicer results in chromosome segregation defects and a
isruption in oocyte maturation [14]. It is possible that these defects
re not specifically due to the loss of miRNA activity, as Dicer
ediates the biogenesis of other small regulatory RNAs, includ-

ng endogenous small interfering RNAs (endo-siRNAs) [14]. This
rgument is strengthened by an analysis of dgcr8 function in mice.
nterestingly, dgcr8-deficient oocytes, which are predicted to retain
iRNA processing yet lack miRNA activity, undergo normal oocyte
aturation and early embryonic development (prior to embryonic

ay E6.5) [15,16], suggesting that the defects observed in dicer
ouse oocytes are likely due to the loss of siRNA activity rather than

anonical miRNAs. Some of the defects observed in dicer oocytes
ppear to be associated, in part, with a failure to silence transposon-
erived sequence elements [14].

The defects observed in the MZdicer mutant provide impor-
ant general insights into the functions of miRNAs throughout
evelopment. MZdicer embryos generate anterior–posterior and
orsal–ventral body axes and are able to differentiate multiple
ell types including haematopoietic, muscle and neuronal lineages
13]. Despite this, MZdicer embryos display severe morphogene-
is defects during gastrulation, neural tube formation, heart and
omite development, and die by day 5 post-fertilization. A simi-
ar theme emerges from studies in mice. Although zygotic loss of
icer leads to early embryonic lethality (prior to embryonic day
8.5) in the mouse [17,18], conditional deletion studies of Dicer
unction have allowed an assessment during later developmental
tages. Interestingly, loss of dicer does not impede cell differen-
iation, but impacts subsequent morphogenesis and homeostasis
n multiple contexts, such as limb or skin development [19–24].
ogether, these results suggest that cells do not generally require
iRNAs to adopt different cellular fates. However, cellular proper-

ies such as cell growth and cell movement are often compromised
Table 1).

This trend appears to be mostly consistent with that observed
or specific miRNAs in invertebrates. Although several invertebrate

iRNAs display striking phenotypes upon their loss, in most cases,

hese phenotypes do not involve a failure to establish major cell
ineages. For example, loss of the let-7 miRNA, a critical regulator
f developmental timing in Caenorhabditis elegans, results in reiter-
ted seam cell divisions and a delay in their terminal differentiation
25]. Although let-7 influences the number and timing of seam cells
miR-451 Gata-2 Erythropoiesis [88]

present in the adult, it is not necessarily required for their differ-
entiation per se. Perhaps the strongest example of a miRNA playing
an active role in cell fate specification is the C. elegans lsy-6 miRNA,
which is expressed in a restricted fashion within a distinct class
of chemosensory neurons asymmetrically positioned along the left
side of the body midline (ASEL neuron class) [26]. Loss of lsy-6 func-
tion disrupts left–right asymmetry such that ASEL neurons adopt
similar expression profiles and chemosensory properties of their
bilateral neighbors on the right side (ASER neuron class). In this
striking example, a miRNA plays an instructive role in the diver-
sification of the neuronal cell lineage into more specialized cell
types. Importantly, lsy-6 activity is both necessary and sufficient
for ASEL-specific terminal differentiation.

Let-7 and lsy-6 were isolated from genetic screens designed to
uncover readily identifiable phenotypes. A more systematic study
of miRNA function in C. elegans suggests that most miRNAs, when
removed individually, are not essential for development [27]. It is
likely that, in some of these cases, the failure to observe a phenotype
is due to functional redundancy among miRNA paralogs.

It is worth noting that one must be cautious when interpreting

dicer phenotypes as a specific readout of the loss of all miRNA activ-
ity. First, as alluded to above, Dicer is required to process other small
RNAs, and a subset of the phenotypes observed in dicer mutants
could be due to the disruption of small RNAs other than miR-
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As. Second, two different miRNAs may function antagonistically in
evelopment, and removing both of them might result in a milder
henotype than removing each one individually. Finally, there
ight be Dicer-independent pathways through which some miR-
As are processed. Recent work from our laboratory indicates that,

n the case of at least one tissue-specific miRNA, efficient process-
ng of the pre-miRNA transcript into the mature duplex form can
ccur in a Dicer-independent fashion depending on the pre-miRNA
airpin secondary structure (Cifuentes and Giraldez, manuscript in
reparation). This surprising finding suggests that some miRNAs

ikely retain activity in the dicer mutant, and posits the existence
f alternative miRNA biogenesis pathways that bypass Dicer pro-
essing.

Keeping the above caveats in mind, knockout studies in fish,
ice, and invertebrates provide important insights into miRNA

unction in animals. Most notably, miRNAs do not appear to be
bligatory for the establishment of major cell lineages in vivo.
owever, miRNAs play important roles during the terminal differ-
ntiation and maturation of various cell types within a particular
ell lineage, as well as regulate the cellular properties (e.g. growth,
ovement, apoptosis) of differentiated cells during morphogenesis

nd homeostasis.

. miR-430 shapes temporal expression patterns during
ZT

The MZdicer mutant phenotypes set the stage for studying
iRNA function in the fish. However, the challenge lies in iden-

ifying the underlying miRNAs responsible for these phenotypes.
urprisingly, reintroduction of one miRNA, miR-430, into the
Zdicer background is able to rescue a significant portion of the
orphogenetic defects that occur during early embryogenesis,

ncluding defects in gastrulation and brain morphogenesis [13].
hese findings indicate that miR-430, in particular, plays a critical
ole during early zebrafish development.

miR-430 is abundantly expressed at the onset of zygotic tran-
cription, during a period when developmental control is being
ransferred from maternally provided gene products to those
ranscribed zygotically. The maternal-to-zygotic transition (MZT)
ccurs in all animals, and consists of both the initiation of gene
ranscription and the active destabilization of maternal mRNAs
28]. It has been known for over two decades that the clear-
nce of maternal instructions depends on zygotic transcription
29]. Indeed, inhibiting transcription leads to the stabilization of

aternal transcripts, yet the factors that normally facilitate their
egradation have remained mostly elusive. Microarray analyses
f MZdicer mutants coupled with target validation assays reveal
hat zygotically expressed miR-430 has hundreds of direct targets.
ntriguingly, the miR-430 target pool shows a 4-fold enrichment
or maternal genes. Conversely, maternal transcripts are strongly
nriched for miR-430 target sites. These results indicate that miR-
30 induces the clearance of a large fraction of maternal mRNAs

n zebrafish [2]. miR-430-mediated mRNA degradation is achieved
hrough the accelerated deadenylation of target transcripts, and has
rovided an entry point for understanding the molecular mecha-
isms behind miRNA-mediated target mRNA turnover. In Xenopus,
he orthologue of miR-430 (miR-427) also facilitates the deadeny-
ation of maternal transcripts [30]. It is important to note that

ultiple mammalian orthologues of miR-430 (miR-302, miR-372,
iR-516-520) are expressed during early embryogenesis and could
otentially regulate the clearance of maternal transcripts in mam-
als. How do other animals which lack miR-430 orthologs mediate
ZT? Interestingly, in Drosophila, a different miRNA family, miR-

09, in an example of convergent evolution, is employed in the
learance of maternal transcripts during its MZT [31].
Fig. 1. miRNAs regulate developmental transitions. Onset of miRNA activity (in blue
cell) can serve to remove mRNAs that originate from a previous transcriptional stage
(red), as well as tune the expression levels of actively transcribed genes (green).

It remains unknown to what degree excess maternal mRNAs
contribute to the early phenotypic defects in MZdicer embryos.
However, reintroduction of the miR-430 duplex into MZdicer
embryos rescues gastrulation and neural tube defects, indicating
that these particular phenotypes are specifically due to miR-430
depletion [13]. Gastrulation defects could potentially be due to
the misregulation of a few key targets, or, alternatively, could
be a more general consequence of overall maternal mRNA accu-
mulation. Further, it remains to be determined whether miR-430
coordinates early morphogenetic movements by precisely reg-
ulating the steady-state levels of particular transcripts (tuning
function), or whether miR-430 simply reduces the maternal mRNA
pool to inconsequential levels, thus clearing the slate for zygotic
activation (switch function). Given the sheer number of putative
targets, it is likely that both modes of regulation are utilized,
depending on the particular transcript and its responsiveness to
miR-430 directed repression.

A role for miRNAs in orchestrating major developmental tran-
sitions was first attributed to the founding C. elegans miRNAs,
lin-4 and let-7 [25,32,33]. Dramatic upregulation of let-7 expres-
sion at the end of larval development represses larval-specific
gene expression and facilitates the progression into adulthood.
In hindsight, the employment of miRNAs to shape the temporal
dynamics underlying developmental transitions makes sense. First,
post-transcriptional repression by miRNAs is a rapid mechanism
to repress protein output. Second, a miRNA can target large num-
bers of genes and thereby shape expression profiles on a global
scale. Finally, the degree of repression conferred by a miRNA can
be individually tailored for each transcript based on the number and
accessibility of target sites within their 3′UTRs. This inherent versa-
tility allows the same miRNA to both remove previously transcribed
mRNAs that are no longer needed, as well as precisely regulate
steady-state levels of transcripts that are still being transcribed
(Fig. 1).

4. miRNAs modulate expression levels of actively
transcribed genes

An understanding of miRNA function requires the identification
of biologically relevant targets. This goal is hampered by two major
limitations. First, miRNAs can regulate a large number of targets.
For example, as alluded to above, over 300 transcripts are respon-

sive to miR-430 activity in vivo [2]. Second, the degree of repression
observed is often quite modest, with most targets displaying a 2-
to 3-fold reduction in transcript levels. To better discern how miR-
NAs participate within genetic regulatory networks, it is important
to consider target repression, however subtle, within the context
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ig. 2. miRNAs play instructive roles in shaping gene expression. (A) In this example
ene, the miRNA modulates final protein output within muscle. (B) In the presenc
on-muscle (dark green). In the absence of miRNA activity, target expression levels

f other regulatory processes in the cell. Specifically, what is the
elationship between the transcription of a specific target and its
epression by a miRNA within any given tissue? This is particularly
mportant when discerning whether a miRNA “tunes” the steady-
tate levels of an actively transcribed target mRNA or, alternatively,
emoves unwanted transcripts that originate from a previous stage
nd/or transcriptional noise. Initial studies based on target predic-
ion algorithms observed that miRNAs and their targets tend to be
xpressed in a mutually exclusive manner within complementary
omains [1,34,35]. These findings have lent support to a “fail-safe”
odel of miRNA regulation, in which miRNAs ensure that transcript

evels of transcriptionally repressed target genes do not accumulate
due to spurious or “noisy” transcription).

Expression profiling studies in zebrafish have addressed this
uestion by assessing tissue-specific target gene expression in the
resence or absence of miR-1/206 and miR-133 in muscle, and miR-
24 in neurons [36,37]. These studies have led to important insights
nto the primary modes of regulation conferred by miRNAs. First,

any target genes are expressed in the same tissue as the miRNA,
lbeit at lower levels than that observed in other tissues. Second,
iRNA-mediated repression has a significant effect on the expres-

ion levels of most targets within miRNA-expressing cells (Fig. 2).
or example, miR-1 is a muscle-specific miRNA, and miR-1 targets
end to be present at higher levels outside of muscle compared
o non-targets. However, this tendency is lost upon knockdown of

iR-1 [36]. Taken together, these findings indicate that miRNAs
lay instructive roles in shaping gene expression of actively tran-
cribed genes. Interestingly, instructive interactions (co-expression
f miRNA and target) are preferentially conserved between species
ompared to interactions that are more in line with a “fail-safe”
ode of regulation [37].

. Restricted expression of miRNAs shapes expression
omain boundaries during patterning and organogenesis

The majority of miRNAs are expressed in restricted spatial fash-
ons within particular organs [38,39]. It is tempting to speculate
hat, in these cases, miRNAs define functionally distinct domains
y repressing subsets of more broadly expressed genes (estab-

ished by early transcriptional activators) [40]. An example of
iRNA-mediated refinement of expression domains is illustrated

y miR-138 function during heart development [41] (Fig. 3A). The
wo-chambered heart of the zebrafish is composed of distinct
trial and ventricular chambers connected by an atrioventricu-

ar canal (AVC). Ventricle-specific expression of miR-138 within
ardiac muscle marks the spatial extent of AVC-specific gene
xpression. Specifically, knockdown of miR-138 results in the
xpansion of AVC-specific markers including notch1B and cspg2
nto the ventricle, and results in maturation defects within the
NA and its targets are co-expressed in muscle. By repressing an actively transcribed
e miRNA, target expression levels are lower in muscle (light green) compared to

milar in both tissues.

ventricle and pericardial edema. In addition, aldh1a2, an enzyme
involved in retinoic acid (RA) signaling, is directly repressed by
miR-138 in the ventricle, suggesting that increased RA signal-
ing, normally confined to the AVC, is responsible, at least in
part, for the miR-138 knockdown phenotype. A similar example
is observed during gut development in the fish. High miR-145
expression in intestinal smooth muscle promotes muscle cell mat-
uration through the downregulation of the transcription factor
gata6, which is expressed in both muscle and epithelial cells of
the gut [42]. In both cases, the expression of a miRNA helps to
“lock in” terminal fates that are distinct from the fates of neigh-
boring cells in which the miRNA is absent or present at low
levels.

The restricted expression patterns of miRNAs can also refine
expression boundaries in more complex ways. miR-9 expression
within regions surrounding the mid-hindbrain boundary (MHB)
serves to both delimit the spatial extent of the MHB by antagonizing
FGF signaling (Fig. 3B), as well as promote neurogenesis near the
MHB by repressing antineurogenic genes [43]. In another example,
miR-10 contributes to anterior–posterior patterning by refining
Hox gene expression in the fish embryo [44] (Fig. 3C). Knock-down
of miR-10 activity results in the ectopic expression of HoxB1a and
HoxB3a within the Hox-4 expression domain. Interestingly, miR-
10 and HoxB4 derive from a common polycistronic transcript, and
act synergistically to repress HoxB1a and HoxB3a expression within
the Hox-4 domain. This latter example highlights how a miRNA
can integrate into a transcriptional genetic hierarchy to reinforce
expression domain boundaries. In all of these cases, a common
theme emerges: miRNA regulation shapes gene expression post-
transcriptionally to delimit spatial and temporal boundaries during
embryogenesis.

6. miRNAs shape response to signaling gradients

miRNAs can also shape domain boundaries, not through their
restricted expression pattern, but by modulating a cell’s response
to extracellular ligands. For example, miRNA-mediated repression
of cell surface receptors or downstream effectors can modify the
level of signaling output produced after exposure to a specific
morphogen concentration. This “tuning” activity, however subtle,
can have a dramatic impact where target expression lies near a
threshold point. Several examples in zebrafish implicate miRNAs
in the regulation of signal pathways. For example, miR-214 influ-
ences the propensity of somite cells to adopt slow muscle fate

through the modulation of Hedgehog response [45]. During germ
layer specification, miR-430 represses the Nodal signaling ligands
lefty and squint to modulate mesendoderm induction [46]. Inter-
estingly, lefty and squint function as antagonist and agonist of the
Nodal pathway, respectively, indicating that miRNA regulation is
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Fig. 3. miRNAs shape gene expression boundaries and migratory behaviors. (A) miR-138 (expression in blue) represses RA signaling in the ventricle (V) by targeting
atrioventricular canal (AVC)-specific genes aldh1a2 and cspg2. miR-138 knockdown causes ventricular expression of AVC-specific genes (orange), and results in defects in
ventricle morphology and function. (A) Atrium. (B) miR-9 expression (blue) adjacent to the mid-hindbrain boundary (MHB) delimits the extent of FGF signaling originating
from the MHB. Knockdown of miR-9 leads to increased expression of FGF target genes, and the ectopic expansion of the FGF target dusp6 (orange). (C) miR-10 (expression in
blue) dampens HoxB3a (orange) and HoxB1a (green) posterior expression in the nervous system. Knockdown of miR-10 results in increased expression of HoxB3a and HoxB1a
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ithin posterior domains. (D) miR-140 represses pdgfra expression within a subs
o the Pdgfaa attractant (light blue). Knockdown of miR-140 results in increased ex
dgfaa, leading to palate clefting.

ot always unidirectional, but can serve to dampen and balance
ositive and negative regulatory inputs together to achieve optimal
utput.

miRNA regulation can also modulate a cell’s response to migra-
ory cues. A striking example in fish is observed for miR-140
uring craniofacial morphogenesis [47,48] (Fig. 3D). miR-140 is
xpressed in skeletogenic precursors, including a subset of neural
rest cells whose migration is directed by platelet-derived growth
actor (Pdgf) signaling. By repressing the expression of the Pdgf
eceptor (pdgfra), miR-140 dampens the sensitivity of these cells
o the attracting properties of the Pdgf ligand (Pdgfaa). The func-
ional significance of this interaction becomes apparent for cells
ocated close to the optic stalk, which is a key source of the Pdgf
igand. Rather than bypassing the optic stalk to reach their appro-
riate destination, migrating cells with disrupted miR-140 activity
ecome trapped, ultimately leading to palate clefting.

miRNAs can function at multiple levels in a signal transduction
ascade. An intriguing possibility is that cells receiving a com-
on signal can generate very different transcriptional responses

ased on the differential expression of a miRNA. In this scenario,
he miRNA can either target a core component of the signaling
athway, and thus dampen or accentuate the overall response, or
electively modulate the expression of particular downstream tar-
et genes. The above examples illustrate how miRNAs can tune a
ell’s response to external cues, whether to set threshold require-
ents for cell fate commitment, or to mediate the push and pull

orces of migratory signals.

. miRNAs mediate cellular homeostasis

Much of miRNA research has focused on understanding how

iRNAs impact developmental processes. However, miRNAs have

lso been shown to maintain cellular homeostasis within differen-
iated tissues in a variety of contexts, including insulin secretion
49] and response [50], fat metabolism [51], muscle growth [52],
nd hair follicle organization [23]. Recent studies in zebrafish have
eural crest cells (NCCs) involved in palatogenesis to regulate migratory response
ion of pdgfra, and defects in NCC migration around the optic stalk, a key source of

begun to implicate specific miRNAs in tissue maintenance and
homeostasis. For example, disruption of miR-1 leads to defects in
the sarcomeric organization of actin in fast skeletal muscle [36].
Several putative targets of miR-1 are regulators of actin polymer-
ization and filament formation, suggesting that miR-1 activity is
important for modulating actin dynamics in muscle cells. Another
miRNA, miR-126, is required to maintain vascular integrity [53,54].
Disruption of miR-126 results in compromised endothelial tube
organization and vessel lumen collapse.

miRNAs can also regulate the properties of very specialized cells.
miR-8 expression in zebrafish ionocytes, cells responsible for pH
and ion homeostasis, modulates the apical trafficking of ion trans-
port proteins [55]. Reduced expression of miR-8 by morpholino
knockdown results in a decreased ability to tolerate changes in
pH and salt concentration. It is unclear whether miR-8 expression
is dynamically regulated in response to osmotic stress. However,
dynamic expression of a miRNA in response to DNA damage-
induced stress has been observed for another zebrafish miRNA,
miR-125b, resulting in the derepression of p53, a miR-125b target
[56]. These studies add to a growing list of functions for miRNAs in
countering environmental stresses [51,57–59].

Many miRNAs are expressed in differentiated tissues. In
zebrafish, the majority of miRNAs remain expressed in the adult
[38,60]. It is tempting to speculate that these miRNAs provide
robustness to the gene expression profiles that underlie cellular
homeostasis and tissue maintenance. If this is the case, then the
phenotypic outcomes of miRNA loss are likely to become more
apparent under stressed conditions. It is important to note that, in
many cases, it is difficult to dissect cell differentiation defects from
compromised cell maintenance. For example, miR-126 is proposed
to modulate signaling by VEGF, which is critical for both vascular
development and homeostasis. Given the large number of targets

under miRNA control, it is likely that the same miRNA can function
to both establish cell identity, as well as maintain that identity dur-
ing later stages. Conditional deletion techniques, as well as other
emerging technologies [41,61], will allow the dissection of the post-
differentiation functions of miRNAs.
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Fig. 4. Dnd1 and Dazl prevent miRNA-mediated repression in primary germ cells
(PGCs). In somatic cells (top panel), the RISC complex directs the deadenylation and
translational inhibition of target mRNAs. In PGCs, Dnd1 prevents the interaction
between the RISC complex and its target mRNA (middle panel). In PGCs, Dazl antag-
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. miRNAs and regeneration

In addition to maintaining tissue-specific properties, miRNAs
ikely govern cell proliferation and growth within mature tissues.
ygotic dicer mutants which are indistinguishable from their wild-
ype siblings due to maternally provided dicer activity undergo
rowth arrest and die after two weeks, suggesting that miRNA
unction during postembryonic stages is critical for tissue home-
stasis [12]. The potential for miRNAs to regulate proliferation and
rowth in adult tissues is supported by studies of zebrafish regen-
ration. Zebrafish possess an impressive ability to repair several
rgans (e.g. heart, liver), as well as re-grow amputated fins [62].
nterestingly, the expression of several miRNAs is altered (both
p- and down-regulated) upon caudal fin amputation, suggesting
hat miRNAs could dynamically regulate the proliferative potential
f regenerating tissue [63,64]. In support of this hypothesis, dis-
uption of Dicer activity prevents regeneration [64]. Although the
unctions of miRNAs during regeneration are likely extensive, two

iRNAs, miR-133 and miR-203, appear to impact this process by
odulating FGF and Wnt signaling cascades, respectively. In both

ases, downregulation of the miRNA is associated with increased
roliferation at the site of amputation [63,64]. Future work should
larify to what degree these, and other miRNAs regulate growth
otential and cell homeostasis in both uninjured and regenerating
issues.

. miRNA target repression and 3′UTR accessibility

Target repression is dependent on the ability of a miRNA to
ecognize and bind sequences within the target transcript. A fun-
amental challenge is to understand the parameters that dictate
arget site efficacy. In addition to basepairing constraints (reviewed
n [7,8]), target–miRNA interactions can be influenced in vivo by

variety of other regulatory processes. In some cell types, the
resence of the miRNA and its target in the same tissue does not
ecessarily result in repression. For example, a subset of miR-430
argets in zebrafish, including nanos and tdrd7, are repressed by

iR-430 in somatic cells, but are resistant to miR-430 activity in
rimordial germ cells (PGCs), resulting in their germline-specific
xpression [65]. This differential regulation is due to the presence
f the germline-specific RNA binding protein Dnd1, which binds to
is-elements within the 3′UTRs of protected targets [66]. Although
he mechanistic details are still unclear, Dnd1 appears to prevent
ccess of the miRNA to its target. More recently, another RNA-
inding protein, Dazl, has been shown to also protect tdrd7 mRNA
rom the repressive effects of miR-430 [67]. In this case, rather than
reventing physical interaction, Dazl appears to antagonize miRNA
ctivity by inducing the polyadenylation of target mRNAs, suggest-
ng that multiple mechanisms can be employed to counter miRNA
ctivity (Fig. 4).

The modulation of miRNA-mediated repression by UTR-binding
roteins is not unique to the germline. In stressed human cells,
iR-122-mediated repression of cat-1 mRNA is alleviated by HuR,

n AU-rich-element-binding protein [68]. These examples illus-
rate how miRNA activity can be differentially regulated depending
n the cell type and the specific mRNA target. It is also impor-
ant to consider other regulatory mechanisms that can modify
iRNA activity in vivo [69]. From the level of miRNA process-
ng [70,71] to RISC activity [72], it is likely that a variety of
ofactors will be identified that modify the repressive effects
f miRNAs in both tissue- and target-specific manners, further
nderscoring the importance of understanding miRNA regula-
ion and target site efficacy within the endogenous context of
he cell.
onizes miRNA-mediated repression by inducing the polyadenylation of the target
mRNA (bottom panel).

10. Target conservation and evolutionary implications of
miRNA function

miRNAs have a profound influence on organismal development
and physiology. How have miRNAs impacted animal evolution?
Phylogenetic analysis indicates that miRNAs were present in the
earliest metazoan ancestors [73,74]. In addition, the continual
accrual of miRNAs within animal genomes over evolutionary time
suggests that miRNAs have played important roles in shaping ani-
mal evolution. The vertebrate lineage in particular has seen a large
expansion in its miRNA repertoire that is correlated with increases
in morphological complexity [75].

Although miRNAs show robust conservation, target site
sequences are often not conserved, indicating that the target
pool recognized by a particular miRNA can vary dramatically
across lineages [1]. Many of these non-conserved targets are
likely functional, as demonstrated by their derepression in the
absence of the miRNA [2,36,37,76]. Further evidence for the
functional relevance of non-conserved targets comes from SNP
density mapping in humans. Up to 50% of non-conserved tar-
gets sites are under significant negative selection in cases where
the miRNA and target mRNA are expressed in the same tis-
sue [77]. Taken together, these findings indicate that extensive
lineage-specific rewiring of miRNA networks has occurred during
evolution.

The function of a miRNA can be modified through both changes
in its target pool as well as changes in its temporal and spatial
expression. A prominent example is the deeply conserved miR-1,
which has retained an ancestral connection to muscle develop-
ment in both flies and vertebrates, yet has undergone extensive
rewiring of its targets leading to the regulation of very different
aspects of mesoderm development within each group [36,52,78].
Changes in the target pool can reshape how a miRNA influences
specific developmental pathways. For example, the regulation of
Nodal signaling by the miR-430 family (miR-430/427/302) is con-
served in fish, Xenopus, and humans [79]. However, while direct
repression of Lefty family members (antagonist ligands) is con-
served in all three species, only fish and Xenopus target Nodal
family members (activator ligands). It is possible this difference has
important consequences for mesendoderm induction in humans,
as the alleviation of miR-430 repression of the Nodal activator

squint (through protection of a single target site in the squint mRNA
3′UTR) results in increased mesendoderm specification in the fish
[46].
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Given the ease with which mRNAs can come under con-
rol of a given miRNA (through the acquisition of a single or
ew nucleotide mutations within their 3′UTR sequences), it is
easonable to assume that novel miRNA–target interactions are
onstantly being sampled within the fitness landscape. Recent
nalyses suggest that, even among individuals within a species,
olymorphic target sites can have a significant impact on gene
xpression [77,80]. Most importantly, target site polymorphisms
ave been shown to underlie detectable phenotypic variation. A
ingle nucleotide change that results in the creation of a miR-1/206
arget site in the 3′UTR of the myostatin gene has been attributed
o muscular hypertrophy in Texel sheep [81]. Target site poly-

orphisms have also been associated with human disease. A rare
NP linked to Tourette’s syndrome alters a miR-189 binding site
n the Tourette’s candidate gene SLITRK1, presumably resulting in

hypomorphic allele [82]. Both of these examples illustrate the
otential power of single nucleotide changes to modify develop-
ent and physiology within a species. Given the degree of target

ite non-conservation across multiple species, it is tempting to
peculate that changes in miRNA–target interactions have pro-
oundly influenced morphological diversity within different animal
ineages.

1. Summary and future prospects

As outlined above, miRNAs have been shown to impact a wide
ange of developmental processes in zebrafish, whether orches-
rating major developmental transitions (e.g. miR-430 and MZT),
haping expression domains during embryonic patterning (e.g.
iR-10), or dictating protein output within particular tissues to

nsure proper cell homeostasis (e.g. miR-1). It is clear that miR-
As can play instructive roles in a variety of ways. As “tuners”
f gene expression, miRNAs can modulate signaling pathways to
irect cell migratory behavior (e.g. miR-140) as well as impact cell
ate decisions (e.g. miR-214).

A major challenge in the field is to identify the most biologically
elevant miRNA:target interactions. The restricted expression pat-
erns of many fish miRNAs allow for the detailed analysis of target
ene expression within and outside of miRNA-expressing domains.
urther, the functional importance of specific miRNA:target inter-
ctions in vivo can be assessed through the use of target protectors
46]. Most 3′UTRs contain target sites for multiple miRNAs. Target
rotectors and miRNA-sensitive reporters will allow the dissection
f 3′UTR sequences to assess the influence of combinatorial interac-
ions of miRNAs on transcript homeostasis, as well as uncover novel
egulatory motifs and trans-acting factors that regulate miRNA
ctivity in vivo.

Despite the wide range of developmental and physiological
ontexts within which miRNAs function, common themes have
tarted to emerge. miRNAs shape gene expression within a vari-
ty of spatial and temporal contexts to both remove messages that
emain from previous cellular states as well as modulate the lev-
ls of actively transcribed genes. Future work in the coming years
ill be geared toward understanding how the post-transcriptional

epression of physiological targets by miRNAs impacts develop-
ent, tissue homeostasis and disease.
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