
Original Articles

Observation of miRNA Gene Expression in Zebrafish
Embryos by In Situ Hybridization to MicroRNA

Primary Transcripts

Xinjun He, Yi-Lin Yan, April DeLaurier, and John H. Postlethwait

Abstract

MicroRNAs (miRNAs) add a previously unexpected layer to the post-transcriptional regulation of protein
production. Although locked nucleic acids (LNAs) reveal the distribution of mature miRNAs by in situ hy-
bridization (ISH) experiments in zebrafish and other organisms, high cost has restricted their use. Further, LNA
probes designed to recognize mature miRNAs do not distinguish expression patterns of two miRNA genes that
produce the same mature miRNA sequence. Riboprobes are substantially less expensive than LNAs, but have
not been used to detect miRNA gene expression because they do not bind with high affinity to the short, 22-
nucleotide-long mature miRNAs. To solve these problems, we capitalized on the fact that miRNAs are initially
transcribed into long primary transcripts (pri-mRNAs). We show here that conventional digoxigenin-labeled
riboprobes can bind to primary miRNA transcripts in zebrafish embryos. We tested intergenic and intronic
miRNAs (miR-10d, miR-21, miR-27a, miR-126a, miR-126b, miR-138, miR-140, miR-144, miR-196a1, miR-196a2,
miR-196a2b [miR-196c], miR-196b, miR-196b1b [miR-196d], miR-199, miR-214, miR-200, and miR-222) in whole
mounts and some of these in histological sections. Results showed that pri-miRNA ISH provides an attractive
and cost-effective tool to study miRNA expression by ISH. We use this method to show that miR-126a and miR-
126b are transcribed in the caudal vasculature in the pattern of their neighboring gene ci116 or host gene egfl7,
respectively, and that the chondrocyte miRNA mir-140 lies downstream of Sox9 in development of the cra-
niofacial skeleton.

Introduction

Research in the last decade has shown that micro-
RNAs (miRNAs) regulate embryological development

and physiological function in zebrafish and other organisms
and that disregulation of miRNAs can lead to disease.1–12

miRNAs are about 22 nucleotides (nt) long and generally act
by binding to complementary sequences in target messenger
RNAs, often in the 30 untranslated region (30UTR), which ei-
ther suppresses translation or enhances transcript degrada-
tion.13 RNA polymerase II, which transcribes protein-coding
genes, transcribes most miRNA genes into long primary
transcripts (pri-miRNAs), but RNA polymerase III, which
transcribes transfer RNA, transcribes other miRNA genes.14,15

In the nucleus, the enzyme Drosha processes pri-miRNA
transcripts to shorter precursor-miRNAs (pre-miRNAs) and
after export from the nucleus, the enzyme Dicer processes pre-
miRNAs to mature forms (miRNAs).16,17 Mice lacking Dicer
die before axis formation, suggesting that Dicer activity and
mature miRNAs are crucial for patterning and morphogene-

sis in mammalian embryos.18 Zebrafish mutants lacking Dicer
form an axis and several cell types but show disturbed mor-
phogenesis of many organ systems,19–21 demonstrating the
general importance of miRNAs for zebrafish develop-
ment.20,22 As yet, we know the function of few individual
miRNAs in zebrafish development.

The investigation of miRNA function in zebrafish can lead
to insights into the mechanisms of human disease. For ex-
ample, overexpression of miR-140 was found to lead to cleft
lip and cleft palate in zebrafish,7 and subsequently, a single-
nucleotide polymorphism located in pre-miRNA140 was
found to be associated with nonsyndromic cleft palate in
humans and to act by altering miR-140 processing.23

Due to two whole genome duplication events in early
vertebrate phylogeny24,25 and to an additional genome du-
plication event in the teleost lineage,26–28 identical or very
similar sequences of many mature miRNAs are encoded by
two or more duplicated genes in zebrafish and other verte-
brates (see miRNA collection at miRBase [http://miRbase
.org]).29–31 Zebrafish, for example, has five different genes for
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mir-10 and five for mir-196 that are located in hox clus-
ters.2,32,33 Because miRNAs act only in cells in which they are
expressed, the careful description of a miRNA’s expression
pattern over time, when compared to the expression of
protein-coding genes in those same cells, can give important
clues to a miRNA’s targets, and hence, to miRNA functions.
It is not yet known whether primary transcripts of miRNAs
accumulate to sufficiently high levels or have a sufficiently
long lifetime to be detected by in situ hybridization (ISH)
using techniques similar to those used to detect expression for
protein coding genes.34,35

Despite the importance of knowing which tissues express
which miRNA genes at what time, the short length of miR-
NAs poses a problem for detecting miRNAs by ISH in zeb-
rafish embryo whole mounts. Because mature miRNAs are
just 22 nts long and are often contained in cells at low levels,
typical ISH riboprobes do not give a detectable signal in ISH
experiments. To overcome this problem, various methods
have been used to amplify the signal. One method uses
modified nucleic acid probes to increase affinity and speci-
ficity; such probes include radioactively labeled synthetic
RNA oligonucleotide probes, 20-O-methyl RNA oligonucleo-
tides, and locked nucleic acids (LNA).36–38 The most suc-
cessful method so far uses LNA probes, in which the ribose of
the nucleotide contains a bridge connecting its 20 oxygen to its
40 carbon that locks the ribose in the 30-endo conformation,
thereby increasing base stacking forces and backbone pre-
organization.37,39 This modification significantly increases the
specificity and sensitivity of binding to mature miRNAs.
Hybridization to LNAs has revealed expression patterns for
over 100 miRNAs in zebrafish, medaka, and chicken em-
bryos.40–43 LNA probes are so specific that they can distin-
guish single-nucleotide differences in mature miRNAs.37,44–47

Unfortunately, LNAs and similar probes are too expensive
for most laboratories to use routinely for the study of a large
number of miRNAs. In addition, because most LNA probes
are designed against mature miRNAs, they do not distinguish
identical miRNAs that arise from different miRNA genes, for
example, miR-196a1 and miR-196a2 in zebrafish. To develop a
cost-effective method to detect miRNA gene expression in
zebrafish embryos by ISH and to distinguish between genes
that encode the same mature miRNA sequence, we developed
the use of digoxigenin-labeled riboprobes designed to bind to
miRNA primary transcripts. Results showed that digox-
igenin-labeled probes directed against pri-miRNAs permit
the efficient observation of miRNA expression for both in-
tergenic and intronic miRNAs; further, we show that the
method works in both whole mounts and histological sec-
tions. In addition, pri-miRNA ISH (PriMiSH) can distinguish
among miRNA genes that produce the same mature miRNA
sequence. We used this method to test the hypothesis that the
transcription factor Sox9 is upstream to miR-140 in a devel-
opmental regulatory hierarchy. We conclude that ISH to pri-
miRNA provides an important alternative for investigating
miRNA expression with several advantages over current
methodologies.

Materials and Methods

Animals

Wild-type fish were from an ABC/TU hybrid stock and
sox9 mutants were as described.48 All experiments involving

animals used protocols approved by the University of Oregon
IACUC.

Nomenclature

miRNA nomenclature appears to be in a state of flux.
MiRBase (www.mirbase.org/) and Ensembl (www.ensembl.
org/index.html) use the form dre-mir-140 to indicate the Danio
rerio gene encoding miR-140. The human symbol was
MIRN140, until recently, when it changed to MIR-140, ac-
cording to the Entrez Gene database (www.ncbi.nlm.nih
.gov/gene). ZFIN (http://zfin.org) gives the official zebrafish
gene name as mir-140. The mature miRNA we call miR-140
and the primary transcript we call pri-miR-140.

Cloning

Polymerase chain reaction (PCR) primers for intergenic
miRNA primary transcripts were designed to span 300–700 nt
of genomic DNA centered approximately on the mature
miRNA sequence as given for the zebrafish genome at En-
sembl (Zv8). PCR primers for intronic miRNA primary tran-
scripts were also centered on the miRNA and were designed
to include sequence from the intron but to exclude sequence
from flanking exons. Because fewer than 200 nts separate the
polycistronic sequences for miR-200a and miR-200b, primers
for these miRNAs encompassed sequences encoding both
miR-200a and miR-200b. To generate PCR products contain-
ing partial miRNA primary transcripts or protein-coding
mRNAs, we used 1 day postfertilization zebrafish whole-
embryo cDNA that was reverse transcribed with oligo-dT
primer. The amplification of a band of the predicted size from
cDNA confirmed that primers were within the primary
transcript. Cloning of miRNA primary transcripts and protein
coding genes used the following primers: mir-10dþ 1719
TTTATTTAGCCCTTATGTTTTATTAGTCG and mir-10d2288
TAGAGAAGTGCATGCATTTTAGTCCTGTT; mir-21þ 777
TGAAAACGCGGCCACTATGAGAAAG and mir-21-1186
TGGCGACGCTAAAATAAGACAACAATACA; mir-27aþ
272 AAGTTGAAGAAACAAAGCGTATGT and mir-27a566
TGTCCTTTTTCCGGTTTTGCTCT; mir-126aþ 677 GTAATC
AACCTCACAACAATCGCCTCAC and mir-126a1509 ACAT
GCCCTTTATTTCCTCCAGATTTTA; mir-126bþ 399 TATGA
TGGCGGTGTATGAGAATGTGT and mir-126b1192 GTGTTT
GCTTTGCTTGGACTTTTT; mir-138þ 604 TCAGCAGATGG
TGGGTTATGGAGGAA and mir-138-1137 ATGTGACACT
AAAGACTGGAGCAATGG; mir-140þ 507 GCAAGTCAA
ACCCTGTAGCATCCCGTT and mir-140-1386 GCGAGCC
GATAGAGCGATTGTTT; mir-144þ 560 CGGGACGACTGA
AGACGCACAT and mir-144-1338 TCTTATTTCATTTGGC
AGCAGCAGTTA; mir-196a1þ 523 ATTAAATGAACGCTA
GCGGCTGTATGATG and mir-196a1-1014 TTTTGCTAGCG
CTTTGTCTTTGTAACCA; mir-196a2þ 1349 GCAGACAGG
AGAGCGGCAAGAA and mir-196a2-1891 AGCAGGCAAGG
CAAGATTATGGTA; mir-196bþ 756 GTATCTCTTTGCCCC
GCTGTGG and mir-196b1292 TGGAAAAACGATGGGAAA
GTATTG; mir-196a2b(mir-196c)þ 467 TATGCTACCTGGTG
CCGTGAAG and mir-196a2b(mir-196c)-1325 CCGCTGATA
ATGGAAGACAACC; mir-196b1b(mir-196d)þ 1016 ATTGCT
TTAGATTATGCGCGGGTATTT and mir-196b1b(mir-196d)-
1339 CAAGCTATGTCAAGGCGTGTCTGTCT; mir-200abþ
452 GCATTATTACTTTGAGACTTTGTGTT and mir-200ab888
ACGAGCCCTGATGTGGTTTTT; mir-222þ 1003 GTTCGGG
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ACGTCTGGAGTGGA and mir-222-2064 GGGCTTCAGGC
TTTCTTCATTAGTT; wwp2exþ 395 AGTCGTCTCGGGGCT
CGTGTG and wwp2ex-1160 ACCCCCTCTGCCGTGTAC
TTCATCT; wwp2intþ 1562 GGTCTGTGTTGTTTTTGGAG
GTCGTT and wwp2int-2519 ACAAGCAAAGGTAAAA
GCAAGAGTCATAA; ci116(LOC557793)þ 1217 TGAGGAT
TTGGCCGGATGGTGTTA and ci116(LOC557793)-1933 TGAG
CGAGGAGCCCGTAGAGGAGT; egfl7þ 43 GCGCGG
TGCTCTTCATCAG and egfl7-687 AGCCTCCTTACACT
CGTCCACATC.

In situ hybridization

PCR products for riboprobes were cloned into pCR4-TOPO
(Invitrogen) vector and ISH was as described.7 Antisense
LNA probe for miR-196a with the sequence 50Dig/CCCAA
CAACATGAAACTACCTA/30Dig was ordered from Exiqon
(LNA modification is not disclosed by Exiqon; http://
Exiqon.com) and ISH was according to the manufacturer.
Antisense LNA probe for miR-140 with sequences 50Dig/
CtACcATaGGgTAaAAcCAcTG-30 (lowercase nucleotides
represent LNA nts) was ordered from IDT (www.idtdna.com)
and the ISH protocol was the same as for miR-196a LNA.

Embryos were fixed in 4% paraformaldehyde (PFA) over-
night and dehydrated in a sequential methanol gradient for
long-term storage. Before hybridization with riboprobes for
pri-miRNAs or for protein coding genes, embryos were re-
hydrated and equilibrated in hybridization buffer for 4 h at
688C. Hybridizations were performed at 688C overnight. ISH
using LNA probes was similarly equilibrated in hybridization
buffer for 4 h and hybridized overnight at 428C–458C (218C–
258C lower than the calculated Tm of LNA probes, as indi-
cated by LNA probe manufacturers). After hybridization,
embryos were washed in saline-sodium citrate (SSC) buffer
and equilibrated in blocking buffer for 4 h at room tempera-
ture and then incubated with anti-digoxigenin-AP, Fab frag-
ment at 48C overnight. After antibody incubation, embryos
were washed in phosphate-buffered saline (PBS) containing
0.3% Tween-20 for at least 2 h and then were incubated in 5-
bromo-4-chloro-3-indolyl phosphate (BCIP)/nitro blue tetra-
zolium chloride (NBT). Expression of protein coding genes
can sometimes appear in as little as 30 min, but pri-miRNA or
LNA probe for miRNAs may require staining for up to 3 days.
After ISH, zebrafish embryos were mounted in 100% glycerol
and images were captured using a compound microscope.
Although PriMiSH utilizes a lower hybridization temperature
than riboprobe ISH for messenger RNAs, the rest of the
method and solutions are those commonly used for regular
riboprobes in zebrafish whole-mount ISH.34,35

For ISH to miRNA primary transcripts on histological sec-
tions, fish were fixed in 4% paraformaldehyde in PBS overnight
at 48C, then rinsed in PBS buffer, and embedded in the em-
bedding medium (agar, agarose, and sucrose [9:10:50]). Cryo-
stat sections were cut at 6mm and transferred to Fisherbrand
Superfrost/Plus microscope slides and air-dried overnight at
room temperature. Hybridization was carried out overnight at
688C for PriMiSH probes or at 428C–458C for LNA probes.
After hybridization, sections were washed three times with
1�SSC, 50% formamide, and 0.1% Tween-20 at 688C. Digox-
igenin-conjugated antibody was used to amplify the signal.
Sections with antibody solution (1:5000 dilution of anti-dig in
blocking solution) were incubated at 48C over night and ob-

served using NBT (3.5mL/mL) and BCIP (2.6mL/mL) incu-
bated on sections at 378C overnight. After staining, sections
were washed twice in ddH2O, dehydrated quickly through a
graded ethanol series to 100% ethanol, and cleared in xylene (or
Histoclear) and coverslipped in Permount for imaging.

Results

pri-miRNA probe design

Most miRNA genes reside in intergenic regions (between
two protein coding genes, like the zebrafish mir-10 family),
but up to 25% of mammalian miRNA genes and at least 7% of
zebrafish miRNA genes lie in introns.49 Intergenic miRNA
genes usually use their own transcriptional machinery inde-
pendent of neighboring protein-coding genes.49 Intronic
miRNA genes are often encoded in the same direction as their
host genes and are usually spliced out from the host gene’s
intron during maturation of the host gene transcript. Some
intronic miRNA genes, however, are transcribed in the direc-
tion opposite to that of their host genes; such pseudo-intronic
miRNA genes are similar to the intergenic miRNA category
because they use their own transcriptional machinery and can
be transcribed independent of their host genes.49 To construct
riboprobes for pri-miRNAs, we used genomic DNA sequence
as reference to design PCR primers to amplify a product of
about 300 nt to 700 nt centered on the mature miRNA se-
quence. These primers amplified sequences corresponding to
the presumed pri-miRNA using cDNA template extracted
from 1-day-old intact zebrafish embryos. These pri-miRNA
fragments were cloned and used to synthesize antisense
digoxigenin-labeled probes. We used 17 PCR primer pairs to
amplify pri-miRNA fragments from embryonic cDNAs, 14 of
which produced probes that readily detected signal in ISH
experiments on zebrafish embryos.

Intergenic pri-miRNAs

Several genes encoding miR-196 sequences reside between
protein-coding genes for vertebrate Hox cluster paralogy
groups 9 and 10.2,50 The human genome has three paralogous
MIR-196 genes (MIR-196B, MIR-196A1, and MIR-196A2) that
are located in the HOXA, HOXB, and HOXC clusters, respec-
tively, and that originated in the vertebrate genome duplication
event. Due to the teleost genome duplication, zebrafish has five
intergenic copies of mir-196; as in humans, these genes are lo-
cated between hox9 and hox10 genes in the hoxaa, hoxab, hoxba,
hoxca, and hoxcb clusters, respectively.2,33,50,51 Because mir-
196a1 and mir-196a2 encode the same miR-196a sequence, these
five genes produce just four mature miR-196 molecules. To
learn whether riboprobes can recognize intergenic pri-miRNAs
and if riboprobes can distinguish between two transcripts en-
coding the same mature miRNAs, we designed PCR primers
for mir-196a1 and mir-196a2 that cover 517 nt and 566 nt of
genomic DNA, respectively, with the sequence encoding the
mature miRNA roughly in the middle (Fig. 1A). Reverse
transcription–PCR on embryo RNA amplified bands of the
predicted sizes, thus verifying that primer sequences are lo-
cated within the pri-miR-196a transcripts.

At 24 hour postfertilization, mir-196a1 and mir-196a2 ri-
boprobes revealed overlapping but distinct expression pat-
terns (Fig. 1B, C). The miR-196a1 probe stained the pronephric
duct, posterior central nervous system (CNS), and the tail bud
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(Fig. 1B, asterisk). Although miR-196a2 did not stain the pro-
nephric duct, it did stain the caudal CNS and the tail bud (Fig.
1C, asterisk). An LNA probe designed to recognize the mature
miRNA product common to both miR-196a genes stained the
pronephric duct, the tail bud, the CNS, and ventral posterior
trunk (Fig. 1D), which resembles the combination of the ex-
pression patterns detected for mir-196a1 and mir-196a2 using
riboprobes. The expression of mir-196a genes is similar to the
expression of their neighboring hox9 and hox10 protein-
coding genes.52 One possible explanation for the similar

FIG. 1. Expression of intergenic mir-196a paralogs observed
by digoxigenin-labeled pri-miRNA probes. (A) The intergenic
genes mir-196a1 and mir-196a2 lie between hoxc9a and hoxc10a
(LG23) and between hoxa9a and hoxa11a (LG19), respectively.
Riboprobes designed to cover mir-196a1 or mir-196a2 (517 nt
and 566 nt in length, respectively) are marked in red. (B, C)
Whole-mount in situ hybridization with digoxigenin-labeled
fragments of primary transcripts showed expression of mir-
196a1 in the tailbud, central nervous system, and pronephric
duct and of mir-196a2 in the tailbud. (D) Expression of mature
miR-196a labeled with LNA probe revealed expression in the
neural tube, tailbud, and pronephric duct. cns, central nervous
system; LNAs, locked nucleic acids; miRNA, microRNA; spd,
pronephric duct; tb, tailbud; *note expression difference in the
tail bud.

FIG. 3. Duplicate mir-126 genes have expression patterns
related to their genomic contexts. (A) Organization of zeb-
rafish mir-126 paralogs in the genome. (B, C) Riboprobe
detected mir-126a expression in the caudal vasculature (B),
and expression of the nearest neighboring gene ci116
(LOC557793) had a similar expression pattern in the caudal
vasculature (C). (D, E) Riboprobes detected expression of the
intronic gene mir-126b in the caudal vein (D) and expression
of the host gene egfl7 also in the caudal vein (E). cv, caudal
vein; da, dorsal aorta; pca, posterior cardinal vein.
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expression patterns of these miRNA genes and their flanking
protein coding genes is that they share regulatory elements.

Supplementary Figure S1 (Supplementary Data are avail-
able online at www.liebertonline.com/zeb) shows riboprobe-
generated expression patterns for pri-miR-10d in the caudal
hindbrain and spinal cord, pri-mir-200ab in the olfactory
primordium, pri-miR-138 and pri-miR-144 in the caudal vein
of whole-mount embryos, and pri-miR-199 and pri-miR-214
in the mesenchyme surrounding the ceratohyal cartilage in
histological sections.

These results show that for intergenic miRNA genes, nor-
mal digoxigenin-labeled riboprobes can help observe gene
expression in zebrafish embryo whole mounts and can dis-
tinguish expression patterns of different miRNA paralogs that
encode the same mature miRNA sequence, which LNA
probes designed to recognize only the mature miRNA se-
quences fail to do.

Intronic pri-miRNAs

To learn if riboprobes can detect the expression of
intronic miRNA genes, we investigated pri-miR-140 by ISH to
digoxigenin-labeled riboprobe. Vertebrate mir-140 resides in
an intron of the wwp2 gene and is transcribed in the same
direction as its host gene (Fig. 2A).7 ISH for pri-miR-140-
riboprobe amplified from a portion of intron-15 of wwp2
showed that pri-miR-140 riboprobe labeled expression of mir-
140 in chondrocytes similar to an LNA probe (Fig. 2B, C).7,40

In addition, pri-miR-140 riboprobe mostly labeled expression
of pri-miR-140 in the cell nucleus, whereas LNA probe labeled
miR-140 in the cytoplasm (Fig. 2B, C, insets). This result is
consistent with previous studies showing that pri-miRNAs
reside in the nucleus, where they are processed, whereas
mature miRNAs accumulate in the cytoplasm, where they
exert their function. In contrast, overstaining embryos with a
probe for intron-16 of wwp2, which does not contain a known
miRNA gene, failed to show a tissue-specific ISH pattern (Fig.
2J, K), consistent with the rapid degradation of most introns.53

These experiments showed that riboprobe against pri-miR-
140 labeled the same set of craniofacial skeletal structures as
the LNA probe for mature miR-140, verifying the methodol-
ogy for intronic miRNAs. In addition, riboprobe directed
against exons of wwp2, the host gene for mir-140, showed that
the host gene was co-expressed with the miRNA. This would
be expected under the hypothesis that intronic miRNAs are
associated with the transcription of their host genes and
would thus be available to support the biological functions of
their host gene.54

Duplicates of miRNA mir-126

Zebrafish has two copies of mir-126. The mir-126a gene
(alias dre-mir-126 in Ensembl and mir-126 in ZFIN) is inter-
genic between ci116 (LOC557793, the ortholog of which is
called C9orf116 in human) and fnbp1 in linkage group 8 (LG8)
(Fig. 3A). Zebrafish mir-126b is located in an intron of egfl7 in
LG11 (Fig. 3A) in a position orthologous to the human gene.
To determine if riboprobes can distinguish between zebrafish
miRNA duplicates, we investigated mir-126a and mir-126b
expression. Results showed that riboprobes directed against
pri-miR-126a and pri-miR-126b showed overlapping expres-
sion patterns in the caudal vein and strong expression of pri-
miR-126a in the dorsal aorta and posterior cardinal vein (Fig.
3B, D). To investigate functional relationships of these miR-
NAs to their nearby genes, we studied the expression patterns
of ci116, which has not been described for any species, and
egfl7, which is expressed in endothelial cells and regulates
vascular tube formation in zebrafish.55 Results showed that
ci116 and egfl7 are both expressed in the caudal vasculature in
patterns virtually identical to the adjacent miRNAs. This re-
sult would be predicted by the hypothesis that miRNAs
sometimes share regulatory features with their neighboring
protein-coding genes.54

Regulation of mir-140 expression
by Sox9 transcription factors

Mechanisms that regulate miRNA gene expression are not
yet well understood. To investigate factors responsible for the
expression of mir-140 in chondrogenic cells (see Fig. 2),7 we
studied mir-140 expression in mutants lacking activity of
Sox9, a master regulator of cartilage development.48,56 Ri-
boprobe detection of pri-miR-140 showed that mutant zeb-
rafish lacking activity of either sox9a only, sox9b only, or
double mutants lacking activity of both sox9a and sox9b lacked
mir-140 expression in craniofacial cartilages (Fig. 4). These
results show, first, that mir-140 is downstream of Sox9 in the
pathway of chondrogenesis and, second, that riboprobe de-
tection of miRNA primary transcripts is sufficiently robust to
detect miRNA gene expression on histological sections.

Discussion

miRNA primary transcripts are produced by either inde-
pendent transcription (intergenic miRNAs) or from the
splicing of introns from protein-coding genes (intronic miR-
NAs). Investigations reported here showed that the pri-
mary transcripts of both intronic and intergenic miRNAs

FIG. 2. Expression of intronic pri-miR-140 and its host gene wwp2 in 2 dpf embryos. (A) Genomic organization of wwp2 and
mir-140 on zebrafish LG25. Sequences of pri-miR-140 in intron-15 and wwp2 exon-6 to �12 that provided probes are de-
lineated in red and green, respectively, and the location of probe for wwp2 intron-16, which lacks a miRNA gene, is shown in
blue. (B, C) Expression of pri-miR-140 observed by riboprobe (B) and the mature form of miR-140 stained by LNA probe (C)
in a histological section of a 3 dpf zebrafish palate. The inset in each panel shows expression at a cellular level, revealing that
pri-miR-140 transcript accumulated in the nucleus and miR-140 accumulated in the cytoplasm. (D, E) Digoxigenin-labeled
antisense probes against the mir-140 primary transcript showed strong expression in the palate portion of the neurocranium
and in the pharyngeal arches and in skeletal tissues of the pectoral fin bud in lateral (D) and ventral (E) views. (F, G) LNA
antisense probe to mature miR-140 showed that mature miR-140 accumulated in the palate in a pattern similar to that shown
for the riboprobes, in lateral (F) and ventral (G) views. (H, I) The host gene wwp2 was expressed in a pattern similar to that of
mir-140 (H, lateral view; I, ventral view). ( J, K) Overstaining of riboprobe to wwp2 intron-16 showed background levels
proportional to cell density rather than providing a tissue-specific signal. dpf, day postfertilization; ep, ethmoid plate; ey, eye;
i15, i16, intron-15 and intron-16; pa, pharyngeal arch; pf, pectoral fin; pl, palate; tr, trabeculae.
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accumulate in zebrafish embryos to levels sufficient for de-
tection by ISH using riboprobes in both whole mounts and
histological sections (also see Supplementary Fig. S1). This
discovery will stimulate research on the mechanisms of zeb-
rafish miRNA action for several reasons. First, the use of ri-
boprobes for miRNA detection reduces the cost of detecting
miRNA expression about 20-fold over the currently favored
LNA probes. This dramatic improvement in economy will
allow researchers to investigate many more miRNAs using far
less resources. Second, riboprobes directed against the pri-
mary miRNA transcript allow one to distinguish expression
patterns from different miRNA genes that encode the same
mature miRNA. Because gene duplicates arising in the teleost
genome duplication are often expressed in different tissues
due to subfunctionalization,57 because miRNAs arising from
the teleost genome duplication are likely to have identical
sequences, and because miRNAs with identical sequences but
encoded by different genes might be responsible for tissue-
specific phenotypes, the riboprobe method we describe
should be of high value for zebrafish miRNA research.

Our results showed that riboprobe detection of miRNA
primary transcripts can be used to investigate mechanisms
that regulate miRNA gene expression. Investigations of zeb-
rafish sox9 mutants revealed that Sox9 is required for the ex-
pression of the mir-140 gene, suggesting that sox9a and sox9b
are both upstream regulators of mir-140. Cartilages in sox9a
mutants are fully formed and simply fail to express extracel-
lular matrix genes, including collagen type II,58 raising the
hypothesis that Sox9a might act directly on mir-140 to stim-
ulate its transcription. In contrast, cartilages are substantially
disrupted in the sox9b mutants,48 so it is possible that mir-140
may be substantially downstream of sox9b regulation.

Not all of the miRNA-directed riboprobes that we tested
gave signals as strong as that of LNA probe. Three of the 17 pri-
miRNA riboprobes that we examined, including those for mir-
21, mir-27a, and mir-222, failed to show a strong and clean
signal, although signals for these miRNA genes had been ob-
tained using LNA probes.40 These results suggest that some
pri-miRNAs may be exceptionally short-lived or expressed at
levels below the detection limits of the riboprobe method.
Nevertheless, for the majority of mir genes we tested, riboprobe
detection of miRNA gene expression provides a convenient,
inexpensive, and highly effective way to rapidly study miRNA
expression for both intergenic and intronic miRNA genes in
zebrafish embryo whole mounts and in histological sections.
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