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Hox gene clusters encode a family of transcription factors that govern anterior–posterior axis patterning during
embryogenesis in all bilaterian animals. The time and place of Hox gene expression are largely determined by the
relative position of each gene within its cluster. Furthermore, Hox genes were shown to have their expression
fine-tuned by regulatory microRNAs (miRNAs). However, the mechanisms of miRNA-mediated regulation of
these transcription factors during fish early development remain largely unknown. Here we have profiled
three highly expressed miR-10 family members of Nile tilapia at early embryonic development, determined
their genomic organization as well as performed functional experiments for validation of target genes. Quantita-
tive analysis during developmental stages showed miR-10 family expression negatively correlates with the ex-
pression of HoxA3a, HoxB3a and HoxD10a genes, as expected for bona fide miRNA–mRNA interactions.
Moreover, luciferase assays demonstrated that HoxB3a and HoxD10a are targeted by miR-10b-5p. Overall, our
data indicate that the miR-10 family directly regulates members of the Hox gene family during Nile tilapia
embryogenesis.

© 2016 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

The development of a multicellular organism from a single cell is a
complex process involving many molecules including transcription fac-
tors, which must be present in specific cells at the right time (Montavon
et al., 2011). A group of master transcription factors are encoded by the
Hox gene clusters that have conserved roles in patterning the anterior–
posterior axis during embryogenesis in all bilaterian animals (Alexander
et al., 2009). Themechanisms of transcriptional regulation of these mole-
cules are dictated by the organization of the genes in clusters within the
genome (Duboule, 2007). This type of genomic organization allows for
sharingnuclear space, chromatin structure, common regulatory elements,
such as enhancers, and even promoters. Furthermore, it provides time
and spatial colinearities during development, because Hox genes located
closer to the enhancers are transcribed earlier (Andrey et al., 2013). As a
result, the time and place of Hox gene expression are largely determined
by the relative position of each gene within its cluster (Duboule, 2007).
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Hox genes from the same group (transparalogous or paralogues
genes) arose from duplication and share more similarity in protein se-
quence and expression pattern than other genes within a cluster. In
mice and other mammals there are 39 Hox genes arranged in four clus-
ters (A, B, C andD) located on four different chromosomes, whereas tel-
eostfishes have at least 48Hox genes in eight clusters (Aa, Ab, Ba, Bb, Ca,
Cb, Da and Db) that resulted from awhole genome duplication (Amores
et al., 2004). Intriguingly elasmobranchs (sharks and rays) have only 3
Hox clusters (A, B and D) as consequence of a genomic deletion of
their entire HoxC cluster (King et al., 2011). The Nile tilapiaOreochromis
niloticus has 51 Hox genes arranged in seven clusters, (Fig. 1). Several
studies have compared Hox gene organization, and Hox of Nile tilapia
seems to be more similar to orthologues of pufferfish (Tetraodon
nigrovirides) and medaka (Oryzias latipes) than to zebrafish (Santini
and Bernardi, 2005).

The observed complexity of Hox genes regarding paralog diversity
and arrangement patterns in teleost fish is a consequence of three
rounds of genome duplications that these animals are believed to have
undergone during vertebrate evolution. Following the first duplication
(500 My), the AB cluster lost the Hox12 gene and the CD cluster lost
the Hox2 and Hox7 genes. After the second duplication, the A cluster
lost the Hox8 gene, the B cluster lost the Hox11 gene, the C cluster
lost the Evx gene and the D cluster lost the Hox6 gene. The divergence
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Fig. 1. Hox gene clusters and their organization in Oreochromis niloticus (green boxes) and Danio rerio (blue boxes). MicroRNAs encoded by the Hox cluster are indicated and red lines in
O. niloticus represent the components of the Hox gene family regulated by miRNA. Dark blue squares in D. rerio represent pseudogenes.
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of the tetrapod lineage followed the second duplication (400 My) and
tetrapods underwent specific gene losses while the ancient ray-finned
fish (teleosts) ancestor underwent the third duplication (350 My) and
lost several genes in all the clusters. The organization of the “a” clusters
appears to be very conserved,whereas “b” clusters have lostmore genes
(Santini and Bernardi, 2005).

Paralogous Hox genes often perform distinct biological roles, as evi-
denced by theirmutant phenotypes, butmay also showextensive redun-
dancy and functional overlap. In fruit flies and mice, deletion of a single
Hox gene leads to altered axial identities and transformation of specific
embryonic structures into more anterior ones (Rijli et al., 1993;
Kaufman, 1978; Gendron-Maguire et al., 1993). Conversely, ectopic ex-
pression of a singleHox gene can also result in a posterior transformation
or loss of thebody structures (Denell et al., 1981; VandeVen et al., 2011),
thereby interfering permanently with organismal development.

Development is a complex process requiring several events to be ac-
curately, temporally and spatially regulated. In this sense, microRNAs
(miRNAs) were reported as key regulatory elements for proper organ-
ism development based on their ability to modulate gene expression,
including the expression of transcriptional factors (Mallo and Alonso,
2013). As members of an abundant class of small noncoding RNAs,
miRNAs repress gene expression by preferentially binding to comple-
mentary target sequences in the 3'UTRs of mRNAs leading to mRNA
degradation and/or translational repression (Bartel, 2009; Lee and
Shin, 2012).

MiRNA-mediated regulation of Hox genes has been previously re-
ported in Drosophila (Bender, 2008), mouse (Mansfield and McGlinn,
2012), chick (Wong et al., 2015) and human (Lung, 2010) implying
that regulation via miRNAs comprises an extra tier in the complex mo-
lecular regulatory circuit controlling Hox gene expression. For instance,
downregulation ofmiR-10 in zebrafish embryos leads to overexpression
of HoxB1a and HoxB3a (Woltering and Durston, 2008) and in humans,
miR-10 downregulation was negatively correlated with HoxA1 overex-
pression (Garzon et al., 2006). These data suggests that the samemiRNA
may target paralogous genes from distinct Hox clusters.
Notably, several Hox-regulating miRNAs of vertebrates are encoded
within the Hox clusters, as observed for miR-10 and miR-196. In mam-
mals, miR-10a resides upstream of HoxB4 and miR-10b is upstream of
HoxD4. This intronic genomic arrangement might provide an effective
mechanism for the co-expression of miRNAs and their Hox mRNA
targets in a temporal and spatial manner (Tanzer et al., 2005; Mallo
and Alonso, 2013). In addition, zebrafish and human genomes have
intergenic miRNAs encoded outside of the Hox clusters such as mir-
99a, mir-99b and mir-100, highly homologous to mir-10a and mir-
10b, that despite nucleotide difference within seed region, may have
overlapping targets (Tehler et al., 2011; Woltering and Durston,
2008). These data shows that miRNAs encoded/associated with Hox
clusters can differentially modulate the expression of Hox during verte-
brate development. In Nile tilapia, however, the spatiotemporal expres-
sion profiles of miR-10 family and their modulation over Hox genes
remain poorly investigated.

Although significant evidence has been generated regarding the bio-
logical roles of miR-10 family members, further experiments are re-
quired to determine the specific genes they target, which in turn, will
reveal the physiological functions regulated by them. Moreover, given
the dynamism of fish genomes, particularly of cichlid species, and the
complex evolutionary history of gene birth and death of Hox clusters
in vertebrates, the correct description of miRNA regulation over these
transcription factors in Nile tilapia requires a detailed inspection of
miR-10 family genomic organization.

In this paper, we investigate the role of miR-10 family members
in the regulation of a number of Hox genes (HoxA3a, HoxB3a and
HoxD10a) during the ontogenesis of Nile tilapia fish. For this purpose,
we firstly predicted miR-10 family targets through bioinformatics ap-
proaches. Subsequently, we quantified and correlated the expression
profiles of bothmiR-10 familymembers and target genes at several em-
bryonic developmental stages. Lastly, we validatedmiRNA-target inter-
actions by functional in vitro assays and examined miR-10 genomic
organization. Our results demonstrated that HoxB3a and HoxD10a are
regulated by miR-10b-5p during the early development of Nile tilapia,
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providing input for future research in vertebrates and in fish
development.
2. Materials and methods

2.1. Samples and RNA purification

All procedures involving animals were performed according to prin-
ciples set by the Ethics Committee for Animal Experimentation— Insti-
tute of Biosciences — São Paulo State University (protocol 34/08). All
fish were anesthetized with benzocaine (100 mg/L of water) before
being euthanized in liquid nitrogen.

Nile tilapia embryos (1, 3, 5 and 7 days post fertilization— dpf) and
30 dpf juveniles of both sexes were collected in the Royal Fish Farm,
Jundiaí, São Paulo, Brazil. Embryos were removed from the female
mouth and selected based on morphology (Fujimura and Okada,
2007) with a stereomicroscope. These sampling periods were based
on cell differentiation stage of the embryonic development cycle of
O. niloticus (Fujimura and Okada, 2007; Ijiri et al., 2008). The 30 dpf pe-
riod represents sex-differentiated animals. All specimenswere placed in
a solution of benzocaine, frozen in liquid nitrogen and stored in−80 °C
until RNA isolation.

RNA isolation was performed using TRIZOL kit (Invitrogen) accord-
ing to the manufacturer's instructions. RNA recovered from samples
was quantified by spectrophotometry (NanoVue, GEHealthcare Life Sci-
ences) and checked for quality through the RNA integrity number (RIN)
analysis. RNA samples were treated with DNA FreeTM Kit (Ambion) to
remove genomic DNA contamination.
2.2. qRT-PCR of miRNAs

Expression of five selected miR-10 family members (Table 1) was
measured in embryos at 1, 3, 5 and 7 dpf life stages and in 30 dpf juve-
niles by qRT-PCR. These miRNAs were preferentially chosen based on
previous small RNA deep sequencing data of our research group,
which verified that they are 6-fold more higly expressed in Nile tilapia
embryos than other miRNAs (Pinhal et. al, unpublished data).

From total RNA, mature miRNAs were converted into cDNA using
TaqMan MicroRNA reverse transcription kit (Life Technologies) follow-
ing the manufacturer's instructions. Subsequently, qRT-PCRwas carried
out using TaqMan 2× Universal Master Mix 1×, TaqMan MicroRNA
Assay Mix 1×, 2 ng/uL of cDNA and the volume was completed to
20 μL with nuclease-free water. In these experiments, the endogenous
U6 snRNA was used as a reference gene.
Table 1
MicroRNA assays and Hox genes primers used for qPCR analyzes.

miRNA ID Mature miRNA sequence

hsa-miR-10a-5p ACCCUGUAGAUCCGAAUUUGU
hsa-miR-10b-5p UACCCUGUAGAACCGAAUUUGU
dre-miR-10d-5p UACCCUGUAGAACCGAAUGUGUG
hsa-miR-99a-5p AACCCGUAGAUCCGAUCUUGUG
hsa-miR-100-5p AACCCGUAGAUCCGAACUUGUG
RNU6B CGCAAGGAUGACACGCAAAUUCGUGAAGCGUUCCAUAUUUUU

mRNA Primer sequence

HoxA3a Forward: TAACCGAACGGCAGGTGAAA
Reverse: TGTCGCTGGATTCATGGCTT

HoxB3a Forward: TCTGGAAGCCGTTTTCCTCC
Reverse: ACGTGACGGTGTCTTTCCAA

HoxD10a Forward: CTGAATCGTGTCCGGTCGAT
Reverse: TGCTTCCCGTTCGCATAA

HPRT Forward: GACATCATGGATGACATGGGGG
Reverse: GTAGTCGAGCAGGTCTGCAAAAA
2.3. Target prediction and quantitative expression analysis

Among several Hox genes known to be in Nile tilapia genome,
HoxB3a and HoxD10a were found to be potentially targeted by miR-
10b-5p, miR-10 family members, based on TargetScan (Grimson et al.,
2007), Pictar (Krek et al., 2005) andmiRanda (Enright et al., 2003) pre-
diction tools outputs. These genes were then quantified by qRT-PCR on
samples from 5 animals of both sexes and three experimental replicates
for each developmental period. Reverse transcription of totalmRNAwas
performed using the High Capacity RNA-to-cDNA Master Mix kit (Life
Technologies) according to the manufacturer's guidelines. qRT-PCR
was performed using 1xGoTaq® probe qPCR master mix based on
SYBR Green chemistry (Promega), 40 ng/uL of RT reaction, 900 nM of
primers (forward and reverse) (Table 1) to 10mMand the final volume
was completed to 20 μL with nuclease-free water.

Thermocycling was performed on a Step-one PCR System (Applied
Biosystems) and reaction conditions were 2 min at 50 °C, 10 min at
95 °C to polymerase activation, followed by 40 cycles of 15 s of 95 °C
and 1min at 60 °C. The relative expression of target geneswas evaluated
using the comparative quantification method and the hypoxanthine
phosphoribosyltransferase gene (HPRT) was used as an endogenous
control.

2.4. Luciferase reporter constructs

Functional validation of miR-10b-5p action on HoxB3a and
HoxD10a genes were based on the luciferase gene reporter assay. Four
plasmids were constructed including two wildtypewith the pGL-3 vec-
tor +3'UTR of their respective genes (HoxB3a or HoxD10a) and two
mutants with the pGL-3 vector +3'UTR with restriction enzyme site
at the seed position of their respective genes (HoxB3a or HoxD10a).
The 3'UTR regions of two genes — HoxB3a and HoxD10a— from tilapia
cDNA were PCR amplified (primers described in Table 1) and individu-
ally cloned into the pGL3 vector (Promega) by directional cloning.
Fragments were 700 bp long (HoxB3a: ENSONIT00000007801 and
HoxD10a: ENSONIT00000010838).

Negative controls were constructed mutating the seed region of the
miRNA target gene transcripts as described in Table 2. The mutant con-
structionswere built using thewildtype plasmids as template. PCR reac-
tions were performed using the primer set consisting of a primer
forward with the desired enzyme site (Table 2) and reverse primer to
a specific region at the plasmid pGL3. To ensure that the mutant plas-
mids were precisely generated with the correct nucleotide sequence,
we used the Phusion® High-Fidelity DNA Polymerase (New England
BioLab) for the PRC reactions.

2.5. Target validation by luciferase reporter assays

Luciferase reporter assays consist of the following steps. Chick der-
mal fibroblasts, DF1 cells, were counted and seeded in 24-well plates
(Costar) at 7 × 103 cells per well and were maintained for 24 h in a liq-
uidmedium (DMEMwith 10% FBS) in the presence of antibiotic in a CO2

incubator at 37 °C for the perfect adaptation of the plate. Prior to tran-
sient transfection, the medium was replaced with fresh medium with-
out antibiotic. Transfection of 0.4 mg of firefly luciferase reporter
vector and 0.02 mg of the control vector containing Renilla luciferase
Table 2
Mutant seed region created by SmaI restriction site insertion (italics underlined) in the
Hox genes investigated.

Gene Seed sequence in 3'UTR region

HoxA3a TTACGGCATCGGGGTGCTCTGACCCCGGGGCGGCTCGTCACTCTCCGCCGG
CGTTGG

HoxB3a ACGGCATCGGGGTGCTCTGTCCCCGGGGCGCCTCGTCACTCTCCGCCGG
HoxD10a GCGTCCTGTATTTGTTTTGTTTCATCCCCGGGTAACACTTTGTGGTCTTAAA

TTATT
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was performed using lipofectamine 2000 (Invitrogen). Following trans-
fection DF1 cells were maintained for 24 h. The next day cells were
washed with PBS and harvested for Dual Luciferase Reporter Assays
(Promega) following the manufacturer's protocol. Each transfection
was performed in four wells and repeated three times independently
in different plates. Firefly luciferase activity was normalized to Renilla
luciferase activity.

Assays were quantified using the brightness luciferase. The tests
were measured as follows, wildtype: negative control (plasmid only);
plasmid + miRNA of interest; and positive control (plasmid + miRNA
mimic). Mutant test: Negative control (Plasmid-only with the mutant
3'UTR region); plasmid (mutant 3'UTR region) + miRNA of interest;
and positive control (plasmid with mutant 3'UTR region + miRNA
mimic). Renilla luciferase was used as the control in all the samples.
Fig. 2. Relative quantification of microRNA (a) and mRNA transcripts (b) expression
during Nile tilapia development based on qRT-PCR (log10). Relative expression was
normalized against U6 snRNA to miRNAs and HPRT to mRNA. ***P b 0.001, **P b 0.01
and *P b 0.05 as assessed by Two-way ANOVA test with Bonferroni correction.
2.6. In silico analysis of genome organization of miRNA genes

All five miRNAs were analyzed regarding localization and arrange-
ment. For precursor annotation, mature miRNA sequences were
mapped against the Nile tilapia genome (UCSC, Broad, OreNil1.1) with-
out permitting any mismatches. Retrieved precursor sequences were
both aligned to zebrafish and human homologs and subjected to analy-
sis by the RNAfold program (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.
cgi) to confirm if they fold into stable stem-looped secondary structures.
Then we determined the physical position of pre-miRNAs in the linked
groups (LGs) and classified them according to their host region and
strand orientation.
2.7. Statistical analysis

The data of quantitative PCR were expressed as median ± standard
error. The qRT-PCR and Luciferase gene reporter assay data distribution
were parametric then the Two-way ANOVA test was used. Significant
differences were checked by running Bonferroni multiple comparison
tests. Statistical significance was defined as p b 0.05.
3. Results

3.1. Negative correlation between expression profiles of miR-10 family
members and Hox genes

QPCR experiments were sensitive to detect differences between
miRNAs and putative target Hox gene expression signatures throughout
distinct developmental stages.

For the miRNAs, the expression of miR-10a-5p, miR-10b-5p, miR-
10d-5p,miR-99a-5p andmiR-100-5p generally increased during Nile ti-
lapia embryo development. The profiles ofmiR-100-5p andmiR-99a-5p
were similar, with low expression at 1 dpf and an 8-fold increase by
3 dpf or 7 dpf respectively (P b 0.001). Very similar expression patterns
were observed for miR-10-5p, miR-10b-5p, and miR-10d-5p, which
were lowly expressed in 1 dpf, followed by an increase at 3, 5 and
7 dpf and down again at 30 dpf (Fig. 2a). By contrast, the miR-100-5p
and miR-99a-5p, gradually increased expression from 3 dpf and
remained highly expressed until 30 dpf (Fig. 2a).

For target Hox genes, inversely correlated expression profiles were
recovered in relation to the aforementioned miRNAs. Both HoxA3a
HoxB3a and HoxD10a showed high expression in 1 dpf embryos
(P b 0.001), followed by decreasing expression during the subsequent
developmental stages with low levels detected at 7 dpf. Interestingly,
HoxA3a and HoxB3a showed a posterior increase in expression at
30 dpf juveniles (P b 0.01) (Fig. 2b).

Overall, the strikingly contrasting expression signatures of miR-10
and Hox genes suggested a strong regulatory relationship (Supplemen-
tary material — Figure S1).
3.2. Validation of miR-10 family targets in vitro

Luciferase reporter gene analyses were used to confirm the action of
miR-10b-5p on Hox genes. The results confirmed the in silico prediction
and expression profiles detected by qPCR. We observed in DF1 cells
transfected with lipofectamine and miR-10b-5p mimics that both
HoxB3a andHoxD10a reactive signal dropped to 50% and 70% of control,
respectively, with no significant change in the mutant constructs (Fig.
3a and b). These results are consistent with the qPCR data, and thus re-
inforcing that miR-10b-5p mediate regulation of both HoxB3a and
HoxD10a.
4. Discussion

4.1. Interaction of miR-10 family members and Hox genes during Nile tila-
pia development and maturation

In vertebrates, several miRNAs are known to regulate Hox gene ex-
pression (Bender, 2008; Mansfield and McGlinn, 2012). Particularly,
themiR-10miRNA family has a primordial role in shaping Hox gene ex-
pression profiles (Garzon et al., 2006; Woltering and Durston, 2008).

In our analysis, the miR-10 family, as well as Hox genes (HoxA3a,
HoxB3a, and HoxD10a) showed opposite expression patterns in differ-
ent stages of development. The miRNAs displayed increased expression
in 3, 5 and 7 dpf while Hox genes were decreased in their expression
level. This inverse relationship is important because experimental con-
ditions have shown that the timing of Hox gene activation produces
phenotypic alterations, even in cases when the final Hox expression
patterns are preserved (Zákány et al., 1997; Kondo and Duboule,
1999). This makes sense when we consider the existence of distinct
functional activities associated with early and late phases of vertebrate
Hox gene expression (Carapuço et al., 2005). It has also been suggested
that during early vertebrate development the usually repressed state of
theHox cluster keeps the late regulatory elements in a “silent state”, and
only after global repression is erased these elements become accessible
to transcriptional regulators and, therefore, functional (Tschopp and
Duboule, 2011).

http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi
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Fig. 3. Luciferase assay with the Pgl-3 vector with the 3'UTR of HoxB3a (a) and HoxD10a (b) under the action of miR-10b-5p (a and b). The first section demonstrates the relative level of
luciferase activity after transfection of DF-1 cells with 3'UTR region wild only (Negative control); 3'UTR wild + mimic control (Positive control) and 3'UTR wild + miR mimic. Second
section: 3'UTR mutant only (Negative control); 3'UTR mutant + mimic control (Positive control) and 3'UTR mutant + miR mimic. Bars represent the normalized average of relative
luciferase units. *P b 0.05 as assessed by Two-way ANOVA test with Bonferroni correction.
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At the onset of early development, all threeHox geneswere highly
expressed (1 dpf) with HoxA3a exhibiting the highest level of expres-
sion from 1 to 3 dpf. This finding reinforces the predominant role of
HoxA3a at the early onset of embryonic differentiation and it is compli-
ant to the collinear expression of body segmentation. HoxA3a is re-
quired in patterning the anterior body plan during embryogenesis
process and also for the development of endodermal, mesodermal,
and ectodermal derivatives, cell migration, proliferation, apoptosis and
differentiation, all inmouse (Chen et al., 2010).Moreover the higher ex-
pression of HoxA3a in relation to its paralog HoxB3a here documented
match to previous observations at early segmentation stages of Nile tila-
pia, where paralog variations in anterior boundaries of expression were
reported (Le Pabic et al., 2009). At the embryonic timing of 3 dpf, after
the different germ layers are defined and organogenesis begins, neural
tube, heart and somites are formed under high peaks of Hox genes ex-
pression and still low expression of miR-10. Our findings also have
Fig. 4. Synthetic view ofmiRNA action in the control of Hox genes expression in Nile tilapia (a).
hairpin structure of pre-miR-10b-5p is highlighted in black and the mature sequences 3p and
shown a remarkable decrease in HoxB3a expression in embryos from
3 dpf to 7 dpf, which is in agreement with a rapid fade in HoxB3a ex-
pression during organogenesis of pharyngeal segmentation in tilapia
(Le Pabic et al., 2009). HoxB3awas also implicated in the spinal cord for-
mation (Minoux et al., 2009) andwas shown to be repressed bymiR-10
in zebrafish (Woltering and Durston, 2008). Both data are consistent
with similar temporal domains of expression detected for HoxB3a co-
ortologs between tilapia and zebrafish (Miller et al., 2000). Our experi-
mental data also suggest that HoxB3a regulation is constrained in fish
since both orthologs from Nile tilapia and zebrafish are regulated by
miR-10b-5p.

Furthermore, we have shown that miR-10b-5p can also modulate
a second Hox target gene and from a distinct cluster, the HoxD10a
(Fig. 4a and b). In fact, the repression of two ormoreHox genes by a sin-
gle miRNA was previously observed in zebrafish, where miR-10 re-
presses the nearby HoxB1a and HoxB3a genes and its overexpression
The detailed alignment between themiRNA and its targetmRNA (b) can be observed. The
5p of the miRNA are highlighted in blue (c).



17J. Giusti et al. / Mechanisms of Development 140 (2016) 12–18
also induces the associated loss of function phenotypes for both
(Woltering and Durston, 2008). Also, the miRNA-mediated regulation
of two Hox genes belonging to different clusters was previously report-
ed in cell lineages in vitro (Chambeyron and Bickmore, 2004; Morey
et al., 2007). However in this work we bring as novelty the detection
of miR-10b control over two Hox genes belonging to distinct clusters
in embryos at distinct developmental stages. Therefore, given the
constrained function of Hox clusters in vertebrates, we can presume
that both in Nile tilapia and in zebrafish the formation and specification
of fins along the body axis is dependent of the modulation of HoxD10a
expression by the miR-10b-5p.

Another interesting point is that the collinearity of Hox genes
expression (spatial, temporal and quantitative), a common feature of
vertebrates (Andrey et al., 2013), implies that HoxD10a is expressed
after other HoxD genes (i.e., HoxD3a, HoxD4a and HoxD9a, in this
order) that are closer to 3′ regions. Furthermore, we found that in Nile
tilapia the mir-10b is encoded in the D cluster, upstream HoxD4a gene
(Fig. 1), a characteristic that can help its repressive activity over
HoxD10a.

A considerable part of metazoan miRNA genes were reported in in-
trons of protein-coding genes (Rodriguez et al., 2004). miR-10 paralogs
in tilapia were not palindromic and, therefore, cannot be generated
from an antisense transcript (Supplementary material — Figure S2).
This strongly suggests that mir-10b paralogs behave as intronic sense-
orientedmiRNAs in relation to their encoded Hox genes and are spliced
out of the transcript and further processed into mature miRNAs (Lin
et al., 2006). Sense-oriented intronic miRNAs are thought to be proc-
essed as part of their host genes and their expression correlates with
that of their hosts (Bartel, 2009; Berezikov, 2000), although they may
also have own promoters located at intronic upstream regions
(Ozsolak et al., 2008). In zebrafish, miR-10 paralogs associated with
Hox4 genes have similar patterns of expression (Woltering and
Durston, 2008). In tilapia, we have accessed miR-10 regulation over
Hox3 genes rather than in relation to their host Hox4 genes. Thus, the
negatively correlated expression patterns between miR-10 and Hox3
genesmake sense becausemiR-10 loci are not physically encodedwith-
in introns of HoxA3a, HoxB3a, and HoxD3a, meaning that they would
not behave as co-expressed intronic miRNAs.

4.2. MicroRNA expression along the development of the Nile tilapia

Overall, the constrained expression pattern component of Hox
genes is fundamental to keep a stable ontogenetic process during em-
bryo development. In this sense, we sought to compare specific devel-
opmental patterning among tilapia and other fishes regarding the
expression of Hox genes and miRNAs, since we have generated profiles
that covered basic early developmental stages of Nile tilapia. Notewor-
thy, a documented overall slower embryonic development was report-
ed for tilapia relative to zebrafish, whereas the timing of formation of
diverse body structures is similar in the two species regardless of their
respective sizes (Kimmel et al., 1995; Fujimura and Okada, 2007). In
our analysis of miRNAs and target gene expression profiles from 1, 3
and 5 dpf, we found that all miR-10 family members were lowly
expressed at 1 dpf, the time of zygote cleavage, blastula, and early gas-
trula, precisely where Hox genes were highly expressed. It is likely
that at early developmental stages miR-10 family low expression may
help to keep the primordial high expression of Hox genes and conse-
quently, the correct development of the embryo. In the comparison of
the early embryonic development of zebrafish and medaka to Nile tila-
pia, embryos of these three species were shown to share the same char-
acteristics along to first stages of the developmental course (from 1 to
5 dpf), including formation of the embryonic shield, the cerebellar pri-
mordium, the pectoral fin bud and the aortic arches (Fujimura and
Okada, 2007). From this data, one can speculate, that the miR-10 ex-
pression signature seen in Nile tilapia is probably retained in both
zebrafish and medaka species.
Conversely, in the later development, after the transition from the
embryonic to the larval stage, the ontogenesis of Nile tilapia in compar-
ison to the zebrafish and medaka is slightly accelerated. In Nile tilapia,
the transition from embryo to larva at ~7 dpf predates yolk absorption
and subsequently the juvenile stage is reached in a shorter time period
compared to these fishes (Fujimura and Okada, 2007). At this stage
(7 dpf), in which organogenesis was ended and major body patterning
is well defined, the down-regulation of Hox genes was accompanied
by a considerable increase in the expression of miR-10 family members
clearly suggesting a miRNA-mediated inhibition. Therefore in the inter-
val from the larva (7 dpf) to juvenile (30 dpf) we see a retake in Hox
genes expression and a corresponding decrease in miR-10b. At the
later developmental stages, Hox gene expression may be important to
keep body patterning throughout the growth of the whole body and
structures already formed. This late expression of Hox genes was
shown to be important in mammals, where HoxA10 was expressed in
the uterus of healthy adult mice female, with absolute levels ranging
along the reproductive cycle. But the absence of HoxA10 expression in
the endometrium of these animals led to infertility due to a failure of
embryo implantation (Bagot et al., 2000). Possibly theHox gene expres-
sion in juvenile and subsequently in adult closelymimics embryonic ex-
pression, but might be involved in cell renewal, as well as, in normal
physiological changes that happen in mature life (Morgan, 2006).

5. Conclusion

In conclusion, miR-10 family members have shown to be important
during Nile tilapia initial development and seem to have a direct effect
in modulating the expression of Hox genes. The balance between ex-
pression of miRNAs and Hox genes is coordinated as in an orchestra,
where each element must have its peak at a specific time and the inter-
action between its modulations that leads to the perfect compass of de-
velopment (Tanzer et al., 2005). In Nile tilapia genetic orchestra, the
miR-10b-5p proved to be a potent regulator, coordinating HoxB3a and
HoxD10a expression (Fig. 4), genes that in turn known to encode DNA
binding proteins that specify cells in the spinal cord and in the develop-
ment of members of vertebrate embryos. Also, we experimentally evi-
denced that miR-10 may regulate not only Hox genes co-located at
the same cluster but also paralogs from other Hox gene clusters. For in-
stance, the miR-10b precursor is encoded in the HoxD but was demon-
strated to target a paralog gene at HoxB.

Another important element refers to the genomic localization of
miRNAs and target genes. The physical proximity between the elements
facilitates their interaction allowing the control of the primordial body
segmentation in a chronological order during Nile tilapia early develop-
mental process, assuring the perfect formation of the organism. Further-
more, the evolutionary constrained processes appear to underlie the
complexity of themiRNA-mediated regulation of Hox genemechanisms,
which includes multiple global and local transcriptional elements. Over-
all, our results contribute to clarify the molecular pathways underlying
early development in teleosts, especially in Nile tilapia fish.
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