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Abstract

MicroRNAs (miRNAs) are endogenous small noncoding RNAs that regulate gene expression at the posttran-
scriptional level. Studies have shown that zebrafish miRNAs play a key role in embryo development, tissue fate
establishment, and differentiation by interacting with specific targets, usually in the 30UTR of the mRNA.
Identification of the target sequence is fundamental to elucidating miRNA function. Since bioinformatics can
predict hundreds of potential targets for each miRNA, experimental validation of the actual target site is
required. Although recent studies have employed the HEK293 cell line to investigate mammalian miRNA
targets, our results have shown that the cell line is not suitable for studies of zebrafish miR-430b miRNA. In this
article we describe a convenient in vitro assay system that involves the use of zebrafish cell cultures and a
luciferase reporter construct to evaluate miR-430b target sites. The cell culture-based assay could be used to
validate target sequences of other zebrafish miRNAs.

Introduction

MicroRNAs (MiRNAs) are naturally occurring small
RNAs, normally 18- to 25-nucleotides (nt) long, that

target specific mRNAs for degradation or translational re-
pression by binding to a complementary target sequence on
the mRNA.1 MiRNAs are transcribed by RNA polymerase II
initially in the form of primary transcripts (pri-miRNAs) that
are processed into precursor miRNAs in the nucleus and fi-
nally mature miRNAs in the cytoplasm.2 Dicer is the enzyme
that trims the precursor miRNA to the mature form. miRNAs
recognize and associate with target mRNAs possessing a
partial complementary sequence. An miRNA-induced si-
lencing complex (miRISC) then forms and induces degrada-
tion or translational repression of the target mRNA.3,4

Components of the miRISC include members of the GW182
protein family, Dicer, TRBP, and the Argonaute protein
family that serve as the core slicer.5,6 miRNAs play multiple
roles in regulating gene expression usually by targeting 30

untranslated regions, and rarely by targeting the protein
coding region,7 50 untranslated region8 or 50 promoter se-
quence.9 Each miRNA may target more than one mRNA with
each mRNA potentially being targeted by multiple miRNAs
in a sequential10 or coordinated fashion.11 The interaction of
an miRNA with its target is directed by a 6- to 8-nt seed
sequence located on the 50 end of the miRNA that recognizes
the perfectly matched target sequence with no G:U wobble
allowed.12 On the basis of this rule, most miRNAs are pre-

dicted to have *10–100 mRNA targets, making it necessary
to experimentally verify each target sequence.

The zebrafish is an established model for studies of em-
bryogenesis and human disease and provides an excellent
system to investigate the function of miRNAs during organ
development and pathogenesis.13–15 Since many miRNA
families are conserved among vertebrates, studies of zebrafish
miRNAs will contribute to a basic understanding of miRNA
function and facilitate future pharmaceutical application.16,17

Approximately 360 different zebrafish miRNAs have been
identified and sequenced, making it necessary to have avail-
able a convenient and efficient method to verify each of their
targets.18,19

In recent studies, the identification of zebrafish miRNA
targets has been achieved using an assay system in which
embryos are injected with the miRNA along with a construct
containing a reporter gene linked to the predicted candidate
target sequence.20–22 Recognition of the target sequence re-
sults in miRNA-mediated mRNA decay or translational re-
pression and a loss or decrease in reporter gene expression.
One disadvantage of this approach is the need to introduce
the reporter construct and miRNA into individual embryos by
injection, making it less convenient than a cell culture-based
assay system for large-scale screening of potential target se-
quences. To complement the existing embryo microinjection
assay approach, we have developed an in vitro assay system
using a well-characterized zebrafish cell line and a sensitive
luciferase reporter construct. The cell line is easy to culture
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and the assay provides reproducible results. The in vitro assay
can be used to conveniently verify miRNA targets, and it also
provides a system to investigate the molecular mechanism of
miRNA function in zebrafish.

Materials and Methods

Plasmid construction

The 30UTRs of zgc63829 and gstm were cloned from total
cDNA made from early zebrafish embryos and inserted into
pGEMT-easy vector (primers listed in Table 1). pGEMT-
30nanos containing the nanos-30UTR was previously con-
structed in our lab.23 The 30UTR sequence was removed from
each plasmid with EcoRI, blunted, and ligated into the XbaI
site of pGL3-promoter (Promega) to form pGL3-30zgc63829,
pGL3-30nanos, and pGL3-30gstm each encoding the respective
30UTR linked to luciferase cDNA under the control of the
SV40 promoter. To construct pGL3-3xPT, 3xPT was removed
from pCS2-eGFP-3xPT and ligated into the XbaI site of pGL3-
promoter. Correct construction of each of the finished plas-
mids was confirmed by sequencing.

HEK293 cell culture and transient transfection

HEK293 cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum in a hu-
midified incubator (378C, 5% CO2). Plasmid and miRNA
transfections were performed in 48-well plates (3�104 cells/
well) using the Lipofectamine2000 reagent (Invitrogen) ac-
cording to the manufacturer’s protocol.

Zebrafish cell culture and transient transfection

The zebrafish spleen stromal-derived cell line, ZSSJ,24 and
an embryonic fibroblast cell line (ZF) were cultured in L15
medium supplemented with 10% bovine serum (288C, am-
bient air). miR-430b (50AAAGUGCUAUCAAGUUGGG
dGdT) was commercially synthesized (IDT Company) and

control miRNA was purchased from Santa Cruz Biotechnol-
ogy. To perform the transfection experiments, the ZSSJ or ZF
cells were seeded at 60%–80% confluency in 12-well plates.
On the second day the medium was changed and transfection
complex consisting of the Lipofectamine2000 reagent (2 mL),
miRNA (50 nM), pCMV-lacZ (250 ng; Clontech), pGL3 plas-
mid (500 ng), and OPTI-MEMI (280mL total volume; Gibco)
was added to each well. After 5–6 h the transfection complex
was replaced with a fresh L-15 culture medium containing
10% bovine serum and after an additional 48 h the cells were
lysed (Reporter Lysis Buffer, 250 mL; Promega) and the su-
pernatant was frozen. Each of the transfections was per-
formed in triplicate. To measure transfection efficiency,
fluorophore-tagged miRNA or pEGFP-N1 (Clontech) encod-
ing the green fluorescent protein (EGFP) was introduced into
the cells as described above and the number of fluorescent
cells was observed using a Nikon fluorescence microscope
(Eclipse TE200) equipped with a digital camera (Diagnostic
Instrument).

Reverse transcriptase–polymerase
chain reaction (RT-PCR)

Total RNA was extracted from zebrafish tissues and cell
cultures by the addition of Trizol reagent (1 mL; Invitrogen)
followed by TURBO DNase treatment (2 mL for 1 h;
AMBION). cDNA synthesis was performed using the In-
vitrogen SuperScript First-Strand Synthesis System for RT-
PCR kit according to manufacturer’s instructions. The primer
sequences used for dicer1, argonaute1 (ago1), argonaute2 (ago2),
vasa, and b-actin RT-PCR are listed in Table 1.

Luciferase and b-galactosidase assay

Firefly luciferase activity was measured with the use of the
Luciferase Assay System (Promega). Cell lysate (40mL) and
LAR II (100 mL) were added into individual wells of a 96-well
plate followed by an immediate reading in a luminometer
(Thermo Labsystems). The transfection efficiency was nor-
malized to b-galactosidase, measured using a commercial
assay system (Galactosidase Enzyme Assay System with Re-
porter Lysis Buffer; Promega). Briefly, in individual wells of a
96-well plate, cell lysate (50 mL) was incubated (378C) with
2�Buffer containing ONPG substrate (50 mL) until a faint
yellow color was observed (*2–3 h). The reaction was stop-
ped by the addition of 150 mL of 1 M Na2CO3 and the absor-
bance (420 nm) was immediately measured.

Statistical analysis

Results were analyzed by Student’s t-test, and data are
presented as means� standard deviation with significance at
p< 0.05.

Results

Zebrafish miRNA–mRNA interactions
cannot be recapitulated in HEK293 cells

In previous studies the HEK293 cell line was used as an
in vitro assay system to investigate human and mouse
miRNA–mRNA interactions.25,26 Individual miRNAs were
cotransfected into the HEK293 cells along with a luciferase
reporter construct containing the luciferase gene linked to a

Table 1. Primers Used in the Study

zgc63829-30UTR
zgc63829-f: 50-CTT-CCA-CCA-ATA-GAG-GAA-CTA-GGA-30

zgc63829-r: 50-CAG-ACC-ATA-TAA-TCT-GTT-CCC-ATA-30

gstm-30UTR
gstm-f: 50-GGA-GTG-AAA-CTA-ACA-ACC-ATT-GCC-AAC-
AAC-30

gstm-r: 50-TGA-GAC-AAT-CCA-GAA-CCA-CAA-TCT-30

dicer-1
dicer1-f: 50-CTT-GCA-ATC-ACT-GGC-CAT-CCT-TAT-CG-30

dicer1-r: 50-GCA-GCT-CCC-GAA-CCA-TGA-TTC-CTG-CA-30

ago-1
ago1-f: 50-ATG-GGA-TGG-AGC-CGG-GAC-CAT-CTG-30

ago1-r: 50-GGA-CCC-TCT-GCG-AGT-CAG-TTA-GTG-TC-30

ago-2
ago2-f: 50-ATG-TAT-CCC-ATT-GGA-GCA-GCT-GGT-G-30

ago2-r: 50-CCA-ATG-GGT-AAA-GGC-ATG-GCA-GTG-
TAG-AG-30

vasa
vasa-f: 50-TGT-GGA-CGT-GAG-TGG-CAG-CAA-TC-30

vasa-r: 50-CTA-GAT-AGC-GCA-CTT-TAC-TCA-GG-30

b-actin
actin-f: 50-AGA-CAT-CAG-GGT-GTC-ATG-GTT-GGT-30

actin-r: 50- TGG-TCT-CGT-GGA-TAC-CGC-AAG-ATT-30
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potential miRNA target sequence, usually in the 30UTR.27,28

Recognition of the target sequence by the miRNA resulted in
decreased luciferase expression that was quantified with a
luminometer. To determine if the HEK293 cells could be used
to investigate zebrafish miRNA–mRNA interactions, we
introduced zebrafish miR-430b into the cells along with a
luciferase reporter construct containing various known miR-
430b target sequences. When the pGL3-3xPT luciferase con-
struct containing three tandem copies of the perfect target
sequence for miR-430b29 was introduced into the HEK293
cells, luciferase expression was 90% and 95% lower than the
controls after 24- and 48-h post-transfection, respectively
(Fig. 1A). To determine if the HEK293 cells could also support
miR-430b-mediated knockdown when a confirmed in vivo
target sequence was used in the assay, miR-430b was intro-

duced into the cells along with known target sequences from
zgc63829-, gstm-,29 and nanos-30UTRs.30 The results showed
that luciferase expression was not reduced when each of the
confirmed target sequences were assayed (Fig. 1B), indicating
that the HEK293 cell line is not a suitable assay system for
studies of zebrafish miR-430b-mediated suppression of gene
expression.

Components of the miRNA pathway
are expressed in zebrafish cell lines

As an alternative to the HEK293 cells, we investigated
whether two zebrafish cell lines could serve as an in vitro assay
system to validate miR-430b target sequences. The ZF and
ZSSJ cell lines24 were initiated from late-stage zebrafish em-
bryos and adult spleen tissue respectively and have been
maintained in culture for>30 passages. As a first step toward
determining their suitability as an in vitro assay system, RT-
PCR experiments were performed to determine if the cell lines
express key enzymes of the miRNA biogenesis and gene
knockdown pathways, including Dicer1,4 AGO1, and
AGO2.31 Using several sets of PCR primers the results showed
that dicer1, ago1, and ago2 are expressed in multiple tissues of
adult zebrafish (Fig. 2B) as well as in the two established cell
lines (Fig. 2C). The results indicate that the cell lines have the
capacity to form the miRISC complex and may provide a
suitable in vitro system to investigate zebrafish miRNA–
mRNA interaction.

The zebrafish cell lines have high
miRNA transfection efficiencies

In addition to expressing the required miRISC components,
if the cell lines are to provide a suitable in vitro assay system
for the investigation of miRNA targets, a large percentage of
the cells must have the capacity to reproducibly incorporate
exogenously applied miRNA. Homogeneous uptake of the
miRNA into a large percentage of cells is required to make it
feasible to identify and validate target sequences following
introduction of a reporter construct into a much smaller per-
centage of the cells. To determine the transfection efficiency of
the ZF and ZSSJ cell lines for small RNAs, we introduced red
fluorophore-labeled miRNA into the cells using the Lipo-
fectamine2000 reagent. General observation of the overall
percentage of fluorescent cells revealed that a transfection
efficiency of >90% was achieved (Fig. 3), indicating that the
cell lines could be used to investigate miRNA-mediated re-
pression of reporter gene expression.

ZSSJ cells support the interaction
of zebrafish miR-430b with its mRNA target

Introduction of pEGFP-N1 and the firefly luciferase re-
porter construct, pGL3-promoter, into the ZF and ZSSJ cells
using the Lipofectamine2000 reagent revealed that plasmid
transfection frequency (GFP-positive cells) was 60% higher
and luciferase expression approximately fivefold greater in
ZSSJ than in ZF cells (data not shown). Since the level of lu-
ciferase expression was also less variable in the ZSSJ cells, we
decided to use this cell line to investigate miR-430b-mediated
repression of reporter gene expression.

To conduct the assay, ZSSJ cells were cotransfected with a
luciferase reporter construct containing an miR-430b target

FIG. 1. HEK293 cells fail to support the interaction of
zebrafish miR-430b with known mRNA targets. (A) Time
course of miR-430b-mediated inhibition of luciferase ex-
pression using the reporter construct pGL3-3xPT, which
carries three tandom copies of the perfect target sequence.
pGL3-3xPT and miR-430b were cotransfected into the
HEK293 cells and luciferase expression was measured at the
times indicated post-transfection. (B) miR-430b-mediated
inhibition of luciferase expression using reporter constructs,
pGl3-30zgc63829, pGl3-30gstm, and pGl3-30nanos that carry
30UTRs containing known miR-430b target sequences. Luci-
ferase expression was measured at 48 h post-transfection
(hpt). pGL3-3xPT and pGL-3 promoter were used as positive
and negative controls, respectively, and the transfection ef-
ficiency was normalized to b-galactosidase expression from
pCMV-lacZ. Each bar on the graph represents the average of
four separate transfections.
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sequence along with either miR-430b or control miRNA. The
relative luciferase activity was calculated by dividing the
amount of luciferase expression measured in each of the ex-
perimental groups by the level found in the cells transfected
with the reporter alone, which was set as 100%. A decrease in
reporter gene expression was interpreted as resulting from
control miRNA- or miR-430b-mediated inhibition of gene
expression. As showed in Figure 4, control miRNA did not
cause a significant inhibition of luciferase expression for each
of the targets. Cells transfected with miR-430b exhibited a 36%
decrease in luciferase expression when the reporter construct
contained a repeat of three perfect target sequences (pGL3-
3xPT). No decrease in luciferase expression was observed for
the pGL3-promoter construct that did not contain a known
miR-430b target site. When reporter plasmids containing
the 30UTRs of zgc63829, gstm, or nanos were introduced
into the cells along with miR-430b, luciferase expression was

decreased 28%, 46%, and 24%, respectively, which was sig-
nificantly different from cells transfected with control miRNA
or the reporter plasmid alone (Fig. 4). The results indicate that
ZSSJ cells provide a suitable in vitro environment for zebrafish
miR-430b to recognize the target sequence and inhibit trans-
lation of the mRNA.

Discussion

Results demonstrating that miR-430b-mediated inhibition
of gene expression can be recapitulated in the zebrafish ZSSJ
cell line indicate that the cells may serve as a suitable in vitro
assay system to validate other zebrafish miRNA targets and to
study miRNA–mRNA interactions. However, since this study
focused solely on miR-430b, it is not known how well the ZSSJ
cells will work with other zebrafish miRNAs. Also, the failure
of HEK293 cells to support miR-430b-mediated inhibition
does not necessarily preclude the use of this cell line for
studies of other zebrafish miRNAs. ZSSJ cells express the core
components of miRISC and the cells efficiently incorporate
exogenous small miRNAs that are introduced by transfection.
Using the ZSSJ cells and the luciferase reporter plasmid con-
taining one of three different zebrafish 30UTR target se-
quences, it was possible to reproducibly measure relative
levels of miR-430b-mediated reporter gene inhibition. The
convenience of performing the in vitro assay using the ZSSJ
cells and the ability to reproducibly measure intermediate
levels of reporter gene inhibition should make the assay ideal
for the rapid screening and validation of a large number of
zebrafish miRNA target candidates. Since the sequence of
individual miRNAs and their specific targets are only par-
tially complimentary, methods are needed to perform de-
tailed investigations of each miRNA–mRNA interaction to
identify key sequences that impart specificity. The ZSSJ assay
would provide an in vitro approach for introducing specific
sequence alterations and base substitutions in the miRNA
seed and the mRNA target sequence, making it possible to
characterize the sequence requirements for miRNA target
specificity.

FIG. 2. ZSSJ and ZF cell lines express dicer1,
ago1, and ago2. (A) Schematic showing the intron
(line) and exon (box) organization of zebrafish
dicer1, ago1, and ago2 and the location of primers
(arrows) used for RT-PCR analysis. Primers were
designed to amplify exons 6 and 9 of dicer1; 1
and 6 of ago1 and 1 and 4 of ago2. (B) RT-PCR
analysis of dicer1, ago1, and ago2 expression in
adult zebrafish tissues and (C) ZSSJ and ZF cell
cultures. b-actin was used as a positive control
and vasa as a gonad-specific control.

FIG. 3. miRNA transfection efficiency of ZF and ZSSJ cells.
ZF and ZSSJ cell cultures were transfected with siRNA
coupled with a red fluorophore in a 12-well plate. Cell
fluorescence was observed under a Nikon fluorescence mi-
croscope equipped with a digital camera. The pictures were
taken 48 hpt.
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Another potential application of the in vitro assay is to
perform a functional analysis of the individual zebrafish
miRISC core components. Access to the complete zebrafish
genomic sequence will allow the identification and cloning of
each component of the zebrafish miRISC complex based on
homology with other species. Once the individual miRISC
components are available, the wildtype or mutated proteins
can be added to the assay system to examine their effect on
miRNA function.
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