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MicroRNAs (miRNAs) are small noncoding RNAs that direct post-transcriptional repression of protein-coding
genes. In vertebrates, each highly conserved miRNA typically regulates hundreds of target mRNAs. However, the
precise relationship between expression of the miRNAs and that of their targets has remained unclear, in part
because of the scarcity of quantitative expression data at cellular resolution. Here we report quantitative analyses
of mRNA levels in miRNA-expressing cells of the zebrafish embryo, capturing entire miRNA expression domains,
purified to cellular resolution using fluorescent-activated cell sorting (FACS). Focus was on regulation by miR-206
and miR-133 in the developing somites and miR-124 in the developing central nervous system. Comparison of
wild-type embryos and those lacking miRNAs revealed predicted targets that responded to the miRNAs and
distinguished miRNA-mediated mRNA destabilization from other regulatory effects. For all three miRNAs
examined, expression of the miRNAs and that of their predicted targets usually overlapped. A few targets were
expressed at higher levels in miRNA-expressing cells than in the rest of the embryo, demonstrating that miRNA-
mediated repression can act in opposition to other regulatory processes. However, for most targets expression was
lower in miRNA-expressing cells than in the rest of the embryo, indicating that miRNAs usually operate in
concert with the other regulatory machinery of the cell.
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MicroRNAs (miRNAs) are ;23-nucleotide (nt) endoge-
nous RNAs, which pair to sites in the messages of protein-
coding genes to direct the translational repression or
destabilization of these mRNAs (Bartel 2004). miRNAs
are one of the most abundant classes of gene regulators in
animals and have been demonstrated to play important
regulatory roles, such as the control of cell death, de-
velopmental timing, and neuronal patterning in flies and
nematodes (Ambros 2004). In vertebrates, individual
miRNAs have been found to play important roles in many
processes, including hematopoietic lineage differentia-
tion and function, as well as brain, heart, and mesoderm
development (Chen et al. 2004; Giraldez et al. 2005, 2006;

Choi et al. 2007; Rodriguez et al. 2007; Thai et al. 2007;
van Rooij et al. 2007; Xiao et al. 2007; Zhao et al. 2007;
Johnnidis et al. 2008; Ventura et al. 2008).

The first genetically identified miRNAs displayed
strong mutant phenotypes that could be explained by
the misregulation of single target genes, suggesting that
each miRNA was responsible for switching off the
expression of just a few target genes (Lee et al. 1993;
Wightman et al. 1993; Reinhart et al. 2000). This initial
paradigm appeared to hold as the plant miRNAs and their
targets were discovered (Llave et al. 2002; Reinhart et al.
2002; Rhoades et al. 2002). However, it was overturned in
animals when bioinformatic studies indicated that many
messages have been under selective pressure to main-
tain pairing to each of the highly conserved miRNAs
(Brennecke et al. 2005; Krek et al. 2005; Lewis et al. 2005)
and experiments showed that hundreds of direct targets
respond to the introduction or removal of a highly
expressed miRNA (Lim et al. 2005; Giraldez et al. 2006;
Baek et al. 2008; Selbach et al. 2008). As the widespread
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scope of metazoan miRNA targeting began to come into
focus, so, too, did the possibility that most interactions
might not be binary developmental switches of the type
observed initially for the genetically identified interac-
tions (Bartel and Chen 2004). Indeed, despite the striking
organ- and tissue-specific expression of many miRNAs in
zebrafish (Wienholds et al. 2005), a major role in de-
termining organogenesis was excluded in experiments
with mutant zebrafish that express no detectable mi-
RNAs yet appear to have all the major organs and
correctly differentiated cell types (Giraldez et al. 2005).

When considering the roles of miRNAs in animals, it is
useful to know the relationship between the expression of
miRNAs and that of their target mRNAs, for which we
define ‘‘expression’’ as ‘‘presence’’ (i.e., not necessarily as
active ongoing transcription). Theoretically, the expres-
sion of miRNAs and their targets could display a degree of
coexpression anywhere between the two extremes of
tight coexpression (perfect correlation or coregulation)
and nonoverlapping expression (Fig. 1A; Bartel and Chen
2004; Hornstein and Shomron 2006). A few miRNAs
expressed from excised introns are predicted to target
their host genes; such miRNA–target pairs are presumed
examples of tight coexpression. An experimentally vali-
dated example of tight coexpression is found with the
miR168 targeting of Arabidopsis ARGONAUTE1 (AGO1).
In this example, the miRNA is expressed everywhere in
the plant that its target is required, as evidenced by
the ability to rescue the ago1-null phenotype with an
AGO1 transgene expressed from the MIR168 promoter
(Vaucheret et al. 2004, 2006). Nonoverlapping expression
of miRNAs and their targets has been reported in a ge-
nome-wide survey of in situ expression patterns in
Drosophila (Stark et al. 2005) and for several miRNAs
during development (Ronshaugen et al. 2005; Stark et al.
2005, 2008; Li et al. 2006). Between these extremes, the
expression of a target and the miRNA can overlap to
various degrees. The target can be preferentially
expressed with the miRNA, in which case the targeting
interaction is considered ‘‘incoherent’’ because miRNA-
directed target repression is opposing the overall outcome
of all the other regulatory processes responsible for in-
ducing both the target and miRNA (Fig. 1B; Tsang et al.
2007). Alternatively, the target can be expressed in cells
that express the miRNA but at higher levels in those cells
that do not express the miRNA, in which case the
targeting interaction is considered overlapping but ‘‘co-
herent,’’ with the miRNA working in concert with other
regulatory processes to yield lower target expression in
miRNA-expressing cells (Fig. 1C; Farh et al. 2005; Sood
et al. 2006); both scenarios discussed in Hornstein and
Shomron (2006). Here we also speak of ‘‘coherent expres-
sion’’ and ‘‘incoherent expression,’’ which we define as
expression patterns implying coherent and incoherent
regulation, respectively.

To the extent that overlapping expression implies
miRNA-mediated repression, knowing whether expres-
sion is predominantly overlapping or nonoverlapping, or
if it implies coherent or incoherent regulation, can shed
light on the underlying function of miRNA-dependent

target regulation (Fig. 1A). For example, target expression
restricted only to miRNA-expressing cells suggests a tun-
ing function for that interaction, because the alternative
of a binary off-switch would snuff out consequential
protein production in all cells that the target is expressed,
rendering the target gene functionless. Tuning interac-
tions are those for which the miRNA acts as a rheostat to
dampen protein output to a more optimal level but one
that is still functional in the cell, thereby enabling more
customized output in different cell types as well as more
uniform output within each cell type (Bartel and Chen
2004; Karres et al. 2007). Tuning is also employed in
negative feedback loops to adjust the relative concentra-
tions of miRNA and target (Xie et al. 2003; Vaucheret
et al. 2004, 2006). Falling at the opposite end of the
coexpression spectrum is nonoverlapping expression.
Nonoverlapping expression implies either a previous
function in helping to dampen output of mRNAs no
longer expressed, or a fail-safe function, in which the
miRNA ensures that spurious mRNAs arising from leaky
transcription do not produce consequential amounts of
protein (Bartel and Chen 2004; Hornstein et al. 2005;
Stark et al. 2005). In this and other switch-like interac-
tions, the miRNA participates in reducing target output
to inconsequential levels. Between the extremes, func-
tion is less clearly implied, with incoherent expression
perhaps suggestive of tuning interactions and coherent
expression suggestive of either tuning or switch interac-
tions, depending on the targets and their thresholds for
optimal and consequential expression. Moreover, the
different functions do not exclude each other, with, for

Figure 1. Overview of miRNA–target expression and miRNA
function. (A) miRNA–target expression can fall anywhere be-
tween the two extremes of tightly correlated and nonoverlap-
ping, where preferential coexpression and anti-correlation
indicate incoherent and coherent regulation, respectively. Dif-
ferent regions of the coexpression spectrum are expected to
correspond to different functional roles for the miRNA-mediated
repression (diagrammed to the right). (B) Schematic representing
the regulatory circuitry for incoherent regulation, in which
miRNA-mediated repression opposes the overall action of
transcription factors and other regulatory processes that affect
mRNA levels (abbreviated in aggregate as TFs). (C) Schematic
representing the regulatory circuitry for coherent regulation, in
which miRNA-mediated repression reinforces the overall action
of transcription factors and other regulatory processes that affect
mRNA levels (abbreviated in aggregate as TFs).
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example, a given targeting interaction providing tuning
function in one cell type and fail-safe in another, or
changing over time, as can occur with developmental
switches, when a miRNA can be induced to dampen and
then accelerate the clearance of pre-existing messages
(Giraldez et al. 2006; Bushati et al. 2008).

Although examples for each of these scenarios for
miRNA/target expression are known, their relative im-
portance and prevalence has remained controversial, with
successive mammalian studies indicating a prevalence of
coherent but overlapping expression (Farh et al. 2005;
Sood et al. 2006), and a Drosophila study indicating
a prevalence of ‘‘mutually exclusive’’ expression, which
is defined as nonoverlapping expression, at least as de-
tected by in situ hybridization, while allowing for some
low-level, undetectable expression of targets, or the
presence of target messages inherited from transcription
at an earlier developmental stage (Stark et al. 2005). More
recently, a prevalence, at least for some miRNAs, for
incoherent expression also has been reported (Tsang et al.
2007). Some of these discrepancies can be attributed to
differing computational approaches, which scored either
enrichment and depletion (Farh et al. 2005; Stark et al.
2005; Sood et al. 2006) or conservation rate (Tsang et al.
2007). But the more fundamental differences might stem
from limitations in the data sets, which are either quan-
titative but primarily at organ resolution (Farh et al. 2005;
Sood et al. 2006) or have cellular resolution but are not
quantitative (Stark et al. 2005). A more satisfactory
answer requires a systematic analysis of transcript levels
in the miRNA-expressing tissues, at cellular resolution.

Here we report a genome-wide quantitative analysis of
mRNA levels in miRNA-expressing cells of the develop-
ing zebrafish. We captured the entire miRNA expression
domain in the embryo, purified to cellular resolution
using fluorescent-activated cell sorting (FACS). For all
three miRNAs examined, muscle-specific miR-206 and
miR-133, and neuron-specific miR-124, the miRNAs and
their predicted targets exhibited primarily coherent but
overlapping expression patterns, with a few incoherent
examples also found. The physiological relevance of these
predicted interactions was supported by evolutionary
conservation and specific up-regulation in dicer mutants,
thereby bolstering our conclusion that coherent but over-
lapping expression encompasses the majority of miRNA–
target interactions during vertebrate development.

Results

High-resolution isolation of miRNA-expressing cells

To identify miRNA-expressing cells we generated trans-
genic fish with GFP reporter genes driven by miRNA
promoters. We chose the promoters of two zebrafish
miRNA primary transcripts with very different expression
domains that are conserved among diverse vertebrates:
muscle-specific, polycistronic mir-206-1/mir-133b, and
brain/CNS-specific mir-124-5. Using available expressed
sequence tags (ESTs) and our data from rapid amplifica-
tion of cDNA 59 ends (59-RACE), transcriptional starts

were identified, and genomic fragments 4.5 kb and 5.6 kb
upstream of the transcriptional starts were cloned as the
presumptive promoter regions for mir-206-1/mir-133b
and mir-124-5, respectively (Fig. 2A,B). Transient injec-
tion assays confirmed that the promoter-GFP fusions (Fig.
2C,D) expressed GFP in the same domains as the re-
spective miRNAs; i.e., brain, retina, and spinal cord for
miR-124 and somites for miR-206/133 (Wienholds et al.
2005; data not shown). The same pattern was observed for
stable transgenic lines carrying the promoter fusions (Fig.
2E,F), with the GFP expression from the fusions accu-
rately recapitulating endogenous miRNA expression (Fig.
2G,H). The miR-124 reporter was detectable from 9 h
post-fertilization (hpf) in neuroepithelial cells, whereas
the miR-206/miR-133 reporter was visible from 10 hpf in
the unsegmented paraxial mesoderm and in somites, con-
sistent with primary transcript in situ hybridization (data
not shown). Thus, our reporter constructs allowed us to
specifically label miRNA-expressing cells with GFP in vivo.

To isolate single cells expressing miRNA reporters, we
dissociated several hundred embryos in trypsin and sorted
the GFP+ from the GFP� cells by FACS (Fig. 3A; Supple-
mental Fig. 1). Embryos were dissociated at the 16- to 18-hpf
stage, which corresponded to the onset of neuronal differ-
entiation and the middle of somitogenesis, and was a stage
in which both mature miR-124 and mature miR-206 were
detectable (Fig. 2G,H). Using embryos at the same develop-
mental stage for both the miR-124 and miR-206/miR-133
sorting enabled a comparison of miRNA target transcripts
in different tissues. Two sequential rounds of FACS sorting
were performed, yielding populations of GFP+ and GFP�

cells with purities exceeding 99% (Supplemental Fig. 1).
GFP+ and GFP� cells for both reporter constructs were

examined by quantitative RT–PCR (qRT–PCR) for ex-
pression of cell-type markers of muscle or neuronal cells.
As expected, GFP+ cells from the fish with GFP driven
from the mir-206/133 promoter were highly enriched in
GFP, mir-206/133 primary transcript, and genes expressed
in fish body muscle, such as myosin (mylz2) and tropo-
myosin1 (tpm1) (Fig. 3B). Moreover, these miR-206 GFP+

cells were depleted of markers characteristic of other
tissues and cells, including markers from cell types that
are tightly associated with muscle, such as neurons and
neuroepithelial cells (elavl3, gfap, mab21l1), blood (hbae1),
endothelial cells making blood vessels (fli1a), and motor
neurons (isl1) (Fig. 3B). Similarly, miR-124 GFP+ cells
were enriched in GFP, mir-124 primary transcript, and
neuronal and neuroepithelial markers (elavl3, mab21l1,
and gfap), whereas they were depleted of muscle (mylz2
and tpm1), blood (hbae1), and endothelial (fli1a) markers
(Fig. 3C). Together, these results showed that FACS sorting
enabled a clean and precise separation of cells from closely
associated tissues, which is difficult to achieve with
manual dissection of tissues and organs.

Predicted miRNA targets are expressed at lower levels
in miRNA-expressing cells

To analyze expression profiles of miRNA-expressing
cells, we hybridized Affymetrix microarrays with RNA
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isolated from miR-124 GFP+ and GFP� cells and from
miR-206/miR-133 GFP+ and GFP� cells, analyzing three
biological replicates for each. Each biological sample was
collected from independent FACS experiments and tested
for purity by the flow cytometer and qRT–PCR. Biological
replicates for each condition showed consistent results,
with correlation coefficients of the probe signal intensi-
ties ;0.99 and average error rates (average coefficient of
variation) between replicates below 15% (Supplemental
Fig. 2). Array results were also validated using qRT–PCR
for selected cell-type markers, which showed high con-
sistency in all cases tested (Fig. 3B,C). Moreover, principle
component analysis (PCA) showed that the variation
between biological replicates was small compared with
the differences between cell types, indicating that differ-
ences between cell types could be meaningfully assessed
given the resolution of the data. PCA is a statistical
method to reduce the dimensionality of data while
retaining most of the variation (i.e., information) of the
data set (Ringner 2008). We applied it here to display in
two dimensions the global similarities and differences
between GFP+ and GFP� cells measured across thousands
of transcripts in our microarray experiments. For exam-
ple, plotting the data according to the first two principal
components showed that biological replicates for each
condition fell in tight clusters, indicating their highly
similar expression profiles (Fig. 3D). These results also
showed that the difference between miR-124 GFP+ cells
and miR-206/miR-133 GFP+ cells was greater than the
difference between the respective GFP� cells (Fig. 3D),

consistent with the expectation that the difference be-
tween muscle and nerve cells (GFP+ cells) would be much
greater than the difference between the heterogeneous
mixtures of cells comprising the rest of the embryo (GFP�

cells). Taken together, the high quality and reproducibil-
ity for different miRNAs expressed in different tissues
confirmed the general applicability of our approach and
that our experimental setup enabled a comparison be-
tween gene expression programs of miRNA-expressing
cells and those of other cells.

Messages that respond to miRNAs were predicted
based on the presence of short conserved or nonconserved
sites complementary to the seed region of the miRNA
(Brennecke et al. 2005; Krek et al. 2005; Lewis et al. 2005).
Our analysis focused on 7mer sites that fall in 39 un-
translated regions (UTRs) and have perfect Watson-Crick
pairing to the miRNA seed (nucleotides 2–7) supple-
mented by either a match to miRNA nucleotide 8
(7mer-m8 sites) or an A across from miRNA nucleotide
1 (7mer-A1 sites). A search for these 7mer sites also
captures 8mer sites, which have both the match to
nucleotide 8 and an A across from nucleotide 1. We chose
these 7–8mer sites because, of the site types with abun-
dance sufficient for our purposes, these are most effective
in mediating down-regulation (Brennecke et al. 2005; Lim
et al. 2005; Grimson et al. 2007; Nielsen et al. 2007; Baek
et al. 2008). Our analysis considered only those sites
falling in 39UTRs, because these tend to be more effective
than those found within 59UTRs or ORFs (Grimson et al.
2007; Baek et al. 2008).

Figure 2. Generation of miRNA reporter transgenic zebrafish lines. (A,B) Overview of the genomic loci of mir-206-1/mir-133b and mir-

124, highlighting the promoter fragments upstream of the pre-miRNA hairpins (red boxes). (C,D) miRNA promoter reporter fusions.
(E) The mir-206/mir-133 promoter drives expression of the GFP reporter gene in somites. (F) The miR-124 promoter drives expression of
GFP in the spinal cord, brain, and retina. (G,H) Expression of miR-206 and miR-124, visualized by in situ hybridization, corresponded to
that of GFP in the respective reporter lines.
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We first examined whether predicted targets of miR-206
and miR-133 were preferentially expressed or depleted in
miR-206/miR-133 GFP+ cells, which express these two
miRNAs. Although miR-133 and miR-206 are transcribed
from the same promoter (as one polycistronic primary
transcript), they have different seed regions crucial for
target recognition, and as a consequence, have distinct
sets of predicted targets. Only 25% of the miR-206 pre-
dicted targets were expressed at higher levels in miR-206
GFP+ cells than in miR-206 GFP� cells, whereas ;75%
were expressed at higher levels in GFP� cells (identical
expression is rarely seen). Because overall about half the
transcripts were expressed at higher levels in GFP+ cells,
this represented a twofold depletion among messages
preferentially expressed with the miRNA. Similarly, the
miR-133 predicted targets were 1.6-fold depleted among
these messages. Indeed, compared with predicted targets
of all annotated zebrafish miRNAs, those of miR-206 and
miR-133 were among the most depleted, with miR-206
targets displaying the most significant depletion (P <
10�7 and P < 10�3 for miR-206 and miR-133, respectively,
hypergeometric P values) (Fig. 4A). As further evidence
for the specificity of this depletion, we observed the
reciprocal results in miR-124 GFP+ cells, with miR-124

predicted targets, not miR-206 or miR-133 predicted
targets, depleted among transcripts expressed preferen-
tially miR-124 GFP+ cells (1.4-fold depletion, P = 0.0014)
(Fig. 4B). When examining the depletion signal in miR-
124 GFP+ cells for predicted targets all zebrafish mi-
RNAs, the confidence in the depletion of miR-124 pre-
dicted targets was the most significant (Fig. 4B), even
though some miRNAs have overlapping expression
domains in neuronal cells.

In the analyses of Figure 4, all detected transcripts, even
those with slight differences between GFP+ and GFP�

cells ($1.15-fold), were scored as preferentially expressed
in either GFP+ or GFP� cells. We obtained analogous results
when restricting analyses to messages significantly up-
regulated or down-regulated in miRNA-expressing cells
(i.e., those messages with at least 1.5-fold differences
between GFP+ and GFP� cells, each with confidence of
differential regulation exceeding 95%). At these more
stringent cutoffs, only 4% of miR-206 targets were among
the messages preferentially coexpressed with the miRNA,
whereas 24% were among the messages preferentially
expressed outside the miRNA-expressing cells. This
corresponded to a sixfold difference between targets that
were preferentially expressed in GFP+ versus GFP� cells

Figure 3. FACS sorting of single cells expressing miR-124 and miR-206/miR-133. (A) Schematic representation of the experimental
setup. (B) Expression of marker genes in GFP+ and GFP� cells from embryos expressing miR-206/miR-133 reporter. Shown are fold
differences between GFP+ and GFP� cells obtained by qRT–PCR (blue bars) and by microarray analyses (red bars) for markers
characteristic of the indicated tissues. (C) Expression of marker gene in GFP+ and GFP� cells from embryos expressing the miR-124
reporter, details as in B. Error bars show standard deviations between three biological samples. (D) Principle component analysis (PCA)
of microarray data. The intensity vectors for miRNA-expressing cells (green) and non-miRNA-expressing cells (red) are projected onto
the first two principal components, revealing dense clustering of biological replicates of each condition and substantial separation
between conditions.
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and a threefold depletion among messages preferen-
tially expressed with the miRNA. Analogous results were
observed for miR-133 (5% vs. 21%; 1.4-fold depletion)
and miR-124 (8% vs. 21%, 1.8-fold depletion). Quantifi-
cation by qRT–PCR, sampling miR-206 and miR-124
predicted targets over a range of depletion or enrichment,
generally agreed with the microarray data, although the
magnitude of the fold change measured by qRT–PCR was
often larger than that measured by expression arrays
(Supplemental Fig. 3A,B).

In rapidly dividing cells mRNAs tend to have shortened
39UTRs with fewer miRNA-binding sites due to alternative
cleavage and polyadenylation (Sandberg et al. 2008). To test
whether such variations of 39UTR lengths could affect the
trends reported in Figure 4, we repeated the enrichment/
depletion analyses considering separately sites in the first
third, middle third, and last third of the 39UTRs, reasoning
that sites in the last and middle thirds would be more likely
to be missing in truncated UTRs. Predicted targets for all
three miRNAs followed the same trends that we observed
with full-length 39UTRs, irrespective of which UTR region
we considered (Supplemental Fig. 4A,B), which indicated
that alternative cleavage and polyadenylation did not
confound the observed depletion.

Predicted targets have diverse expression levels in
miRNA-expressing cells

Our results showed that transcripts containing miRNA
target sites tended to be expressed at higher levels outside
of the miRNA-expressing cells, as expected for predom-
inantly coherent regulation. However, two considera-
tions complicate this interpretation. First, we do not

know which of the predicted targets are actual targets
of the miRNAs; not all messages with 7- or 8mer sites
respond to the miRNA (Grimson et al. 2007; Baek et al.
2008). The second consideration is the phenomenon of
‘‘anti-targeting,’’ an evolutionary process whereby mes-
sages highly expressed in the cells that express a miRNA
selectively avoid sites to that miRNA (Bartel and Chen
2004; Farh et al. 2005; Stark et al. 2005). This selective
avoidance does not occur for the remainder of the mes-
sages, leading to a surplus of inconsequential sites in
messages that are not expressed or do not produce a useful
product in the miRNA-expressing cells. Selective avoid-
ance can lead to depletion of half the sites in preferentially
coexpressed messages (Farh et al. 2005), and thus in
principle, could explain all of our expression trends
observed in GFP+ and GFP� cells, obscuring the trends
for the actual targets. To address these considerations, we
examined whether the messages with sites were expressed
in the GFP+ cells and also focused on the messages more
likely to be functional targets, as evaluated by site conser-
vation and tissue-specific up-regulation in fish lacking
miRNAs.

When examining whether the predicted targets were
expressed at high or low levels in the miRNA-expressing
GFP+ cells, we considered only the messages with suffi-
cient signal above background in either GFP� or GFP+

cells to be declared ‘‘present’’ by the array-analysis pack-
age (3395 unique messages for the miR-206/133 experi-
ment, and 3405 for the miR-124 experiment). We also
restricted the analyses to 7mer sites perfectly comple-
mentary to nucleotides 2–8. Because 8mer sites also
satisfy the criterion used to identify these 7mer sites,
this restriction focused on the most effective sites, the

Figure 4. Analyses of predicted target expression in sorted cells. (A) Enrichment and depletion of predicted miRNA targets among
genes that are preferentially expressed in miR-206/miR-133 GFP+ cells ($1.15-fold). Plotted in the main chart are hypergeometric P

values for targets of each of the 122 zebrafish miRNA families examined. Plotted in the inset are the depletion values for those miRNAs
with predicted targets significantly depleted in GFP+ cells (P # 0.05). (B) Enrichment and depletion of predicted miRNA targets among
genes that are preferentially expressed in miR-124 GFP+ cells ($1.15-fold), plotted as in A.
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7mer-m8 and 8mer sites, while avoiding the complica-
tions associated with including overlapping sites in the
analyses of signal and background. Reasoning that results
might differ for the set of messages preferentially
expressed with the miRNA compared with that prefer-
entially expressed elsewhere, we considered these sets
separately, assigning the 3395 messages for the miR-206/
133 experiment and 3405 messages for the miR-124
experiment into three equally populated bins based on
expression ratios between GFP+ and GFP� cells. Binning
these genes separately based on observed intensities in
GFP+ cells created a matrix of nine cells (Fig. 5A–C). The
three columns of this matrix separated the transcripts
with respect to expression intensity (Supplemental Fig.
5), binning the third with the lowest expression in GFP+

cells (including those that were not detected in GFP+

cells; left column), the third with the highest expression
(right column) and the third with no strong trend (in-
cluding those at the mode of normalized log intensities;
middle column), and the three rows separated these
transcripts with respect to the ratios (GFP+ vs. GFP�).

For each cell of the matrix, we determined the relative
enrichment or depletion of miRNA predicted targets by
a ratio, compared with the mean abundance of control sites
(Fig. 5), and assessed the significance of each ratio by
a hypergeometric P value (Supplemental Fig. 6) and by Z
scores based on the variability of abundances observed for
the control sequences (Supplemental Fig. 7). For all three
miRNAs, target genes were enriched in the bottom row and
depleted in the top row (Fig. 5A–C), confirming our finding
that predicted targets are expressed at lower levels in cells
that express the cognate miRNA (Fig. 4A,B). miR-206
predicted targets were most enriched in the lower right
corner (Fig. 4A,B), indicating that although these predicted
targets were preferentially expressed where the miRNA
is not expressed, they nonetheless tended to be present at
high levels in cells that express the miRNA. In contrast,
miR-124 predicted targets were most enriched in the lower
left corner, which corresponded to genes with both prefer-
ential expression outside of neurons and low expression in
neurons (Fig. 5C). The pattern for miR-133 fell between the
other two, with enrichment across the bottom row. We
obtained the same picture when controlling for differences
in 39UTR GC content (Supplemental Fig. 8), and when
excluding all transcripts with annotated alternative splice
forms in zebrafish or human, indicating that neither
correlation of array intensities with transcript GC content
nor differential miRNA targeting ofalternative splice forms
affected our results for these three miRNAs.

Conserved targets tend to be expressed in
miRNA-expressing cells

The enrichment in the lower left corner of the matrices in
Figure 5, observed for miR-124 and to some extent for
miR-133, could be explained either by an abundance of
fail-safe interactions or by the preferential accumulation
of inconsequential sites in messages of this matrix cell,
accentuated by the selective depletion elsewhere. Because
fail-safe interactions provide beneficial function, they

would tend to be preferentially conserved in other species,
whereas inconsequential sites accumulating in messages
that either are not expressed in miRNA-expressing cells or
do not produce a beneficial or harmful product in these
cells would be conserved no more than expected by
chance. To examine if the expression of messages with
conserved sites differed from that of all predicted targets,
we repeated the enrichment/depletion analyses, focusing
only on those messages with conserved sites, defining
a conserved site as one that is present at a similar position
(within a window of 100 nt) in at least one of the aligned
fish sequences (Fig. 5D–F; Supplemental Fig. 7D–F).

When compared with enrichment of all predicted
targets (Fig. 5A–C), enrichment of conserved predicted
targets shifted upward and/or rightward (Fig. 5D–F). This
was the result expected if messages with inconsequential
sites preferentially resided in the bottom left portion of
the graphs and the conservation filter helped to exclude
them from consideration. Despite the upward shift, a ten-
dency toward coherent expression, as indicated by enrich-
ment in the bottom row compared with the top row, was
retained for both miR-133 and miR-124 (Fig. 5E,F).

Fail-safe targets and targeted transcripts remaining
from previous developmental stages were expected to be
included among the conserved targets in the lower left
corner. For miR-206 and miR-133, enrichment for con-
served targets was not observed in this corner, whereas
for miR-124 some enrichment was observed but it did not
appear greater than the lower middle matrix cell, which
was comprised of messages expressed at medium levels in
GFP+ cells yet higher levels in GFP� cells. Therefore,
expression of targets of biological importance, as inferred
through conserved sites, had detectable overlap with
expression of the miRNAs. Indeed, because our expression
cutoffs assigned some target–miRNA pairs with overlap-
ping expression to the lower left corner, the fraction of
biologically important targets with perfectly nonoverlap-
ping expression could be quite small.

Messages with excess site conservation have a variety
of expression patterns

We next sought to determine whether the sites matching
the miRNAs were conserved more frequently than
expected by chance. An excess beyond chance conservation
was observed in most of the matrix cells (Fig. 5G–I)—even
in some matrix cells that were depleted in conserved
predicted targets (Fig. 5D–F; Supplemental Fig. 7D–F). An
informative example was the upper right corner of the
miR-124 matrices. Although this corner had less than half
the predicted targets expected based on control sequences
(16 observed, compared with 39 expected) (Fig. 5C) and
only half the expected conserved predictions (six ob-
served, compared with 12 expected) (Fig. 5F), of the 16
predicted targets populating this corner, six were con-
served, which was about four more than expected by
chance (Fig. 5I). A similar pattern of relatively high
conservation rates for the few sites present in the upper
right area of the matrices was observed for miR-206 and
miR-133, indicating that each of the miRNAs probably
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has a few targets for which it acts incoherently with
other regulatory processes to dampen the expression of
preferentially coexpressed messages. This being said, the
overall picture gleaned from tallying the sites above

background for the aggregate preferential conservation
data was one of coherent expression (Figs. 5G–I).

Analyses of conserved sites do not predict all the biologi-
cally important targeting. For example, some biologically

Figure 5. Predicted target density and site conservation at different expression levels. All unique messages with detectable expression
in either GFP+ or GFP� cells were binned into three equally populated bins, each according to its GFP+/GFP� array signal ratio (rows)
and into three equally populated bins according to signal intensity in GFP+ cells (columns), yielding a gene density map with matrix of
nine cells. (A–C) Gene density maps of predicted conserved and nonconserved targets for the indicated miRNAs. Fractions indicate the
number of observed target sites (numerator) and the number of target sites expected based on the background distribution
(denominator). Enrichment or depletion when dividing observed by expected is indicated by colors (red indicates enrichment, blue
depletion). Significance of individual ratios was also assessed by hypergeometric P values (Supplemental Fig. 6) and using Z scores
(Supplemental Fig. 7). (D–F) Gene density maps considering only those predicted targets with sites conserved in other fish; otherwise as
in A–C. (G–I) Preferential conservation of sites, evaluated in each cell of the gene density map. For each cell, the numerator is the
number of conserved target sites, as in D–F, whereas the denominator is the background expectation, calculated as the number total
target sites (numerator in A–C) multiplied by the frequency that control motifs for the miRNA are conserved. Colors indicate miRNA
preferential conservation when compared with the conservation of these control sequences. Note that this enables detection of
preferential conservation in each cell, independent of target abundance in the cell; i.e., independent of relative enrichment or depletion
(as shown in A–F). Matrix cells with very low counts (cells for which both the observed and expected counts of <1) are not colored.
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important targets are missed because they have emerged
recently, or because of imperfections in UTR annotations
or alignments. These factors that lessen sensitivity are
more pronounced in zebrafish than in mammals or flies,
because zebrafish has less thorough UTR annotations
and fewer sequenced species at optimally informative
evolutionary distances. However, we have no reason to
suspect that the conserved targeting we detected might
populate the expression sectors of Figure 5 differently
than the biologically important targeting that we missed.
With this in mind, we conclude that biologically impor-
tant targeting tends to be coherent but overlapping, as
proposed from analyses of array data from tissues, organs,
and cells that were purified less extensively (Farh et al.
2005; Sood et al. 2006).

The high enrichment for predicted targeting sometimes
observed in messages expressed at low levels with the
miRNA (Fig. 5B,C, bottom left corner) at least partially
diminished when considering site conservation (Fig. 5E,F),
suggesting that one contribution of this enrichment was
the indirect effect of anti-targeting: an accumulation of
sites in messages in which these sites are inconsequen-
tial. Nonetheless, we cannot rule out nonoverlapping
expression for a detectable minority of conserved targets
(Fig. 5F,I, bottom left corner). Also in contrast to the
general trend, some incoherent targeting was detected
(Fig. 5G,I, top right corner), despite the strong overall
depletion of predicted targets with this expression profile
(Fig. 5A,C, top right corner). We suggest that for some
miRNAs, selective avoidance of fortuitous sites could
eliminate a sufficient number of nonconserved sites in
messages preferentially expressed with the miRNA, such
that the few remaining sites are conserved at a higher
proportion than sites in other messages. Because of this
possibility, estimating target abundance by calculating
the proportion of conserved sites (signal divided by back-
ground) (Tsang et al. 2007), might be misleading. Using
the appropriate metric of excess conservation (signal
minus background), we found that incoherent expression
of miRNAs and their targets occurred, but not as fre-
quently as coherent expression.

Coherent expression is diminished but retained in the
absence of miRNAs

An unresolved issue arising from Figures 4 and 5, as well
as previous reports of coherent expression of miRNAs
and their targets in tissues from wild-type animals (Farh
et al. 2005; Stark et al. 2005; Sood et al. 2006), is the degree
to which the lower expression of targets in miRNA-
expressing cells was a result of miRNA-mediated destabi-
lization of target messages. Indeed, in an extreme sce-
nario, miRNA-mediated target destabilization could
transform expression that is predominantly incoherent
into the pattern observed, which is predominantly co-
herent. To test this possibility, and to learn which
messages respond to the loss of the miRNAs, we re-
peated the miR-124 experiment using maternal–zygotic
dicer (MZdicer) embryos, which do not produce miR-124
or any other mature miRNAs because they produce

defective Dicer and also lack the functional Dicer nor-
mally contributed to the egg by the mother.

MZdicer mutants have been an invaluable tool for
examining miRNA function and targeting during verte-
brate development (Giraldez et al. 2005, 2006). Despite
defects in development, MZdicer mutants form all major
cell types and organs (Giraldez et al. 2005), allowing us to
study the impact of miRNA loss on predicted target
expression during early embryonic development. To
focus on the impact of losing miR-124, we crossed the
Dicer mutant (Wienholds et al. 2003) with our line
containing the miR-124 promoter fusion and used the
resulting line to generate MZdicer mutants that express
GFP from the mir-124-5 promoter.

In MZdicer mutants, the miR-124 reporter fusion was
expressed in the same domain as in wild-type embryos,
including the brain, developing retina, and spinal cord
(Fig. 6A). These results demonstrated miRNA-indepen-
dent regulation of the mir-124 promoter, further illustrat-
ing that tissue-specific expression programs can be correctly
regulated in absence of all mature miRNAs, as can tissue
specification and formation. GFP+ and GFP� cells were
sorted from embryos at the developmental stage of 14–18
somites, the same stage used for wild-type embryos.
Analytical flow cytometery and qRT–PCR confirmed
the purity of the collected GFP+ and GFP� cells (Supple-
mental Fig. 9; data not shown). Array results from three
biological replicates from GFP+ mutant cells formed
a tight cluster in PCA analyses, as did those from three
biological replicates from GFP� mutant cells, indicating
the highly similar expression profiles between replicates
and a clear distinction between different cell types, consis-
tent with retained cell type identity and expression programs
in dicer mutants (Supplemental Fig. 10; Giraldez et al. 2005).

Analyzing expression of the predicted targets revealed
the overall tendency of coherent expression observed
previously in wild-type embryos, but this tendency was
muted somewhat in the MZdicer cells, presumably
reflecting the absence of mRNA destabilization directed
by miR-124 and other miRNAs (Fig. 6B; Supplemental
Fig. 11A). A similar picture of a muted but retained
tendency for coherent expression was observed also for
the predicted targets with conserved sites (Fig. 6C; Sup-
plemental Fig. 11B).

Many miR-124 predicted targets are tissue-specifically
up-regulated in the absence of the miRNA

When compared with the array data from sorted wild-
type cells, the array data from sorted mutant cells pro-
vided the opportunity to identify predicted targets that
are derepressed in the absence of miR-124, thereby pro-
viding experimental support for the authenticity of these
predicted interactions. Among the 436 transcripts signif-
icantly up-regulated in MZdicer GFP+ cells compared
with wild-type GFP+ cells (greater than or equal to two-
fold, P # 0.05), 32 had 7mer-m8 (or 8mer) UTR sites
matching miR-124, which was a significant enrichment
over the 14 expected by chance (P < 10�5) (Fig. 6D). In
contrast, predicted targets of miR-124 were not enriched
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in transcripts significantly up-regulated in MZdicer
GFP� cells (P = 0.69) (Fig. 6E), as expected in these cells
that do not express miR-124.

We also checked whether transcripts up-regulated in
GFP+ MZdicer cells were enriched for targets of other
miRNAs. As expected for miR-124-positive neuroepithe-
lial cells, up-regulated mRNAs were enriched for pre-
dicted targets of brain-specific miRNAs (miR-217, miR-
218, and miR-219) and ubiquitously expressed miRNAs
(miR-430) (Table 1), whereas they were not as enriched for
predicted targets of miRNAs expressed elsewhere, in-

cluding muscle (miR-206), liver (miR-122), gut/gall blad-
der (miR-194), or epithelium (miR-199) (Fig. 6D). As
observed for predicted targets of miR-124, this enrich-
ment for predicted targets of miR-217 and miR-218 was
specific in that it was not observed in transcripts up-
regulated in GFP� mutant cells compared with GFP�

wild-type cells, although as reported for the entire em-
bryo at earlier developmental stages (Giraldez et al. 2006),
these GFP� mutant cells were still enriched for targets of
ubiquitously expressed miR-430 (Fig. 6E; Table 1). In-
terestingly, we did not detect enrichment of targets of

Figure 6. The response of predicted targets to
the loss of miRNAs. (A) The GFP reporter gene
driven by the mir-124 promoter in MZdicer

fish at 30 hpf is expressed in the brain, retina,
and neural tube, as observed in wild-type
zebrafish. (B) Gene density map displaying
enrichment and depletion of conserved and
nonconserved predicted targets in the absence
of miRNAs; otherwise as in Figure 5C. (C)
Gene density map displaying enrichment and
depletion of conserved predicted targets in the
absence of miRNAs, otherwise as in Figure 5F.
(D) Enrichment of predicted targets among
genes that are preferentially up-regulated in
MZdicer GFP+ cells compared with wild-type
GFP+ cells (greater than or equal to twofold).
Plotted are hypergeometric P values, as in
Figure 3. For miRNAs with significantly
enriched predicted targets (P # 0.05), fold
enrichment is shown in the insets. No mi-
RNAs had predicted targets that were signifi-
cantly depleted. (E) Enrichment of predicted
targets among genes that are preferentially up-
regulated in MZdicer GFP� cells compared
with wild-type GFP� cells (greater than or
equal to twofold), plotted as in D. No miRNAs
had predicted targets that were significantly
depleted. (F) Gene density map displaying en-
richment and depletion of miR-124-regulated
transcripts compared with all transcripts, eval-
uated in wild-type fish (matrix cells defined as
in Fig. 5). miR-124-regulated transcripts were
defined as transcripts that contain miR-124
sites and are up-regulated in MZdicer GFP+

cells compared with wild-type GFP+ cells
(greater than or equal to twofold).
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other tissue-specific miRNAs (miR-122, miR-206, miR-
194, and miR-199) in transcripts up-regulated in GFP�

mutant cells, even though these miRNAs normally are
expressed in a subset of these cells. These results high-
lighted the importance of cell sorting to achieve the
tissue and cell specificity required to detect derepression
of targets of tissue-specific miRNAs in Dicer mutants.

Coherent expression of most of the predicted targets
substantially derepressed in the Dicer mutant

We next considered the relative and absolute expression
of the 71 predicted targets that are derepressed in MZdicer
mutants ($1.5-fold up-regulation; P # 5%), binning the
transcripts based on their expression in wild-type em-
bryos, as in Figure 5C. A striking enrichment in the
bottom left corner and bottom center matrix cell was
observed, indicating propensity for coherent expression of
these responsive messages (Fig. 6F). Several types of
messages reside in this bottom left corner, including
those with overlapping expression and those with non-
overlapping expression. The detection of highly responsive
messages in the bottom left corner implies over-
lapping expression between miR-124 and these responsive
messages, which might be switch targets, tuning targets,
or neutral targets; i.e., messages with sites that are
functional but inconsequential nonetheless because the
repression serves no beneficial or harmful purpose.

Our data comparing the expression of messages in wild-
type and Dicer-deficient cells provided information valu-
able for considering the biological functions of miR-124
during zebrafish development. With this in mind, we
compiled a list of predicted targets confidently up-regulated
in Dicer-deficient cells that would normally express
miR-124 (Table 2). To be more inclusive, the list included
genes with 7mer-A1 UTR sites, in addition to the pre-
dicted targets with 7mer-m8 and 8mer UTR sites consid-
ered in our other analyses (Figs. 4–6). Confidence of site
conservation was evaluated using control sequences and
a branch length score (BLS) (Kheradpour et al. 2007).

Discussion

A general method for identifying miRNA
target candidates

Our approach for studying miRNA–target coexpression,
which combined miRNA-deficient zebrafish, GFP re-
porter fusions indicating miRNA expression, and FACS
sorting, also enabled the identification of candidate

messages that are targeted by the miRNA under physio-
logically relevant conditions. These candidate targets
were identified by their tissue-specific derepression that
was obscured when analyzing RNA from the whole em-
bryo but revealed after cell sorting. Although not every
message with a target site that is up-regulated constitutes
a direct target of the miRNA, up-regulated messages with
sites were much more abundant than expected by chance,
which indicated that most of the candidates were au-
thentic direct targets. When considering the cell type
specificity that most miRNAs display (Wienholds et al.
2005), we anticipate that our approach will be a valuable
tool for investigating miRNA function in animals. In
addition to specific stages during normal development, it
can be applied under selected conditions such as disease,
stress, or after drug treatment, when miRNA targeting
and/or function might be expected to change.

Examples of rare incoherent regulation—a
transcription factor feedback loop and a
switch target

As expected based on the analyses of messages with sites
(Figs. 4–6), most responsive messages with sites were
expressed at lower levels in miR-124-expressing cells
than in other cells (Table 2). However, we identified
seven messages that were confidently derepressed in
MZdicer mutants yet showed a tendency to be preferen-
tially coexpressed with miR-124 in wild-type fish (Table
2). Some of these are known to be crucially involved in
neurogenesis, such as a zinc-finger transcription factor
insulinoma-associated 1b (insm1b), which is a transcrip-
tional repressor of a proneural bHLH gene neurogenic
differentiation (neurod) (Liu et al. 2006). Both genes
neurod (positive regulator of neurogenesis) and insm1b
(negative regulator of neurod) have conserved miR-124
target sites in their 39UTRs and are derepressed in
MZdicer mutants (1.9-fold for neurod and 2.1-fold for
insm1b) (Table 2), strongly suggesting that both genes are
direct targets of miR-124. In addition, both genes are
highly expressed in miRNA-expressing cells. A similar
target/miRNA relationship was described for miR-430 in
the Nodal pathway, where it regulates both the pathway
agonist squint and the antagonist lefty (Choi et al. 2007).
Since coexpression of miR-124 and its targets insm1b and
neurod is maintained in differentiated neurons at later
stages of development, it is likely that these miRNA–target
interactions represent a tuning mode of miRNA action, in
which miR-124 helps establish optimal concentrations of

Table 1. The miRNAs with predicted targets most significantly enriched in transcripts up-regulated (greater than or equal to
twofold) in MZdicer GFP+ cells

Enrichment P value

miRNA expression domain (references)miRNA GFP+ cells GFP� cells

miR-124 7.08 3 10�6 0.73 Brain, spinal cord, eye (Wienholds et al. 2005)
miR-218 1.3 3 10�4 0.61 Brain, spinal cord (Wienholds et al. 2005)
miR-217 1.3 3 10�4 0.16 Brain, spinal cord, eye (Wienholds et al. 2005)
miR-430 3.0 3 10�4 2.0 3 10�10 Ubiquitous (Giraldez et al. 2005; Kloosterman et al. 2006)
miR-219 6.0 3 10�4 7.5 3 10�3 Brain, spinal cord (Wienholds et al. 2005)
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Table 2. List of miR-124 target candidates that are $1.5-fold up-regulated in MZdicer GFP+ cells

Gene
Fold up-regulation
in GFP+ MZdicer

Fold enrichment
in GFP+ wild-type

Expression intensity in
GPF+ wild-type (log2)

Conservation to vertebrates
(confidence score)a

Type of
miRNA-binding sites

NM_001045182 5.02 0.27 3.78 0 8mer
zgc:64115 4.07 0.28 3.76 0 7mer-m8
med22 3.96 0.46 2.34 0 7mer-m8
cpne3l 3.85 0.56 8.91 0 7mer-A1, 7mer-A1
zgc:92588 3.52 0.43 7.83 0 8mer
cpt2 3.36 0.76 5.84 0.6 8mer
zgc:100952 3.32 0.58 4.88 0.8 7mer-m8
NM_001044967 3.25 0.33 5.53 0 8mer
arl8b 3.10 0.82 6.92 0.8 7mer-m8
slmap 3.07 1.54 5.39 0 7mer-A1
p4ha2 3.06 0.44 6.86 0.8 7mer-m8
anxa11a 3.05 0.17 5.79 0 7mer-m8, 7mer-A1
zgc:56072 3.05 0.43 3.55 0 7mer-m8
fam3c 2.99 0.33 6.80 0 8mer
hoxa9a 2.97 0.25 4.49 0 7mer-A1
p4ha1 2.96 0.41 6.13 0 7mer-m8
zgc:103624 2.91 0.34 6.86 0.7 7mer-m8
mmp14a 2.79 0.13 6.86 0 7mer-m8
ef1 2.78 0.19 6.86 0 7mer-A1
zgc:85645 2.68 0.49 6.86 0 8mer, 7mer-m8
zgc:100959 2.44 0.77 4.36 0 7mer-m8
tnfaip8 2.32 0.63 5.50 0 8mer
zgc:92587 2.28 0.28 3.83 0 8mer
sc4mol 2.28 1.73b 4.65 0 7mer-A1
pou5f1 2.24 0.49 4.54 0 7mer-m8
gnai2l 2.23 0.30 6.94 0.8 7mer-m8
fkbp8 2.23 0.89 6.25 0 7mer-A1
edem1 2.16 0.48 5.68 0 8mer
insm1b 2.13 1.45 8.50 0.8 7mer-A1
eya1 2.10 0.24 5.61 0.8 7mer-m8
adipor1a 2.08 0.76 6.38 0.8 8mer
zgc:63904 2.02 0.87 4.86 0 7mer-m8
papss2 1.99 0.23 5.75 0 8mer
aldh9a1a 1.97 0.88 7.33 0.8 7mer-m8
ilk 1.93 0.54 7.76 0.6 7mer-A1
neurod 1.92 0.90 6.82 0.8 7mer-A1
rdx 1.90 0.69 4.03 0 8mer
elavl1 1.90 0.90 9.81 0.8 7mer-A1
lamc1 1.86 0.53 5.42 0 7mer-A1
traip 1.85 1.67b 6.72 0 7mer-A1
nxn 1.85 1.08 5.02 0.8 7mer-m8
zgc:55843 1.84 1.00 5.55 0 7mer-m8, 7mer-A1
prkci 1.80 0.80 7.46 0 7mer-m8
men1 1.76 1.41 6.70 0 7mer-A1
acvrl1 1.73 0.28 4.41 0 7mer-m8
edc3 1.68 1.22 8.29 0.7 7mer-A1
zgc:92250 1.67 0.75 6.39 0 8mer
zgc:73290 1.66 0.79 7.94 0.8 7mer-m8
rgl1 1.65 0.92 6.74 0 7mer-A1
fxr1 1.64 0.96 8.36 0.8 7mer-m8
si:dkey-30j22.11 1.61 0.71 4.49 0.8 7mer-A1
zgc:77744 1.61 0.70 6.03 0.8 7mer-m8
crkl 1.58 1.05 7.17 0.8 7mer-m8
gfap 1.56 3.58b 6.80 0 8mer
lrrfip2 1.56 0.88 7.70 0.8 7mer-m8
zgc:112259 1.55 0.71 5.63 0 7mer-A1
zgc:77069 1.54 0.59 6.75 0 8mer
rab11a 1.51 0.72 6.70 0 7mer-m8

aConservation and confidence scores were evaluated using the alignments to six vertebrate genomes and the methods of Kheradpour
et al. (2007).
bSignificantly higher expression in GFP+ cells (sc4mol, P = 0.01; traip, P = 0.02; gfap, P = 0.005; t-test).
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Insm1b and Neurod proteins, both in absolute and rela-
tive levels (Fig. 1A). In addition to providing another
means of gene control, tuning interactions in which high
transcription is coupled with miRNA-mediated trans-
lational repression can help reduce stochastic fluctua-
tions in gene expression (Bartel and Chen 2004; Raser and
O’Shea 2005).

Another example of apparently incoherent regulation is
that of glial fibrillary acidic protein (gfap), a class III
intermediate filament gene expressed throughout the
entire neuroepithelium at earlier stages of development
and in astrocytes and radial glial cells of the CNS at later
stages (Sprague et al. 2006). gfap is preferentially expressed
in miR-124-expressing cells and 1.6-fold up-regulated in
GFP+ MZdicer mutant cells (Table 2). gfap could repre-
sent a classical switch target (Fig. 1A) that is coexpressed
with miR-124 at earlier stages and then reduced to in-
consequential levels in cells expressing the miRNA, or
miR-124 could clear gfap mRNA after the gene is tran-
scriptionally silenced. In this case, miR-124 might help to
establish lineage specification by destabilizing transcripts
that should be down-regulated in neurons but maintained
in glial cells, a role similar to that for Drosophila miR-124,
which has been proposed to help discriminate between
neuronal and epithelial cells (Stark et al. 2005).

miRNAs might counteract prevalent ubiquitous
low-level transcription

We show that coherently regulated predicted targets that
are either undetectable or detected at low levels in
miRNA-expressing cells (among the lower third of mes-
sages analyzed) can still be physiologically relevant and
detectably regulated, as indicated by site conservation
and derepression in Dicer mutants. Some of these pre-
dicted targets might be relevant at an earlier develop-
mental stage and not efficiently or rapidly cleared in the
absence of the miRNA, consistent with the preferential
targeting of epidermal genes by miR-124 in developing
neurons in flies (Stark et al. 2005). Another scenario,
which we suspect applies to more targets, is that preva-
lent low-level transcription requires that the protein
levels of many genes be dampened post-transcriptionally.
Indeed, of the 5824 RefSeq transcripts that were detected
according to a consistent ‘‘present call’’ of the Affymetrix
analysis package in miR-206-positive muscle cells or
miR-124-positive neuronal cells, only 121 (2%) were
uniquely present in muscle and only 280 (5%) were unique
to neurons, indicating that many genes are present at low
levels in most cells. This is consistent with findings that
a large fraction of the genome is detectably transcribed
in a wide range of species, as reported by tiling-array
(Manak et al. 2006; Birney et al. 2007; Kapranov et al.
2007) and high-throughput sequencing of RNA fragments
(Nagalakshmi et al. 2008; Wilhelm et al. 2008).

Transcripts acquire or reject miRNA target sites over
the course of evolution

We show that single miRNAs operate in different modes
and provide a framework to describe miRNA–target

coexpression and associated miRNA functions. The pro-
posed modes and functions depend on the individual target
genes and describe the regulatory relationship of miRNA–
target pairs, rather than classify individual miRNAs. This is
consistent with an evolutionary scenario, in which differ-
ent transcripts retain or discard binding sites for an ex-
pressed miRNA dependent on whether the functional
consequences are beneficial or detrimental. This applies
to coexpressed transcripts for which the protein levels need
to be fine-tuned or stochastic fluctuations need to be
avoided (either incoherent or coherent regulation), to tran-
scripts that need to be cleared or safely turned off during
development (coherent regulation), and to those that need
to be coexpressed with the miRNA at high levels (anti-
targets). Once beneficial miRNA–target interactions ap-
pear, they are maintained by means of their selective
advantage and can be observed through conserved
miRNA-binding sites prevalent in both tuning and switch
targets.

Materials and methods

Generation of miRNA reporter transgenic lines

Seven mir-124 genes are annotated in zebrafish. We chose mir-124-

5 because of the presence of several annotated EST clones up-
stream of the mir-124-5 hairpin (EH445664, DT872908, EH579759,
CN507738). 59-RACE (GenRacer kit, Invitrogen) identified a tran-
scriptional start of the mir-124-5 primary transcript, which is
located 1.1 kb from the mir-124-5 hairpin. A 5.6-kb fragment
upstream of the mir-124-5 transcriptional start was amplified
from genomic DNA using primers 1 and 2 (Supplemental Table 1).

For polycistronic mir-206-1/mir-133b, we were not able to
identify the transcriptional start precisely by 59-RACE due to the
repetitive sequence in this region. Analyses of EST clones
(BM259633, CF999541, CF348604, DR729161) mapped the ap-
proximate start of the mir-206-1/mir-133b primary transcript to
1.4 kb from the mir-206 hairpin. A 4.5-kb upstream fragment that
includes ;0.9 kb of the primary transcript was amplified from
genomic DNA using primers 3 and 4 (Supplemental Table 1).
Both promoter fragments were fused to GFP reporter genes. The
miRNA promoter fusions were flanked by I-SceI meganuclease
recognition sites to increase the efficiency of transgenensis
(Thermes et al. 2002).

GFP reporter constructs were injected into one-cell embryos.
Approximately 1.0 nL of 50 ng/mL of circular DNA and 0.2 units/
mL of ISce-I meganuclease (New England BioLabs) were injected
into the oocyte. Embryos with strong transient GFP expression
were raised to the sexual maturity. To identify stable transgenic
lines, F0 fish were mated to wild-type fish. Embryos from
these crosses were screened for GFP expression and raised to
maturity thereby establishing stable transgenic lines. Multiple
independent carriers with germline transmissions for each
miRNA showed identical expression of GFP reporter con-
structs. Two independent founder fish were used for miR-206/
miR-133 to set up the F1 generation used to produce the em-
bryos for our analyses, and five independent carriers were used
for miR-124.

To generate MZdicer fish expressing a GFP reporter under
control of the mir-124 promoter, heterozygous dicer hu715/+ fish
(Wienholds et al. 2003) were crossed to the Tg(mir-124:GFP) fish.
F2 embryos from this cross were used as donor embryos for
replacing the germline of wild-type recipient embryos (Giraldez
et al. 2005). Fertile adults with a dicer mutant germline and GFP
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expression driven by the mir-124 promoter were intercrossed to
produce MZdicer Tg(mir-124:GFP) embryos. Attempts to gener-
ate the analogous line expressing GFP from the mir-206/mir-133

promoter were unsuccessful, which could be explained by the
promoter fusion of the line used having integrated into Chromo-
some 17, the same chromosome that contains the Dicer locus.

Cell collection and flow cytometry

Several hundred GFP+ embryos were decorionated by Pronase
(Roche) treatment and washed five times with E3 solution (5 mM
NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4, 10�5 %
Methylene Blue). Embryos anesthetized in 0.02% tricaine were
dissociated in Trypsin-EDTA solution (Sigma) for 5–10 min. Fetal
calf serum (to 5%) was added to inactivate the trypsin, and cells
were centrifuged (7 min at 1300 rpm), washed once with PBS, and
resuspended in PBS before filtering through a cell strainer (70 mL
Nylon; Falcon). Propidium iodide (PI; 1:200; Invitrogen) was
added as a marker to identify dead cells. FACS was performed
based on forward scatter, side scatter, GFP fluorescence, and PI
exclusion, using a MoFlo flow cytometer. To achieve ;99% cell
purity (Supplemental Fig. 1), both GFP+ and GFP� cells were
subjected to a second round of sorting.

RNA analyses

Colormetric in situ hybridization, using miR-206 and miR-124
DIG-labeled LNA probes, was performed as described (Wienholds
et al. 2005).

Cells isolated by FACS sorting were centrifuged (10 min at
1300 rpm) and total RNA was isolated using Trizol Reagent
(Ambion). Isolated RNA was treated with DNase I (Ambion) and
then purified with RNeasy columns (Qiagen). For qRT–PCR,
cDNA was synthesized (;100 ng of total RNA input, oligo-dT
pimer, Thermoscript RT kit, Invitrogen), and qPCR was per-
formed using the SYBR green mix on a PRISM 7000 sequence
detection system (Applied Biosystems). b-Actin and b-catenin
were used for normalization. Primers for qPCR are listed
(Supplemental Table 1).

Total RNA, DNase treated and purified on RNeasy columns,
was used in a labeling reaction using the small-sample protocol
(50 ng total RNA; Affymetrix). Labled RNA was hybridized to
Affymetrix GeneChip Zebrafish Genome Arrays. Probes were
mapped to Refseq transcripts according to Netaffix. Before
labeling the quality of RNA was confirmed by analyzing 20–50
ng of RNA with a Bioanalyzer 2100 (Agilent).

miRNA target prediction and analyses

We predicted miRNA targets as transcripts with 7mer-A1, 7mer-
m8 39UTR sites (Lewis et al. 2005). We used whole-genome
alignments of zebrafish (danRer4) to six vertebrate genomes
(human [hg18], mouse [mm8], opossum [monDom4], Xenopus

[xenTro2], Tetraodon [tetNig1], Fugu [fr1]), obtained as a multi-
ple-sequence alignment from UCSC (Supplemental Table 2; Kent
et al. 2002). We also obtained the corresponding mapping of
RefSeq transcripts and 39UTRs to the zebrafish genome from the
UCSC genome browser. Enrichment and conservation of each
seed-matched site was evaluated with respect to 10 control
motifs of similar characteristics (Lewis et al. 2003; Kheradpour
et al. 2007), which controlled for potential biases in overall
39UTR conservation, nucleotide composition, or length. For
these analyses using control motifs we considered only matches
complementary to nucleotides 2–8 to avoid dependencies be-
tween partially overlapping motifs.

Our results were robust with respect to alignment or species
choice, as indicated by performing the analyses with different
settings: We predicted miRNA targets using a whole-genome
alignment of zebrafish (danRer4) and four fish species (Tetraodon

[tetNig1], Fugu [fr3], Stickleback [gasAcu1], and Medaka [ary-

Lat1]), obtained as pairwise alignments from the UCSC genome

browser (Supplemental Table 3; Kent et al. 2002). We also

repeated the enrichment analyses on zebrafish RefSeq transcripts

independent of any alignment, defining the 39UTR of Refseq

transcripts as the sequence downstream from the longest ORF

(Giraldez et al. 2006).
We compared the relative enrichment or depletion of pre-

dicted targets for each of the zebrafish miRNAs among the

preferentially coexpressed transcripts (ratio GFP+/GFP� $

1.15). Note that we did not require the transcripts to be

significantly enriched (e.g., P # 0.05), because this would have

biased the classification (preferentially coexpressed vs. preferen-

tially not coexpressed) to more strongly enriched transcripts,

which would have favorably distorted our analysis (i.e., lead to

stronger trends). To reduce biases due to different 39UTR lengths,

conservation, or nucleotide composition, we restricted the tran-

scripts to those that are targeted by at least one miRNA,

essentially testing for preferential miRNA targeting of specific

miRNAs versus all miRNAs. For each zebrafish miRNA, we

calculated the fold enrichment or depletion among the preferen-

tially coexpressed transcripts and assessed the significance by

hypergeometric P values (Fig. 4).
We binned all transcripts into three equally populated bins

according to their absolute expression (i.e., intensity) in GFP+

cells and into three equally populated bins according to their

preferential expression in GFP+ cells (ratio GFP+/GFP�). We then

intersected these bins to create a matrix of nine cells that

separated the transcripts by both absolute and relative expression

levels in GFP+ cells. For each bin, we calculated the following

miRNA target statistics: enrichment of target genes, enrichment

of target sites, enrichment of conserved target sites, and target

site conservation, each assessed by a ratio, a hypergeometric P

value, and by the actual number of targets or sites above the

background expectation. For miR-124, we also calculated the

enrichment of transcripts that respond to the miRNA, as de-

termined by their specific up-regulation in MZdicer mutant

miR-124-expressing cells. In addition, we calculated the signif-

icance of enrichment/depletion and site-conservation in each

matrix cell with respect to the set of shuffled controls using Z

scores (i.e., taking the differences between individual control

7mers into account). For this, we determined the fraction of

predicted target genes in each matrix cell (enrichment analyses)

or the fraction of conserved sites in each matrix cell (conserva-

tion analyses) for the miRNA targets and each of the correspond-

ing controls separately. We then calculated the mean and

standard deviation of the fractions and calculated the Z score

as (F � FC)/stdevC (F is fraction for miRNA targets; FC is average

fraction for controls; stdevC is standard deviation for controls).
To test and exclude influences due to alternative splicing, we

repeated the analysis (1) only with transcripts for which all

alternative transcripts (Refseq transcripts with overlapping ge-

nomic coordinates) in zebrafish had the same number of miRNA

target sites, (2) only with transcripts without any alternative

forms in zebrafish, and (3) only with transcripts without any

alternative forms in either zebrafish or human. To test for

influences of transcript GC content on the array intensity values,

we repeated the analysis with equal GC contents across bins. To

achieve this, we first binned all transcripts into ten bins according

to their GC content and then populated the three intensity bins of

microRNA target expression in zebrafish
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the gene density map by transcripts with intensity values in the
bottom, middle, and top one-third from each GC content bin.

We determined transcripts that are significantly up-regulated
in MZdicer mutants, comparing GFP+ cells or GFP� cells
between wild-type and MZdicer mutant zebrafish (ratio MZdicer/
wild type $ 2; P value #0.05, t-test). We then assessed the
specific enrichment (fold enrichment and hypergeometric P
value) of predicted targets for each zebrafish miRNA among
the up-regulated transcripts that are predicted targets for at least
one miRNA to reduce biases due to 39UTR length, conservation,
or nucleotide composition.

We assessed target gene expression outside the miRNA
expression domain and at stages not surveyed by our approach
using the collected in situ hybridization data of the zfin database
(http://www.zfin.org; Sprague et al. 2006).
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