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a b s t r a c t

The Nile tilapia represents an excellent model for osmoregulation study. Osmotic stress transcription fac-
tor 1 (OSTF1) identified in tilapia gill epithelium is a critical element of osmosensory signal transduction
by means of transcriptional regulation. Thus, tight regulation of OSTF1 level is necessary for tilapia osmo-
tic adaptation. microRNAs (miRNAs), have emerged as a crucial regulator of gene expression at post-tran-
scriptional level. We reasoned that OSTF1 expression could be regulated by miRNAs. By bioinformatics
analysis, we identified a putative miR-429 binding site in the OSTF1 mRNA. Interestingly, miR-429 is
down-regulated in tilapia upon osmotic stress, consistent with OSTF1 protein up-regulation. miR-429
directly regulates OSTF1 expression by targeting its 30-UTR, and inhibition of miR-429 substantially
increases OSTF1 level in vivo. Moreover, miR-429 loss of function could influence the regulation of plasma
osmolality and ion concentration responding to osmotic stress. Taken together, miR-429 is an endoge-
nous regulator of OSTF1 expression, which participates in a regulatory circuit that allows rapid gene pro-
gram transitions in response to osmotic stress.

Crown Copyright � 2012 Published by Elsevier Inc. All rights reserved.
1. Introduction

microRNAs (miRNAs) are a class of 22–25 nucleotide noncoding
RNA molecules. They negatively regulate gene expression at the
post-transcriptional level either by blocking translation through
incomplete binding to the 30-UTR of target gene, or by directing
degradation of target gene [1,2]. miRNAs have been implicated in
diverse biologic processes, including developmental timing, cell
proliferation, apoptosis, metabolism, and morphogenesis. In partic-
ular, multiple evidences indicate that miRNAs play important roles
in stress responses. Environmental stress can alter the biogenesis
of miRNAs, the expression of mRNA targets, and the activity/mode
of miRNA–protein complexes [3,4]. In turn, these changes deter-
mine the specificity, timing, and concentration of gene products
expressed during stresses.

Fish spend all their life in direct contact with environmental
water. They are able to maintain intracellular inorganic ion con-
centrations within a tightly regulated range in their internal mili-
eu. Tilapiine fishes, despite being a freshwater species, is able to
tolerate a wide range of environmental salinities [5,6]. Of them,
012 Published by Elsevier Inc. All r
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the Nile tilapia (Oreochromis niloticus) has dominated freshwater
aquaculture due to its adaptability and fast growth performance.
Although O. niloticus is not considered to be the most salt-tolerant
tilapia species, it still offers a considerable potential for culture in
brackish water. Thus, tilapia should have evolved perfect mecha-
nisms of osmotic adaptation [7,8].

Many physiological acclimations to osmotic stress are mediated
by alteration of gene expression. Inducible transcription factors
would contribute to the change in gene expression. Osmotic stress
transcription factor 1 (OSTF1) is identified in tilapia gill epithelium
through suppression subtractive hybridization. It could be rapidly
and transiently induced upon osmotic stress. Moreover, OSTF1
up-regulation depends on RNA stabilization and the presence of
an osmotic gradient between the extracellular and intracellular
fluid of tilapia gill cells [9,10]. A role of OSTF1 in osmosensory sig-
nal transduction is not limited to fishes, but also is evident in
mammalian cells. TSC22D2, an OSTF1 ortholog of mammals, is
activated and alternatively spliced in response to osmotic stress
in mouse and human kidney cells with similar kinetics as in fish
gill cells. However, the regulatory mechanism of OSTF1 expression
remains to be thoroughly studied. miRNAs confer a novel layer of
posttranscriptional regulation of gene expression [11,12]. This
mechanism is found widely in plants and animals. Given miRNA
regulation of OSTF1 expression is still unclear, we mainly exam-
ined the role of miRNAs in the regulation of OSTF1 expression in
tilapia.
ights reserved.
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Fig. 1. OSTF1 is a potential target of miR-429 regulation. (A) Tilapia was exposed to
20 g/L salinity for 0 h, 6 h, 12 h, and 24 h. The expression of OSTF1 in gill was
detected using a real-time PCR. 18S rRNA expression was detected as the internal
control. The group exposed to 20 g/L for 0 h was taken as the control group. The
data were expressed as the relative change compared with the control group. (B)
Tilapia was treated as shown in Fig. 1A. The expression of miR-429 in gill was
detected using a stem-loop PCR technique. The data were expressed as the relative
change compared with the control group. Asterisk (⁄) indicates significant differ-
ence compared with the control group (P < 0.05). (C) miRNA sample was extracted
from different tissues and organs, including skeletal muscle, heart, gut, liver, kidney,
gill, and eye. miRNAs expression were detected by RT-PCR. 18S rRNA was detected
as the loading control. Shown is the representative image.
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2. Material and methods

2.1. Fish

Nile tilapias used in this study were from stocks maintained at
the fishery farm of Shanghai Ocean University. The fish were raised
in a water circulation system, and water temperature was kept at
25 ± 2 �C under a 12-h light/12-h dark photoperiod. All experi-
ments were performed according to the Guide for the Care and
Use of Laboratory Animals of China. This study was also approved
by the Committee on the Ethics of Animal Experiments of Shanghai
Ocean University.
2.2. RNA isolation and real-time PCR

Total RNA was isolated using Trizol reagent (Invitrogen), and re-
versely transcribed by PrimeScript RT-PCR Kit (Takara) with Oligo
dT primers for cDNA transcript generation. Small RNA (<200 bp)
isolation was conducted using an Ambion mirVana miRNA Isola-
tion Kit. Poly (A) tail was added to the small RNAs by Ambion Poly
(A) Polymerase (Ambion). Real-time PCR was run by using the
SYBR RT-PCR kit in a Bio-rad CFX 96 (Bio-rad) machine and results
were analyzed by the CFX Manager software. The PCR reaction for
each gene was performed in triplet with the housekeeping gene
18S rRNA as control.

2.3. Target validation by luciferase assay

To generate the 30-UTR luciferase reporter construct, the full
length of the 30-UTR from OSTF1 was cloned into the downstream
of the firefly luciferase gene in pGL3-control vector (Promega). Six
base pairs in the UTR region were deleted to generate pGL3-OSTF1
mutant. For luciferase reporter assay, HEK 293T cells were plated
at 4 � 105 cells per well in 12-well dishes. Cells were transfected
with either wild-type or mutant constructs, with and without
miR-429 mimic or negative control mimic. Luciferase assays were
performed using the Dual-Glo luciferase Assay System (Promega)
according to the manufacturer’s instructions. Experiments were re-
peated at least three times for each reporter, and the P-value was
calculated by Student’s t test.

2.4. Blood plasma osmolality, [Na+], [K+], and [Cl�] measurements

Plasma osmolality and ion concentrations were measured in
tilapia after specific treatment. The treated fish were anesthetized
with 0.1% 2-phenoxyethanol, and blood was collected from the
caudal vessels with a heparinized syringe and needle. Blood sam-
ples were centrifuged for 15 min at 5000g to separate plasma from
red blood cells. Plasma osmolality was measured using a freezing
point osmometer. Plasma [Na+], [K+], and [Cl�] were measured
using the Detection Kit (Nanjing Jiancheng Bioengineering Insti-
tute, Nanjing, China). Blood plasma analyses were performed in
triplicate or duplicate, depending on blood plasma volume
available.

2.5. Data analysis

Data are presented as the mean ± S.E.M. unless otherwise sta-
ted. Comparisons of plasma osmolality, ion ([Na+], [K+], [Cl�]) con-
centration and miRNA or mRNA expression level were performed
using One-way ANOVA. Statistical significance was defined as
P < 0.05.
3. Result

3.1. OSTF1 is a potential target of miR-429 regulation

Osmotic stress transcription factor 1 (OSTF1) is thought to be a
crucial regulator of osmoregulatory signaling. Because tilapia
OSTF1 nucleotide sequence was published as cDNA and the tilapia
OSTF1 genomic sequence was unavailable, we carried out a homol-
ogy analysis between tilapia OSTF1 cDNA and genomic sequences
of Danio rerio. Based on the structure of the orthologous loci, we
were able to determine miRNAs binding sites of OSTF1 30UTR in
tilapia. Target scan analysis suggests that OSTF1 may be regulated
by these miRNAs, including miR-30a, miR-200b, miR-200c, miR-
429 and miR-429b. OSTF1 is rapidly and specifically induced in re-
sponse to osmotic stress. OSTF1 up-regulation is mainly mediated
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Fig. 2. miR-429 acts directly at the 30UTR of OSTF1. (A) The alignment between miR-429 and the 30UTR segment of OSTF1. (B) Luciferase reporters were linked with OSTF1 30-
UTRs containing either putative miR-429-binding sites (30-UTR wt) or mutated miR-429 binding sites (30-UTR mutant). miR-429 mimic or control mimic (Ctrl mimic)
plasmids were cotransfected with HEK 293T cells with luciferase-UTR constructs, and then luciferase activity was determined. The cells transfected with Ctrl mimic plus 30-
UTR wt were used to serve as the control group. Data represent the mean ± S.E.M. from three independent experiments. ⁄P < 0.05. (C and D) Tilapia weighing about 10 g
received a tail-vein injection of PBS, or miR-429 antagomir at a dose of 60 mg/kg body weight for indicated time. The untreated group was taken as control. The relative
expression of miR-429 (C) and OSTF1 (D) was detected using real-time PCR. The data were expressed as the relative change compared with the untreated group. 18S rRNA
expression was detected as the internal control. Asterisk (⁄) indicates significant difference compared with the control group (P < 0.05).
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through the mRNA stabilization mechanism decreasing the degra-
dation rate of the mRNA, but not through an increase in the tran-
scription rate [9,10]. Thus, we postulated that the expression of
OSTF1-inhibitory miRNAs would downregulate upon osmotic chal-
lenge. The result showed that OSTF1 was significantly increased
upon osmotic stress (Fig. 1A), which is consistent with the findings
from other studies [13–15]. Meanwhile, we also observed a signif-
icant decrease in miR-429 expression. However, we did not detect
any expression change for other miRNAs (Fig. 1B). The inverse
expression correlation between miR-429 and OSTF1 suggests that
miR-429 may directly regulate OSTF1 expression in tilapia.

In addition, we performed the RT-PCR experiment to detect
miR-429 expression pattern in tilapia. miR-429 was found to be ex-
pressed ubiquitously in heart, gut, liver, kidney and gill (Fig. 1C).
Importantly, miR-429 expression level in gill is obviously higher
than that in other tissues. The gill is regarded as the primary site
of net sodium and chloride transport through the activity of chlo-
ride cells. It is thought to be a crucial regulator of internal osmotic
balance. Given that OSTF1 is also found to be mainly expressed in
gill, we therefore investigated whether there is a regulatory rela-
tionship between OSTF1 and miR-429 in the following study.

3.2. miR-429 acts directly at the 30UTR of OSTF1

In animals, miRNA function generally involves uninterrupted
base-pairing between nucleotides 2–7 (commonly called the seed
sequence) of the miRNA and a complementary sequence in the
30UTR of the target mRNA. Based on sequence complementarity,
OSTF1 has the potential binding site of miR-429 (Fig. 2A). To deter-
mine whether miR-429 directly regulates OSTF1 expression, we
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Fig. 3. miR-429 silencing affects salt tolerance performance in tilapia. Tilapia weighing about 10 g received a tail-vein injection of nonspecific antagomir (Ns) or miR-429
antagomir at a dose of 60 mg/kg body weight. After 36 h, these treated fish were exposed to 20 g/L salinity for indicated time. Tilapia blood plasma osmolality (A), [Cl�] (B),
[Na+] (C), and [K+] (D) were detected as described in Section 2. Asterisk (⁄) indicates significant difference compared with the nonspecific antagomir treated group (P < 0.05).
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engineered luciferase reporters that have either the wild-type 30-
UTR, or the mutant 30-UTR of OSTF1 gene. These luciferase report-
ers were cotransfected with miR-429 mimic into HEK 293T cell. A
scrambled miRNA mimic with no homology to the tilapia genome
was used to control the nonspecific effects of expression. The
transfection of scrambled miRNA mimic did not affect the reporter
activity. Indeed, miR-429 mimic significantly decreases the lucifer-
ase activity of the wild-type OSTF1 reporter compared to the neg-
ative control, which strongly suggests that OSTF1 mRNA is a direct
target of miR-429. Mutation of the target sequence prevented the
down-regulation of luciferase activity by miR-429 mimic
(Fig. 2B). These results demonstrate that the negative effect of
miR-429 on OSTF1 expression was direct.

In addition, we employed the antagomir method to perform
miRNA loss of function experiment. The result showed that antag-
omir but not PBS treatment leads to a significant decrease in
endogenous miR-429 expression. By contrast, OSTF1 expression
was found to be significantly increased (Fig. 2C and D). The inverse
expression correlation between miR-429 and OSTF1 also suggests
that miR-429 can directly regulate OSTF1 expression in vivo.
3.3. The role of miR-429 in tilapia osmoregulation

To determine the role of miR-429 in regulating salt tolerance
in vivo, we knocked down miR-429 by using miRNA antagomir.
Endogenous miR-429 expression could be suppressed by
miR-429 antagomir but not by mutant antagomir-429 treatment
(data not shown). We then subjected tilapia to osmotic stress,
and compared salt tolerance performance between miRNA antago-
mir and mutant antagomir-429 group. When tilapia was trans-
ferred from freshwater to brackish water (BW, 20 g/L), all fish
behaved normally. In the miR-429 antagomir group, plasma osmo-
lality elevated significantly within 3 h post-transfer but declined to
a level similar to the freshwater sample by 24 h post-transfer
(Fig. 3A). Meanwhile, plasma [Na+], [Cl�], and [K+] also increased
significantly, and reached a peak at 6 h post-transfer, but then de-
clined to the level of freshwater samples by 12 h post-transfer. In
the miR-429 antagomir mutant group, plasma osmolality, [Na+],
[Cl�], and [K+] also increased significantly upon 20 g/L salinity chal-
lenge. However, plasma osmolarity, [Na+], [Cl�], and [K+] at 20 g/L
were significantly higher than that in antagomir-429 adminis-
trated group before plasma osmolality and ions returned to normal
level (Fig. 3B–D). These results indicate that miR-429 silencing
could affect tilapia osmoregulation in vivo, implying that
miR-429/OSTF1 interaction would play roles in modulating tran-
scription levels of various water channels and ion transporters
for proper hypertonic response.
4. Discussion

Tilapia lives directly in water environment, and often faces with
sudden changes or frequent fluctuations in environmental salinity.
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These stresses can damage the existing macromolecules, including
proteins, mRNAs, DNA, and lipids. Thus, they should either reestab-
lish cellular homeostasis to the former state or adopt an altered
state in the new environment. The stress responses can be medi-
ated via multiple mechanisms, such as induction of molecular
chaperones, rapid clearance of damaged macromolecules, growth
arrest, and activation of certain gene expression programs
[4,16,17]. miRNAs provide multi-cellular organisms with elaborate
strategies for posttranscriptional gene regulation [18]. The exact
roles of miRNAs in environmental stress and the precise mecha-
nisms by which they exert a regulatory function are currently un-
der intense experimental scrutiny. For example, osa-miR-393
expression is altered during salinity and alkaline stress. Transgenic
rice and Arabidopsis thaliana that over-expressed osa-miR-393 are
more sensitive to salt and alkali treatment compared to wild-type
plants [19]. miR-395 is found to be the most sensitive to salt stress
and up-regulated upon salinity stress in tobacco [20]. miR-8 family
is expressed in zebrafish ionocytes, and functions as a crucial osm-
oregulator in zebrafish embryos [21]. In this study, we found that
miR-429 can directly regulate the expression of OSTF1, an osmotic
stress transcriptional factor identified in tilapia, revealing the role
of miR-429 in tilapia osmoregulation.

OSTF1 was first identified in tilapia in 2005. Numerous studies
have investigated its regulation and expression profile in fish gill
tissues in relation to osmoregulation [9]. During osmotic stress,
OSTF1 is found to be significantly up-regulated. In principle, mRNA
levels can be upregulated either through an increase in the tran-
scription rate or through a mRNA stabilization mechanism
decreasing the degradation rate of the mRNA [7,9]. In cells kept un-
der isosmotic conditions, a decline in OSTF1 mRNA amount was
observed, which is due to its degradation over time. However,
OSTF1 degradation rate was significantly decreased when cells
were exposed to hypertonic stress. These results confirm that
mRNA stabilization is involved in the rapid upregulation of OSTF1
mRNA during hyperosmotic stress [10]. miRNAs have been re-
ported to be important regulators of mRNA stabilization in eukary-
otes. Experimental verification confirmed the direct interaction
between miR-429 and OSTF1, implying that miRNA in tilapia
would play a crucial role in the regulation of sustained transcrip-
tional induction of OSTF1 during hyperosmotic stress.

Although tilapias are euryhaline teleosts, they are also required
to maintain plasma osmotic homeostasis even in the face of fluctu-
ating environmental salinity. The gill is one of the most important
tissues to maintain the right concentration of solutes and the
amount of water in their body fluids [22]. In the gill epithelium
numerous ion and water transporters are regulated at the mRNA
level by salinity. Examples of this regulation include subunits of
the Na+/K+-ATPase and Na+/K+/2Cl� cotransporter, urea trans-
porter, taurine transporter and aquaporin 3 water channel. In addi-
tion, other mRNAs such as 14-3-3 and C-type lectin are also
regulated by osmolality in fish gills [7,23–25]. These responses
could potentially be regulated by increases in the synthesis rate
of the corresponding mRNAs and/or by mRNA stabilization mech-
anisms [26]. miR-429 is found to be a gill-enriched miRNA. miR-
429 silencing could affect plasma osmolality and ionic balance.
Thus, we infer that miR-429/OSTF interaction would provide a
new insight into the mechanism of tilapia osmoregulation, indicat-
ing feedback regulation and a high degree of complexity of osmo-
sensing and signaling networks in euryhaline fishes.

In summary, we reveal that miR-429 directly regulates OSTF1
by targeting its 30-UTR, and miR-429 suppression could substan-
tially increase OSTF1 mRNA level in vivo. miR-429 participates in
a regulatory circuit that allows rapid gene program transitions in
response to osmotic stress. In this manner, miRNAs confer
robustness to participate in a feed-forward genetic circuit to resist
osmotic stress. This study would provide a novel insight into the
post-transcriptional regulation mechanism of salt tolerance in
tilapia.
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